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Abstract-Two procedures for hydrothermal synthesis of chromium dioxide are compared: from chromi-
um(VI) oxide and from chromium(VI) and chromium(III) oxides. The reaction products obtained in the
presence of modifying agents such as antimony, iron, tellurium, and tin compounds are described in relation
to the synthesis temperature.

Chromium dioxide, known as one of[intermediate]
chromium oxides, has a rutile structure. The ferro-
magnetic properties of the compound distinguish
CrO2 from all other oxides ofd elements. The quad-
ruple-charged state of chromium, demonstrated by
neutron diffraction analysis [1], is one more distinc-
tive feature of the compound.

First syntheses of pure chromium dioxide were
done by thermal decomposition of dry chromium(VI)
oxide in oxygen under elevated pressure [2, 3]. The
T3pO2

diagram of phase transformations in the series
CrO33CrO2.67 (b-oxide)3CrO2.44 (g-oxide)3CrO23
Cr2O3 was described in [4]. CrO2 is stable in oxygen
under a pressure of 10 MPa in the interval 2553

280oC. At lower oxygen pressure, the limits of the
narrowing range have not been determined precisely.
Later investigations of ways to synthesize chromium
dioxide [5312] were aimed at obtaining powders suit-
able for use in magnetic recording media. These were
hydrothermal syntheses in the presence of modifying
additives. A distinctive feature of the powders is that
their particles are small and needle-shaped. The coer-
cive force of such a powder depends on the needle
thickness.

Two main methods of hydrothermal synthesis are
known: from a CrO3 + H2O mixture (procedure A)
[537, 11] and from CrO3 + Cr2O3 + H2O mixture
(procedure B) [8310, 12]. The molar ratio Cr/H2O is
commonly within the range 0.931.5 in procedures A
and B. The chemical aspect of these processes has been
described incompletely. It is known thata-CrOOH
and only trace amounts of CrO2 are formed at 3003
325oC from a dilute chromic acid solution (molar
ratio CrO3/H2O < 0.06) [14]. According to [15], the
hydrothermal decomposition of CrO3 to chromium
dioxide under a pressure of 503200 MPa is preceded

by stepwise formation ofb and g chromium oxides,
and fast decomposition to CrO2 occurs at above
360oC. However, at temperatures below 320oC CrO2
is insufficiently stable in aqueous medium, chromium
dioxide may decompose to giveb-CrOOH even under
elevated pressure of oxygen [16]. This temperature
lies near the thermal stabilitylimit of CrO2 [4]. The
common temperature of hydrothermal synthesis of
CrO2 is 3503400oC [5311].

The hydrothermal process A is commonly de-
scribed by the equation CrO3 6 CrO2 + 1/2O2. Proc-
esses of the type B were described by the equations
Cr2O3 + CrO3 6 6 3CrO2 and Cr2O3 + 3CrO3 6

5CrO2 + O2 in [17], Cr2O3 .3CrO3 .H2O 6 5CrO2 +
O2 + H2O in monograph [18]; the occurrence of the
process in two stages: Cr2O3 + 2CrO3 6 3CrO2 +
CrO3 (250oC, nucleation) and CrO3 6 CrO2 + 1/2O2
(75oC, growth of CrO2 at nuclei) is reported in [10].
Apparently, the proposed schemes are tentative and
contradict some facts, e.g., the good solubility of
chromium(VI) oxide [19]. As modifying additives
serve compounds of Sb, Te, Sb + Fe, Te + Fe, Sn +
Te, and Sn + Te + Fe. Their amounts per 100 mol
of chromium are in the range from 0.05 to 2.0 mol
and more in the case of iron(III). A solid solution
(Cr, Fe)O2 and phases with the rutile structure such as
CrSbO4, Cr2TeO6, FeSbO4, etc., and solid solutions
on their base, e.g., (Cr, Fe)SbO4, are formed in the
course of the reaction [6, 20]. Already in [6], an as-
sumption was made that these compounds can serve
as nuclei in chromium dioxide formation; however, no
experimental evidence in favor was presented. The
proposed model of three-stage heteroepitaxial forma-
tion of CrO2 in the presence of Sn + Te compounds
[21] was based on a comparison of the finite sizes of
chromium dioxide crystals with the surface area of the
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Fig. 1. Average oxidation state of chromium,Z, in solution
vs. the synthesis temperatureT. Synthesis procedure: (13
4) A and (5) B; the same for Fig. 2. (1, 5) SnO2 .nH2O +
H2TeO4 .2H2O, (2) Sb2O3 + g-Fe2O3, (3) Sb2O3, and
(4) no additives; the same for Fig. 2.

modifier-matrix (hydrated tin dioxide) and the amount
of the second modifier, tellurium compound. In the
same communication a pathway of the hydrothermal
reaction A via formation of a chromium chromate
solution was reported. As noticed previously [22], this
pathway is rather similar to that of reaction B. In this
work, reaction A is analyzed in more detail and a
reaction by pathway B is described for the first time.
The obtained additional data make possible a more
thorough description of the process mechanisms, in-
cluding detailed description of the mechanism of
modifying action of additives, and consideration of
methods for control over size and composition of
nanoparticles.

All experiments were performed in a 0.5-l
Cr17Ni13Mo2Ti steel autoclave in which a quartz test
tube with a mixture to be decomposed was placed.
The experiments by procedure A were performed with
the molar ratio Cr/H2O = 0.9, and those by proce-
dure B, with Cr(VI) : Cr(III) : H2O = 0.41 : 0.27 : 1.0.
The modifying additives were introduced in preparing
the paste. In all cases the ratio of the total amount of
chromium compounds to the autoclave volume (with
correction for the test tube material volume) was
0.5 mol l31. The reaction product was washed out of
the test tube with subsequent centrifugation in syn-
thesizing a viscous paste or was extracted from the
tube by breaking it into pieces, with subsequent grind-

Table 1. Chromium oxides isolated from products of CrO3
hydrothermal decomposition performed without modifying
additives (n is number of moles of chromium)
ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ
Synthe-³

T, oC
³

t, h
³

Solid products
³

ns/ninsis no.³ ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ

628 ³ 205 ³ 6.0 ³Not formed ³ 0
633 ³ 253 ³ 6.8 ³Chromium g-oxide ³ 0.35
630 ³ 269 ³ 7.5 ³Chromiumg-oxide, CrO2³ 0.45

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

ing and drying at 110oC. The rate of mixture heating
in the autoclave was 1003150 deg min31.

The onset of oxygen evolution in heating of mix-
ture A was recorded at 1453165oC in all the per-
formed 500 runs. As a result, a chromium chromate
solution with a Cr(VI) : Cr(III) ratio close to 7 : 2 (or
with average oxidation state of chromium of 5.33) is
formed. Apparently, this is the same Cr(VI) : Cr(III)
ratio as inb chromium oxide CrO2.67, well soluble in
water [23]. An X-ray phase analysis (XPA) demon-
strated the absence ofb-oxide in the reaction products.
In performing the reaction by procedure B, CrO3,
Cr2O3, and H2O start to react in the stage of compo-
nent mixing, and the mixture heats-up. At tempera-
tures below 200oC such a mixture does not evolve
oxygen (to within the experimental error). The
Cr(VI) : Cr(III) ratio in the soluble part of the product
is the same as in synthesis by procedure A.

Figure 1 presents the average oxidation states of
chromium in centrifugates, determined for a number
syntheses of types A and B at 1903270oC. The results
are independent of the presence of additives or, as
shown below, of whether or not CrO2, CrO3, or g

chromium oxide are contained in the reaction prod-
ucts. The mixture of products obtained at 3003400oC
is a pumice-like solid mass. According to XPA, this
mass is practically pure chromium dioxide. Some
products of this kind were subjected to dry milling,
wet grinding, and multiple washing with centrifuging.
The starting portion of a powder was about 200 g;
washing was terminated at a chromium content of
10 mg l31 in the centrifugate. The total amount of
washing water was varied within 538 l, and the total
content of chromium in the centrifugate was in the
range from 0.2 to 6.0 g. The average oxidation state
of chromium in washing water varied between 5.23
and 5.44.

Thus, there exists a mother liquor from which
chromium dioxide is formed. The initial concentration
of chromium in the solution is as high as 10 M. This
solution is the same for synthesis procedures A and B,
the Cr(VI) : Cr(III) ratio in the solution is close
to 7 : 2.

Data on solid products obtained by hydrothermal
decomposition of pure chromium(VI) oxide (proce-
dure A, no modifiers) are presented in Table 1. At
263oC, 35% of the initial amount of CrO3 is con-
verted into g chromium oxide. This conclusion is
made on the basis of gravimetric analysis and XPA of
a dried precipitate. With the temperature increasing to
269oC, 45% of the starting CrO3 is converted into
oxides to give a mixture of chromiumg-oxide and
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dioxide. The content of CrO2, evaluated on the basis
of the specific magnetization of the precipitate, was
about 10% of the total mass of oxides (Table 1, run
no. 630). The final pressure in run no. 630 was as
high as 10+1 MPa, and the partial pressure of oxy-
gen, ca. 8 MPa. The latter was evaluated independent-
ly by two methods: from the residual pressure at
room temperature and from the amount of gas passing
through the gas meter in relieving the pressure. The
obtained temperatures of formation ofg-oxide and
CrO2 under hydrothermal conditions are in good ag-
reement with the[non-hydrothermal] phase diagram
of chromium oxides [4]. Since in the synthesis proce-
dure A oxygen starts to be evolved at about 150oC
irrespective of the presence of modifiers, reduction of
Cr(VI) to Cr(III) may favor formation of mixed oxides
Cr(III)Sb(V)O4 and Cr(III)2Te(VI)O6 already at this
temperature. Indeed, the use of H2TeO4 .2H2O al-
lowed isolation of Cr2TeO6 from the product of a
reaction carried out at 150oC.

With antimony(III) oxides used as modifiers (in
procedure A), mixed oxide CrSbO4 is formed at a
higher temperature than that observed for orthotelluric
acid. This process is limited by two factors: dissolu-
tion of Sb2O3 and oxidation Sb(III)6 Sb(V). For
example, at a molar ratio Sb : Cr = 2 : 98 (with senar-
montite as modifier), a precipitate was isolated after
synthesis at 197oC, composed of only spindle-shaped
monodisperse CrSbO4 particles; the weight of the
precipitate was less than 1/10 of that expected on the
basis of the reaction. The rest of antimony(III) or
antimony(V) was not isolated in centrifugation, but
was separated from a centrifugate allowed to stand for
a year in the form of an Sb6O13 precipitate (ASTM
21-51). Consequently, despite the dissolution of sen-
armontite at 197oC, complete oxidation Sb(III)6
Sb(V) did not occur. Raising the synthesis tempera-
ture to 228oC allowed complete conversion of an-
timony into spindle-like monodisperse CrSbO4 par-
ticles. However, centrifugation was also done in two
stages: immediately upon dissolving the product and
a year after. The dimensions of spindles synthesized at
197 and 228oC were the same within experimental
error: length 86 and 91 nm, respectively; maximum
thickness (diameter) 31 nm.

XPA demonstrated a slight increase in interplanar
spacings of the CrSbO4 phase, compared with the data
of [24]. This made necessary the refining of unit cell
parameters for CrSbO4 and FeSbO4, for which pur-
pose preparations synthesized by the ceramic tech-
nology were used. XPA data for the purposefully syn-
thesized phases [20] coincided with published evi-
dence. Simultaneously, it was found that the param-

Table 2. Solid compounds isolated from products of CrO3
hydrothermal decomposition performed in the presence
of antimony oxides andg-Fe2O3. Designations: S, Sb2O3,
senarmontite; V, Sb2O3, valentinite; and G,g-Fe2O3
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Syn- ³

Sb : Fe : Cr
³ Type ³

T,
³

Solid productsthe- ³
molar ratio

³ of ³
oC

³
sis no.³ ³ Sb2O3³ ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

705 ³0.5 : 1.5 : 98³ S ³195³G+ S+ (Fe, Cr)SbO4
704 ³2 : 6 : 92 ³ S ³206³G+ (Fe, Cr)SbO4
703 ³0.5 : 1.5 : 98³ V ³200³Not determined*
702 ³2 : 6 : 92 ³ V ³205³V+ (Fe, Cr)SbO4

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The precipitate mass was less than 2 wt % relative to modi-

fiers, which is insufficient forXPA.

eters of a Cr13 xFexSbO4 solid solution atx < 0.4
coincide with the parameters of CrSbO4 [20]. The
XPS spectra of a CrSbO4 phase synthesized by proce-
dure A at 197oC demonstrated the absence of iron
in the compounds, which conclusively excluded from
consideration the possibility that the lattice parameters
of CrSbO4 increase because of the iron(III) impurity
in chromium(VI) oxide. XPS also revealed that the
entire amount of antimony is present in the form of
Sb(V), with molar ratios Cr(III)/Cr(VI) = 2.8 and
Sb/Cr = 2.3. These results indicate that thesurface of
the CrSbO4 phase is enriched with antimony atoms,
presumably through their sorption from the mother
liquor, and also with Cr(III) atoms. There were no
thermal effects in the derivatogram of the sample.
Continuous mass loss (7%) was recorded in the in-
terval 2003800oC, presumably resulting mainly from
dehydration of a preparation obtained under hydro-
thermal conditions. The complexity of the chemical
composition of the oxide surface and the presence of
water in it can serve as an additional reason for the
distortion of the X-ray characteristics of the prepara-
tion, with the main reason being, presumably, the
ultradispersity of the CrSbO4 phase.

The presence of iron(III) oxide as a second additive
hinders the dissolution of antimony oxides (Table 2).
Synthesis by procedure A at a temperature close to
200oC is also accompanied by a structural transforma-
tion in g-Fe2O3. The relative intensities of lines in
the X-ray diffraction patterns of the startingg-Fe2O3
were in full agreement with those in the ASTM file
25-1402, being different, and described by ASTM file
13-458, for its undissolved part. Also, a phase was
formed with much larger, compared with CrSbO4,
unit cell parameters. In all probability, the obtained
phase is a solid solution (Fe, Cr)SbO4 whose com-
position cannot be interpreted using X-ray analysis
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Fig. 2. Mole fraction of chromium in the oxides Cr2O3,
CrO2.44, and CrO2, ns/nst, vs. temperatureT of hydro-
thermal synthesis. (nst) Number of moles of chromium in
the starting compounds and (ns) number of chromium
moles in solid reaction products. Correction is made for
the interaction of the starting chromium compounds with
modifiers.

[20]. According to electron microscopy, the particles
of the isolated precipitate had a complex star-like
shape.

CrO2 is not formed yet in the course of reaction A
in the presence of senarmontite at 228oC, but at
250oC its amount is rather high. As in the case of
SnO2 .nH2O + H2TeO4 .2H2O additives, chromium
g-oxide CrO2.44 is not formed in the presence of an-
timony compounds. The temperature dependence of
the degree of conversion of the starting chromium
compound (CrO3 in the given case) into oxides,
ns/nst, is presented in Fig. 2. The onset temperature
of the conversion is estimated to be 2303235oC.

For syntheses by procedure B, SnO2 .nH2O and
H2TeO4 .2H2O additives were taken at a molar ratio
Sn : Te : Cr = 0.2 : 0.2 : 99.4. The only solid com-
pound found after synthesis at 210oC is chromium(III)
oxide. Minor additions of tin and tellurium com-
pounds were not detected on the background of chro-
mium(III) oxide. The product synthesized at 222oC
was CrO2 in a mixture with Cr2O3. Chromium
g-oxide was not formed in this case, as also in proce-
dure A with modifiers. Pressure buildup in the auto-
clave was only recorded after CrO2 appeared.

The temperature at which the formation of chromi-
um dioxide by pathway A was complete was deter-
mined from the coincidence of pressures in continuous
heating of the autoclave at a rate of 150 deg h31 to
400oC and in subsequent cooling. The poor precision
of gas gages gave no way of performing the measure-
ments with sufficient accuracy, and only an approxi-

mate value of 360+10oC was determined. As indi-
cated by experimental data, the completion tempera-
ture of the process is related to the partial pressure of
oxygen and the Cr : H2O ratio in solution. For exam-
ple, in decomposition of the mixture by procedure B
with additives the formation of CrO2 is practically
complete at 300oC, but in this case the partial pressure
of oxygen is approximately two times lower than that
in procedure A. The partial pressure release from the
autoclave in procedure A also leads to completion of
CrO2 formation at 300oC: Soluble chromium com-
pounds found in washing the product constitute only
2% of the initial amount of CrO3.

To the point of completion of crystallization, a
considerable part of water is contained in chromium
chromate. For example, the partial pressure of water
vapor for procedure A at 300oC was estimated to be
0.630.8 MPa, even though the amount of water in the
autoclave was twice that necessary for reaching the
equilibrium vapor density and pressure of pure water
[25]: 46.2 g l31 and 8.59 MPa. The final concentra-
tions of water vapor in the autoclave for procedures A
and B at complete evaporation of water are 109.6 and
133.2 g l31, respectively, which enables complete
evaporation of water at 348 and 357oC [25]. Since in
the latter case the formation of CrO2 is complete at
300oC, the partial pressure of oxygen governs the
reaction course.

Thus, both procedures of synthesis involve crystal-
lization of chromium dioxide from a chromium chro-
mate solution.

The majority ofns/nst values in Fig. 2 weredeter-
mined by weighing the CrO2 precipitate with correc-
tion made for the mass of the mixed oxide CrSbO4.
The strong deviation of threens/nst values from the
zero line in procedure B at 2103222oC is due to in-
complete dissolution of Cr2O3. For the case of decom-
position by procedure A without additives, calculation
was based on the results of gravimetric analysis of
chromium g-oxide and its mixture with CrO2. Ap-
parently, the partial pressure of oxygen will be some-
what lower in obtaining chromiumg-oxide, compared
with CrO2 formation. However, the observed shift of
the two indicated points does not disturb the apparent
overall tendency for the partial pressure of oxygen to
grow in proportion to the increasing degree of conver-
sion and temperature. Consequently, there exists a
relationship between the concentration, pressure, and
temperature. As final temperatures of the process in
Fig. 2 are indicated 300oC and the interval 3503
370oC. In the range 2403270oC the temperature de-
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pendence of the degree of conversion is nearly linear.
Lowering the partial pressure of oxygen (synthesis
by procedure A) leads to an increase in the amount
of the solid phase in the attainment of chemical equi-
librium, i.e., in fact, to complete conversion at 300<
T < 350oC. In synthesis by procedure B, the occurr-
ence of the second reaction, partial dissolution of
the excess amount of chromium(III) oxide, is possible
in parallel with CrO2 crystallization, which restores
the Cr(VI) : Cr(III) ratio in the solution; however, the
extent of this reaction is low. Even though XPA failed
to show chromium(III) oxide impurity in the product
obtained at 300oC by procedure B, its presence was
revealed by electron microscopy and, indirectly, by
magnetic methods.

Thus, both processes, A and B, occur by the same
mechanism. A more detailed study of how crystals of
modifying phases and chromium dioxide itself grow
can be more conveniently performed with process A
in which there is no constant background of unreacted
chromium(III) oxide.

As starting reagents in the syntheses served analyti-
cally pure CrO3, Cr2O3 obtained by decomposition of
analytically pure ammonium dichromate and having a
specific surface areaSsp = 27 m2 g31, Sb2O3 in the
form of senarmontite (Ssp = 5.7 m2 g31) and valenti-
nite (Ssp = 2.9 m2 g31), iron g-oxide of [for ferrites]
grade (Ssp = 5 m2 g31), H2TeO4 .2H2O of pure grade,
and hydrated tin(IV) oxide (Ssp = 204 m2 g31 in terms
of anhydrous substance) obtained by treatment of tin
with nitric acid. The temperature in the autoclave was
measured with a Chromel3Copel thermocouple, which
was inserted in a well protected from reagents by a
quartz test tube 8 mm in diameter. The temperature
was recorded by a KSP-4 self-recorder with an ac-
curacy of +5oC and maintained constant within the
same limits.X-ray phase analysis was performed on
DRF and DRON-3M instruments with copper- and
chromium-filtered radiation. Electron micrographs
were taken on a Tesla BS 613B electron microscope
(100000 magnification). Chemical analysis of solu-
tions for the content of Cr(VI) was done by the
volumetric method; the sum Cr(VI) + Cr(III) was
determined upon oxidation of Cr(III) with ammonium
peroxodisulfate. Minor amounts of chromium (in
washing water) were determined by photocolorimetry.
The error of titrimetric measurements of the average
state of chromium oxidation was not greater than 0.2.
Gravimetric analysis was performed by calcining
chromium oxides to constant weight at 850oC.

CONCLUSIONS

(1) Hydrothermal decomposition of CrO3 and
CrO3 + Cr2O3 mixture to give CrO2 passes through a
stage producing a chromium chromate solution with
Cr(VI) : Cr(III) = 7 : 2.

(2) Crystallization of chromium oxides is gov-
erned by an unambiguous relationship between the
partial pressure of oxygen and the concentration and
temperature of the chromium chromate solution. For-
mation of CrO2.44 in the presence of modifying addi-
tives is ruled out by the lowered temperature of CrO2
formation.

(3) The process of CrO2 formation ends before
complete evaporation of water from the solution,
below the critical point of water.

(4) Complete conversion of the modifying additive
[antimony(III) compound] into the CrSbO4 phase oc-
curs at a temperature lower than the CrO2 crystalliza-
tion temperature. The isolated CrSbO4 phase is com-
posed of monodisperse nanospindles.
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Abstract-Various spectroscopic methods and X-ray phase analysis were applied to study the distribution of
copper(II) and lead(II) between the solution and the precipitate of (NH4)2Na[Rh(NO2)6]. Promising methods
are proposed for fine purification of ammonium sodium hexanitrites of rhodium(III) and iridium(III) to
remove contaminants, irrespective of the mechanism of their ingress into crystalline phases.

Precipitation of poorly soluble ammonium sodium
hexanitrites (ASHs) (NH4)2Na[M(NO2)6] (M = Rh,
Ir) [1] from nitrite solutions is among methods for
separating platinum metals [2], which has long been
used in their refining [3, 4]. Owing to the complex
elemental composition of the solutions from which
ASHs are isolated in practice, these precipitates are
commonly contaminated with both noble and base
metals [4, 5]. The fundamental aspects of coprecipita-
tion of impurity elements with matrices of crystalline
ASHs have not been known.

The aim of this study was to obtain quantitative
physicochemical data characterizing the ingress of
impurities into the ASH phases of rhodium(III), to
reveal on this basis the possible mechanisms of these
processes, and to find ways to obtain salts with as low
degree of contamination as possible. The choice of
lead(II) and copper(II) as models is due to the fact that
these elements are characterized by high level of
coprecipitation and ASH precipitates free of Cu(II)
and Pb(II) impurities can only be obtained by an ex-
ceedingly labor-consuming procedure [4, 5].

Solutions of chloride complexes of rhodium in
0.1 M HCl were prepared from reagent-grade rhodi-
um(III) chloride. The solution concentrations were
determined spectrophotometrically, by reaction with
tin(II) chloride [6]. The absorption spectra were taken
on a Specord M 40 instrument.

Working solutions of Na3[Rh(NO2)6] were pre-
pared by treatment of standard chloride solutions with
sodium nitrite of ultrapure grade at heating on a water
bath for 1 h and then transferred into volumetric
flasks. The starting acid solutions of rhodium(III)
were partly neutralized by preliminary treatment with

sodium carbonate. The nitrite : rhodium molar ratio
was 10 : 1. Nitrite solutions of copper(II) and lead(II)
were prepared in a similar manner.

Lead(II) nitrate of ultrapure grade and chemically
pure grade copper(II) were used in the study. The con-
centrations of the starting Cu(II) and Pb(II) solutions
were determined by EDTA titration [7]. The other
reagents used were of no less than chemically pure
grade.

The distribution of impurity components between
the solution and the solid phase of rhodium(III) ASH
was studied at 22323oC as follows. Nitrite solutions
of rhodium(III) and impurity were mixed, and a cal-
culated amount of ammonium chloride was added to
make the ammonium/rhodium ratio close to 20. The
formed ASH precipitates were kept in the mother
liquor for a prescribed time, separated, washed with
1% NH4Cl and a minimum possible amount of cold
water, dried in air to constant weight, and weighed.
The yield of ASH in the solid phase was no less than
99% in all cases. A study of the granulometric com-
position of rhodium(III) ASH demonstrated that after
keeping the crystals under mother liquor for 7 h the
average particle size becomes ca. 21mm and does not
change further, with a normal size distribution of
particles.

The impurity content in solid phases was deter-
mined by an appropriate analytical method. The
amount of impurity was expressed in weight percent
impurity component in the ASH phase.

Treatment with sodium nitrite of solutions contain-
ing copper(II) gave emerald-green precipitates of basic
copper(II) chlorides of variable composition whose
nature was studied in detail in [8]. For this reason,
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P, wt %

Fig. 1. Copper(II) distribution between rhodium(III) ASH
precipitate and nitrite solution. (P) Copper content in the
ASH phase and (m) Cu/Rh molar ratio in solution. (1) Set
A and (2) set B. Time of keeping the system before precipi-
tate isolation (h): (1, 2) 24 and (3) 12.

solutions containing copper(II) were always prepared
separately. The precipitates formed were separated and
the obtained copper(II) solutions were used, after
determining their concentration, in sorption experi-
ments. The content of copper in ASH phases was
determined by the ESR. The ESR spectra were re-
corded on a Varian E-109 instrument in the X fre-
quency range. The concentration of paramagnetic
centers in ASH precipitates was determined using
CuSO4 .5H2O as reference with an accuracy of+2%.

There is no published evidence concerning the
mechanisms of impurity coprecipitation on such
specific supports as ASHs of rhodium(III) and iridi-
um(III). Previously, it has been shown that salts
(NH4)2Na[M(NO2)6] (M = Rh, Ir) crystallize to give
an fcc unit cell with the lattice constanta = 10.517(1)
(M = Rh) and 10.512(2)A (M = Ir) [9]. In addition, it
was found in [10] that rhodium(III) and indium(III)
salts form a continuous series of solid solutions. As
a result, all patterns obtained in studying the ASH of
rhodium(III) are to the full extent applicable to its
iridium analog. Moreover, the solubilities of rhodi-
um(III) and iridium(III) salts at room temperature are
the same and equal to ca. 4.00 1033 M.

One of the main stages of the study consisted in
obtaining quantitative data on impurity sorption on
ASH precipitates. In this study, by the term[sorption]
is meant the characteristic of impurity distribution
between the solution and the crystalline phase, irre-
spective of the distribution mechanism.

In studying the sorption of copper(II), several sets
of experiments were performed with varied concentra-
tions of copper(II) and rhodium(III). Set A was carried
out at CRh = 9.660 1033 and equilibrium copper(II)

concentrations of (0.9539.5)0 1033 M. The content of
copper(II) in the ASH precipitates was 0.03530.36%.
Set B was performed for solutions with rhodium(III)
concentration of 2.630 1032 M with the equilibrium
Cu(II) concentration varied within 3.10 103431.00
1032 M, with the content of copper(II) in the precipi-
tates equal to 0.08030.154%. In these two sets, the
ASH precipitates were separated from the mother
liquor after being kept in it for 24 h. The isolated
ASH precipitates had color in the range from nearly
white to light green. According to X-ray diffraction
analysis, all the precipitates were single-phase, with
the identical unit cell parameters of salts contaminated
with copper(II) and pure ASHs. In both sets the con-
tent of copper(II) in the precipitates depended linearly
on its equilibrium concentration in solution. In set A,
the contaminated precipitates were washed with elec-
trolyte (2 M Na2SO4, 1 M HCl) solutions to desorb
copper(II) impurities. However, these attempts failed.
This indicates indirectly that the contamination mech-
anism does not have purely adsorption nature.

It can be seen from the presented data that raising
the rhodium(III) concentration in a solution leads to
lower content of copper(II) in the support. Two ex-
periments performed at lowered initial concentration
of rhodium(III) (CRh = 5.500 1033 M) confirmed that
precipitates obtained from solutions concentrated with
respect to rhodium(III) are more pure than those in
the case of dilute solutions. This effect cannot indicate
a change in the sorption mechanism since the same
data plotted in the coordinates Cu content in the pre-
cipitate (%)3Cu/Rh molar ratio fall on the common
linear dependence shown inFig. 1.

The fact that adsorption does not give any sig-
nificant contribution to contamination of crystals with
copper(II) is mainly determined by the support proper-
ties. The solubility of ASH has a narrow supersatura-
tion region, and, therefore, a great number of crystal
nuclei with approximately the same sorption capacity
are formed in any precipitation technique. Shortening
the precipitate aging time from 24 to 12 h (Fig. 1)
makes the copper(II) content in ASH somewhat lower,
and not higher, which also points to a minor contribu-
tion of occlusion to the mechanism of ASH precipitate
contamination by copper(II).

Figure 2 shows a typical ESR spectrum of cop-
per(II), observed in the ASH matrix. The spectrum is
due to the Cu2+ ion and is described by the spin
Hamiltonian

H = gxxbHxSx + gyybHySy + gzzbHzSz + AxxSxJx + AyySyJy

+ AzzSzJz
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with the following parameters:gzz = g|| = 2.2218,
gxx = gyy = gZ = 2.0097, andAzz = A|| = 170 G.

The observed parameters of the ESR signal from
copper(II) ions are characteristic of distorted octa-
hedral environment of these ions formed by nitrogen
atoms [11]. The resolved hyperfine structure of the
signal from copper ions indicates the absence of ex-
change interaction between the neighboring copper
ions. Thus, Cu2+ ions in the ASH matrix are at large
distances from one another and form no isolated clus-
ters. These data suggest that copper(II) impurity atoms
are isolated and uniformly distributed over the volume
of the ASH crystalline phase.

The low content of copper(II) in ASH and the
lattice constant of the crystalline salt, remaining con-
stant, give no way of confirming experimentally the
formation of solid solutions in the system under con-
sideration by methods of crystallography. Neverthe-
less, there exists a possibility of confirming this fact
by changing the chemical form of Cu(II) in the start-
ing solution.

For this purpose, ASH precipitation from nitrite
solutions in the presence of copper(II) was effected by
2 M NH4NO3 + 2 M NH3 .H2O buffer solution at
rhodium(III) concentration of 1.100 1032 M in the
range of equilibrium copper(II) concentrations 5.280
103331.140 1032 M. The precipitate was separated
from the mother liquor 2 h after the precipitation to
preclude decomposition of hexanitrorhodate(III) ions
in the alkaline medium. The amount of copper(II) in
the precipitates was found to be much lower (0.013
0.02%) than that in sets A and B. The ASH yield
varied within 99.0399.5%. The ESR spectra of the
obtained crystalline phases indicated only slight
changes in the nearest environment of Cu2+ ions,
compared with the data for sets A and B.

The pronounced decrease in the copper(II) content
in the ASH phase on changing its chemical form in
solution indirectly points to the mechanism by which
solid solutions are formed between the main com-
ponent and the impurity. The essence of the process
consists in isomorphic substitution of octahedral
[Rh(NO2)6]33 anions at ASH crystal lattice sites by
distorted octahedral [Cu(NO2)6]43 ions. The possibil-
ity of such substitution is indicated by the closeness of
the lattice constants of K2Pb[Cu(NO2)6] (a = 10.65A
[12]) and (NH4)2Na[Rh(NO2)6] (a = 10.52 A).

Such a comparison is justified since the crystal
lattices of the above salts are constituted by bulky
complex anions, while the cations occupy tetrahedral
and octahedral voids in these structures. It should also

100 G

Fig. 2. Typical ESR spectrum of copper(II) in the ASH
matrix.

be noted that the hexanitrocuprate(III) ion exists in
aqueous solutions in very low concentrations. Accord-
ing to [13], copper(II) forms complexes with one and
two nitro groups at 25oC in aqueous solutions, with
the step instability constants pK1 1.25 and pK2 0.30.
Presumably, copper(II) ions with one or two nitro
groups in the inner sphere are adsorbed onto an ASH
crystal in its formation, and in the course of crystal
growth the environment of the copper ion is com-
pleted to become octahedral.

The proposed mechanism is in agreement with the
entire body of experimental data and gives insight into
the main reason for contamination of ASH precipitates
with copper(II). With account of this mechanism and
the linear isotherms of adsorption, it can be stated that
if the above-mentioned solid phases of basic copper
salts were not formed in the system, rhodium(III)3
copper(II) solid solutions with any Cu(II) content
could be obtained.

The fact of lead(II) ingress into the ASH phases in
their crystallization from solutions containing Pb(II)
and the complications in purification of salts to re-
move this impurity were noticed as far back as the
early 1930s [4]. The understanding of ways of con-
tamination by lead(II) was only gained after a detailed
study of the properties of lead salts of Rh(III) and
Ir(III) hexanitro complexes [14]. It was shown in
[14] that treatment of solutions of complex ions
[M(NO2)6]33 (M = Rh, Ir) with lead(II) salts leads to
the formation of precipitates with formula Pb3[M .
(NO2)6]2 .12H2O. The precipitates are single-phase
and have a cubic lattice with lattice constantsa =
10.567(3) for rhodium(III) anda = 10.604(3)A for
iridium(III). Drying the salts at 120oC leads to com-
plete removal of crystallization water, accompanied by
a practically linear decrease in the lattice constants
a to 10.446(3) (M = Rh) and 10.478(3)A (M = Ir).
The solubility of lead(II) salts in water at room tem-
perature is 1.20 1034 (M = Rh) and 5.00 1035 M
(M = Ir).

Thus, the poorly soluble lead salts with the anions
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[M(NO2)6]33 crystallize to form a cubic lattice with
lattice constants close to those for ammonium sodium
salts. As indicated by the presented data, the lattice
constanta varies between the salts of this series by ca.
0.15A. Hence follows that the salts under considera-
tion are isomorphic and form solid solutions in the
entire range of concentrations, with any of these salts
acting as collector for another if the latter is present
in solution in a much lower concentration. Indeed,
mixing of nitrite solutions of rhodium(III) and lead(II)
in any proportion always gives crystalline phases
with lattice constanta ; 10.57A. However, at high
concentrations of sodium nitrite in solution the form-
ing precipitates are always colored yellow, which is
due to sorption of nitrite complexes of lead on the
crystals. According to [13], lead(II) forms poorly
stable complexes with nitrite ions (at 25oC and ionic
strength of 1 M logK1 = 1.87).

In ASH formation from chloride solutions (in ag-
reement with actual practice) the concentration of
lead(II) is determined by the equilibrium concentra-
tion of chloride ions, which is as high as 4 M. In this
case, with account of the PbCl2 solubility product
equal to 1.60 1035 [15], the concentration of lead(II)
in solutions will be at the level of 10 1036 M. As
a result, no independent phase of lead salts with
[M(NO2)6]33 can be formed and the crystallizing
ASHs act as collector for microscopic amounts of
lead(II). Thus, the ASH phases will be always con-
taminated with lead(II) if Pb(II) ions are not removed
from a solution prior to ASH precipitation.

A search for ways to obtain purer ASH precipitates
was carried out in several directions. It follows from
the presented sorption data that lowering the concen-
tration of copper(II) in solutions prior to ASH precipi-
tation must decrease the contamination of the precipi-
tate. Indeed, the ASH precipitate obtained by the
standard procedure from a solution modeling, as re-
gards the composition, an industrial solution con-
tained 0.38% copper(II) at its concentration prior to
precipitation of 9.600 1033 M. Pretreatment of the
solution with sodium carbonate gives an ASH con-
taining 0.11% copper(II). To make lower the con-
tamination with lead(II), it is advisable to treat the
solution with minor amounts of salts containing, e.g.,
sulfate, carbonate, or phosphate anions forming poorly
soluble salts with lead(II) [15]. Fundamentally dif-
ferent is the binding of copper(II) into stable com-
plexes that cannot form solid solutions with ASH. As
shown above, copper(II) ammines may be such com-
plexes. It should, however, be taken into account that
introduction of ammonia may lead to formation of

ammine complexes of platinum, which is undesirable
from the practical standpoint [16].

With account of the fact that the mechanism of
contamination with copper(II) and lead(II) is as-
sociated with isomorphic crystallization, fine purifica-
tion of the ASHs of rhodium(III) and iridium(III) by
the above methods may be rather labor-consuming. In
this study, a method was developed making it possible
to obtain special-purity salts, which has little sensitiv-
ity to the mechanism of impurity ingress. On intro-
ducing a weighed portion of ASH into a sodium ni-
trite solution somewhat acidified with nitric acid, the
salt dissolves by the reaction

NH4
+ + NO2

3
6 N2 + H2O,

with the complex anions [M(NO2)6]33 (M = Rh, Ir)
not involved. The optimal dissolution regimes were
determined, making it possible to minimize the time
and temperature of the reactions performed and to
prevent loss of platinum metals in repeated precipita-
tions of ASH. For example, in a precipitate of rhodi-
um(III) ASH, originally containing 0.30% copper(II),
the concentration of copper(II) impurity after double
precipitation by the proposed technique was on the
order of 0.001%. This method can be compared with
the procedures proposed in [5]. One of these is the
preliminary purification of nitrite solutions to remove
base metals prior to ASH precipitation; however, in
this case the concentration of the most difficultly
separable impurities [Pb(II), Cu(II), Ni(II)] decreases
only 335-fold. In [5], low efficiency of nitrite solution
purification to remove base metals by extraction
and ion exchange was revealed and salting-out of
Na3[Rh(NO2)6] under the action of an excess of sodi-
um nitrite after preliminary purification by a proce-
dure mentioned above was proposed as the most suit-
able method for rhodium(III) recovery. In this case,
30370% of impurity ions (Cu, Pb, Sn, Fe, Zn, etc.)
remains in mother liquors. Comparison of the pro-
posed procedures and their quantitative characteristics
concerning the purification of ASH precipitates readi-
ly shows the advantages of the proposed technique.

CONCLUSIONS

(1) Quantitative data on contamination of precipi-
tated ammonium sodium rhodium(III) hexanitrites
with copper(II) and lead(II) ions were obtained and
the mechanism of impurity ingress was established.
The fact that the properties of ammonium sodium
hexanitrites of Rh(III) and Ir(III) are close allows the
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revealed relationships to be applied to the case of
contamination of (NH4)2Na[Ir(NO2)6].

(2) Various methods were compared and a new
efficient procedure for obtaining pure (NH4)2Na.
[M(NO2)6] (M = Rh, Ir) was developed.
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Abstract-Coprecipitated copper(II)3nickel(II) hydroxides and mechanical mixtures of these were obtained
at varied metal ion ratio and time of mother liquor aging and studied by potentiometric titration, chemical and
differential thermal analyses, IR spectroscopy, and X-ray phase analysis.

Hydroxide3oxide compounds are widely used as
materials in various fields of science and technology,
in particular, as rather inexpensive and stable catalysts
[1]. For example, it has been shown that systems con-
taining aqua and hydroxo complexes of copper(II) and
nickel(II) are promising catalysts for selective oxida-
tion of alkanes [235]. It is also known that some in-
dustrial processes of basic organic and petrochemical
syntheses are performed with copper- and nickel-con-
taining catalysts, including those of the oxide3hydrox-
ide type [638]. Catalysts of this kind are mainly
obtained by mixing of the appropriate oxides followed
by thermal treatment [9, 10]. However, this method
fails to always yield complex materials with sufficient
reproducibility. Moreover, the ceramic synthesis tech-
nology employs high temperatures, which leads to
energy losses and frequently impairs the catalytic
activity of the synthesized materials. Therefore, co-
precipitation of hydroxides is in some cases a more
promising route to mixed copper3nickel systems con-
taining hydroxo and oxo groups [9].

The results of previous studies established the for-
mation of unstable heteronuclear hydroxo complexes
of copper3nickel in aqueous solutions [11, 12]. It has
been proposed to rely upon this fact in developing a
new synthesis method based on formation in solution
of unstable hydroxo complexes involving metal ions,
passing subsequently into a solid phase which acts as
a precursor for the target materials [13].

Apparently, to implement this idea, it is necessary
to study in detail the conditions under which hydrox-
ide precipitates can be obtained, the processes of their
thermal decomposition, and products formed in these
processes by various analytical methods, and just this
was the purpose of the present study.

Potentiometric titration was performed with tem-
perature control (+0.1oC) on a pH-150 pH-meter-
millivoltmeter. Glass electrode of the ESL-15-11 type
and silver chloride electrode of the EVL-1M4 type
served as measuring and reference electrodes, respec-
tively; the pH measurement error was+0.02 pH units.
The titration was done as follows: 1 M NaOH solution
was added from a burette with scale division value of
0.02 ml to the starting mixture of 1 M Cu(II) and
Ni(II) nitrates. To obtained comparable results and
simplify the interpretation of the titration curves, the
added NaOH volume was converted to the molar ratio
[OH3]/[M 2+].

With account of the potentiometric titration data,
solid phases were isolated by gradually adding to the
starting mixture of 1 M Cu(II) and Ni(II) nitrates, with
continuous stirring, 1 M NaOH solution in a stoi-
chiometric ratio of 1 : 2, respectively. The obtained
solid phases were homogenized for 5 min and filtered
off under a vacuum, washed 3 or 4 times with water
and theni-C3H7OH to negative reaction for NO3

3 ions
[14], dried at 30340oC in an oven, and analyzed. For
comparison purposes, mechanical mixtures of Cu(II)
and Ni(II) hydroxides (MMHs) were obtained under
identical conditions at the same Cu(II) : Ni(II) ratios
and studied in a similar way. To reveal the effect of
the time of aging of the hydroxide precipitates on
their properties, samples were also synthesized at
Cu : Ni ratio of 1 : 1 and aging time of 24 and 72 h.

In making chemical analysis, a weighed portion of
a hydroxide was dissolved in concentrated HNO3 and
analyzed. The total content of copper(II) and nickel(II)
was found complexometrically with murexide; that of
nickel(II), by direct titration with Na2EDTA in am-
monia buffer with murexide after masking Cu2+ with
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thiosulfate ions [15, 16]; and that of copper(II), as the
difference of the first two quantities. Differential ther-
mal analysis was done on an MOM derivatograph
(Hungary) at a heating rate of 10 deg min31 and sen-
sitivity of DTA and DTG galvanometers of 1/10;
0.500-g samples were heated from room temperature
to 1000oC, with calcined aluminum oxide used as
reference. The IR spectra (KBr pellets) were taken
on a Specord 75-IR spectrophotometer in the range
40003400 cm31. X-ray diffraction patterns of the
samples were taken on a DRON-3 diffractometer with
CuKa radiation and Ni filter at a scanning rate of
2 deg min31.

Figure 1 shows the curves of titration with NaOH
solution of aqueous Cu(II), Ni(II), and Cu(II)3Ni(II)
nitrate solutions with varied ratio of metal ions. The
titration curve of a nitrate solution of copper(II) shows
two equivalence points (curve1). The jump in the
pH range 4.334.9 at [OH3]/[M 2+] = 1.531.8, with the
equivalence point at pH 7.0, [OH3]/[M 2+] = 1.7, cor-
responds to complete precipitation of polynuclear
hydroxo complexes of copper(II) [17]. Addition of
alkali to the system at pH 9.45 and [OH3]/[M 2+] =
1.832.3 does not lead to any increase in pH and corre-
sponds to conversion of polynuclear hydroxo com-
plexes into mononuclear hydroxides. On further in-
troduction of OH groups into the system, the hydrox-
ide suffers no changes, and the steep increase in pH
(second jump) is presumably associated with coordi-
nation saturation of metal ions with hydroxide ligands
and appearance of an excess of free OH groups in
solution. In potentiometric titration of nickel nitrate
(curve 2) in the pH range 6.137.6 at [OH3]/[M 2+] =
0.031.5, mononuclear hydroxides are formed with
minor precipitation. Intense precipitation of Ni(II)
ions coincides with the onset of the jump at pH 7.6,
with the equivalence point (pH 9.6, [OH3]/[M 2+] ,
2.0) corresponding to complete precipitation of nick-
el(II) in the form of polynuclear compounds [12, 15].

The titration curves of a mixture of Cu(II) and
Ni(II) nitrate solutions (Fig. 1, curves335) show three
jumps. The first of these corresponds to precipitation
of polynuclear copper(II) compounds, which is con-
firmed by the close pH values of the equivalence
points of binary solutions and a Cu(II) nitrate solu-
tion. The second jump corresponds to precipitation of
polynuclear nickel(II) compounds, and the third, pre-
sumably, to precipitation of a heteronuclear hydroxide.
It can be seen that despite the similarity of the titra-
tion curves for individual and binary systems, the
latter cannot be considered additive. This fact also
confirms the possibility of formation, together with

Fig. 1. Potentiometric titration curves of aqueous solutions
of nitrates of (1) copper(II), (2) nickel(II), and (335) mix-
tures of these with varied content of Cu(II). Content of
copper(II) (wt %): (3) 30, (4) 50, and (5) 70.

T

n, cm31

Fig. 2. IR spectra of hydroxides. (T) Transmission and
(n) wave number. Hydroxide (wt %): (1) 100 Cu; (2) 100
Ni; (3, 4) 30 Cu, 70 Ni; (5, 6) 50 Cu, 50 Ni; and (7, 8) 70
Cu, 30 Ni. (3, 4, 5) CPH and (4, 6, 8) MMH.

two fractions of homopolymers, of a certain amount
of a heteropolynuclear hydroxide precipitate [11, 12].

The results of IR spectral studies of coprecipitated
hydroxides (CPHs) and MMHs (Fig. 2) indicate the
presence in them of various kinds of water. The pres-
ence of a broad band of stretching vibrations of H2O
at 365033100 cm31 points to stronger hydrogen bonds
between OH3 groups. These bands are more intense
and shifted to longer wavelengths in the case of CPHs
(spectra3, 5, 7), which indicates an additional stabil-
ity of CPHs ensured by the formation of intramolecu-
lar hydrogen bonds between aqua and hydroxo ligands
[18]. Bending (163031625 cm31) and rocking (8453
830 cm31) vibrations of H2O indicate the presence of
coordination-bound water in the compound. As shown
by the IR spectra of nickel(II) and copper(II) hydrox-
ides (Fig. 2, spectra1, 2), and also by published data
[19, 20], the bands peaked at 138731350 cm31 can be
attributed to bending vibrations of OH groups bonded
to copper(II) and nickel(II) atoms. The absorption
peaks at 106031035 and 7003500 cm31 may belong
to bending vibrations of the bridging M3O3M bonds
(M = Cu or Ni), and the bands at 4003500 cm31 cor-
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(a)Dm, mol H2O

DTA

DTG

TG

T, oC

(b)

DTA

DTG

TG

T, oC

Fig. 3. Thermogravigrams of (a) CPH and (b) MMH of composition 30% Cu(II) + 70% Ni(II). (Dm) Weight loss and
(T) temperature.

respond to stretching vibrations of M3O bonds. It
should be noted that the IR spectra of MMHs are
more complex than those of CPHs because of the
splitting of the n(H3OH) and d(H3OH) bands into

Table 1. XPA data for products formed in decomposition
of hydroxides of composition 30% Cu(II) + 70% Ni(II)
at 1000oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

dexp ³ I /I0, % ³ dref ³ hkl ³ Phase
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

Coprecipitated hydroxides

2.426 ³ 100 ³ 2.426 ³ 101, 031³Ni2CuO3
2.181 ³ 3 ³ 2.168 ³ 002 ³"
2.098 ³ 68 ³ 2.093 ³ 200 ³Cu0.2Ni0.8O
1.482 ³ 42 ³ 1.479 ³ 220 ³"
1.453 ³ 3 ³ 1.463 ³ 200, 060³Ni2CuO3
1.284 ³ 2 ³ 1.296 ³ 103 ³"
1.262 ³ 11 ³ 1.262 ³ 311 ³Cu0.2Ni0.8O
1.198 ³ 17 ³ 1.212 ³ 202, 062³Ni2CuO3

Mechanical mixture of hydroxides

2.755 ³ 2 ³ 2.751 ³ 110 ³CuO
2.531 ³ 9 ³ 2.530 ³ 002 ³"
2.422 ³ 87 ³ 2.416 ³ 111 ³Cu0.2Ni0.8O
2.332 ³ 9 ³ 2.323 ³ 111 ³CuO
2.099 ³ 100 ³ 2.093 ³ 200 ³Cu0.2Ni0.8O
1.855 ³ 3 ³ 1.866 ³ 202 ³CuO
1.483 ³ 54 ³ 1.479 ³ 220 ³Cu0.2Ni0.8O
1.400 ³ 2 ³ 1.410 ³ 311 ³CuO
1.379 ³ 2 ³ 1.375 ³ 220 ³"
1.315 ³ 1 ³ 1.304 ³ 311 ³"
1.262 ³ 18 ³ 1.262 ³ 311 ³Cu0.2Ni0.8O
1.209 ³ 16 ³ 1.208 ³ 222 ³"

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

doublets and triplets (spectra4, 6, 8). In addition, in
CPHs with the Cu(II) content1 of 30 and 50% (spec-
tra 3, 5), bands of some characteristic vibrations are
shifted by 10330 cm31 to smaller wave numbers,
which may be due to formation of heteronuclear struc-
tures in the hydroxide precipitate [12].

To confirm this assumption and determine the con-
tent of water, the obtained CPH and MMH were sub-
jected to thermal analysis. The weight loss curve
(Fig. 3) was recalculated to moles of H2O, which fur-
nishes an opportunity to directly analyze the obtained
thermogravigrams of decomposition of the hydroxide
precipitate in terms of stoichiometry. The DTA curve
of CPH of the composition 30% Cu(II) + 70% Ni(II)
(Fig. 3a) shows three endothermic peaks in the in-
tervals 403240, 2403360, and 3603480oC. The first
endothermic effect corresponds to deaquation with
the loss of 7.23 mol of crystallization water, and the
second and third, to liberation of 3.33 mol of bound
water, equivalent to loss of 6.66 mol of OH3 groups,
with a mixed oxide formed. An X-ray phase analysis
of this oxide (Table 1) demonstrated the presence of
approximately equal amounts of two complex oxide
phases: Ni2CuO3 (orthorhombic crystal system,a =
2.925, b = 8.775, c = 4.336 A) and Cu0.2Ni0.8O
(cubic crystal system,a = 4.217 A).

A chemical analysis of the obtained hydroxides,
both freshly precipitated and aged for 1 and 3 days
(Table 2), demonstrated that the molar ratios of Cu(II)
and Ni(II) ions in the starting solutions and the hy-
droxides coincide, which points to complete precipita-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Here and hereinafter, molar percents.
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Table 2. Data of thermogravimetric and chemical analyses of copper(II)3nickel(II) hydroxides
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Composition, %
³ Temperature of endothermic effect,oC ³ Weight loss, wt % ³

CuO : NiO : H2OÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ´
³ I ³ II ³ III ³ IV ³ I ³ II ³ III ³ IV ³ S ³ molar ratio

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
30 Cu(II)370 Ni(II): ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

CPH ³ 403240 ³ 2403360³ 3603480³ 27.0 ³ 11.4 ³ 3.6 ³ 42.8³1 : 2.33 : 10.56
³ (165)* ³ (280) ³ (380) ³ (6.66)** ³ (2.81)³ (0.89)³ ³

MMH ³403160³1603260³ 2603360³ 3603510³ 10.0 ³ 14.6 ³ 6.8 ³ 3.3 ³ 35.2³1 : 2.33 : 7.66
³ (140) ³ (180) ³ (285) ³ ³ (2.18)³ (3.17)³ (1.48)³ (0.74)³ ³

50 Cu(II)350 Ni(II): ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
CPH ³403190³1903250³ 2503350³ 3503520³ 12.0 ³ 9.5 ³ 8.29 ³ 3.8 ³ 33.0³1 : 1 : 4.25

³ (130) ³ ³ (280) ³ ³ (1.53)³ (1.22)³ (1.05)³ (0.45)³ ³
MMH ³403140³1403250³ 2503340³ 3403520³ 7.0 ³ 14.8 ³ 7.8 ³ 3.0 ³ 32.8³1 : 1 : 4.23

³ ³ (170) ³ (280) ³ ³ (0.90)³ (2.25)³ (0.66)³ (0.38)³ ³
50 Cu(II)350 Ni(II), ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
1 day: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

CPH ³403160³1603220³ 2203330³ 3303500³ 11.0 ³ 9.2 ³ 10.1 ³ 2.7 ³ 33.4³1 : 1 : 4.3
³ (140) ³ (180) ³ (265) ³ ³ (1.42)³ (1.18)³ (1.3) ³ (0.35)³ ³

MMH ³403160³1603250³ 2503350³ 3503500³ 10.0 ³ 12.0 ³ 6.7 ³ 3.3 ³ 32.0³1 : 1 : 4.16
³ ³ (175) ³ (290) ³ (385) ³ (1.30)³ (1.56)³ (0.87)³ (0.43)³ ³

50 Cu(II)350 Ni(II), ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
3 days: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

CPH ³ 403240 ³2403400 ³ 4003500³ 18.0 ³ 15.2 ³ 1.8 ³ 35.0³1 : 1 : 4.61
³ (140) ³ (290) ³ ³ (2.37) ³ (2.09)³ (0.24)³ ³

70 Cu(II)330 Ni(II): ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
CPH ³403155³1553235³ 2353380³ 3803500³ 8.1 ³ 12.6 ³ 9.3 ³ 1.8 ³ 31.8³2.33 : 1 : 6.74

³ ³ (180) ³ (260) ³ ³ (1.72)³ (2.77)³ (1.87)³ (0.38)³ ³
MMH ³403140³1403240³ 2403330³ 3303520³ 8.0 ³ 16.2 ³ 4.4 ³ 2.8 ³ 31.4³2.33 : 1 : 6.62

³ (110) ³ (155) ³ (260) ³ ³ (1.69)³ (3.41)³ (0.93)³ (0.59)³ ³
100 Cu(II) ³403140³ 1403320 ³ 3203460³ 6.0 ³ 20.8 ³ 7.6 ³ 28.4³1 : 0 : 1.75

³ ³ (160) ³ ³ (0.37)³ (1.28) ³ (0.47)³ ³
100 Ni(II) ³ 403240 ³2403360 ³ 3603500³ 24.8 ³ 11.2 ³ 4.0 ³ 40.0³0 : 1 : 2.77

³ ³ (275) ³ (385) ³ (1.72) ³ (0.75)³ (0.3) ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Peak temperature.

** Mole of H 2O.

tion of metal ions with the initial component ratio
preserved in the precipitate. In this case, the following
scheme of dehydration of the obtained CPH composed
of 30% Cu(II) + 70% Ni(II) can be proposed:

CuNi2.33(OH)6.66.7.23H2O 7776 CuNi2.33(OH)6.66
37.23H2O

77776 ~0.8(Ni2CuO3 + Cu0.2Ni0.8O).
33.33H2O

Thermal decomposition of MMH composed of
30% Cu(II) + 70% Ni(II) (Fig. 3b) occurs in a dif-
ferent way. The splitting of the endothermic peak at
403260oC in two: at 403160oC with a peak at 140oC
and at 1603260oC with a peak at 180oC, points to
a more complicated nature of deaquation of a mixture

of copper(II) and nickel(II) hydroxides. No similarity
in amounts of removed water is observed between
CPH and MMH, although the endothermic effects
occur in virtually the same temperature intervals
(Fig. 3). Moreover, the total loss of water is 7.66 mol,
which is 2.9 mol less than in the case of CPH of the
same composition. Thus, the hydroxides, the proc-
esses of their thermal decomposition, and the resulting
products exhibit specific features depending on the
preparation procedure (coprecipitation or mechanical
mixing). An X-ray phase analysis of the products of
decomposition of MMH containing 30% Cu(II) and
70% Ni(II) (Table 2) demonstrated the presence of
a Cu0.2Ni0.8O phase with minor CuO admixtures
(up to 10%), with the Cu0.2Ni0.8O phase probably
formed via sintering of CuO and NiO oxides.
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d, A d, A
Fig. 4. X-ray diffraction patterns of the products of decomposition (T = 1000oC) of (1) copper(II) and (2) nickel(II) hydroxides,
(3, 537) copper(II)3nickel(II) CPHs, and (4, 8) MMHs. (I /I0) Relative intensity and (d) interplanar spacing. Initial content of
copper(II) (wt %): (336) 50 and (7, 8) 70; aging time (days): (5) 1 and (6) 3.

Thermogravimetric analysis of CPH and MMH
containing 50% Cu(II) and 50% Ni(II) also revealed
differences in their dehydration. Despite the close
temperature intervals of the main endothermic effects,
they differ in the amount of removed water. The total
amount of water in CPH somewhat exceeds that in the
corresponding MMH, increasing on passing from an
unaged sample to a hydroxide isolated after 3 days of
aging under mother liquor. This may be due to de-
composition, in the course of precipitate aging, of a
part of heteronuclear copper(II)3nickel(II) hydroxide,
accompanied by disintegration of hydroxo bridges and
subsequent aquation of metal ions. Thus, the longer
the time of CPH aging, the smaller the amount of
heteronuclear hydroxide it contains. An additional
argument in favor is the amount of double oxide in-
dicated by X-ray diffraction patterns of the products
of complete decomposition (T = 1000oC) of mixed
hydroxides (Fig. 4). The products of decomposition
of CPH containing 50% Cu(II) and 50% Ni(II) (pat-
terns3, 5, 6) contain phases of CuO (interplanar spac-
ings 2.530, 2.323, 1.886, and 1.418A), NiO (2.088,
1.476, 1.259A), and NiCuO2 (tetragonal crystal sys-
tem,a = 4.121,c = 4.355A) with the main reflections
at 2.427, 1.500, 1.302, 1.251, and 1.213A. With in-
creasing time of aging of the initial CPH, the intensi-
ties of CuO and NiO reflections grow and the signals
from NiCuO2 become weaker (2.427, 1.213A); the
reflections at 1.500, 1.302, and 1.251A totally dis-
appear from the X-ray diffraction patterns of the de-
composition products of CPH, subjected to aging for
1 and 3 days (Fig. 4, patterns5, 6). A correlation is
observed between the increasing time of CPH aging
and the decreasing intensity of signals from NiCuO2

in the products of its decomposition. For example, an
X-ray diffraction pattern of a product of CPH de-
composition (3 days of aging) shows only a single
NiCuO2 band (2.427A) with intensity of 49% (pat-
tern 6). It should be noted that the X-ray diffraction
patterns of decomposition products of MMH contain-
ing 50% Cu(II) and 50% Ni(II) show no double oxide
phase, with only the CuO and NiO phases present,
which also confirms the occurrence of a chemical in-
teraction between Cu and Ni atoms in CPH formation,
just in the stage of coprecipitation, rather than in that
of thermal treatment.

An X-ray phase analysis of decomposition products
of CPH and MMH containing 30% Cu(II) and 70%
Ni(II) (Fig. 4, patterns7, 8) demonstrated the presence
of only copper(II) and nickel(II) oxide phases. How-
ever, the thermal behavior of the given CPH and
MMH is not additive with respect to the temperature
intervals of endothermic effects and weight loss
(Table 1), and the total weight loss is practically
the same (31.8 and 31.4%, respectively). This can be
accounted for by the different physical properties
(density, porosity, specific surface area) of the hy-
droxides obtained by coprecipitation and mechanical
mixing [21].

Thus, a technique is proposed on the basis of the
investigation performed for obtaining copper(II)3
nickel(II) CPH whose thermal treatment can yield new
inorganic materials and, in particular, catalytic sys-
tems applicable in organic and petrochemical syn-
theses. The temperature intervals in which various
kinds of water are removed were determined and dif-
ferences were revealed between the thermal properties
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of CPH and MMH whose dehydration occurs under
milder conditions because of the absence of Cu3OH3
Ni bridge bonds and is accompanied by liberation of
a lesser amount of water. The phase composition of
the products of CPH and MMH decomposition at
T = 1000oC was determined; it was shown that com-
plex oxide compounds Ni2CuO3, Cu0.2Ni0.8O, and
NiCuO2 are present together with the CuO and NiO
phases. The optimal hydroxide composition [30%
Cu(II) + Ni(II)] was determined at which the yield of
double oxides reaches 100% (Table 1), and the effi-
ciency of preparing these compounds from unaged
CPH was confirmed.

CONCLUSIONS

(1) A procedure was developed for synthesizing
coprecipitated copper(II) and nickel(II) hydroxides,
ensuring formation of complex oxide catalysts with
molecular distribution of the components.

(2) The optimal composition [30% Cu(II) + 70%
Ni(II)] of hydroxide whose thermal decomposition
gives double oxides in up to 100% yields was deter-
mined.
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Abstract-In order to study physicochemical processes of formation of Ta2O5 and SiO23Ta2O5 films from
film-forming solutions, the properties of these solutions, and also the thermal-oxidative breakdown and the
properties of the obtained films, were studied.

At present, particular attention is given to physico-
chemical properties of thin films, since the develop-
ment of new fields of modern technology assigned a
prominent place to the application of various materials
in the thin-film state. The broadest application in
various fields of electronics is characteristic of di-
electric films based on complex oxides [1]. For thin-
film materials to be successfully used, a relationship
should be established between their physicochemical
and service properties, composition, and preparation
conditions.

EXPERIMENTAL

Film-forming solutions (FFSs) were prepared from
tetraethoxysilane (TEOS), ethanol, and tantalum pen-
tachloride. The viscosity was measured with a VPZh-
2 or VPZh-4 glass capillary viscometer. The decom-
position of deposits obtained from FFSs was studied
on a Q-1500 derivatograph. The films were formed on
glass or single-crystal silicon substrates with the sur-
face area of 131.5 cm2 by centrifugation and drawing,
at a speed of centrifuge rotation of 100035000 rpm
and drawing velocity of 135 mm s31. The uniformity
of the films formed across their thickness was moni-
tored by determining the optical thickness at 638
points for each sample. The film adhesion to the sub-
strate was determined sclerometrically, and the refrac-
tive index and thickness, with an LEF-3M laser ellip-
someter. Films 1203140 nm thick were obtained and
studied. IR transmission spectra of the films were re-
corded in the 40003400 cm31 range on IR-75, M-40,
and SF-20 instruments. As known, the film-forming
ability is exhibited by the substances that can form
macromolecules or associates in solution, which are
attached to the surface when the solution is applied to

a substrate and decompose to oxides upon solvent
evaporation at elevated temperature [2]. The temporal
stability of film-forming solutions is a factor im-
portant in technological regard, and, therefore, the
relationship between the viscosity of solutions, their
storage time, and the possibility of their use to obtain
films was studied experimentally. When TaCl5 is dis-
solved in ethanol, alkoxy derivatives are formed [3]:

TaCl5 + 3C2H5OH 6 TaCl2(OC2H5)3 + 3HCl.

A study of the film-forming ability of alcoholic
TaCl5 solutions demonstrated that the obtained solu-
tions possess a viscosity (Fig. 1, curve1) sufficient
for obtaining films, and the film-forming ability is
preserved for a long time since the chloride ion, being
a ligand of p-donor type, forms cluster compounds
with tantalum. With account taken of published data
on cluster compounds of tantalum [3], it may be as-
sumed that chloride ions serve as bridges in the for-
mation of stable polynuclear structures of tantalum
alkoxy derivatives
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Fig. 1. Variation of the viscosityh of TaCl5-containing
FFS with time t.
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Table 1. Assignment of bands in the IR spectra of powders at different temperatures
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

FFS

³

T, K

³ Vibration frequency, cm31

³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ ³ H3OH ³ 3OC2H5 ³ H3O3H ³ 3OC2H5 ³

Si3O3Si
³

O3Si3O3Ta3O³ ³ stretching³ stretching ³ bending ³ bending ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
TaCl5 ³ 373 ³ 3600 ³ 3 ³ 1640 ³ 3 ³ 3 ³ 400

³ 773 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 400
³ 848 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 400
³ 900 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 400
³ ³ ³ ³ ³ ³ ³TaCl5 + TEOS ³ 373 ³ 3560 ³ 3 ³ 1640 ³ 1100 ³ 6003800 ³ 4603400
³ 600 ³ 3600 ³ 2900 ³ 1640 ³ 1100 ³ 600 ³ 4603400
³ 633 ³ 3 ³ 2900 ³ 3 ³ 1100 ³ 600 ³ 4603400
³ ³ ³ ³ ³ ³ ³TEOS ³ 373 ³ 3660 ³ 2935 ³ 1640 ³ 1095 ³ 6003800 ³ 460
³ 473 ³ 3680 ³ 2935 ³ 1640 ³ 1100 ³ 800 ³ 460
³ 773 ³ 3 ³ 3 ³ 3 ³ 1100 ³ 800 ³ 460

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

tion of tantalum pentachloride is not limited to the
stages of its ripening and aging.

To study the properties of film-forming solutions
in the system TEOS3TaCl53C2H5OH, kinetic curves
describing the variation of the solution viscosity
were taken at different salt concentrations (Fig. 1,
curves234). More complex processes are observed in
these solutions. The solutions have no ripening range,
which is probably associated with processes of tan-
talum pentachloride dissolution in ethanol. However,
after 2 days the viscosity starts to grow steadily
because of the simultaneously occurring processes of
hydrolytic polycondensation of TEOS and alkoxy
derivatives of tantalum:

Si(OC2H5)3OH + TaCl2(OC2H5)3 6 C2H5OH
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Therefore, the time during which stable film-form-
ing properties are preserved decreases to 30 days. On
lowering the SiO2 concentration in a film to 10320%,
the time of FFS serviceability is again extended to
48 days. This probably occurs because the forming
cluster compounds of tantalum hinder the hydrolytic
polycondensation of tetraethoxysilane.

The oxide film formation consists in that the
chemical composition of the starting film-forming
compounds undergoes changes first in solution, then
at the instant of film formation on the substrate sur-
face, and, finally, during thermal treatment [4]. To

determine the conditions of film synthesis, the main
stages of formation of pure oxides and complex oxides
on their base were studied. On heating a powder ob-
tained by drying at 333 K an alcoholic solution of
TaCl5, the following processes occur according to
thermal analysis data (Fig. 2): partial evaporation of
physically adsorbed water and alcohol, reaction of
TaCl5 with atmospheric oxygen, and, finally, combus-
tion of oxochlorides and alkoxy derivatives of tan-
talum to form the oxide.

The IR data (Table 1) confirm the presence of
ethoxy groups at the oxide formation temperature of
8003840 K. At higher temperatures there are no
stretching or bending vibrations of ethoxy groups.

Complex oxides SiO23Ta2O5 are formed in four
stages (Fig. 3). The activation energy was calculated
for all the processes involved by the Horowitz3

Metzger method (Table 2) [5].

In stage I, physically adsorbed water and alcohol
are removed, which is accompanied by an endo-
thermic effect at 393 K. The second endothermic peak

Dm, mg

DTA

TG

T, K
Fig. 2. Derivatograms of alcoholic TaCl5 solution dried
at 333 K. (Dm) Weight loss and (T) temperature; the same
for Fig. 3.
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Table 2. Kinetic parameters of SiO2, Ta2O5, and SiO23Ta2O5 film formation
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Forma-
³ SiO2 ³ Ta2O5 ³ SiO23Ta2O5
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

tion ³
T, K

³ conver- ³ Ea, ³
T, K

³ conver- ³ Ea, ³
T, K

³ conver- ³ Ea,stage³ ³ sion, % ³ kJ mol31 ³ ³ sion, % ³ kJ mol31 ³ ³ sion, % ³ kJ mol31

ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
I ³ 2983473³ 33.0 ³ 41.4 ³ 2983473³ 51.7 ³ 44.1 ³ 2983473³ 50.0 ³ 40.5
II ³ 4733623³ 29.0 ³ 51.8 ³ 4733573³ 15.0 ³ 32.1 ³ 4733623³ 34.5 ³ 32.6
III ³ 8233973³ 37.5 ³ 68.5 ³ 5733923³ 33.3 ³ 107.8 ³ 6233763³ 3.4 ³ 60.9
IV ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 7633973³ 12.0 ³ 117.4

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 3. Physicochemical properties of SiO23Ta2O5 films
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Parameter value at indicated Ta2O5 content in film, %
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ 10 ³ 20 ³ 30 ³ 40 ³ 50 ³ 60 ³ 70 ³ 80 ³ 90

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
Refractive index ³ 1.51 ³ 1.61 ³ 1.63 ³ 1.66 ³ 1.69 ³ 1.72 ³ 1.75 ³ 1.83 ³ 1.91
Dielectric constant ³ 4.6 ³ 5.1 ³ 7.4 ³ 9.2 ³ 11.0 ³ 12.5 ³ 14.3 ³ 15.1 ³ 16.5
Adhesion, kg mm32 ³ 0.93 ³ 0.95 ³ 0.91 ³ 0.96 ³ 0.97 ³ 0.94 ³ 0.96 ³ 0.94 ³ 0.95
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

(734 K) is due to evaporation of water released upon
condensation of silanol groups. The activation energy
calculated for this stage (Table 2) is in agreement with
the value characteristic of the condensation of hy-
droxyl-containing organosilicon compounds [6]. In the
final stage of the process (exothermic peak at 848 K)
the ethoxy groups contained in the products of FFS
solvation and hydrolysis are oxidized, and the forma-
tion of the SiO23Ta2O5 film is complete. The ac-
tivation energy of this stage is typical of a chemical
reaction.

The firmness of film attachment to the surface, and
the optical and electrical properties of films, deter-
mine the possibilities of their practical use. The op-
tical and electrophysical properties, adhesion, and
porosity were studied for SiO23Ta2O5 films (1203
140 nm, silicon substrate) (Table 3). It was found that

Dm, mg

DTA

TG

T, K

Fig. 3. Derivatogram of film formation from FFS with
TaCl5 and Si(OC2H5)4.

the obtained films exhibit good adhesion to various
substrates and contain no micropores.

CONCLUSION

An alcoholic solution of tantalum pentachloride
possesses film-forming ability, with unlimited durabil-
ity of stable film-forming properties. Gravimetry
and IR spectroscopy were applied to establish the
sequence of main stages of Ta2O5 and SiO23Ta2O5
formation from film-forming solutions. The properties
of the obtained films were studied.
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Abstract-Sorption of gold and silver cyanide complexes with carbon sorbents based on composite polymeric
materials and its thermodynamic characteristics were studied.

Hydrometallurgy based on carbon sorbents is one
of the most efficient processes for recovery of preci-
ous metals from ores and concentrates. Such tech-
nology has advantages in the selectivity of gold and
silver recovery [134]. The main factors hampering a
wide use of this technology in the Russian gold min-
ing industry are low mechanical resistance to wear of
the industrial carbon sorbents and their short supply
[5, 6]. [Carbon-in-pulp] processes are widely used in
other countries in industrial production of gold [3, 7].

In this work, we studied sorption with carbon poly-
meric sorbents of gold and silver leached with cyan-
ides from ores of complex composition by carbon
polymeric sorbents. Data on the synthesis of wear-
resistant carbon sorbents were reported in [8]. IPI-T
sorbent prepared in industrial quantities from phenol3

formaldehyde resins and their waste is of industrial
importance. Physicochemical characteristics of IPI-T
sorbent and certain known materials are compared in
Table 1.

Up to now, both the mechanism of sorption of
precious metals from solutions and pulps and prob-
lems of the directed synthesis of sorbents are the
matter of discussions [8310].

Table 1. Physicochemical characteristics of carbon sorbents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sorbent
³

Main frac-
³

Bulk density,
³ Pore volume, cm3 g31 ³ Specific ³

Wear resist-³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³
³ tion, mm ³ g dm33

³macro-Vma³meso-Vme ³micro- Vmi ³
surface area,

³ ance,* %

³ ³ ³ ³ ³ ³
m2 g31 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
IGI-65 ³ 0.531.5 ³ 490 ³ 0.57 ³ 0.08 ³ 0.34 ³ 540 ³ 83
Taiko CW 612 B ³ 1.232.5 ³ 530 ³ 0.18 ³ 0.21 ³ 0.36 ³ 600 ³ 91
(Futamura) ³ ³ ³ ³ ³ ³ ³
R 2515 (Norit) ³ 2.032.2 ³ 450 ³ 0.10 ³ 0.16 ³ 0.43 ³ 600 ³ 93
IPI-T ³ 2.035.0 ³ 460 ³ 0.26 ³ 0.20 ³ 0.15 ³ 516 ³ 85
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Wear resistance according toGOST (State Standard) 16188370.

EXPERIMENTAL

We obtained the isotherms and kinetic curves of
gold and silver sorption on IPI-T using a temperature-
controlled device. To obtain sorption isotherms, vari-
able samples of the sorbent and constant volumes of
solutions with fixed initial concentrations of gold and
silver cyanide complexes were used. The solutions
were obtained by cyanide leaching of ores of the
Kuranakh mining field. Mixers provided vigorous
agitation of the sorbent in the solution. The concen-
trations of precious and nonferrous metals (determined
by atomic absorption method) and anions were moni-
tored.

Figure 1 shows the isotherms of gold and silver
sorption from cyanide solutions with IPI-T sorbent in
comparison with IGI-65, Norit, and Futamura carbon.
As seen, the highest sorption power is characteristic
for Norit activated carbon, while IPI-T sorbent has
a slightly lower sorption power than importedcar-
bons. Isotherms are described by the Freundlich
equation

a = k C1/n, (1)
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a, mg g31

C, mg l31

Fig. 1. Isotherms of (134) gold and (538) silver sorption
from cyanide solutions: (a) equilibrium concentration of
metal ions in the sorbent and (C) equilibrium concentra-
tion of metal ions in the solution. Sorbent: (1, 5) IPI-T,
(2, 6) IGI-65, (3, 7) Futamura, and (4, 8) Norit.

ln C [mg l31]

103/T, K31

Fig. 2. Temperature dependence of (133) gold and (43
6) silver sorption with IPI-T sorbent from cyanide solu-
tions: (C) equilibrium concentration of metal ions in the
solution. Metal sorption (mg g31): (1) 3.0, (2) 4.0, (3) 5.0,
(4) 1.0, (5) 1.5, and (6) 2.0.

Table 2. Sorption constants
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent
³ [Au(CN)2]3 ³ [Ag(CN)2]3

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ k ³ n ³ k ³ n

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
IGI-65 ³ 9.2 ³ 1.8 ³ 2.4 ³ 1.5
IPI-T ³ 15.0 ³ 3.2 ³ 3.5 ³ 1.7
Taiko CW 61 B ³ 18.0 ³ 3.5 ³ 4.3 ³ 2.2
(Futamura) ³ ³ ³ ³
R 2515 (Norit) ³ 22.5 ³ 3.7 ³ 6.0 ³ 2.3
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 3. Heat of gold and silver sorption by IPI-T
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent capacity,
³ Heat of sorption, kJ mol31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
mg g31

³ [Au(CN)2]3 ³ [Ag(CN)2]3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1.0 ³ 3 ³ 25.76
1.5 ³ 3 ³ 24.51
2.0 ³ 3 ³ 24.30
3.0 ³ 48.29 ³ 3

4.0 ³ 47.05 ³ 3

5.0 ³ 46.31 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. ConstantsK and activation energiesE of sorption
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Complex
³K01034, s31, at indicatedT, oC³

E,ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ´
³ 20 ³ 40 ³ 60 ³ kJ mol31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
[Au(CN)2]3³ 1.172 ³ 1.508 ³ 1.886 ³ 9.62
[Ag(CN)2]3³ 0.753 ³ 0.967 ³ 1.250 ³ 10.19
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

wherea is the equilibrium concentration of metal ion
in the carbon (mg g31), C is the equilibrium concen-
tration of metal ion in the solution (mg l31), and k
and n are constants. Calculatedk and n are listed in
Table 2. The temperature dependences ofC for IPI-T
sorbent at the fixeda measured within the 20360oC
range are shown inFig. 2. The differential heats of
sorption of metal ions were calculated by the isosteric
method [11] from linear slopes (Table 3).

The sorption kinetics was studied within the 203

60oC range (Fig. 3). The rate constantK of the sorp-
tion was calculated from the slope of the logC3t
straight line in accordance with the equation

logC = logC0 3 0.434t K, (2)

whereC0 is the initial metal concentration in the solu-
tion (mg l31), C is the actual concentration (mg l31),
and t is time (s).

The activation energy of sorption was calculated
by the equation

d logK
E = 32.303RÄÄÄÄÄ, (3)

dT31

where T is temperature (K). The results are listed in
Table 4.

The temperature dependence of the sorption rate
constant and the values of the sorption activation
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a, mg g31

t, h
Fig. 3. Kinetics of (133) gold and (436) silver sorption
from cyanide solutions with IPI-T sorbent: (a) equilibrium
concentration of metal ions in the sorbent and (t) time.
Temperature (oC): (1, 4) 20, (2, 5) 40, and (3, 6) 60.

energy show that in this case the internal-diffusion
model of the gold and silver sorption with IPI-T
sorbent is the most probable.

CONCLUSION

The efficient sorption recovery of gold and silver
from cyanide solutions with the IPI-T carbon sorbent
with a high wear resistance was demonstrated. This
sorbent is characterized by only slightly lower sorp-
tion power with respect to these metals as compared
to imported carbons. The internal-diffusion sorption
is the most probable mechanism of gold and silver
sorption with IPI-T.
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Abstract-Sorption of chromium(VI) from a solution with the initial concentration of CrO3 of up to
30 mg dm33 on a commercial macroporous AM-2b anion exchanger pretreated by various methods was
studied. The optimal conditions for efficient sorption were found.

Sorption of metal ions on a number of sorbents is
largely influenced by the solution acidity. Sorption of
Cr(VI) from solutions with various pH was studied in
[1, 2]. It was shown that sorption is governed by the
state of ions in the solutions, which, in turn, depends
on pH. For example, at pH < 7 chromium(VI) solu-
tions contain the Cr2O7

23, HCrO4
3, and CrO4

23 ions,
whereas at pH > 7 they contain the HCrO4

3 and CrO4
23

ions. In 0.532.0 N solutions of H2SO4 the Cr3O10
23 and

Cr4O13
23 anions are formed. Polycondensation of CrO4

23

anion in acidified aqueous solutions yields chromi-
um(VI) isopolyanions:

nCrO4
23 + 2(n 3 a)H

+
= CrnO2a3

3n+ a + (n 3 a)H2O. (1)

The final polycondensation products are hydrated
polymeric oxides with the composition (CrO3)n .
mH2O. All intermediates containing polyanions have
some oxygen excess in comparison with the trioxide.
The composition of these intermediates can be pre-
sented by the general formula CrnO2a3

3n + a, wheren is
the number of chromium(VI) atoms in the anion anda
is the excess of oxygen atoms in the polyanion rela-
tive to the trioxide [3]. At the same time, CrO2

2+

cations are known, for whicha < 0. It was found [3]
that a andn are integer quantities varying from34 to
1 and from zero to infinity, respectively.

For studying chromium(VI) sorption, we used
macroporous bifunctional AM-2b anion exchanger
containing benzyldimethylamine and benzyldimethyl-
ammonium functional groups [4].

Sorption was carried out under static conditions
with continuous stirring at a constant pH as in [5, 6].
The sorbent was saturated with 0.1 N solutions of

H2SO4 or NaOH (SO4
23 and OH3 forms) for 1 h or

kept in distilled water (Cl3 form).

Data on sorption from solutions with the initial
concentrationCinit = 3000, 1500, and 1500 mg dm33

recalculated on CrO3 are given in Figs. 1a31c for the
AM-2b sorbent (weight 2 g) in the SO4

23, OH3, and
Cl3 forms, respectively.

For the anion exchanger in the SO4
23 form in the

range pH 2312 the dependence of the residual concen-
tration on solution pH passes through four minima:
at pH 2, 4, 6, and 9. In this case, the exchange sorp-
tion capacity (ESC) in 20 min is 160, 170, 150, and
130 mg of sorbate per gram of sorbent, respectively.

For the anion exchanger in the OH3 form in the
range pH 1311 the dependence has three minima: at
pH 1, 3, and 6 (Fig. 1b). The ESC is 130, 127, and
110 mg g31, respectively.

For the anion exchanger kept in water (Cl3 form)
at pH 1311 the best results were obtained at pH 236
and 9 (Fig. 1c). The ESC is 144 and 90 mg g31, re-
spectively.

As seen from Fig. 1, the sorption depends on
both pH and conditions of sorbent pretreatment, be-
cause it is determined by the state of chromium(VI)
ions in the solution and the state of functional groups
of the anion exchanger [1]. Probably, the sorption
maximum at pH< 4 is due to the formation of iso-
polychromates and to the increased degree of protona-
tion of the amine groups of the anion exchanger [1].
The sorption at pH < 7 is governed by the formation
of Cr2O7

23 ions being the product of polymerization of
monomers in the solution. The sorption maximum
at pH 9 results from the ion exchange with CrO4

23

anions and from complexation in the resin phase. The
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C, mg dm33 (a) C, mg dm33 (b) C, mg dm33 (c)

Fig. 1. Residual concentration of Cr(VI) ionsC vs. solution pH at various times of sorption on AM-2b anion exchanger. Sorption
time (min): (1) 2, (2) 5, (3) 10, (4) 15, (5) 20, (6) 30, and (7) 60. (a) SO4

23 form, (b) OH3 form, and (c) preliminary treatment
in water.

shift of the third maximum toward more acidic region
(Fig. 1b) may be due to the fact that the low-basic
groups of the AM-2b anion exchanger in the OH3

form loss virtually completely the exchange capability
at pH > 9.

The kinetic curves of Cr(VI) sorption on AM-2b
anion exchanger kept in water at pH 4 are shown
in Fig. 2.

Figure 3 demonstrates the isotherms of chromi-
um(VI) sorption for the sorption time of 60 and
80 min, constructed from the data in Fig. 2.

As seen from Figs. 2 and 3, sorption increases with
increasing time and initial solution concentration,
which is due to polymerization.

By kinetic analysis of sorption using the substitu-
tion and graphical procedures [6], we determined
the ordern of the process with respect to the sorbate
(n = 2):

3dC /dt = kCn,

whereC is the residual concentration of the sorbate in
the solution,t is the sorption time, andk is a constant.

The second order of the process suggests that the
sorption process is kinetically controlled and is limited
by chromium complex formation on the sorbent sur-
face [6].

The sorption rate limited by complex formation is
also governed by pH of the medium. Chromium(VI)-
containing ions polymerize by polycondensation reac-
tion (1) involving protons or hydroxide ions.

In the systems studied, the composition and struc-

t, min

ESC, mg g31

Fig. 2. Kinetic curves of Cr(VI) sorption on AM-2b anion
exchanger kept in water at pH 4. (ESC) exchange sorption
capacity. Initial concentration of CrO3, mg dm33: (1) 100,
(2) 340, (3) 600, (4) 800, (5) 1000, (6) 1500, (7) 2000,
(8) 3000, and (9) 4000. The same for Fig. 3.

C0, mg dm33

ESC, mg g31

Fig. 3. Isotherms of chromium(VI) sorption for sorption
times (1) 60 and (2) 180 min. (C0) initial concentration
of CrO3.
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Table 1. Kinetic analysis of chromium(VI) sorption at
pH 4, performed by kinetic equations for gel and film
using data of Fig. 2
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

C0,
³ Film kinetics ³ Gel kinetics
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄmg dm33
³ K 0 102 ³ r* ³ B 0 103 ³ r

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
340 ³ 21.18 ³ 0.9993 ³ 2.41 ³ 0.9952
600 ³ 21.32 ³ 0.9983 ³ 2.39 ³ 0.9969
800 ³ 15.28 ³ 0.9998 ³ 1.85 ³ 0.9987

1000 ³ 15.72 ³ 0.9943 ³ 2.05 ³ 0.9983
1500 ³ 8.29 ³ 0.9920 ³ 1.01 ³ 0.9967
2000 ³ 5.94 ³ 0.9969 ³ 0.63 ³ 0.9988
3000 ³ 2.31 ³ 0.9567 ³ 0.22 ³ 0.9852
4000 ³ 1.76 ³ 0.9618 ³ 0.16 ³ 0.9852

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* ( r) Correlation coefficient.

Table 2. Diffusion coefficientD at various times of contactt of AM-2b anion exchanger with Cr(VI) solution at pHsorp4
as calculated from data of Fig. 2
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

t, ³
Bt

³ D 0 106, º t, ³
Bt

³ D 0 106, º t, ³
Bt

³ D 0 106, º t, ³
Bt

³ D 0 106,
min ³ ³ cm2 s31 º min ³ ³ cm2 s31 º min ³ ³ cm2 s31 º min ³ ³ cm2 s31

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
º º ºC0

* = 340 mg dm33 º C0 = 600 mg dm33 º C0 = 800 mg dm33 º C0 = 1000 mg dm33

º º º1 ³0.00097³ 1.2 º 1 ³0.00087³ 1.1 º 1 ³0.00034³ 0.4 º 1 ³0.000005³ 0.1
2 ³0.00128³ 1.6 º 2 ³0.00133³ 1.7 º 2 ³0.00056³ 0.7 º 2 ³0.000008³ 0.1
3 ³0.00154³ 1.9 º 3 ³0.00179³ 2.3 º 3 ³0.00075³ 1.0 º 3 ³0.00132 ³ 1.7
4 ³0.00171³ 2.2 º 4 ³0.00206³ 2.6 º 4 ³0.00101³ 1.3 º 4 ³0.00173 ³ 2.2
5 ³0.00188³ 2.4 º 5 ³0.00216³ 2.7 º 5 ³0.00125³ 1.6 º 5 ³0.00203 ³ 2.6
7 ³0.00236³ 3.2 º 7 ³0.00241³ 3.0 º 7 ³0.00167³ 2.1 º 6 ³0.00193 ³ 2.4

10 ³0.00283³ 3.3 º 10 ³0.00246³ 3.1 º 10 ³0.00186³ 2.3 º 7 ³0.00211 ³ 2.7
15 ³0.00294³ 3.7 º 15 ³0.00286³ 3.6 º 15 ³0.00199³ 2.5 º 8 ³0.00207 ³ 2.6

³ ³ º ³ ³ º 20 ³0.00208³ 2.6 º 9 ³0.00219 ³ 2.8
³ ³ º ³ ³ º 25 ³0.00216³ 2.7 º 10 ³0.00223 ³ 2.8
³ ³ º ³ ³ º ³ ³ º 15 ³0.00216 ³ 2.7
³ ³ º ³ ³ º ³ ³ º 20 ³0.00208 ³ 2.6
³ ³ º ³ ³ º ³ ³ º 25 ³0.00216 ³ 2.7

º º ºC0 = 1500 mg dm33 º C0 = 2000 mg dm33 º C0 = 3000 mg dm33 º C0 = 4000 mg dm33

º º º1 ³0.00038³ 0.5 º 1 ³0.00045³ 0.6 º 1 ³0.00032³ 0.4 º 1 ³0.00013 ³ 0.2
2 ³0.00052³ 0.7 º 2 ³0.00053³ 0.7 º 2 ³0.00038³ 0.5 º 2 ³0.00027 ³ 0.3
3 ³0.00059³ 0.7 º 3 ³0.00052³ 0.7 º 3 ³0.00041³ 0.5 º 3 ³0.00026 ³ 0.3
4 ³0.00070³ 0.9 º 4 ³0.00054³ 0.7 º 4 ³0.00039³ 0.5 º 4 ³0.00026 ³ 0.3
5 ³0.00079³ 1.0 º 5 ³0.00054³ 0.7 º 5 ³0.00039³ 0.5 º 5 ³0.00025 ³ 0.3
6 ³0.00086³ 1.1 º 6 ³0.00056³ 0.7 º 6 ³0.00038³ 0.5 º 6 ³0.00024 ³ 0.3
7 ³0.00094³ 1.2 º 7 ³0.00058³ 0.7 º 7 ³0.00036³ 0.5 º 7 ³0.00023 ³ 0.3
8 ³0.00100³ 1.3 º 8 ³0.00058³ 0.7 º 8 ³0.00036³ 0.5 º 8 ³0.00022 ³ 0.3
9 ³0.00101³ 1.3 º 9 ³0.00061³ 0.8 º 9 ³0.00035³ 0.4 º 9 ³0.00023 ³ 0.3

10 ³0.00101³ 1.3 º 10 ³0.00062³ 0.8 º 10 ³0.00034³ 0.4 º 10 ³0.00022 ³ 0.3
15 ³0.00099³ 1.3 º 15 ³0.00061³ 0.8 º 15 ³0.00032³ 0.4 º 15 ³0.00020 ³ 0.3
20 ³0.00101³ 1.3 º 20 ³0.00058³ 0.7 º 20 ³0.00032³ 0.4 º 20 ³0.00019 ³ 0.2
25 ³0.00108³ 1.4 º 25 ³0.00060³ 0.8 º 25 ³0.00030³ 0.4 º 25 ³0.00019 ³ 0.2
30 ³0.00110³ 1.4 º 30 ³0.00059³ 0.8 º 30 ³0.00028³ 0.4 º 30 ³0.00020 ³ 0.3
40 ³0.00111³ 1.4 º 40 ³0.00062³ 0.8 º 40 ³0.00026³ 0.3 º 40 ³0.00019 ³ 0.2
50 ³0.00100³ 1.3 º 50 ³0.00064³ 0.8 º 50 ³0.00025³ 0.3 º 50 ³0.00019 ³ 0.2
60 ³0.00097³ 1.3 º 60 ³0.00065³ 0.8 º 60 ³0.00023³ 0.3 º 60 ³0.00018 ³ 0.2

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (C0) Initial concentration of CrO3 solution.

ture of chromium(VI) isopolyanion of the composition
CrnO3n+ 1 are governed by pH of the initial solution.
However, reaction (1) is not in equilibrium but con-
tinues in the course of the ion-exchange process,
which is confirmed experimentally by pH variations
in the course of sorption.

Sorption can proceed by the reactions [7]

2RCl + CrO4
23 = R2CrO4 + 2Cl3,

mR2CrO4 + (n 3 m)CrO4
23 + (n 3 1)H+

= R2mCrnO3n+ 1(OH)n31,

2RCl + HCrO4
3 = R2OHO3Cr+ + 2Cl3, etc.
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where R is the fixed polycation of the anion ex-
changer.

Further complexation may be associated with redox
reactions, e.g.,

Cr6+ + 3e 6 Cr3+ etc.

The kinetic analysis of sorption was performed
by kinetic equations for gel and film [8]. Table 1
shows that at a Cr(VI) concentration from 340 to
800 mg dm33 the sorption is described by a kinetic
equation for film, whereas at concentrations from
1000 to 4000 mg dm33 it is described by a kinetic
equation for gel.

The results of calculation of the diffusion coef-
ficients D (cm2 s31) are given in Table 2 in relation to
the time of contact of the anion exchanger with the
solution containing different initial concentrations of
Cr(VI) ions. The diffusion coefficientD is calculated
by the equation

D = Br2 /p2,

where r is the sorbent grain radius andB, the coef-
ficient calculated from the tabulated data [9].

As seen from Table 2, the diffusion coefficientD
decreases as the concentrationC0 of the initial solu-
tion grows. AtC0 > 1000 mg dm33 D is approximate-
ly constant, irrespective of contact time.

From the equation

logCsorb = plogCs + log (K/Kp)

where p is the polymerization factor,Csorb = ESC.
M31Vsp

31 is the ion concentration in the sorbent
(mol dm33), Vsp is the specific swelling of the sorbent
(cm3 g31), Cs is the ion concentration in solution
(mg dm33), K is the equilibrium constant, andKp is
the polymerization constant, we determined the poly-
merization factorsp using the procedure described
in [9].

Cinit, mg dm33 p

80031500 0.27
192534200 0.14

The difference in the values of the polymerization
factor p indicates that over the initial concentration

range studied the chromium(VI) complexes of various
compositions are sorbed. With growing initial solution
concentration the degree of polymerization of the
complexes increases according to Eq. (1).

CONCLUSION

(1) The calculations of the diffusion coefficient
and polymerization factor, along with the kinetic
analysis, indicate that at higher concentrations of the
sorbate the sorption process is kinetically controlled
and is limited by chromium(VI) complex formation
on the sorbent surface and by chromium(VI) poly-
merization in the solution and on the sorbent surface.

(2) Sorption of chromium(VI) from aqueous solu-
tion is optimal at acid treatment of the sorbent and pH
4: ESC 350 mg CrO3 per gram of sorbent at the initial
solution concentrationCinit < 4000 mg CrO3 dm33.
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Abstract-The chemical resistance of natural chabazite of Margintui volcanic field (Transbaikal Region)
in 0.01, 0.1, 1.0, and 3.0 N HCl at was studied in relation to the treatment time. The order, degree, and rela-
tive rate of cation extraction from the chabazite phase were determined.

Studying the chemical resistance of zeolites is im-
portant for understanding the mechanism of their crys-
tallization under natural and artificial conditions. Acid
treatment can be used for preparing zeolitic sorbents
and catalysts with controllable properties, which sig-
nificantly extends the possibilities of their application.

At treatment of zeolites with dilute acid solutions
the proton of the acid first interacts with the mole-
cules of zeolite water to form hydroxonium ions par-
ticipating in cation-exchange reactions [1]. At higher
concentrations of the acid the proton interacts with
the oxygen of the aluminosilicate skeleton with forma-
tion of hydroxide groups. As a result, the Al3O3Si
bonds break and aluminum(III) passes into the solu-
tion. In this stage, decationization and dealuminization
occur simultaneously.

A majority of works is devoted to chemical resist-
ance of zeolites, especially of mordenites. At the same
time, the resistance of chabazite is studied insuffi-
ciently. For example, dealumination and amorphiza-
tion of chabazite boiled in 0.12 M solution of HCl has
been reported in [2]. In 2 M HCl solution the chaba-
zite crystal structure degrades completely. Chabazite
is unstable to the action of HCl vapor at 200oC [3].

The acid resistance of natural chabazite was studied
by Piguzova [4]. It was found that up to 12317% alu-
minum(III) is extracted from chabazite on treatment
with 0.006 N HCl. As a result, the maximal pore
volume increases by a factor of approximately 3 com-
pared to the initial sample. In 3 N HCl solution, the
ratio SiO2/Al2O3 reaches 15, but the mineral struc-
ture remains unchanged.

Bogdanova and Belitskii [5] studied the resistance
of 25 zeolite samples, including chabazite samples, to
treatment for 1 h with 1 N HCl on a boiling water
bath. Among the four groups, chabazite is classed

with the third group of zeolites, weakly reactive with
respect to dissolution. Treatment of chabazite with the
concentrated acid resulted in the extraction of 97% of
aluminum and total removal of Ca(II), Mg(II), and
Ba(II) ions. After treatment, the residual chabazite
retained the shape of the crystals.

Thus, no data are available on the chemical resist-
ance of chabazite in relation to the treatment time.

In this work, the chemical resistance of chabazite
from the Margintui volcanic field (Transbaikal Re-
gion) of the composition Ca0.85Na0.1K0.08Mg0.03.
(Al1.7Si4.2O12) .H2O in acid solutions of various con-
centrations was studied as a function of the contact
time. The grain size of the mineral was 132 mm.
Weighed portions of chabazite were placed in 0.01,
0.1, 1.0, or 3.0 N HCl for 1, 3, and 24 h at the solid-
to-liquid ratio of 1 : 30. After separating the phases,
chabazite was studied by X-ray phase analysis
(DRON-2.0 diffractometer, CuKa radiation) and by
chemical analysis for Si, Al, K, Na, Ca, and Mg. The
Al and Si concentrations were determined on an
SF-46 spectrophotometer and the K, Na, Ca, and Mg
concentrations, on a Saturn atomic absorption spec-
trophotometer (table, Fig. 1).

The samples treated with 0.01, 0.1, 1.0, and 3 M
acid solutions are denoted as A, B, C, and D, respec-
tively. The figures 1, 3, and 24 denote the treatment
time (h). The degree of extraction of exchangeable
cations and aluminum(III) is recalculated on oxides
(Fig. 1). The ratev of passing of the ions into the
solution was determined from the formulam = v t, and
the relative rate per gram of zeolite, by the formula
a = v/M (h31), wherem is the weight (g) of the cation
passed into the solution in timet (h), and M is the
weighed portion of chabazite (g) [6].

The X-ray diffraction patterns of the initial sample
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(a)C, %

32 31 0 1
log CHCl [M]

(b)C, %

32 31 0 1
log CHCl [M]

(c)C, %

log CHCl [M]

Fig. 1. Degree of extractionC from chabazite of (a) sodium, (b) potassium, and (c) calcium and aluminum as a function of acid
concentrationCHCl. Treatment time (h): (1) 1, (2, 4) 24, and (3) 3. Ion: (I) calcium and (II ) aluminum.

agree with the reference data [7]. The crystal structure
of chabazite, when treated with 1 N HCl solution for
24 h (sample C-24) and with 3 N HCl solution for
3 and 24 h (samples D-3 and D-24, respectively),
degrades. The most intense reflectionsd101, d211,
d401, andd214 were retained in the diffraction pattern
of the C-24 sample, but in that of the D-24 sample all
reflections were absent. All other conditions of acid
treatment did not affect the chabazite crystal structure.

According to chemical analysis, Na and K are the
predominant exchangeable cations extracted from the
chabazite solid phase into 0.01 and 0.1 N HCl (table;
Figs. 1a, 1b). Upon 24-h treatment with 0.1 N HCl,
only 1.11% of aluminum(III) and 2.43% of cal-
cium(II) are extracted (table, Fig. 1c).

Magnesium(II), present in chabazite in a small
amount (0.31%), is extracted to 45% as the mineral is
rendered amorphous by treatment with 3 N HCl. No
extraction of silicon from the chabazite occurs.

Because calcium ions in the chabazite exchange-
able complex are predominant, their behavior in the
systems studied is of a special interest. Figure 1c
shows that on treatment of chabazite with 0.1 N HCl
(sample B-24) calcium is extracted simultaneously
with the start of washing-out of aluminum, but the
relative extraction rate of aluminum is higher than

that of calcium and other exchangeable cations (see
table).

With growing acid concentration the relative rate of
passing of calcium into the solution increases con-
siderably.

The distribution and coordination of various cat-

Relative ratea of washing-out of the cations from the
chabazite phase
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³ Relative rate,a, h31

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄple ³ Al(III) ³ Ca(II) ³ Mg(II) ³ Na(I) ³ K(I)
ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

A-1 ³ 3 ³ 3 ³ 3 ³ 0.0014³0.0022
A-3 ³ 3 ³ 3 ³ 3 ³ 0.0006³0.0008
A-24 ³ 3 ³ 3 ³ 3 ³ 0.0001³0.0001
B-1 ³ 3 ³ 3 ³ 3 ³ 0.0015³0.0023
B-3 ³ 3 ³ 3 ³ 3 ³ 0.0005³0.0008
B-24 ³ 0.0950³ 0.0001³ 3 ³ 0.0001³0.0001
C-1 ³ 0.0950³ 0.0030³ 3 ³ 0.0024³0.0023
C-3 ³ 0.0030³ 0.0015³ 3 ³ 0.0009³0.0008
C-24 ³ 0.0030³ 0.0021³ 3 ³ 0.0002³0.0002
D-1 ³ 0.0200³ 0.0123³ 3 ³ 0.0026³0.0024
D-3 ³ 0.0190³ 0.0124³ 3 ³ 0.0011³0.0018
D-24 ³ 0.0040³ 0.0023³ 0.0007³ 0.0002³0.0003
ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
Note: The dash stands for the absence of ion extraction from

the chabazite phase.
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ions in the chabazite have been studied in a number of
works [3, 8311]. Within the large chabazite cavity
calcium ions occupy three different positions: near
a six-membered ring outside the hexagonal prism, in
an eight-membered ring, and inside the dihedral angle
formed by the four-membered rings. The calcium co-
ordination sphere contains water molecules separating
calcium ions from the walls of the aluminosilicate
skeleton and the oxygen atoms of the skeleton. Evi-
dently, an acid proton breaks the Al3O and Ca3O
bonds, which destabilizes the chabazite crystal struc-
ture and facilitates simultaneous passing of aluminum
and calcium into the solution. The table clearly shows
that the interaction of chabazite with an acid is a two-
stage process involving ion-exchange recovery of
alkali metal ions as the first stage and the dealumina-
tion combined with decalcination as the second stage.

The extent of dealumination and decationization of
chabazite largely depends on the time of acid treat-
ment. The effect produced by the treatment time on
the metal ion recovery is more pronounced for sodium
than for potassium (Figs. 1a and 1b, respectively).
The increase in the amount of the potassium ions is
due to dissolution of chabazite at treatment (1 N acid
solution, 24 h and 3 N solution, 3 and 24 h). The rela-
tive rate of passing of the ions into the acid solution
increases with growing acid concentration and de-
creases with increasing treatment time.

CONCLUSION

The study of chemical resistance of natural chaba-
zite treated with 0.0133 N HCl for different times
showed that treatment with 0.01 and 0.1 N solutions
results in the extraction of sodium and potassium ions.
In 1.0 and 3.0 N acid solutions, calcium and alumi-
num ions are extracted along with alkali metal ions.
Such a sequence of the extraction of exchangeable

cations implies that calcium ions are stronger bound
in the chabazite structure than alkali metal ions. Re-
moval of aluminum(III) ion from the tetrahedral posi-
tion does not affect the chabazite crystal structure,
except for the case when treatment results in mineral
degradation (1.0 N acid solution, 24 h and 3 N solu-
tion, 3 and 24 h). The degree of dealumination and
decationization depends on the time of contact of
chabazite with the acid.
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Abstract-Oxygen reduction in aqueous solutions by cathodically polarized copper-containing redox resins
was studied. To provide reagent-free, continuous, and exhaustive deoxygenation, the rate of surface electroless
oxidation with oxygen should be equal to the rate of electrochemical reduction (regeneration) of the redox
centers.

The modern industry imposes stringent require-
ments on deoxygenation of water and aqueous solu-
tions of electrolytes. There are various procedures for
removing oxygen from liquid media [1]; however,
copper-containing redox resins (electron and ion ex-
changers) are the most efficient for exhaustive deoxy-
genation [2, 3]. When deoxygenation is performed by
reducing sorption of oxygen on a copper-containing
redox cation exchanger, oxygen reacts with dispersed
copper to form copper oxides or copper ions fixed as
counterions in the ion-exchange matrix. The redox
resins are unique substances since they have high
redox capacity and developed porous structure and can
be reduced or oxidized without liberation of the prod-
ucts of their own conversion. In addition, copper-
containing redox resins have sufficient electrical con-
ductivity and stability to electric current [4] which
allows reducing sorption of oxygen on these materials
under conditions of cathodic polarization [537], i.e.,
oxygen electrosorption. Previously [8, 9] we deter-
mined two consecutive and parallel pathways of elec-
trosorption. The first occurs via redox transformations
of the surface of the redox resin grains and heterogene-
ous chemical reactions to form chemisorbed copper3

oxygen complex. The electric current regenerates the
surface reaction centers of the redox resin, thus pro-
viding fast and continuous deoxygenation. The rate-
determining step is heterogeneous chemical reac-
tion (1). The subsequent electrochemical reduction of
copper3oxygen compounds (2) is relatively fast:

O2 e
R .Cu 76 R . [Cu ... O] 64 R .Cu,

(1) (2)

where R is the polymeric matrix of the redox cation
exchanger.

The second pathway is sorption and reduction of
oxygen with copper of the redox resin in the depth of
its grains, where the reaction centers are not affected
even by the maximal cathodic polarization. At polariz-
ing currents insufficient for regeneration of all redox
centers, this pathway also provides exhaustive re-
moval of oxygen from the solution. However, in this
case the deoxygenation is slow and requires inter-
mittent regeneration of the redox filter.

The aim of this work was to determine conditions
providing constantly high rate of oxygen electrosorp-
tion from aqueous solutions on copper-containing
redox resin, i.e., conditions providing continuous
regeneration of the reaction surface.

We studied oxygen electrosorption on EI-21 SNU
copper-containing redox resin [2] prepared from
KU-23 macroporous sulfonic cation exchanger. The
redox centers of this redox cation exchnager are clus-
ters of copper atoms located around the ion groups of
the resin. The diameter of resin grains is 0.531.0 mm.
The redox capacity of the sorbente (the content of
dispersed copper) ranged from 6.50 103 to 12.00
103 g-equiv m33 of the resin. Deoxygenation with
both reduced and oxidized form of the resin was
studied. The degree of oxidation of the resina was
determined by microscopic examination of the con-
centric ring of Cu2O clearly seen on a section of a
resin grain. The oxidized form of the resin was re-
duced either with alkali solution of sodium dithionite
Na2S2O4 (electroless reduction) or electrochemically
at i = 0.1 A m32 and cathodic polarizationE = 30.9 V
in the absence of solution flow. Oxygen electrosorp-
tion was studied in a flow three-cell reactor of the
filter-press type. The reactor consists of cathodic and
two anodic cells separated by MA-40 anion-exchange
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Solution
feed

Fig. 1. Scheme of electrosorption reactor: (1) cathodic cell
packed with the redox resin, (2) anodic cells, (3) platinum
anodes, (4) copper cathode, and (5) anion-exchange
membranes.

membranes (Fig. 1). The vertical electrodes were
fixed along the longitudinal axis of the cells. A bed of
granulated redox resin was arranged around the ver-
tical copper wire cathode in the working cell with
136 cm height (h) and 1.2 cm2 cross section. A Lug-
gin capillary of a silver chloride reference electrode
was fixed in the immediate vicinity of the cathode.
A working 0.04 M solution of sodium sulfate was
fed from the top with a flow velocity form 0.1 to
0.7 cm s31. The electrosorption reactor was polarized
under galvanostatic conditions. The potentials were
measured vs. a standard hydrogen electrode.

The rate of oxygen electrosorptioni(Dc) (A m32)
was estimated from a decrease in its concentration and
expressed in the units of current density:

i(Dc) = zFuDc /s,

wherez is the number of electrons involved in the reac-

Table 1. Rate of oxygen electrosorptioni(Dc) and limiting
current densityi lim for the reduced and oxidized forms
of the redox resin;e = 10.50 103 g-equiv m33, c0 =
8.6 mg l31, u = 0.46 cm s31, at i = 0.086 A m32

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

a, %
³ i (Dc) ³ i lim ³

3E, VÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ A m32 ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
0 ³ 1.31+0.11 ³ 1.06+0.07 ³ 0.2

50 ³ 0.84+0.04 ³ 0.34+0.03 ³ 0.9
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

tion (z = 4); F is the Faraday number (26.8 A h mol31;
u is flow rate of the oxidizing agent (l h31); Dc is dif-
ference in the oxidizing agent concentration at the
inlet (c0) and outlet (c) of the reactor, determined with
the aid of a KL-215 oxygen meter (M); ands is the
geometrical surface area of grains (m2).

The rate of electrochemical process was estimated
from the limiting current density of the polarization
curvesIlim, which is the limiting current of preceding
chemical reaction and is described by the equation
[8, 9]

I lim = ireact = 3zFw0 /n,

where w0 is rate of reduction of dissolved oxygen
with the redox resin in the absence of the polarization,
and n is the stoichiometric number.

Let us consider the rate of oxygen electrosorption
as influenced by the reactivity of the redox resin. For
this purpose we studied both the reduced and oxidized
forms of the resin (Table 1). The rate of oxygen elec-
trosorption i(Dc) and the limiting current density of
polarization curvesi lim considerably decrease with
accumulation of copper oxides in the depth of resin
grains (i.e., at high oxidation degrees of the resina).
The oxidized form has a lower electrical conductivity,
and hence the oxygen electrosorption on this form
occurs at higher overvoltage as compared to the re-
duced form. Thus, the oxygen reduction on the redox
resin with highly reactive reducing centers is the
fastest.

The reactivity of the redox resin is determined by
not only the presence of copper oxides but also the
amount of reactive copper (the redox capacity of the
resin e). As seen from Fig. 2, therate of electrosorp-
tion on the redox resins with a low content of dis-
persed copper is considerably higher than the limiting
current density. These parameters become close start-
ing from e = 10.50 103 g-equiv m33. The fact that
i(Dc) is higher thani lim indicates that oxygen is re-
duced not only by the surface but also by internal
reaction centers of a grain. This can decrease the reac-
tivity of the redox resin and decelerate oxygen reduc-
tion (Table 1).

To maintain constantly high rate of the process, the
rate of electroless oxidation of the redox centers with
oxygen i(Dc) should be equal to the rate of the elec-
trochemical reductioni lim. In addition, polarization
currents higher than the limiting value are undesirable
because of hydrogen evolution. Commercial EI-21-75
redox resin with relatively high capacity (ca. 10.50
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103 m33) meets the indicated requirements. This
sorbent can be used for oxygen electrosorption.

The redox resin after sorption or electrosorption
of O2 can be regenerated by treatment with chemical
reducing agents or by cathodic polarization in a sta-
tionary solution. The regeneration procedure (chemi-
cal or electrochemical) affects the limiting current
(Table 2) and does not affect the rate of oxygen
sorption.

The limiting current densityi lim for the redox resin
regenerated by chemical reduction is somewhat lower
as compared to the resin regenerated by the electro-
chemical procedure. The constancy of the electrosorp-
tion rate indicates that the number of the reaction
centers remains the same. However, the state of these
centers can change owing to sorption of the reducing
agent and its oxidation products, which, in turn,
should affect the rate of heterogeneous chemical oxi-
dation of these centers and hence the limiting current
of their reduction. Cathodic activation of the redox
centers of the resin regenerated by the chemical proce-
dure increases the limiting current density to the value
observed for the electrochemicaly regenerated redox
resin. When the cathodically activated redox resin is
treated with the reducing agent, the resin is converted
into the initial state characterized by a low limiting
current. Thus, deoxygenation on the redox resin pre-
liminarily activated by cathodic polarization will
occur via oxidation and reduction of its surface with
the maximal limiting current density. In the case of
the chemically regenerated redox resin the process
will mainly occur via formation and accumulation of
copper oxides in the depth of a grain, which will
deactivate the resin, thus decelerating the O2 electro-
sorption. The activity of cathodically activated redox
resin and hence the rate of oxygen electrosorption
of this resin remain constantly high.

Thus, the copper-containing redox resin suitable for
deoxygenation of aqueous solutions should be in the
reduced form, have high redox capacity, and be ac-
tivated by cathodic polarization. Only in this case the
rate of oxygen electrosorption at polarization with the
limiting current is equal to the limiting current density
of the polarizationi(Dc) = i lim and the process occurs
via consecutive oxidation and reduction of the surface
of the resin grains, thus providing continuous re-
generation of the redox centers. This can be the case
only for the redox resin with definite properties and
under definite conditions. Among them are, first of
all, polarizing current and concentration and feeding
rate of dissolved oxygen. Let us consider each of this
parameters.

e 0 1033, g-equiv m33

i(Dc), i lim, A m32

Fig. 2. (1) Rate of oxygen electrosorptioni(Dc) and
(2) limiting current densityi lim at oxygen concentration in
the solution ofc0 = 8.6 mg l31, flow velocity of the solu-
tion u = 0.46 cm s31, and height of the resin bedh = 6 cm
as functions of the copper content in the redox resine.

t, h

i(Dc), A m32

Fig. 3. Rate of oxygen electrosorptioni(Dc) by EI-21-75
redox resin at polarizing current densityi = 0.86 A m32,
e = 10.50103 g-equiv m33, c0 = 8.6 mg l31, u = 0.46 cm s31,
and h = 6 cm as a function of time.

Deoxygenation with required rate can be main-
tained for a long time by polarization of the cath-
odically activated redox resin with the maximum
possible current (which should depend on the limiting
current) at which no hydrogen is liberated. This is
indeed the case in oxygen reduction on EI-21-75 in-
dustrial copper-containing redox resin withe = 10.50
103 g-equiv m33 at the equilibrium concentration
c0 = 8.6 mg l31, the flow velocity of the solutionu =
0.46 cm s31, and the polarizing current densityi =
0.86 A m32 (Fig. 3). Negligible decrease in thereac-
tivity of the resin in 200 h under these conditions can

Table 2. Change of the O2 content in the solutionDc,
electrosorption ratei(Dc), and limiting current densityi lim
for the redox resin regenerated by (I) chemical and (II)
electrochemical procedure.e = 10.50 103 g-equiv m33,
c0 = 8.6 mg l31, u = 0.46 cm s31

ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Regenera-³

Dc, mg l31
³ i(Dc) ³ i lim

³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄtion
³ ³ A m32procedure³ ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
I ³ 4.08+0.32 ³ 0.78+0.04 ³ 0.91+0.11
II* ³ 3.92+0.15 ³ 0.75+0.06 ³ 0.20+0.03
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* With sodium dithionite.
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c0, mg l31

(a)

u, cm s31

(b)

i(Dc), i lim, A m32

i(Dc), i lim, A m32

Fig. 4. (1) Rate of oxygen electrosorptioni(Dc) and (2) lim-
iting current densityi lim as functions of (a) oxygen con-
centration in the solutionc0 (e = 10.50 103 g-equiv m33,
u = 0.46 cm s31, and h = 6 cm) and (b) flow velocity of
the solutionu (cm s31) (c0 = 8.6 mg l31 and h = 1 cm).

be due to reducing sorption of oxygen by not only the
first but also the second pathway with accumulation
of Cu2O inside a resin grain. Clearly the rate of elec-
troless oxidation with oxygen slightly differs form
that of electrochemical reduction of the resin. The
equality can be attained only when the polarizing
current and the rate of electroless reduction of oxygen
on the resini(Dc) are the same. Since the polarizing
current is restricted by the limiting current, the rate of
oxygen reductioni(Dc), the limiting current of the
polarization curvesi lim, and the external polarizing
current should be equal:i = i(Dc) = i lim.

When the cathodically activated resin with high
capacity (e ca. 120 103 g-equiv m33, Fig. 2) is used,
the rate of oxygen reductioni(Dc) and the limiting
current coincide at the equilibrium concentrationc0 =
8.6 mg l31 and flow velocity of the solutionu =
0.46 cm s31. In the case of the most frequently used
industrial redox resin withe = 10.50 103 g-equiv m33

these parameters slightly differ. In this connection let
us consideri(Dc) and i lim for this redox resin as in-
fluenced by the oxygen concentrationc0 and flow
velocity of the solutionu. The electrosorption rate and
the limiting current density regularly increase with in-
creasing O2 content in the solution (Fig. 4). At the O2
concentration higher than 7.5 mg l31 i(Dc) exceeds the
limiting current i lim, suggesting oxidation of the reac-
tion centers in the depth of a grain. The ratio of these
parameters is similar at high flow rate of the solution
and lower height of the resin bed (Fig. 4b).

Oxygenelectrosorption on the industrial redox resin
with e = 10.50 103 g-equiv m33 should be performed
at the flow velocity of the solutionu < 0.23 cm s31

and the oxygen concentrationc0 < 7.5 mg l31. In addi-
tion, since copper deposition on the cation exchanger
involves treatment of the redox resin with a reducing
agent (sodium dithionite), the sorbent should be elec-
trochemically regenerated to increasei lim.

Since in practice all parameters of the process are
nonuniform throughout the resin bed of arbitrary
height at large gradients of oxygen concentration in
the bed, the reduction by the second pathway will
occur in all cases [9]. Hence, to reach exhaustive
deoxygenation, the process should be successively
performed in several electrosorption reactors at the
polarizing current corresponding to the rate of oxygen
reduction.

Thus, continuous oxygen electrosorption on the
copper-containing redox resin is provided mainly by
maintaining constantly high reactivity of the resin by
cathodic polarization at equal rates of electroless
oxidation and electrochemical reduction of the redox
centers. This is possible at definite internal and ex-
ternal parameters of the process (redox capacity of
the resin, its oxidation degree, polarizing current
density, flow velocity of the solution, and oxygen
content in the solution).

CONCLUSIONS

Based on the results of this work we propose the
following principles of oxygen electrosorption on the
copper-containing redox resin, which provide con-
tinuous and exhaustive deoxygenation.

(1) Highly reactive cathodically activated redox
resin in the reduced form with a high redox capacity
should be used.

(2) To maintain high reactivity of the resin, the
rate of electroless oxidation with oxygen should be
equal to the rate of electrochemical reduction of the
resin, which is the case when the limiting polarizing
current density is equal to the rate of oxygen reduc-
tion. In the case of EI-21-75 redox resin this balance
is attained at the O2 concentrations lower than
7.5 mg l31 and the flow velocity of the solution less
than 0.3 cm s31.
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Abstract-New polyfunctional anion exchangers are synthesized from dextramine (waste from levomycetin
production) by condensation of its glycidyl ethers with certain polyamines. The polycondensation conditions
are optimized, and physicochemical properties of the resulting ion exchangers are studied.

Ion-exchange materials are widely used in solving
various environmental problems, in complex process-
ing of raw materials, development of closed processes,
water treatment, hydrometallurgy, and food industry
[138]. Therefore, development of methods for syn-
thesis of such materials from cheap and available
components is an urgent problem [9312].

EXPERIMENTAL

In this work the subject matter wasL-1-(p-nitro-
phenyl)-2-aminopropane-1,3-diol (waste from levo-

Table. 1. Effect of reagent mass ratio on properties of the resins*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

GE : amine ³ EC, mg-equiv g31 ³ W, % º GE : amine ³ EC, mg-equiv g31 ³ W, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

ºDGED : PEI º TGED : PEI
º1 : 1.0 ³ 8.3 ³ 9.5 º 1 : 0.5 ³ 8.7 ³ 9.8

1 : 1.5 ³ 8.8 ³ 9.2 º 1 : 1.0 ³ 9.9 ³ 9.8
1 : 2.0 ³ 9.6 ³ 9.7 º 1 : 2.0 ³ 10.5 ³ 9.9
1 : 2.5 ³ 9.7 ³ 9.6 º 1 : 3.0 ³ 11.7 ³ 9.9

ºDGED : PEPA º TGED : PEPA
º1 : 0.5 ³ 6.8 ³ 9.2 º 1 : 0.5 ³ 7.9 ³ 9.5

1 : 1 ³ 6.9 ³ 9.1 º 1 : 1.0 ³ 9.2 ³ 9.7
1 : 1.5 ³ 7.3 ³ 9.1 º 1 : 2.0 ³ 10.6 ³ 9.6
1 : 2 ³ 7.2 ³ 9.3 º 1 : 3.0 ³ Strong swelling

ºDGED : PMVP º TGED : PMVP
º1 : 1 ³ 4.2 ³ 8.9 º 1 : 0.5 ³ 6.8 ³ 9.3

1 : 1.5 ³ 4.7 ³ 9.0 º 1 : 1.0 ³ 7.5 ³ 9.5
1 : 2 ³ 5.6 ³ 9.1 º 1 : 2.0 ³ 8.2 ³ 9.5
1 : 2.5 ³ 5.5 ³ 8.9 º 1 : 3.0 ³ 8.8 ³ 9.4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
*(EC) Exchange capacity in 0.1 N HCl and (W) moisture content.

mycetin production)

O N3C H 3CH3CH3CH OH2 26
gg

OH NH2

4O N3C H 3CH3CH3CH OH2 26
gg

OH NH2

4

and also its reduced formL-1-(p-aminophenyl)-2-ami-
nopropane-1,3-diol

H N3C H 3CH3CH3CH OH2 6 4 2
g

NH 2

g
OH

H N3C H 3CH3CH3CH OH2 6 4 2
g

NH 2

g
OH

L-1-(p-Nitrophenyl)-2-aminopropane-1,3-diol di-
glycidyl ether (DGED) was synthesized at a molar
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Table 2. Physicochemical characteristics of the resins
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter

³ Resin based on indicated components
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ DGED ³ TGED
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ PEI ³ PEPA ³ PMVP ³ PEI ³ PEPA ³ PMVP

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Moisture content, % ³ 9.7 ³ 9.1 ³ 9.1 ³ 9.9 ³ 9.6 ³ 9.4
Specific volume, ml g31 ³ 4.2 ³ 4.9 ³ 3.6 ³ 4.7 ³ 5.2 ³ 3.9
EC in 0.1 N HCl, mg-equiv g31 ³ 9.6 ³ 7.3 ³ 5.6 ³ 11.7 ³ 10.6 ³ 8.8
EC loss (%) after treatment with: ³ ³ ³ ³ ³ ³

5 N H2SO4, 100oC, 30 min ³ 2.0 ³ 0.7 ³ 0.5 ³ 0.5 ³ 0.4 ³ 0
5 N NaOH, 100oC, 30 min ³ 2.8 ³ 1.1 ³ 0.7 ³ 0.1 ³ 0 ³ 0
10% H2O2, 25oC, 24 h ³ 7.2 ³ 0.7 ³ 2.2 ³ 2.4 ³ 3.8 ³ 1.0

EC loss (%) after thermal treatment³ 12 ³ 9.0 ³ 3.0 ³ 8.0 ³ 10 ³ 3.0
at 100oC ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

ratio monomer : epichlorohydrin (ECH) : NaOH =
1 : 6 : 3 [14]. As a result we obtained 311 g of a red
viscous liquid (yield 96%). The epoxy group content
in the product was 22% (83% of the theoretical value).

L-1-(p-Aminophenyl)-2-aminopropane-1,3-diol
tetraglycidyl ether (TGED) was synthesized at a molar
ratio monomer : ECH : NaOH = 1 : 12 : 6. 397 g of
a yellow viscous liquid was obtained (yield 98%). The
epoxy group content in the product, determined as
in [15], was 40.3% (95.3% of the theoretical value).

The required amounts of the amine and ECH was
loaded in a round-bottomed flask equipped with a
reflux condenser, a drop funnel, a thermometer, and a
stirrer. One mole of water was added. The reaction
mixture was heated to 80oC, and 50% NaOH was
gradually added over a period of 30 min. Hot water
(80oC) was added until salts were dissolved. The
organic phase was separated, washed with water, and
volatile products were removed in a vacuum.

Found (%): C 56, H 6.3, N 8.4;
C15H20N2O4.
Calculated (%): C 55.5, H 6.1, N 8.6.

Found (%): C 61.5, H 7.6, N 6.4;
C21H30N2O6.
Calculated (%): C 62, H 7.3, N 6.8.

Polycondensation of the glycidyl ethers (GEs) with
polyamines was performed at various component
ratios at 80oC for 30 min, with subsequent heating at
100oC for 10 h. The polyamines were polyethyleni-
mine (PEI), polyethylenepolyamine (PEPA), and
poly-2-methyl-5-vinylpyridine (PMVP). PEI was used
as a 50% aqueous solution (intrinsic viscosity 0.14,
M = 100103, titrable nitrogen in an anhydrous sample

29.3%). PEPA [M = 290 (determined by cryoscopy),
total nitrogen 22.6%, titrable nitrogen 19.8%] was
allowed to stand over granulated KOH for 6 days.
PMVP: M = 100 103, 8.6% titrable nitrogen.

Solid resins were ground, converted into the OH
form with 5% NaOH, and characterized as follows.
Infrared spectra were registered on a UR-20 spectro-
photometer using KBr technique. The potentiometric
titration was carried out with an EV-74 ionometer.
The thermal and chemical resistance was determined
according to the GOST (State Standard) 10899364.

Results on the effect of the reagent ratio on the ion-
exchange characteristics of the resins are given in
Table 1.

Study of the exchange capacity (EC), thermal and
chemical resistance, and the yield of the ion ex-
changers allowed optimization of synthesis of the
resins. The optimal proportions (mass ratio) of the
components are as follows. DGED : PEI = 1 : 2,
DGED : PEPA = 1 : 1.5, DGED : PMVP = 1 : 2,
TGED : PEI = 1 : 3, TGED : PEPA = 1 : 2, and
TGED : PMVP = 1 : 3. The resins obtained under the
optimal conditions show sufficiently high thermal and
chemical resistance (Table 2).

In Table 3 are summarized data on the sorption of
Cu2+, Ni2+, and Co2+ from 0.05 N solutions with the
resins obtained. For comparison are given data on
EDE-10P commercial ion-exchange resin.

CONCLUSIONS

(1) New polyfunctional ion exchangers are syn-
thesized by polycondensation of glycidyl ethers
derived from L-1-(p-nitrophenyl)-2-aminopropane-
1,3-diol or its reduced form with certain polyamines.
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Table 3. Sorption characteristics of the resins
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Resin
³ EC, mg-equiv g31, for indicated ions
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ Cu2+ ³ Ni2+ ³ Co2+

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
DGED : PEI ³ 5.8 ³ 4.5 ³ 4.1
DGED : PEPA³ 4.8 ³ 4.2 ³ 3.7
TGED : PEI ³ 6.2 ³ 4.8 ³ 4.6
TGED : PEPA ³ 5.3 ³ 4.6 ³ 4.2
EDE-10P ³ 1.0 ³ 1.2 ³ 0.8
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

(2) The resins obtained show sufficiently high
thermal and chemical resistance and sorption capacity
for copper, nickel, and cobalt.
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Abstract-Homo- and copolymers based onN-(vinyloxyethyl)dithiocarbamoylethylcarbonitrile actively
sorbing silver, gold, and mercury were prepared.

Proceeding with systematic investigations of the
polymerization ability of derivatives ofN-(2-vinyl-
oxyethyl)dithiocarbamic acid [1, 2], we studied in this
work the properties of a new monomer,N-(vinyloxy-
ethyl)dithiocarbamoylethylcarbonitrile (VC):

CH2=CH3O3CH23CH23NH3C(S)S3CH23CH23C=N.

The synthesis of this compound was described else-
where [3]. Bright yellow powdered polymer was pre-
pared in a high yield by cationic homopolymerization
(Table 1).

Cationic polymerization involves the vinyloxy
group, whereas the dithiocarbamate group is pre-
served. The IR spectra of VC homopolymer contain
the bands at 1400, 1490, 1580, and 331033400 cm31

[3C(S)3NH3] and at 2250 cm31 (C=N). The bands at
244 and 364 nm in the UV spectra indicate the pres-
ence of the C=S group in the polymer. The molecular
weight (weight-average)M is 580036100. Spectral
data and elemental analysis confirm the linear struc-
ture of the polymer. The polymer is soluble in ace-
tone, dioxane, and DMSO.

The VC homopolymer with maleic anhydride (MA)
gives the copolymers with alternating comonomer

Table 1. Homopolymerization of VC; [VC] = 0.46 M, chloroform solvent, SnCl4 catalyst, 20oC
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

SnCl4,
³

t,
³ Yield ³ Conversion ³

M
³ Elemental analysis

³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄwt % ³ min ³ % ³ ³ C ³ H ³ N ³ S
ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

0.2 ³ 30 ³ 98.4 ³ 99.0 ³ 5800 ³ 45.98 ³ 5.01 ³ 11.07 ³ 29.67
0.3 ³ 20 ³ 98.9 ³ 99.2 ³ 6100 ³ 46.02 ³ 5.00 ³ 11.19 ³ 29.64
0.5 ³ 18 ³ 98.7 ³ 98.9 ³ 5900 ³ 45.97 ³ 4.99 ³ 11.18 ³ 29.70

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

units. The weight-average molecular weight reaches
520035500. The IR spectra exhibit the bands at 1850
and 1775 cm31 belonging to the stretching vibrations
of the MA carbonyl groups; the VC units are charac-
terized by the main bands at 1400, 1490, 1580, 2250,
and 320033400 cm31. The results of elemental analy-
sis (Table 2) and spectral data suggest that, irrespec-
tive of the initial composition, copolymers are formed
through the double bonds of VC and MA monomers.
The copolymerization constants calculated using the
Fineman3Ross procedure (r1 = 0.05+0.01, r2 =
0.09+0.01) suggest characteristic alternation of the
units in the polymer, i.e., cross-coupling is the deci-
sive process in the chain growth.

The VC3MA copolymers are yellow powders
soluble in DMSO, DMF, chloroform, and in hot
water. The radical copolymerization of MA and VC
gives the copolymers with alternating comonomer
units, whereas polymerization of VC and vinyl acetate
(VA) yields the polymer products containing nearly
12 VA units per VC unit, irrespective of the composi-
tion of the initial reaction mixture (Table 3). The IR
spectra of copolymers prepared at different initial
ratios of VC and VA are similar. There are no bands
of the stretching vibrations of the VA double bond and
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Table 2. Bulk copolymerization of VC and MA; [AIBN] = 0.3%, 60oC, t = 24 h
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
Content of VC³ Maximal rate³ Maximal conversion³ Yield ³ Elemental analysis, %³ Content of VC

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´in monomer
³

A 0 1033,
³ % ³ N ³ S ³

in copolymer,
mixture, mol %³ mol l31 s31 ³ ³ ³ ³ mol %
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

16.67 ³ 0.07 ³ 13.7 ³ 13.1 ³ 8.82 ³ 20.07 ³ 49.34
25.00 ³ 0.19 ³ 28.9 ³ 27.9 ³ 8.87 ³ 20.02 ³ 49.42
33.33 ³ 0.39 ³ 47.6 ³ 46.2 ³ 8.87 ³ 20.33 ³ 49.75
50.00 ³ 0.45 ³ 64.8 ³ 63.2 ³ 8.89 ³ 20.35 ³ 49.88
50.00* ³ 0.63 ³ 76.9 ³ 75.7 ³ 8.85 ³ 20.32 ³ 49.73
66.67 ³ 0.24 ³ 35.2 ³ 34.5 ³ 8.82 ³ 20.34 ³ 49.67
75.00 ³ 0.13 ³ 22.5 ³ 21.3 ³ 8.83 ³ 20.30 ³ 49.65

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* At 70oC.

Table 3. Copolymerization of VC and VA; [AIBN] = 0.3%, 70oC, t = 24 h
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Content of VC ³ Conversion ³ Yield ³ Elemental analysis, % ³ Content of VC
ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´in monomer
³ % ³ C ³ H ³ N ³ S ³

in copolymer,
mixture, mol % ³ ³ ³ ³ ³ ³ mol %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
20.00 ³ 58.2 ³ 56.8 ³ 56.90 ³ 7.07 ³ 2.73 ³ 6.31 ³ 18.79
33.33 ³ 69.4 ³ 68.1 ³ 56.74 ³ 6.99 ³ 2.90 ³ 6.28 ³ 19.26
50.00 ³ 73.3 ³ 70.9 ³ 57.00 ³ 6.97 ³ 2.94 ³ 6.40 ³ 19.58
20.00* ³ 64.2 ³ 62.7 ³ 56.97 ³ 7.05 ³ 2.80 ³ 6.42 ³ 19.14

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* At 80oC.

Table 4. Copolymerization of VC and ST; [AIBN] = 0.3%, 70oC, t = 24 h
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
Content of VC³

Solvent
³ Conversion ³ Yield ³ Elemental analysis, % ³ Content of VC

³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´in monomer
³ ³ % ³ C ³ N ³ S ³

in copolymer,
mixture, mol %³ ³ ³ ³ ³ ³ mol %
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

5.00 ³ 3 ³ 86.3 ³ 85.1 ³ 89.44 ³ 0.74 ³ 1.72 ³ 5.59
9.09 ³ 3 ³ 87.6 ³ 87.0 ³ 87.94 ³ 1.28 ³ 2.99 ³ 9.49

16.67 ³ 3 ³ 88.2 ³ 86.9 ³ 84.99 ³ 5.25 ³ 9.39 ³ 30.34
25.00 ³ Benzene ³ 82.7 ³ 81.8 ³ 72.76 ³ 6.17 ³ 11.52 ³ 35.27
25.00 ³ Chloroform ³ 83.9 ³ 82.7 ³ 73.55 ³ 5.54 ³ 11.34 ³ 33.46
33.33 ³ 3 ³ 84.6 ³ 82.4 ³ 74.83 ³ 5.45 ³ 12.38 ³ 34.43
66.67 ³ Chloroform ³ 78.3 ³ 76.8 ³ 64.10 ³ 6.77 ³ 5.49 ³ 41.11

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

VC vinyloxy group; the bands at 1720 and 1235 cm31

belong to the3OCOCH group and that at 2250 cm31,
to the nitrile groups. The UV bands at 244 and
364 nm indicate the presence of the C=S groups in the
VC3VA copolymer. These copolymers (molecular
weight~4700) are yellow powders soluble in acetone,
ethyl acetate, and chloroform.

The data on copolymerization of VC with styrene
(ST) indicate that the composition of the resulting
copolymers depends on the composition of the initial
monomer mixture only at a low content of VC (53
9 mol%).

The reactivity of VC in copolymerization with ST
and VA (Tables 3, 4) differs from that exhibited in
copolymerization of ST and VC with simple vinyl
ethers [4]. This is probably due to the fact that VC can
initiate homopolymerization of ST and VA [5] under
the copolymerization conditions (AIBN, 60oC). The
VC3ST copolymers can be obtained as white powders
or white soft fibers in the case of at least two-fold
excess of VC. The resulting copolymers are soluble in
DMSO, DMF, benzene, toluene, acetone, chloroform;
they are well wettable with water.

It is known [6] that polymers containing the dithio-
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carbamate fragment exhibit the sorption activity with
respect to coordination-active metal ions. In contrast
to VC3MA and VC3VA copolymers, the VC and
VC3ST copolymers are rather stable in solutions of
hydrochloric, sulfuric, and nitric acids at concentra-
tions higher than 1 M, which allowed us to study the
sorption properties of VC and VC3ST polymers with
respect to ions of silver (in HNO3, H2SO4), gold (in
HCl, H2SO4), and mercury (in HCl, HNO3, H2SO4).

The dependences of the metal recovery on the con-
centration and nature of the mineral acid are shown in
Fig. 1. It should be noted that for the homopolymer
the recovery of mercury ions from the solutions of
nitric and sulfuric acid remains almost constant with
increasing acid concentration from 1 to 7 M. In the
case of gold and silver the recovery of metals de-
creases with increasing acid concentration in the
above range. Such run of the recovery curves is prob-
ably due to the predominantly donor3acceptor interac-
tion of metal ions with the active centers of the poly-
mer. For gold occurring in a solution of hydrochloric
acid as tetrachloride complex the ion-exchange inter-
action through the protonated nitrogen atoms is also
possible. The effect of hydrochloric acid on the sorp-
tion recovery of mercury can be explained by forma-
tion of chloride complexes [7].

The data on the sorption kinetics in 1 M acid solu-
tions indicate that both polymers recover silver with a
high rate: the equilibrium is attained in 10 min. In
the case of mercury the equilibrium is attained in
10 min and 2 h for VC and VC3ST copolymers, re-
spectively. In the case of gold chloride complex the
equilibrium is attained in 30 min, whereas the main
fraction of the metal is recovered in 10min.

The sorption capacity of polymers was determined
from the curves of equilibrium distribution of metal
ions between the solid phase and solution (Fig. 2,
Table 5). As seen from Table 5, the VC homopolymer
(PVC) is an efficient sorbent with respect to all three
metal ions, whereas the VC copolymer is efficient
with respect to mercury and gold ions. The sorption
capacity of the copolymer with respect to silver and
mercury ions decreases (approximately by half) with
decreasing content of the active nitrogen and sulfur
atoms, whereas for gold the sorption capacity in-
creases. This is probably due to the steric factors
related to the distribution of the active centers in the
polymer and to the structure of the gold tetrachloride
complex.

To elucidate the interaction mechanism, we studied
the IR spectra of the VC copolymer and its concen-
trate (polymer with sorbed metal).

(a)

(b)

A, %

A, %

C, M
Fig. 1. RecoveryA of (a) mercury and (b) silver on the
(1, 2, 4) VC and (3, 5, 6) VC3ST polymers as influenced
by the nature and concentration of acidC. Sorbent weight
m = 10 mg, V = 20 ml, t = 2 h. VC: mHg = 1.0, mAg =
8.0 mg; VC3ST: mHg = 3.6, mAg = 1.0 mg. Acid: (1,
5) HNO3, (2, 3) H2SO4, and (4, 6) HCl.

C1, mg g31

C2, mg l31

Fig. 2. Equilibrium distribution of (1, 2) silver and (33
5) mercury in 1 M solutions of (1) nitric, (234) sulfuric,
and (5) hydrochloric acids; (133, 5) PVC and (4) VC3ST
Sorbent weightm = 10 mg, V = 20 ml. Metal content
(C1) in the solid phase and (C2) in solution.

Shift of the bands and variation of their intensity in
the 100031250 cm31 range for the concentrate in-
dicates participation of the thioamide fragment in the
coordination. Disappearance of the stretching vibra-
tion band at 1070 cm31 suggests possible coordination
through the C=S group. Moreover, certain changes are
also observed in the 5503640 cm31 range correspond-
ing to the stretching vibrations of the C3S group.
At the same time the band at 2250 cm31 in the co-
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Table 5. Sorption capacity (SC) of the polymers and distribution coefficientsD of metals in 1 M acid solutions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ PVC ³ VC3ST copolymer
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ HCl ³ H2SO4 ³ HNO3 ³ HCl ³ H2SO4 ³ HNO3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
M = Hg

SC, mg g31 ³ 120 ³ 500 ³ 180 ³ 60 ³ 240 ³ 180
D ³ 1.00 103 ³ 1.00 104 ³ 6.00 103 ³ 7.40 102 ³ 2.00 104 ³ 6.90 104

M = Ag

SC, mg g31 ³ 3 ³ 790 ³ 900 ³ 3 ³ 166 ³ 103
D ³ 3 ³ 3.30 105 ³ 1.80 105 ³ 3 ³ 7.20 104 ³ 2.70 104

M = Au

SC, mg g31 ³ 218 ³ 300 ³ 3 ³ 560 ³ 490 ³ 3

D ³ 8.90 104 ³ 4.60 104 ³ 3 ³ 4.00 104 ³ 1.90 104 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

polymer spectra remains unchanged, which rules out
participation of the C=N group in the metal coordina-
tion. Thus, the above results allow us to propose the
following structures of complexes formed in the sor-
bent phase:
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In this case, high sorption capacity of the VC
homopolymer with respect to mercury and silver
ions may be due to the ability of the active centers to
form strong complexes with several metal ions (struc-
ture 3).

It should be noted that the polymers in question re-
cover mercury from 1 M hydrochloric acid solutions.

The sorption isotherms for silver (PVC), gold
(PVC, VC3ST copolymer), and mercury (PVC, 1 M
H2SO4; VC3ST copolymer, 1 M H2SO4, HNO3) ex-
hibit a large slope. The distribution coefficients of the
metal ions calculated from these isotherms are very
high (Table 5). These results suggest that these poly-
mers can recover metal ions from dilute solutions.

As seen from Fig. 1, the VC3ST copolymer does
not noticeable recover mercury from hydrochloric acid
of concentration higher than 3 M, and this property
can be used for desorption. It was found that 6 M HCl
almost completely removes mercury from VC and
VC3ST polymers in 1 h. The regenerated polymer can
be used in further sorption3desorption cycles. The

noble metals can be eluted with a 3% solution of
thiourea in 1 M HCl: 10 ml of this solution complete-
ly recovers 59mg of gold in 30 min. At 50oC the de-
sorption period decreases to 10 min, but in thiscase
the sorption activity of the regenerated sorbent de-
creases.

The sorption properties of the polymers in question
were evaluated by studying sorption of iron, copper,
nickel, and cobalt (Cm = 1 mg ml31) under the condi-
tions used for recovery of noble metals.

After calcination of the polymer with the sorbed
metal and dissolution of the residue the content of the
metal was determined by atomic absorption spectros-
copy. No sorption was observed and the content of
metal in the initial solution reached 95397%. These
data show that noble metals are selectively recovered
from 1 M solution of mineral acids.

The PVC sorbent and its concentrate with sorbed
silver dissolve in DMF, which allows atomic absorp-
tion analysis of silver in DMF solutions after prelim-
inary concentration. For example, a weighed portion
of PVC sorbent was placed into a 1 M HNO3 solution
containing certain amounts of silver and non-noble
metal (CAg : CM = 1 : 40). The concentrate was re-
covered and treated with DMF (10 ml). The content of
silver was determined from the calibration curve
plotted using the standard solutions of silver in DMF
containing sorbent in the amounts required for sorp-
tion. It was found by atomic absorption spectroscopy
of DMF solutions that 95397% of silver is recovered
at its initial concentration of 1.032.5 mg ml31. Dis-
solution of the concentrate in an organic solvent sig-
nificantly simplifies the sample preparation.
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EXPERIMENTAL

The colorless crystalline VC monomer (mp 61oC,
soluble in organic solvents) was prepared in a yield of
85% by the procedure given in [3]. Maleic anhydride
(mp 52.8oC) was twice recrystallized from chloroform
and vacuum-sublimed over P2O5. ST, VA, AIBN, and
solvents were purified using common procedures [8].
The IR spectra were registered on an IFS-25 spec-
trophotometer (KBr pellets). The radical polymeriza-
tion was performed in the ampules using a high-
vacuum setup, the process was controlled with an
MKDP-2 isothermal microcalorimeter. Under the
conditions of radical polymerization (70390oC,
0.03% AIBN concentration) the VC homopolymeriza-
tion does not proceed to a noticeable extent (yield
lower than 1% at 1.3% conversion). The molecular
weight of the polymer products was determined in
THF on a Waters liquid chromatograph equipped with
a Data Modul-730 integrator by gel-permeation chro-
matography. The columns were packed with ultra
silica gel (104, 105, and 106 A pore size). The poly-
mer compositions were evaluated from the content of
nitrogen and sulfur [9].

The sorption properties were determined under the
steady-state conditions upon the contact of the re-
quired polymer sample with a solution of mineral acid
of certain concentration containing required amount of
metal. The residual concentration of silver and gold
was determined by the atomic absorption method [10],
whereas the content of mercury was determined spec-
trophotometrically using dithizone [11]. The content
of metal in the solid phase was evaluated as the dif-
ference between the initial and residual concentrations
of metal in the solution.

The solutions of silver and mercury nitrates (1.00
and 3.6 mg ml31) and hydrochloric acid solution of
gold (1.62 mg ml31) were used as initial references.

CONCLUSIONS

(1) Linear homopolymer of N-(vinyloxyethyl)-
dithiocarbamoylethylcarbonitrile (molecular weight
520035500) and its copolymers with maleic an-
hydride, vinyl acetate, and styrene were prepared by
cationic polymerization. The polymer compositions

are almost independent of the monomer ratio in the
initial reaction mixture.

(2) Homopolymer of N-(vinyloxyethyl)dithiocar-
bamoylethylcarbonitrile and its copolymer with styr-
ene are stable in 136 M solutions of hydrochloric, sul-
furic, and nitric acids and effectively recover silver,
gold, and mercury from multicomponent solutions
in 10330 min. The sorption3atomic absorption proce-
dure to determine silver using DMF solutions of the
concentrate was proposed.
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Abstract-Transfer of hydroxide and hydroxonium ions in bulk of sodium chloride solution in the course of
gaseous chlorine production in a static electrolyzer was considered and a relationship was derived to deter-
mine the characteristics of a chlorinator. Principles of selecting electrolyzer currents to obtain gaseous chlorine
in a static chlorinator were recommended.

Sodium hypochlorite produced by electrolysis of
sodium chloride solutions is used in water treatment
[133]. Since the resulting solutions also contain sodi-
um chloride, it is fed into water being treated together
with the hypochlorite solution, which results in in-
creased consumption of the salt and excessive minera-
lization of water.

There are some data [4, 5] on the electrochemical
production of gaseous chlorine for water decontamina-
tion in reactors similar in design to those used in the
chlorine industry [6]. However, the implementation of
this process in water-treatment stations requires com-
plicated process schemes.

In the early stage of development of the chlorine
industry, gaseous chlorine was produced in static elec-
trolyzers, for which a qualitative theory of the elec-
trolysis process was developed [739], and semiem-
pirical relationships concerning interelectrode transfer
of hydroxide and hydroxonium ions were obtained.
These ions, generated in the course of electrolysis,
determine the current efficiency with respect to gase-
ous chlorine [10]. The publications on the production
of gaseous chlorine in static electrolyzers practically
do not consider the effects of design characteristics of
reactors on the current efficiency with respect to
gaseous chlorine and on the electrolyte service life as
a function of the electrolysis current.

To determine the ratio between the volumes of
anodic and cathodic zones and to substantiate the
optimum electrolysis conditions, we simulated in this
work the operation of a chlorinator.

The relationships in gaseous chlorine formation in
static electrolyzers are determined, along with the
electrode current density, by the anolyte acidity, which

depends on the conditions of the transfer of hydroxide
ions generated on the cathode and of hydroxonium
ions generated on the anode at simultaneous formation
of oxygen and chlorine, and also on secondary reac-
tions in solution involving dissolved chlorine [6].
During the electrolysis, simultaneously with the trans-
fer of sodium ions and chlorine, hydroxide ions are
transferred to the anode and hydroxonium ions, to the
cathode. The ions form in the interelectrode space
a neutral boundary whose width and position depend
on the migration and diffusion flows in the bulk of
solution:

ja = j
3

m + j
3

d, jc = j +
m + j +

d. (1)

Here j 3
m, j +

m, j 3
d, and j +

d are the flows of the negative
and positive ions driving under the action of migration
and diffusion, respectively.

As the current efficiency with respect to gaseous
chlorine at a constant current density is determined
by the anolyte pH [11], we will consider a model of
transfer of hydroxonium and hydroxide ions at a con-
stant sodium chloride concentration (Fig. 1). Taking
into consideration the condition of solution electro-

Fig. 1. Directions of ion flows in the electrolysis in a
chlorinator with an immobile solution: (n

3
, n+) rates of the

motion of hydroxide and hydroxonium ions from the cath-
ode and anode, respectively; (L) chlorinator length; (x,
x + dx) unit thickness of a solution layer.
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neutrality, we can write the following expressions for
hydroxide ions (c3):

dc
SdxÄÄ = Q

3

m + Q
3

d. (2)
dt

HereS is the area through which the amountsQ3
m and

Q3
d of hydroxide ions are transferred in unit time

dt by migration and concentration diffusion, respec-
tively;

Q
3

m = Sn
3
c
3
(x) 3 Sn

3
c
3
(x + dx),

(3)
Q
3

d = SD§c
3
(x)/§x 3 SD§c

3
(x + dx)/§x,

n and D3 are the mobility and diffusion coefficient
of hydroxide ions.

Substitution of Eq. (3) into (2) gives expression (4):

§c
3SdxÄÄÄ = Sn

3
[c
3
(x + dx) 3 c

3
(x)] 3 SD[ §c

3
(x + dx)/§x

§t

3 §c
3
(x)/§x], (4)

or

§c
3

ÄÄÄ = n§c
3
/§x 3 D

3
§2c

3
/§x2. (5)

§t

For hydroxonium ions

§c+
ÄÄÄ = 3n§c+/§x 3 D+§

2c+/§x2. (6)
§t

The right sides of Eqs. (5) and (6) represent changes
in the ion flows due to migration and diffusion:

§c
+

§
ÄÄÄ = 3ÄÄ ( ja, c), (7)
§t §x

The ion flows due to migration and diffusion in an
anolyte and a catholyte, respectively, are [12]

ja = n§c
3

+ D
3
§c

3
/§x, jc = n§c+ + D+§c+/§x. (8)

Gaseous chlorine is formed with a sufficiently high
current efficiency if a solution in the anodic zone is
acidic or neutral [11], i.e., as long as a neutral bound-
ary determined by condition (9) exists in solution:

ja = j c. (9)

Expressions (7) and (8) give

§
ÄÄÄ (c

3
3 c+) = 0.

§t

Fig. 2. Variation of the concentration of (1, 1̀) hydroxide
and (2, 2̀) hydroxonium ions in the interelectrode space of
a chlorinator (1`, 2`) without and (1, 2) with the occurrence
of recombination of hydroxide and hydroxonium ions.

or

c
3
3 c+ = A. (10)

The distribution of the concentrations in relation to
the interelectrode distance is schematically presented
in Fig. 2 for a hypotheticalcase when the chemical
reactions on the boundaryx1 between the hydroxide
and hydroxonium ions (curves1`, 2`) are absent. The
plot is based on the assumption that, because of the
formation of gaseous chlorine, the current efficiency
with respect to hydroxide ions is greater than the effi-
ciency with respect to hydroxonium ions (h3 > h+).
Thus, for t = const

c
3
(x) > c+(x), 0 < x < x1,

(11)
c+(x) > c

3
(x), x1 < x < L.

Actually the dependence of the concentrations of
the hydroxide and hydroxonium ions on the interelec-
trode distance (Fig. 2) corresponds to curves1 and2,
which lie below curves1 and 2 because of reduction
in the concentrations of hydroxide and hydroxonium
ions owing to a reaction between them, the parameter
A being zero in the pointx. As the migration com-
ponent of the flows in Eqs. (1) is much greater than
the concentration diffusion [12], we can neglect the
latter in the first approximation. Then the dependence
of the concentrations of the hydroxide and hydroxoni-
um ions on the interelectrode distance and electrolysis
time can be presented as

I th
+

(I
+
l /E

+
)
t,x

c
+

= ÄÄÄÄ 3 ÄÄÄÄÄÄÄÄ. (12)
F V

+
FSn0

+

HereV+ is the volume of the alkaline or acidic zone of
solution in a chlorinator;n+

0 is the limiting mobility;
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h+ is the current efficiency with respect to hydroxide
or hydroxonium ions in the electrolysis;I+ is the frac-
tion of current transferred by hydroxide or hydroxoni-
um ions; E+/l is the electric field strength at the in-
stant of timet at the distancex from the electrode.

According to the data of [13],

(I
+
)
t,x = I(T

+
)
t,x, (E

+
/l)

t,x = I /S(c
+
)
t,x,

Fn0
+

= l0
+
, (13)

wherec+ andl+
0 are the specific and limiting equiva-

lent conductivities of the hydroxide or hydroxonium
ions, and T+ is the transfer number of the ions.

Substituting expressions (13) in (12) and (12) in
(10), in view of the relationshipA = 0 valid under real
electrolysis conditions, we obtain

I th
3

(T
3
c
3
)
t,x I th+ (T+c+)

t,x
ÄÄÄÄ 3 ÄÄÄÄÄÄÄ 3 ÄÄÄÄ 3 ÄÄÄÄÄÄÄ = 0. (14)
F V

3
l0
3

F V+ l0
+

Rearranging terms responsible for migration to the
right side of Eq. (14), we obtain the equation describ-
ing the displacement of the neutral zone in a chlorina-
tor in the course of electrolysis:

I t(h
3
/V

3
3 h+/V+) (T

3
c
3
)
t,x (T+c+)

t,x
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ = ÄÄÄÄÄÄÄ 3 ÄÄÄÄÄÄÄ. (15)

F l0
3

l0
+

Designating the chlorinator volume asV, we can
express the volume of the anodic (acid) zone of a
chlorinator as

V+ = V 3 V
3
. (16)

In view of (16) we can bring expression (15) to the
form

[h
3
/V

3
3 h+/(V 3 V

3
)] = K, (17)

F (T
3
c
3
)
t,x (T+c+)

t,x
K = ÄÄÄÄÄÄÄÄÄÄÄ 3 ÄÄÄÄÄÄÄÄ.

It l0
3

l0
+

Equation (17) allows us to estimate the time of
continuous operation of a chlorinator at a specified
current.

According to Hittorf’s law, it follows for the elec-
trode balance with the neutralization of hydroxide and
hydroxonium ions formed in the interelectrode space

[14] that

Dc
3
T
3

= Dc+T+, (18)

whereDc3 and Dc+ are the decreases in the concen-
tration of hydroxide and hydroxonium ions in the
catholyte and anolyte, respectively, due to their trans-
fer to the neutral boundary where their recombination
occurs.

In view of Eq. (18) and also of the expressions

(c
3
)
t,x/l0

3
= Dc

3
and (c+)

t,x/l0
+

= Dc+,

it is evident that atK = 0 decreases in the concen-
trations of hydroxide and hydroxonium ions are in
balance. Therefore, for stable operation of a chlori-
nator its volume should be related to the volume of its
cathode zone by expression (19), which can be used to
determine the design characteristics of the chlorinator.

h
3

V
3

= VÄÄÄÄÄÄÄ. (19)
h
3

+ h+

Expression (19) is valid provided that the concen-
tration of sodium chloride near the neutral boundary
is constant, otherwise it is necessary to include in
Eq. (15) additional terms responsible for the transfer
of chloride and sodium ions. In practice, to maintain a
constant concentration of sodium chloride in solution,
it is appropriate to fill the interelectrode space with
crystalline sodium chloride and to carry out the elec-
trolysis at currents ensuring a slower decrease in the
concentration of chloride ions in solution, compared
to its growth due to sodium chloride dissolution. Fur-
thermore, sodium chloride crystals, being a porous
filling material, considerably reduce solution stirring
[15]. As mixed solutions of sodium chloride and hy-
droxide have a greater density than a pure solution of
sodium chloride [16], it is necessary to place the
anode above the cathode, which will reduce gravita-
tional convection of solution in a chlorinator.

The resulting relationship was used in designing
and manufacturing ship plants for sewage treatment
and disinfection [17], and the exploitation of the serial
plants confirmed the results of our calculations [18].

CONCLUSION

A mathematical model of a chlorinator for the
production of gaseous chlorine in a static electrolyzer
was developed, which made it possible to deduce an
expression for the calculation of design characteristics
of the chlorinator.
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Abstract-Electrochemical behavior of nickel sulfide in weakly acidic and ammonia electrolytes containing
sulfite ions and also in copper sulfite electrolyte stabilized by EDTA was studied.

Since hydrometallurgical processing of copper3
nickel ores is used at the majority of modern plants
[1], the corresponding chemical reactions must be
studied in more detail.

Laboratory modeling of complex multicomponent
processes on separate samples under special condi-
tions is regarded as promising [2, 3].

Autoclave decomposition of sulfides in aqueous
medium by sulfur dioxide has been described in the
literature [4]:

MS + 2SO2 = MSO4 + 2S,

This technique has several drawbacks. Sulfur is
known [5] to dissolve readily in the presence of sulfite
ion:

SO3
23 + S = S2O3

23,

The SO3
23 and S2O3

23 ions are efficient complex-
forming agents for copper [6, 7], which catalyzes the
dissolution of nickel sulfide [8].

The aim of this work was to study in more detail
the electrochemical behavior of pure nickelb-sulfide
in sulfite-containing electrolytes.

To model the industrial process, nickel sulfide
with a nickel content of 50% was synthesized from
N0-grade nickel and analytically pure grade sulfur
by the known procedure [9]. The working electrode
was made from a nickel sulfide sample soldered to a
copper current lead. The idle surface was insulated
with a nitro lacquer. The operating surface (area
1 cm2) was smoothed with emery paper no. 0 and
washed with alcohol and distilled water. Cyclic volt-
ammograms (CVA) and stationary voltammograms
were recorded on a PI-50-1.1 potentiostat equipped
with a PDP4-002 plane-table recorder. The experi-
ments were carried out in a standard YaES-2 electro-

chemical cell (glass electrode cell). Its temperature
was maintained at 90+0.5oC with a UTU 2/77 ther-
mostat. We used a three-electrode cell with nickel
sulfide under study as an anode, a platinum cathode,
and a saturated silver chloride auxiliary electrode
(AgCl /Ag). The electrode potentials are given vs.
normal hydrogen electrode. The electrolytes were
prepared from analytically pure and chemically pure
grade reagents.

It should be noted that the addition of Na2SO3 to
copper sulfate in the cold results in an insignificant
reduction of Cu2+ ions to Cu+ ions and in formation
of green complex compounds. With excess of Na2SO3
or on heating, brick-red Chevreul’s salt is precipitated
[10]:

3CuSO4 + 3Na2SO3 + 3H2O = CuSO3 .Cu2SO3 .2H2O2

+ 3Na2SO4 + H2SO4.

Hence, simultaneous presence of CuSO4 and Na2SO3
at 90oC is impossible. However, if a strong complex-
ing agent L stabilizing Cu(II) ions is added to the elec-
trolyte, Chevreul’s salt is not formed and [CuLn]2+,
a quantity of [CuLn]+, and Cu2SO3 (stability constant
logb = 7.58) will be present in the solution. As NiS is
further dissolved at the anode and sulfur passes into
the anolyte, more stable Cu(I) thiosulfate complexes
[Cu(S2O3)]3, [Cu(S2O3)2]33, and [Cu2(S2O3)3]43

(stability constant logb = 10.35) can be formed [11].
Disodium dihydrogen ethylenediaminetetraacetate
(Na2EDTA) was used as such a stabilizing agent [for
Cu(II) logb = 18.86].

The solubility of sodium sulfite decreases with in-
creasing temperature, being 260 g l31 at 90oC. How-
ever, the solubility of sodium thiosulfate, which can
be formed, is approximately ten times higher. The
CVA curves for nickel sulfide in Na2SO3 solutions
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I, mA

E, V

Fig. 1. Cyclic voltammograms of NiS in solutions contain-
ing (1) 100 and (2) 250 g l31 Na2SO3. Potential sweep rate
3100 mV s31, temperature 90+0.5oC; the same for Figs. 23
4. (I) Current asnd (E) potential; the same for Figs. 234.

of various concentrations (from 100 up to nearly
saturated, 250 g l31) are shown in Fig. 1. Anincrease
in the Na2SO3 concentration leads to a rise in the
anodic current. In saturated Na2SO3 solution NiS
actively dissolves to give loose bright green nickel
hydroxide, which is precipitated on the cell bottom.
A backward run of curve2 in the potential range 1.83
1.4 V is accompanied by periodic current oscillations,
which proves the presence of a semiconducting film
on the electrode surface [12, 13] (possibly NiSO3).
The film causes a salt-type passivation.

An addition of significant amounts of Na2SO3 to a
CuSO4 solution at 90oC makes no sense because the
Chevreul’s salt is formed even in the presence of
EDTA. A stable electrolyte containing 0.5 M CuSO4,
20 g l31 EDTA, and 0.1 g l31 Na2SO3 was prepared in
this work. Even such a minor addition of Na2SO3
results in significant changes in the electrolyte param-
eters. The solution becomes dark green. The CVA
curves of nickel sulfide in a 0.5 M CuSO4 solution
and in a 0.5 M CuSO4 solution containing 20 g l31

Na2EDTA and 0.1 g l31 Na2SO3 are shown in Fig. 2.

In potentiostatic experiments at the potentials of
NiS in the range 0.6431.57 V, we observed a fast
current drop (within 10315 s) followed by current
stabilization. This fact suggests formation of a film
on the electrode surface which does not retard nickel
sulfide dissolution (Fig. 3). In this case sulfur is
deposited on the NiS surface. The intensity of green
coloration of copper complexes remains almost un-
changed even on a long-term electroleaching.

I, mA

E, V

Fig. 2. Cyclic voltammograms of NiS in solutions of
(1) 0.5 M CuSO4 and (2) 0.5 M CuSO4 + 20 g l31 EDTA +
0.1 g l31 Na2SO3.

Oxidative leaching of sulfide raw materials with
aqueous ammonia is widely used in industry [14]. At
anodic polarization NiS does not dissolve in pure
NH4OH. The process course is significantly changed
when sulfite ions are introduced. Two CVA curves for
nickel sulfide in a solution containing 200 g l31

Na2SO3 and 2% NH4OH and in a solution containing
100 g l31 Na2SO3 and 20% NH4OH are shown in
Fig. 4. In the anodic branch ofcurve1 an area of in-
significant electrode passivation is observed, which
seems to be of a salt type.

In the case of the system containing 20% NH4OH
(curve 2) NiS is actively dissolved without passiva-
tion. Blue-violet concentration flows of [Ni(NH3)n]2+

are formed while the surface of nickel sulfide remains
golden yellow. In the backward run of curve2, ran-

I, mA

E, V
Fig. 3. Stationary polarization curve of NiS in 0.5 M
CuSO4 containing 20 g l31 EDTA and 0.1 g l31 Na2SO3.
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I, mA

E, V
Fig. 4. Cyclic voltammograms of NiS in the solutions
containing (1) 200 g l31 Na2SO3 with 2% NH4OH and
(2) 100 g l31 Na2SO3 with 20% NH4OH.

dom current oscillations are observed, which seem to
have the same origin as in the case ofFig. 1.

CONCLUSIONS

(1) In a pure Na2SO3 solution NiS actively dis-
solves with simultaneous formation of insoluble
Ni2+ hydroxo compounds with a pH-dependent com-
position.

(2) It is possible to use Na2SO3 as a depolarizing
addition to CuSO4 in the presence of Na2EDTA as
a stabilizing complexone.

(3) Simultaneous action of NH4OH and Na2SO3
results in active dissolution of NiS and formation of
[Ni(NH3)n]2+ complexes.

REFERENCES

1. Sinel’shchikova, N.V. and Makarova, S.N.,Gidro-
metallurgiya medi i nikelya (Hydrometallurgy of
Copper and Nickel), Moscow: Tsvetmetinformatsiya,
1976.

2. Belyakov, E.A. and Kasikov, A.G.,Zh. Prikl. Khim.,
1983, vol. 56, no. 6, pp. 125731261.

3. Simanova, S.A., Bashmakov, V.I., and Troshina, O.N.,
Zh. Prikl. Khim., 1993, vol. 66, no. 1, pp. 27330.

4. Sobol’, S.I. and Frash, G.M.,Tsvetn. Met., 1974,
no. 2, pp. 14321.

5. Karapet’yants, M.Kh. and Drakin, S.I.,Obshchaya i
neorganicheskaya khimiya(General and Inorganic
Chemistry), Moscow: Khimiya, 1981.

6. Shul’man, V.M., Savel’ev, Z.A., and Novoselov, R.I.,
Izv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk,
1972, issue 2, pp. 55358.

7. Onstott, E.I. and Laitinen, H.A.,J. Am. Chem. Soc.,
1950, vol. 72, pp. 472434728.

8. Borbat, V.F. and Voronov, A.B.,Avtoklavnaya tekh-
nologiya pererabotki nikel’-pirrotinovykh kontsentra-
tov (Autoclave Processing of Nickel Pyrrhotine Con-
centrates), Moscow: Metallurgiya, 1980.

9. Handbuch der pr1aparativen anorganischen Chemie,
Brauer, G., Huber, F.,et al., Eds., Stuttgart: Ferdinand
Enke, 1978, vol. 2.

10. Yampol’skii, A.M., Mednenie i nikelirovanie(Copper
and Nickel Plating), Moscow: Mashgiz, 1958.

11. Babich, V.A. and Gorelov, I.P.,Zh. Anal. Khim.,
1971, vol. 26, pp. 194331946.

12. Gurel, D. and Gurel, O.,Oscillations in Chemical
Reactions, Berlin: Akademie, 1984.

13. Khobotova, E.B. and Larin, V.N.,Zh. Prikl. Khim.,
1995, vol. 68, no. 3, pp. 4163420.

14. Borbat, V.F. and Leshch, I.Yu.,Novye protsessy v
metallurgii nikelya i kobal’ta (New Processes in
Nickel and Cobalt Metallurgy), Moscow: Metallur-
giya, 1976.



1070-4272/01/7401-0051$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 1, 2001, pp. 51354. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 50353.
Original Russian Text CopyrightC 2001 by Natorkhin.

APPLIED ELECTROCHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND CORROSION PROTECTION OF METALS

Anodic Dissolution of Nickel Sulfide
in Acidic Cu(II) Electrolytes

M. I. Natorkhin

St. Petersburg State Technical University, St. Petersburg, Russia

Received November 19, 1999; in final form, September 2000

Abstract-The effect of ligands on the anodic dissolution of NiS in copper-containing acidic electrolytes
was studied.

Hydrometallurgical processing of non-ferrous met-
als is being actively developed at modern enterprises
[1, 2]. It is known [3] that copper ions present in pres-
sure leaching solutions have a significant catalytic
effect on nickel sulfide dissolution. However, simul-
taneous presence of copper and sulfate ions results in
passivation of the sulfide surface and, consequently,
exerts an adverse effect on the process parameters.

The aim of this work was to study the effects of
electrolyte anion composition and depassivating addi-
tions to sulfate electrolytes on the electrochemical
behavior of nickel sulfide in copper-containing elec-
trolytes. The origin of the catalytic action of copper
ions is not fully understood. Pure copper is considered
to be able to deposit at a sulfide surface [3] to form
microgalvanic couples, which increase the anodic
potential at certain parts of the surface. At the same
time, Cu2+ ions in acid solutions can act as an addi-
tional oxidizing agent [4] capable of oxidizing sulfur
in sulfides to the elemental form.

Cu2+ + 2e = Cu, E0 = 0.334 V;

Cu2+ + Cl3 + e = CuCl, E0 = 0.538 V;

Cu+ + e = Cu, E0 = 0.521 V.

It is copper which is likely to hinder further oxida-
tion of elemental sulfur to sulfate ions, which is ex-
tremely convenient, as sulfide sulfur is removed from
the process in the elemental form. We usedb-NiS
with a nickel content of 50 at. % as a subject of the
study, because, according to [5], in the course of the
oxidative dissolution of nickel sulfides Ni3S2 and
Ni7S6, which occurs by the electrochemical mech-
anism [6], the surface is gradually enriched in a sul-
fide with a higher Ni content, up to NiS [7].

Nickel sulfide NiS (50 at. %) was synthesized by
the known procedure [8] from equimolar amounts of
cathodic N0-grade nickel and analytically pure grade
sulfur in an evacuated quartz ampule. The working
electrode was made from a nickel sulfide sample
soldered to a copper holder. Its idle surface was in-
sulated with a nitro lacquer. Before experiments the
NiS surface under study (area 1 cm2) was smoothed
with emery paper no. 0 and washed with alcohol and
distilled water. Experiments with fluorine-containing
electrolytes were carried out in a fluoroplastic cell
with a temperature-controlled water jacket. In the
other cases a YaES-2 glass cell (glass electrode cell)
temperature-controlled with a UTU 2/77 thermostat
was used. Electrochemical experiments were carried
out on a PI-50-1.1 potentiostat equipped with a PDP4-
002 plane-table recorder. We used a three-electrode
cell with nickel sulfide under study as a working elec-
trode, a platinum auxiliary electrode, and a saturated
silver chloride reference electrode (electrode potentials
are given vs. normal hydrogen electrode). Electrolytes
were prepared from chemically pure, ultrapure, and
analytically pure grade reagents.

The following processes of oxidative dissolution of
nickel sulfide in copper chloride and copper sulfate
solutions were studied.

2CuCl2 + NiS = NiCl2 + 2CuCl2 + S2, (1)

2CuSO4 + 2NiS = 2NiSO4 + Cu2S2 + S2. (2)

The processes have both advantages and draw-
backs: process (1) involves high concentrations of
chlorides hampering further electrolyte treatment, and
process (2) requires high temperatures and pressures
and also involves passivation of the NiS surface due
to Cu2S deposition. The accelerating effect of copper
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Fig. 1. Cyclic voltammogram of NiS in 0.5 MCuSO4 at
90+0.5oC: (I) current and (E) potential; the same for
Figs. 335. Rate of potential scanning 100 mV s31; the same
for Figs. 4 and 5.

(a)

(b)

Fig. 2. Photomicrographs of NiS etched for 2 min at a
potential of 1 V in (a) 0.5 MCuSO4 at 20oC and (b) 0.5 M
Cu(NO3)2 + 200 g l31 KBr at 90oC. Magnification: (a) 800
and (b) 10.

activators on the anodic dissolution of NiS is due to
the possibility of removing insoluble copper products
from the nickel sulfide surface owing to the formation
of copper(I) complex ions under certain conditions [9].

Sulfate ions do not form complexes with copper(I)
ions under common conditions [9]; therefore, the
steady-state currents of NiS dissolution are insig-
nificant. As chloride ions form sufficiently stable
complexes with Cu(I) ions, copper contained in a
Cu2S passivating film can partially pass into solution
in the form of [CuCl2]3 ions, which is observed in
the experiments. An increase in the concentration of
chloride ions (addition of NaCl) can result in a rise
of the NiS dissolution currents.

The cyclic voltammogram (CVA) obtained on NiS
in 0.5 M CuSO4 (pH 2.2) at 90oC is shown in Fig. 1.
The anodic peak in the forward branch seems to
be due to the dissolution of both NiS and copper
deposited in the course of cathodic polarization.

The electroetching of an NiS sample in 0.5 M
CuSO4 for 2 min at a potential of 1 V results in the
formation of a new phase on the nickel sulfide sur-
face. A photomicrograph of the etched part is shown
in Fig. 2a. The light-colored phase is the starting
nickel sulfide. The composition of the dark-colored
phase is (mol %) S 54.6352.8 and Ni 45.4347.3. This
phase probably corresponds to Ni3S4 in the Ni3S
phase diagram [10].

Anodic dissolution of NiS in CuCl2 occurs accord-
ing to Eq. (1), whereas in excess NaCl it is described
by the equation

CuCl2+ NiS + 2NaCl = 2NaCuCl2 + NiCl2 + S2. (3)

The behavior of NiS in 0.5 M CuCl2 at various
rates of potential scanning is shown in Fig. 3. As
known [11], in the case of diffusion control the peak
current (Ip) is proportional toVs

1/2 (Vs is the rate of
potential scanning). The peak currentIp and passiva-
tion current Ipas as functions of potential sweep rate
are given below:

Vr, mV s31 Ip, mA Ipas, mA

10 32 10
100 65 20
200 91 37

Applying the linear regression approach to these
data, we obtained the formula

Ip = 14.3 + 5.3 Vs
1/2. (4)

The effect of NaCl addition in amounts of 503
200 g l31 to 0.5 M CuCl2 on the forward branches of
CVA is shown in Fig. 4. The anodicpeak observed in
the region of 0.1 V is shifted to the cathodic region,
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Fig. 3. Cyclic voltammogram of NiS in 0.5 M CuCl2 at
90+0.5oC. Potential scanning rate (mV s31): (1) 10,
(2) 100, and (3) 200.

I, mA

E, V
Fig. 4. Voltammograms of NiS in 0.5 M CuCl2 with NaCl
additions at 90+0.5oC. NaCl (g l31): (1) 50, (2) 100, and
(3) 200.

whereas the peak current in the region of 0.8 V in-
creases by 30340% as the concentration of chloride
ions increases. A significant increase (from 10 to
70 mA) of the current corresponding to the passiva-
tion plateau points to partial dissolution of the pas-
sivation film due to formation of [CuCl2]3 [12, 13].

The cyclic voltammetric curves of NiS dissolution
in 0.5 M Cu(NO3)2 solution and in 0.5 M Cu(NO3)2
solution with addition of 200 g l31 KBr are shown in
Figs. 5a and 5b, respectively.

Comparison of the anodic branches of the NiS
CVAs in 0.5 M Cu(NO3)2 with addition of 200 g l31

KBr and NaCl (Fig. 5b) showed that in the case of
chlorides (curve1) dissolution of the passivating film
(convex section) occurs in the potential range 1.13
1.4 V, and in the case of nitrates (curve2) it occurs at
233 times greater passivation currents. Furthermore,
the passivating film is displaced from the electrode
surface by molten sulfur (Fig. 2b). At high anode
potentials in the nitrate3bromide system the passivat-
ing film is absent from the electrode surface, and only
the bright golden NiS surface and molten sulfur are
observed. The passivating surface film is formed at
low anode potentials (0.630.8 V) and is dissolved as

E, V

I, mA (a)

I, mA

E, V

(b)

Fig. 5. Voltammograms of NiS (a) in 0.5 M Cu(NO3)2 at
90+0.5oC and (b) in (1) 0.5 M CuCl2 + 200 g l31 NaCl and
(2) 0.5 M Cu(NO3)2 + 200 g l31 KBr.

the potential is increased to 1.031.2 V. In the course
of the dissolution molten sulfur is formed (light cir-
cular parts), which tightly adheres to the sulfide sur-
face and gradually displaces the passivatingfilm.
With 10 g l31 of KBr added to Cu(NO3)2, the rates of
NiS dissolution are greater than in the case of addition
of 200 g l31 NaCl to CuCl2. Therefore, KBr additions
are more efficient and more suitable for further proc-
essing of nickel-containing solutions.

CONCLUSIONS

(1) Anions capable of complex formation with
both Cu(II) and Cu(I) ions accelerate anodic dissolu-
tion of NiS in copper-containing electrolytes.

(2) The rates of anodic dissolution are the highest
in the nitrate3bromide system, as the Cu2S film
formed at low potentials is dissolved by copper brom-
ide complexes and thus is completely displaced by
molten sulfur formed on the NiS surface.

(3) A new surface phase, probably Ni3S4, is ini-
tially formed upon anodic dissolution of NiS in
CuSO4.
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Abstract-Applicability of Paykert’s equation, which relates the battery capacity to the discharge current,
to prototypes of LiAl/C8CrO3 lithium batteries with an organic electrolyte (1 M LiClO4 in a 1 : 1 mixture
of propylene carbonate and dimethoxyethane) was examined. Pressed and rolled samples with and without
modification of the C8CrO3 electrode with manganese dioxide were tested in the 0350oC range.

Lithium batteries find a wide and steady demand in
the market of chemical current sources. Their un-
doubted advantages over traditional chemical current
sources are high specific energy (1503300 W h kg31

and higher), wide operating temperature range (330 to
+60oC), high discharge voltage (3.033.5 V), her-
metically sealed design, possibility of using in any
position in space, tolerance for magnetic field and
X-ray radiation, and the use of available and environ-
mentally clean raw materials [133]. However, their
high fire and explosion hazared, as well as the absence
of reliable theories describing behavior of various
types of batteries under such conditions, make dif-
ficult their large-scale application.

The aim of this work was to study the discharge
characteristics of LiAl/C8CrO3 batteries of pressed
and rolled designs with a nonaqueous organic elec-
trolyte [1 M LiClO4 in a mixture of propylene carbo-
nate (PC) and dimethoxyethane (DME) taken in a
1 : 1 volume ratio] within the 0350oC range and to
find out whether the dependence of the capacity of
such batteries on the discharge current can be de-
scribed by the Paykert’s equationI n31C = K.

On the basis of the experimental time dependences
of the discharge voltage at various discharge currents
[4, 5] we have simulated the discharge process and
examined the relations between the battery capacity
and the discharge current. It was shown that a number
of internal (weight of active substances, their physico-
chemical properties, and design features of chemical
current sources) and external (discharge current, tem-
perature, humidity, etc.) factors affect the battery
capacity, which is one of its most important electric
characteristics.

Repeated efforts [439] were made to find a quan-
titative correlation between the discharge current of
batteries and their actual discharge capacity, the
Paykert’s empirical equation being accepted as the
most suitable:

I n
t = K, (1)

whence

I n31C = K,

wheren is a constant independent of capacity, which
characterizes the battery type;K is a constant increas-
ing with the weight of the active materials in the bat-
tery; C is the battery capacity (A h or mA h).

For the first time the Paykert’s equation was sug-
gested for lead batteries, but it can also be applied to
chemical current sources based on the other systems
[3, 4, 6, 10]. The constantsn andK for a battery can
be found from the experimental parameters of its
operation in two different modes [10]. If the discharge
time is t1 at the discharge currentI1, and t2 at I2,
then, according to Eq. (1),

I 1
n
t1 = I 2

n
t2 = K. (2)

This equation in the logarithmic form forn is

logt2 3 logt1
n = ÄÄÄÄÄÄÄÄÄÄ . (3)

log I1 3 log I2

Hence, for the battery capacityC we have

C = KI 13n. (4)
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Time t, discharge capacityC, and constantsn and K of various batteries. Discharge current 1 and 10 mA
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³ t1 ³ t10 ³

K
³

n
³ C1 ³ C10

ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ h ³ ³ ³ mA h

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
LiAl/C 8CrO3

Rolled batteries

0 ³ 310 ³ 27 ³ 310 ³ 1.06 ³ 310 ³ 270
5 ³ 395 ³ 31 ³ 395 ³ 1.08 ³ 395 ³ 310

10 ³ 473 ³ 36 ³ 473 ³ 1.12 ³ 473 ³ 360
15 ³ 544 ³ 47 ³ 544 ³ 1.06 ³ 544 ³ 470
20 ³ 591 ³ 55 ³ 591 ³ 1.03 ³ 591 ³ 550
25 ³ 634 ³ 57 ³ 634 ³ 1.05 ³ 634 ³ 570
30 ³ 681 ³ 62 ³ 681 ³ 1.04 ³ 681 ³ 620
35 ³ 719 ³ 66 ³ 719 ³ 1.03 ³ 719 ³ 660
40 ³ 766 ³ 70 ³ 766 ³ 1.04 ³ 766 ³ 700
45 ³ 865 ³ 82 ³ 865 ³ 1.02 ³ 865 ³ 820
50 ³ 874 ³ 77 ³ 874 ³ 1.06 ³ 874 ³ 770

Pressed batteries

20 ³ 471 ³ 35 ³ 471 ³ 1.13 ³ 471 ³ 350

LiAl/C 8CrO3 (30 wt % MnO2)
Pressed batteries

20 ³ 480 ³ 42.5 ³ 480 ³ 1.05 ³ 480 ³ 425
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

U, V

t, h

Fig. 1. Discharge curvesU3t (I2 = 10 mA) of pressed and
rolled lithium batteries LiAl/LiClO4 + PC + DME/C8CrO3
at various temperatures. Temperature (oC): (1) 0, (2) 10,
(3) 15, (4) 20, (5) 30, (6) 40, and (7) 50.

T, oC
Fig. 2. ConstantK of the Paykert’s equation as a function
of temperatureT (oC).

An examination of the discharge characteristics
(Fig. 1) and the determination of the constantsn and
K for the developed prototypes of pressed and rolled
LiAl/C 8CrO3 batteries of theR6 (316) dimension type
(see table) showed thatn varies in the range 1.0231.13
and is almost independent of temperature, battery
design, and composition of active masses of the elec-
trodes. On the contrary, the constantK is a linear
function of temperature, the temperature coefficient
DK/DT decreasing on passing from the 0315oC to
15350oC range (Fig. 2). The presence of two tempera-
ture ranges with differentDK/DT values may be due
to specific features of lithium intercalation3deinter-
calation in active masses of the electrodes of the
LiAl/C 8CrO3 chemical current sources under develop-
ment [11]. In the case of lead batteries the constantK
linearly depends on temperature in the range from320
to +20oC, andn varies from 1.35 to 1.72 [4, 12, 13].

Examination of the data in the table for the proto-
types of LiAl/C8CrO3 lithium batteries shows that the
constantK for the rolled batteries is higher by ap-
proximately 25% than for the pressed batteries.

Thus, the analytical dependences obtained show
that the Paykert’s equation can be applied to find a
quantitative correlation between the actual discharge
capacity of an LiAl/C8CrO3 battery and its discharge
current in theI503I500 discharge mode (or from 0.02
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to 0.002Cnom) within the 0350oC range. It follows
from a formal comparison that the constantsn and K
calculated for lithium batteries are lower than the pub-
lished characteristics of lead batteries [4, 12, 13],
which can result from the fact that the discharge
parameters of these systems differ by a factor of tens
or even hundreds.

REFERENCES

1. Kedrinskii, I.A., Dmitrienko, V.E., and Grudya-
nov, I.I., Litievye istochniki toka(Lithium Current
Sources), Moscow: Energoatomizdat, 1992.

2. Crompton, T.R.,Small Batteries, vol. 2: Primary
Cells, London: Basingstoke, 1982.

3. Varypaev, V.N., Dasoyan, M.A., and Nikol’skii, V.A.,
Khimicheskie istochniki toka(Chemical Current
Sources), Moscow: Vysshaya Shkola, 1990.

4. Galushkin, N.E.,Modelirovanie raboty khimicheskikh
istochnikov toka(Modeling of Operation of Chemical
Current Sources), Shakhty: Donskaya Gos. Akad.
Servisa, 1998.

5. Galushkin, N.E. and Kudryavtsev, Yu.D.,Elektrokhi-
miya, 1997, vol. 33, no. 5, pp. 6053606.

6. Morozov, G.P. and Gantman, S.A.,Khimicheskie is-
tochniki toka dlya pitaniya sredstv svyazi(Chemical
Current Sources for Communication Devices), Mos-
cow: Voenizdat, 1949.

7. Landfors, J. and Simonsson, D.,J. Electrochem. Soc.,
1992, vol. 129, no. 10, pp. 276832772.

8. Belyaev, B.V.,Elektrotekhnika, 1968, no. 3, pp. 353
40.

9. Rudenko, M.G.,Zh. Fiz. Khim., 1993, vol. 67, no. 9,
pp. 187331879.

10. Fedot’ev, N.P., Alabyshev, A.F., Rotinyan, A.L.,
et al., Prikladnaya elektrokhimiya(Applied Electro-
chemistry), Leningrad: Khimiya, 1967.

11. Russian Inventor’s Certificate no. 1 238 662.

12. Dasoyan, M.A., Novoderezhkin, V.V., and Tomashev-
skii, B.E., Proizvodstvo elektricheskikh akkumulyato-
rov (Production of Electric Batteries), Moscow:Vys-
shaya Shkola, 1977.

13. Dasoyan, M.A. and Aguf, I.A.,Osnovy rascheta, kon-
struirovaniya i tekhnologii proizvodstva svintsovykh
akkumulyatorov (Principles of Calculation, Design,
and Production of Lead Batteries), Leningrad: Ener-
giya, 1978.



1070-4272/01/7401-0058$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 1, 2001, pp. 58362. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 56360.
Original Russian Text CopyrightC 2001 by Pak, Hanson, Coon.

CATALYSISÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

Oxidation of I 3 and S23 Anions by Oxygen
in Aqueous Suspensions of Silica Gel

V. N. Pak, C. D. Hanson, and S. R. Coon

Herzen Russian State Pedagogic Institute, St. Petersburg, Russia
University of Northern Iowa, Cedar Falls, Iowa, the United States

Received September 19, 2000

Abstract-Oxidation of I3 and S23 anions on the silica gel surface by atmospheric oxygen was studied at
room temperature. The possibility and rate of oxidation processes are determined by the content of silica gel
and oxygen in the systems. Tentative interpretation of the results is based on the assumption that a highly
reactive singlet1O2 species is formed in the oxygen ensemble on the silica surface.

Molecular oxygen can be transferred into an elec-
tronically excited singlet1Dg state in a number of
ways, including dye-sensitized photoexcitation in
solutions [139] and zeolites [10, 11], decomposition
of unstable oxygen-containing substances [1, 2, 12],
laser evaporation of metal oxides [13, 14], and micro-
wave discharge [2, 15]. The relatively long lifetime
(1033

31036 s in solutions), moderately high excitation
energy (22.54 kcal mol31), and high chemical activity
of the singlet form1

Dg of oxygen allow it to be con-
sidered as actual oxidizing agent in various processes,
including those practically important [1315].

It is a common knowledge that the solid substance
most widely occurring in the nature, silicon dioxide,
does not possess under standard conditions any redox
properties, at least at the temperature of ambient air.
At the same time, it cannot be positively stated that
molecules with enhanced reactivity in electronically
excited singlet state cannot be present in the oxygen
ensemble even at room temperature under conditions
of dynamic equilibrium between the SiO2 surface and
the gas phase. The excess amount and the nonuniform
distribution of the surface energy may be a reason for
conversion of some (presumably only a minor) part of
paramagnetic3O2 molecules into the paired-spin state
1O2. The energy necessary for this to occur is rela-
tively low and, presumably, can be provided by fluc-
tuations of the SiO2 surface energy.

This hypothesis was the reason for undertaking the
present investigation. In choosing a means of verifica-
tion of the hypothesis, it was necessary to keep in
mind not only the low concentration of excited oxy-
gen molecules, but also the high probability of their
impact deactivation, drastically impairing the possi-

bility of their direct detection. In this connection, it
seemed the most appropriate to assess experimentally
the possibility of oxidation of a number of substances
at room temperature directly on the silica surface
with the aim of ensuring the involvement in the proc-
ess of a finite fraction of singlet oxygen present on
the surface.

Below are presented the results obtained in study-
ing two heterogeneous reactions involving atmos-
pheric oxygen. The first of these is oxidation of the
iodide ion to molecular iodine. The choice of this
reaction is governed by the reliably established fact
that I3 is oxidized at room temperature neither by
atmospheric nor by pure oxygen, whereas under the
action of ozone [16] or singlet oxygen [17] this proc-
ess occurs. The second reaction, oxidation of the
sulfide ion on silica gel, is of particular interest in
view of the possibility of occurrence of successive
oxidative transformations and the wide variety of the
involved charge states of sulfur.

EXPERIMENTAL

The study was performed on ultrapure silica
gel S-157 (Fisher) with a specific surface area of
700 m2 g31, giving reason to expect that analytical-
ly detectable content of oxidation products can be
reached. All experiments were carried out at 25oC
using a 0.1-mm sieved fraction of silica gel particles.

The rate of I3 oxidation in an aqueous suspension
of a silica gel of a given type at a constant tempera-
ture is determined by the I3 and O2 concentrations. An
excess of I3 in the working solution can be used, in
fact ensuring [I3] = const. The concentration of oxy-
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gen is determined by the conditions of its supply into
the system, i.e., by the intensity of bubbling and
stirring. With the number of variable parameters
deliberately restricted, the aim was to reveal the very
possibility of oxidation and determine the funda-
mental conditions for its occurrence. For example, in
a set of experiments, 50 ml of an aqueous KI solution
was added to variable weighed portions of silica gel
and stirred with a magnetic stirrer in open vessels in
air, with the resulting suspension sampled at regular
intervals of time, centrifuged, and analyzed for the
content of molecular iodine. In order to ensure addi-
tional enrichment of the suspensions with oxygen, air
was bubbled at a rate of 30 and 50 cm3 min31. In
some experiments, oxidation of the iodide ion, un-
hindered by oxygen diffusion, was studied. For this
purpose, 0.5-g portions of silica gel were impregnated
with 2 ml of 1 M KI solution and exposed to air.
After a prescribed time elapsed, the same solution was
added to the weighed portions, with the solution vol-
ume brought to 50 ml, the suspensions were thorough-
ly stirred, and samples were taken for analysis.

The appearance and accumulation of molecular
iodine in solution was recorded photometrically on a
Shimadzu UV-2401 PC automated spectrometer in
quartz cells with optical thickness of 1 cm. The en-
hanced solubility of iodine in solutions containing
an excess of I3 ions is due to the formation of stable
associates I2 . I

3 [17]. The electronic spectrum of I3
3

contains no broad band characteristic of an aqueous
solution of iodine, whereas two peaks in the UV are
close and furnish an opportunity for direct photometric
determination of molecular iodine (Fig. 1). A calibra-
tion procedure demonstrated that the Bouguer3Beer
law is observed atlmax = 351 nm with a molar ex-
tinction coefficient e = 1.8510 104 l mol31 cm31 in
the concentration range 0.0130.1 mM I2 in a 1 M
solution of KI, which well matched the goal of analyt-
ical measurements in the experiments.

The extent of oxidation of the sulfide ion on the
silica gel surface and the possibility of formation, in
the process, of sulfur oxides SO2 and SO3 were deter-
mined by Fourier ion-cyclotron resonance mass spec-
trometry on an IonSpec OMEGA 50 instrument. A
glass ampule containing ca. 4 g of silica gel impreg-
nated with a 1 M aqueous solution of (NH4)2S and
then kept in air was connected to the input for taking
gas samples, and all components desorbed into the
analyzer chamber by evacuation at room temperature
were recorded. In experiments on S23 oxidation in
aqueous suspensions, 50 ml of 1 M (NH4)2S solution
was added to weighed portions of silica gel, and the

l, nm

1

2

Fig. 1. Electronic spectra of iodine in (1) water and (2) 1 M
solution of potassium iodide. (D) Optical density and
(l) wavelength; the same for Fig. 2.

mixture was stirred with a magnetic stirrer in open
vessels in air.

Suspension samples taken at certain intervals of
time were centrifuged and analyzed on a Dionex
DX-100 liquid ion chromatograph equipped with an
electrical conductivity detector and a 250-mm-long
column packed with an anion-exchange resin contain-
ing bound ammonium groups. Preliminary calibration
experiments demonstrated that sulfide ions are partial-
ly sorbed and/or smeared over the column in analyz-
ing aqueous solutions containing mixtures of S23,
SO3

23, and SO4
23 anions in concentrations of the order

of tens of ppm and, therefore, are not recorded, where-
as sulfite and sulfate ions are determined together,
without being separated, and are eluted as a single
peak with a retention time of 3.733.8 min.

Formation of molecular iodine can be reliably es-
tablished already during the first minutes after placing
a weighed portion of silica gel in a starch-containing
KI solution by the appearance of a characteristic light
blue coloration. The oxidation of the iodide ion can
also be observed visually in the absence of starch
owing to the fast appearance of yellow coloration, par-
ticularly noticeable on the surface of silica particles
and passing into solution on stirring. A typical set of
spectra illustrating the accumulation of the I2 . I

3 form
of molecular iodine are shown in Fig. 2; they com-
pletely coincide with the spectra of iodine in 1 M KI
solution, taken in the course of calibration (Fig. 1).
Thus, the fact of iodide ion oxidation on the silica gel
surface is beyond doubt.

The essential role of the rate of oxygen supply to
the silica gel surface in the course of oxidation is
clearly demonstrated by the dependence inFig. 3. The
noticeable production of molecular oxygen in the ini-
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l, nm
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4

3

2
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Fig. 2. Electronic spectra characterizing the accumulation
of I3

3 in 50 ml of 1 M aqueous KI solution containing
1 g of suspended silica gel. Air bubbling at a rate of
30 cm3 min31. Time of oxidation (h): (1) 0.2, (2) 0.4,
(3) 0.6, (4) 1.0, (5) 1.5, (6) 2.5, and (7) 3.5.

c, mM

t, h

1

2

3

Fig. 3. Iodine concentrationc vs. time t of oxidation in
50 ml of 1 M KI solution containing 0.5 g of suspended
silica gel. (1) Stirring with magnetic stirrer (150 rpm),
(2) no stirring, and (3) stirring with additional bubbling of
air (50 cm3 min31).

tial stage is largely ensured by the amount of oxygen
present in silica gel pores and by gas supply into the
system, enhanced by stirring. Switching-off the stirrer
(portion 2) lowers the content of oxygen, decelerating
the oxidation. In portion3 of the curve, the process
is intensified by bubbling air through the system at
a rate of 50 cm3 min31.

The kinetic curves presented in Fig. 4 furnish addi-
tional evidence in favor of the oxygen activation on
the silica gel surface. The increase in silica gel mass
under conditions of continuous stirring is accom-
panied by nearly proportional acceleration of molecu-
lar iodine formation (curves133). Air bubbling large-
ly lifts the diffusion limitation on oxygen supply,
markedly intensifying the oxidation (curves4, 5). The
process is accelerated to an even greater extent in the

case of direct access of air to the surface of silica gel
impregnated with 1 M KI solution (curve6).

In the aggregate, the obtained results suggest that
an electronically excited1O2 species is present in
the ensemble of oxygen molecules adsorbed onto the
silica gel surface, ensuring the occurrence of the
reaction

4I3 + 1O2 + 2H2O 6 2I2 + 4OH3, (1)

2I2 + I3 = I3
3. (2)

The involvement of just singlet oxygen in I3 oxida-
tion seems to be the most likely, since formation of
ozone and, the more so, of atomic oxygen requires
gross energy expenditure. Appearance of charged
oxygen species on the silica surface under so mild
conditions is also hardly possible.

It should be emphasized that the oxidation rate is
extremely low and the process can only be recorded
because of the high specific surface area of silicagel.
The maximum amount of molecular iodine, obtained
in 12 h of experiment, is mere 1011

31012 molecules
per 1 cm2 of SiO2 surface, i.e., a vanishingly small
fraction of a conventional monolayer.

Quantitative monitoring of the oxidation of the sul-
fide ion on the silica gel surface is hindered by the
wide variety of products obtained, reversibility of
transformations, and partial removal of gaseous sub-
stances from the reaction zone. However, even the
results of preliminary qualitative experiments allow
rather important conclusions. It is known that solu-
tions containing the sulfide ion gradually become
turbid in air because of the liberation of elemental
sulfur; however, this process is slow and its con-
sequences can only be observed after a long time. For
example, 1 M H2SO4 solution remains transparent for
many hours. At the same time, placing in this solution
a weighed portion of silica gel causes visually observ-
able formation of elemental sulfur on the surface of
SiO2 particles. Such a drastic acceleration of oxidation
probably indicates that an active oxygen species is
involved in the process:

2S23 + 1O2 + 2H2O 6 2S + 4OH3. (3)

However, the oxidation in the system containing
S23, O2, H2O, and solid SiO2 does not terminate at
this point and proceeds further with higher oxidation
states of sulfur reached. Correspondingly, the mass
spectrum of silica gel impregnated with 1 M solution
of (NH4)2S shows, together with the reliably recorded
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components: N2, O2, H2O, and H2S, also stable
weak signals with masses of 64 and 80, undoubtedly
belonging to ionized oxides SO2 and SO3 (Fig. 5). It
is possible, in principle, that SO2 formation is a result
of direct oxidation of sulfide ions by singlet oxygen
on the silica gel surface:

2S23 + 31O2 + 2H2O 6 2SO2 + 4OH3. (4)

However, even in the case when oxidation proceeds
in two successive stages, the occurrence of the reac-
tion (following the liberation of elementary sulfur)

S + 1O2 6 SO2 (5)

at room temperature seems to be rather uncommon
and illustrative. The final stage of oxidation

2SO2 + 1O2 6 2SO3 (6)

again indicates that highly reactive singlet oxygen is
present on the silica gel surface. In all probability,
along with the above reactions in the suspension,
there occur equilibria and transformations typical of
charged sulfur species, e.g.:

SO2 + H2O 6

4
H2SO3

6

4
H+ + HSO3

3 6

4
2H+ + SO3

23, (7)

2SO3
23 + 1O2 6 2SO4

23, (8)

SO2 + 2H2S 6 3S + 2H2O, (9)

2SO3 + S 6 3SO2, (10)

and also some others, including those involving un-
stable polythionic acids. The wide variety of possible
reactions, and also partial removal of gaseous prod-
ucts from the system, may give rise to fluctuations in
the content of sulfite and sulfate ions being formed.
Indeed, these latter can be detected in the suspension
soon after the onset of oxidation (Fig. 6), and their
concentration changes, on the general background of
growth, in a clearly nonmonotonic manner.

Thus, the above examples indirectly confirm the
presence of singlet oxygen on the silica surface under
standard conditions. It is the chemical activity of
singlet oxygen that is presumably responsible for the
oxidation on the SiO2 surface of substances quite
stable at the temperature of the ambient air. The large
specific surface area of silica gel makes it possible to
record oxidative transformations limited by low con-
tent of active oxygen under laboratory conditions.
Consequently, there is good reason to believe that the

c, mM

6 5

4

3

2

1

t, h

Fig. 4. Kinetic curves describing iodide ion oxidation under
varied experimental conditions. (c) Concentration of iodine
and (t) time. (133) 0.25, 0.5, and 1 g of silica gel, respec-
tively, in 50 ml of 1 M aqueous KI solution (stirring rate
100 rpm); (4, 5) the same as (3), but with additional bub-
bling of air at a rate of 30 and 50 cm3 min31, respectively;
(6) 0.5 g of silica gel impregnated with 2 ml of 1 M KI
solution in oxidation in air.

I, rel. units

m, amu

Fig. 5. Mass spectra of desorption products from the
surface of silica gel impregnated with 1 M solution of
(NH4)2S and then kept in air for 20 min. (I) Relative signal
intensity and (m) mass of singly ionized particles.

investigated, and many similar (which is not improb-
able) processes are of fundamental importance in the
nature in view of the overwhelming predominance of
silica on the Earth’s surface and also in water basins,
in suspended and precipitated states.

Finally, it should be noted that the alternative
hypothetical reason for[cold] oxidative catalysis on
SiO2, based on the concepts (extensively developed in
the 197031980s [18, 19]) assuming that coordination-
unsaturated electron-acceptor centers are present on
the surface of amorphous varieties of silica, is rather
unlikely. It is difficult to admit of the possibility of
firm adsorption and strong polarization of reagents,
necessary for lowering the activation barriers of oxi-
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c, mM

t, h

Fig. 6. Total concentrationc of sulfite and sulfate ions vs.
time t of oxidation in a suspension of 1 g of SiO2 in 50 ml
of 1 M (NH4)2S solution at a stirring rate of 100 rpm (three
sets of experiments are represented).

dation processes. Moreover, the probability of reac-
tions (1), (3), and (4) at coordination centers of silica
gel is strongly limited by the action of the topo-
chemical factor consisting in the necessity for attach-
ment of several particles of the probable reactants in
close proximity to ensure their interaction.

CONCLUSIONS

(1) The iodide ion is oxidized with oxygen at
room temperature in suspensions of silica gel in aque-
ous KI solution to give I3

3 species.

(2) Stepwise oxidation of the sulfide ion with oxy-
gen in suspensions of silica gel in aqueous solution of
(NH4)2S, also proceeding at room temperature, gives
elemental sulfur, SO2, SO3, and the anions SO3

23 and
SO4

23.

(3) The obtained results suggest that the electroni-
cally excited singlet species1O2 is involved in the
oxidation reactions and serve as indirect evidence in
favor of the hypothesis that oxygen can be activated
on the silica surface.
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Abstract-Oxide systems supported bya-Al2O3 and MgO were studied in oxidative dimerization of metha-
nol. The highest selectivity is exhibited by tin oxide promoted with Na2O and La2O3 supported by magnesium
oxide. Reactions of partial oxidation and etherification of methanol and ethylene glycol proceed on this sys-
tem to the same extent as dimerization of methanol to ethylene glycol.

Ethylene glycol, one of the most important prod-
ucts of petrochemical synthesis, is commonly ob-
tained from ethylene raw materials whose price is
steadily rising. A search for new routes to ethylene
glycol without using ethylene is of practical interest.
The most promising are techniques using as raw ma-
terial directly synthesis gas or products of its process-
ing (formaldehyde, methanol) [1, 2]. The already
proposed procedures of ethylene glycol synthesis are
multistage, endothermic, and economically unfeasible.
A possibility was demonstrated [3, 4] of homogene-
ous oxidative pyrolysis of methanol to give ethylene
glycol in up to 8% yield. In [5], it was proposed to
synthesize dimethyl ethylene glycol ether by oxidation
of dimethyl ether and to isolate ethylene glycol by
subsequent hydrolysis. Heterogeneous catalytic di-
merization of methanol into ethylene glycol in a flow-
through reactor in a single stage may show more
promise than the already proposed variations of syn-
thesis. In addition to being practically important, this
process is interesting in theoretical regard. The reac-
tions of oxidative dimerization of methane and hydro-
carbons in which a hydrogen atom in methane is re-
placed by an alkyl or aryl group (propylene, toluene)
are well understood [6]. At the same time, reactions of
dimerization of heterosubstituted methanes, e.g.,
CH3OH, are little studied.

EXPERIMENTAL

Oxide supported catalysts were obtained by im-
pregnation ofa-Al2O3 and MgO supports with salt
solutions and subsequent drying at 150oC for 4 h and
calcination at 800oC for 6 h.

Experiments were done in a flow-through installa-

tion with a fixed catalyst bed. The ratio CH3OH : O2 :
N2 = 4 : 1 : 4, the time of contact was varied between
1 and 0.5 s. The reaction products were analyzed chro-
matographically. The reaction gases were analyzed for
the content of CO2, CO, O2, N2, and H2 on an
LKhM-80 chromatograph by a procedure described in
[7]. The condensate was analyzed on a Khrom-5
chromatograph with a flame-ionization detector and
2.4-m-long column packed with Separon-SDA sorbent.
Analysis conditions: column temperature 100oC; time
10 min, with subsequent programmed heating to
205oC at a rate of 10 deg min31; flow rate of carrier-
gas helium 1.801033 m3 h31. The selectivity with
respect to dimerization products was calculated as
a total for ethylene glycol and its conversion products:
glycolaldehyde, glyoxal, and di- and monomethyl
ethers.

The phase composition of samples was determined
on a DRON-3M diffractometer with CuKa radiation.
The specific surface area of the samples was measured
chromatographically on the basis of low-temperature
adsorption of argon.

The catalysts under study and their properties are
characterized in Table 1. The key factor in choosing
the catalytic systems was high selectivity in dimeriza-
tion of methane (sample nos. 133, 5, 6) [6, 8, 9],
toluene (sample no. 3) [6], and dimethyl ether (sample
no. 4) [5].

Catalytic system nos. 134 promote nonselective
oxidation of methanol to carbon oxides or its partial
oxidation to formaldehyde, with products of dimeriza-
tion found in the condensate in trace amounts. A
study of the process of methanol dimerization in the
batch mode on the lead3tin system, performed by
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Table 1. Characteristics of catalysts
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sample no.³ Catalyst ³ Composition, wt %³ Phase composition ³ Ssp, m2 g31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³BaO/a-Al2O3 ³20 BaO ³BaO, a-Al2O3 ³ 1.1
2 ³MgO/a-Al2O3 ³20 MgO ³MgO, a-Al2O3 ³ 0.9
3 ³PbO3SnO2/a-Al2O3 ³16 PbO, 4 SnO2 ³SnO2, PbOrhombic, PbOtetr, Pb2SnO4, ³ 2.2

³ ³ ³a-Al2O3 ³
4 ³Na2O3SnO2/MgO ³5 Na2O, 5 SnO2 ³Na2SnO3, MgO ³ 9.5
5 ³Na2O3SnO2/MgO ³10 Na2O, 10 SnO2 ³Na2SnO3, MgSnO3, MgO ³ 6.5
6 ³La2O3/MgO ³5 La2O3 ³La2O3, MgO ³ 9.7

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Effect of temperature on the ratio of methanol dimerization products in the condensate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Product
³ Content of products, mol %, at indicated temperature,oC
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ 500 ³ 550 ³ 570 ³ 600

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Catalyst 5% Na2O35% SnO2/MgO

Ethylene glycol ³ 80+0.5 ³ 66+0.5 ³ 22+0.5 ³ 24+0.5
Glyoxal ³ 9+1 ³ 15+1 ³ 18+1 ³ 16+1
Glycolaldehyde ³ 5+1 ³ 12+1 ³ 26+1 ³ 30+1
Ethylene glycol methyl ether ³ 4+0.5 ³ 6+0.5 ³ 14+0.5 ³ 15+0.5
Ethylene glycol dimethyl ether ³ 1+0.5 ³ 1+0.5 ³ 17+0.5 ³ 12+0.5

Catalyst 10% Na2O310% SnO2/MgO

Ethylene glycol ³ 88+0.5 ³ 76+0.5 ³ 16+0.5 ³ 8+0.5
Glyoxal ³ 2+1 ³ 4+1 ³ 17+1 ³ 24+1
Glycolaldehyde ³ 3 ³ 3+1 ³ 26+1 ³ 16+1
Ethylene glycol methyl ether ³ 10+0.5 ³ 11+0.5 ³ 22+0.5 ³ 34+0.5
Ethylene glycol dimethyl ether ³ 3 ³ 4+0.5 ³ 18+0.5 ³ 18+0.5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

analogy with toluene dimerization [6] by alternately
passing through the catalyst the oxidative mixture and
methanol, also failed to give positive results since
lead oxide was reduced to metal in the catalyst reduc-

S, mol %

T, oC

I
II

Selectivity S with respect to products of (I) dimerization
and (II) partial oxidation of methanol vs. reaction tempera-
ture T. Catalyst: (1) 10% Na2O310% SnO2/MgO and (23
5) 5% Na2O35% SnO2/MgO.

tion cycle, and methanol underwent catalytic cracking
with carbonization of the catalyst surface.

It was found in studying the Na2O3SnO2/MgO sys-
tems at reaction temperatures of up to 350oC that
the main reactions also include partial oxidation of
methanol to formaldehyde and its deep oxidation to
COx (with mainly formaldehyde and methylal present
among reaction products). The methanol conversion is
about 25%. Trace amounts of ethylene glycol are
detected in the condensate. Raising the temperature of
the reaction on Na2O3SnO2/MgO catalysts (nos. 4, 5)
not only led to higher conversion, but also improved
the selectivity with respect to the dimerization prod-
ucts (see figure). It should be noted that adiabatic
heating-up of the catalyst bed within 30340oC from
the preset temperature was observed at temperatures
of 400oC and higher.

The distribution of methane dimerization products
in the condensate for magnesium3tin systems is pre-
sented in Table 2 in relation to temperature. The over-
all selectivity with respect to products of partial oxi-
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dation and dimerization is not higher than 50% over
the entire range of temperatures studied. Raising the
reaction temperature to above 550oC leads to higher
share of the reactions of nonselective oxidation and
thermal decomposition of methanol and its conversion
products to COx. Close temperature dependences
of methanol conversion, selectivity, and distribu-
tion of dimerization products were obtained for the
La2O3/MgO catalyst. The yield of dimerization prod-
ucts also increases beginning with 300oC, with the
maximum yield observed at a reaction temperature
of 550oC (Table 3).

According to the obtained data, the following
scheme of oxidative transformations of methanol on
magnesium3tin and lanthanum3magnesium systems
can be suggested in the form of a set of successive
and parallel reactions: dimerization (pathway1), par-
tial oxidation of methanol to formaldehyde and formic
acid (pathway2), partial oxidation of dimerization
products (pathway2), etherification and esterification
(pathway3), acetalization (pathway4), and deep oxi-
dation and thermal decomposition of products to give
CO and CO2:
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At longer time of contact and high conversion of
methanol its major part is consumed for COx forma-
tion. The efficiency of the process can be raised by

Table 3. Effect of temperature on the yield of methanol
conversion products. Catalyst La2O3/MgO
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³ Methanol³ Yield of products, mol %
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³

conver-
³ partial oxidation³ dimerization³ sion, % ³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
200 ³ 6.1 ³ 2.1 ³ 3

250 ³ 7.3 ³ 2.4 ³ 3

350 ³ 12.0 ³ 4.0 ³ 3

450 ³ 24.1 ³ 15.3 ³ 14.2
500 ³ 32.4 ³ 15.5 ³ 16.7
570 ³ 42.2 ³ 16.2 ³ 28.4
580 ³ 63.0 ³ 16.4 ³ 21.5
600 ³ 74.2 ³ 15.8 ³ 24.2

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

making the time of contact shorter and the methanol
conversion lower; in this case, the share of undesir-
able reactions of partial ethylene glycol oxidation and
etherification decreases. Owing to the large difference
in evaporation temperature between methanol and
ethylene glycol, recycling of the starting raw materials
can be readily implemented.
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Abstract-The effect of the volume of macropores (>100 nm) and pores 103100 nm in radius in the Al3Co3
Mn catalyst on its activity in hydrodesulfurization of black oil produced from West-Siberian oil was studied
at varied process parameters.

The steadily growing demand for environmentally
clean motor fuels can be satisfied by implementing
cracking processing of heavy cuts of oil, from which
heteroatoms, and in the first place sulfur, should be
removed preliminarily. The growing share of sulfur-
ous and sour oils in petroleum production [1] makes
this problem even more acute. A thorough-going meth-
od for obtaining high-quality raw materials for manu-
facture of motor fuels satisfying modern requirements
is hydrodesulfurization of petroleum residues with the
use of heterogeneous catalysts. However, implementa-
tion of such a process is a rather difficult task, pri-
marily due to the nature of heavy oil cuts, which are
a complex heterogeneous system whose components
are characterized by various elemental compositions,
structures, and physicochemical properties. The petro-
leum residues constitute a colloid system of organic
compounds in which asphaltenes (disperse compo-
nent) are dispersed in mutually soluble oil tars and
hydrocarbons.

With the fraction composition of petroleum prod-
ucts becoming heavier, the type of sulfurous com-
poundschanges from thiols to sulfides and thiophenes,
the degree of their aromaticity grows, and the reactiv-
ity decreases. For example, only structures containing
thiophene and 2, 3, or more benzene rings are present
in the narrow 4253455oC fraction [2]. About 60380%
of the entire amount of sulfur is contained in residues
after oil distillation at atmospheric pressure [3], and
about 20% in tars and asphaltenes [4].

The low diffusion rate of high-molecular-weight
components of heavy petroleum raw material in the
liquid phase and catalyst pores hinders the access of
hydrogen and sulfurous compounds to the internal
surface of the catalyst, making slower the rate of hy-

drodesulfurization. Therefore, one of the main require-
ments to a catalyst is that it should contain a zone of
coarse pores, partly obviating the diffusion hindrance
and increasing the coverage of the catalyst surface.
The available relevant evidence is contradictory. The
possible reason is the wide variety of raw materials
used in investigations. The pore structure and physico-
chemical properties of catalysts should be optimized
for each particular raw material and required product
quality, as it was done in developing a catalyst for
hydrodesulfurization of deasphalted vacuum residue
produced from West-Siberian oil [5].

Previously, the advantage has been demonstrated of
using coarsely porous catalysts for hydrorefining of
the residue formed in distillation of products obtained
in thermal cracking of vacuum residue [6]. As regards
the process of black oil hydrorefining, the effect of the
number of macropores (more than 100 nm in diam-
eter) on the efficiency of the Al3Co3Mo catalyst has
been studied in 24-h tests at 380oC and 10 MPa [7].
Here we report on the estimated efficiencies of hetero-
porous Al3Co3Mo catalysts in hydrorefining of black
oil at various process parameters and during a longer
time (100 and 500 h).

EXPERIMENTAL

In addition to a commercial Al3Co3Mo catalyst,
test samples of varied pore structure were used. The
g-Al2O3 support for the test catalyst samples was syn-
thesized by the nitrate method, with its pore structure
controlled by introducing varied amounts of a 25%
NH3 .H2O solution into the aluminum hydroxide
paste being formed. The catalysts were prepared by
successive impregnation of a support, extruded and
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Table 1. Pore structure of catalysts
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Distribution of pores, cm3 g31, with respect to radius, nm ³

Ssp, m2 g31ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ >5 ³ 5310 ³ 103100 ³ >100 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
A ³ 0.62 ³ 0.14 ³ 0.45 ³ 0.03 ³ 140
B ³ 0.42 ³ 0.10 ³ 0.07 ³ 0.25 ³ 190
C ³ 0.96 ³ 0.06 ³ 0.50 ³ 0.40 ³ 110
Commercial ³ 0.48 ³ 0.19 ³ 0.23 ³ 0.06 ³ 200
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Efficiency of heteroporous catalysts in desulfurization of black oil (420oC, 10 MPa)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Ws, mg sulfur g31 cat. h31 ³

Ws
in : Wf

s

³ Amount of sulfur removed in 100 h
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ initial ³ final ³ ³ g sulfur g31 cat. ³ g sulfur g31 CP

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
A ³ 92 ³ 25 ³ 3.7 ³ 3.6 ³ 9.8
B ³ 115 ³ 21 ³ 5.5 ³ 3.1 ³ 8.2
C ³ 124 ³ 38 ³ 3.3 ³ 5.1 ³ 10.8
Commercial ³ 61 ³ 14 ³ 4.4 ³ 2.2 ³ 6.7

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

calcined at 550oC, with solutions of ammonium para-
molybdate (NH4)6Mo7O24 and cobalt nitrate. The ob-
tained catalyst mass was dried in air for 24 h, at 603
70oC for 233 h under an IR lamp with intermittent
stirring, and in an oven at 120oC for 4 h. The dried
samples were calcined in air at 500oC for 6 h. The
concentrations of Mo(VI) and Co(II) in oxide samples
were 8.5+0.5 and 3.0+0.2 wt %, respectively. The
pore structure was studied by mercury porosimetry.
The specific surface areaSsp was determined dynami-
cally from thermal desorption of nitrogen. The charac-
teristics of the prepared heteroporous samples and
the commercial catalyst are listed in Table 1.

The catalysts were tested for activity in a flow-
through installation with a 200-ml reactor without
recirculation at hydrogen consumption of 1000 nl l31.
Prior to testing, the catalysts were sulfidized at 400oC,
with diesel fraction used as sulfidizing agent. Special-
purpose experiments revealed that there is no external-
diffusion hindrance of the process of black oil hydro-
desulfurization under the adopted conditions.

To evaluate the desulfurizing activity and its dy-
namics in the tests, the content of sulfur in the starting
black oil and periodically taken samples of the hydro-
genizate was determined by the method of burning [8].
The catalyst activity was evaluated on the basis of the
average apparent rateW and extenta of the process.

The starting black oil contained sulfur, asphaltenes,
tars, V, and Ni in amounts of 1.7, 2.0, 2.5 wt %, 27
and 18 ppm, respectively.

Table 2 presents the estimated desulfurization effi-
ciencies of catalysts in the course of 100-h tests at
420oC, pressure of 10 MPa, and initial degrees of
desulfurization of 40350%. The space velocities of
black oil supply at a given desulfurization level were
in the range from 1 to 3 h31, depending on the catalyst
activity. The amount of condensation products (CPs)
deposited on the catalyst surface in the course of
operation was determined by the burning method,
with a cooled spent catalyst preliminarily washed
with diesel fraction and vacuum-treated at 100oC and
233 mm Hg.

As seen from Table 2, test samples surpass the
commercial catalyst in every respect, which apparent-
ly indicates that there is no significant contribution of
pores less than 10 nm in radius to the catalyst activity
and 103100-nm pores and macropores play an im-
portant role. According to increasing initial desulfuri-
zation rate, the test samples form the same sequence
(A < B < C) as those arranged in the order of increas-
ing macropore volume (Tables 1, 2). However, ac-
cording to the retention of activity, final desulfuriza-
tion rate, and amount of sulfur removed in 100 h, the
catalysts are arranged in the order of increasing total
volume of 103100-nm pores and macropores (C >
A > B). In the same order the catalysts are arranged
according to increasing amount of removed sulfur per
unit mass of formed CP. This parameter characterizes
the stability of desulfurizing ability with respect to
surface coking. Thus, the efficient prolonged opera-
tion of a catalyst requires the presence of a sufficient
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Table 3. Results obtained in tests with coarsely porous and
commercial catalysts (10 MPa)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

T,
³Amount of sulfur removed in 500 h

³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ oC ³g/100 ml cat.³ g l31 cat.³ g g31 Mo

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
C ³ 380 ³ 470 ³ 9.4 ³ 105
Commercial³ ³ 422 ³ 6.4 ³ 72

³ ³ ³ ³C ³ 420 ³ 720 ³ 13.3 ³ 150
Commercial³ ³ 515 ³ 7.8 ³ 87
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

number of pores 103100 nm in diameter and macro-
pores. Apparently, with the surface of macropores,
which are the most accessible to raw material com-
ponents, primarily coked and deactivated, the increas-
ing amount of pores 103100 nm in radius is involved
in the process, and it is this fact that ensures the
stability of catalyst operation at a sufficient amount of
pores of both types.

The results of more prolonged tests with the most
efficient sample B and a commercial sample are pre-
sented in Fig. 1 and Table 3.

Industrial hydrodesulfurization is performed at
elevated temperature, which is associated with the
decrease in the desulfurizing activity with time and
the necessity for preservation of a prescribed content
of sulfur in the product. In this connection, it was of

as, % (a)

(b)as, %

t, h

Fig. 1. Extent of black oil hydrodesulfurization,as, vs. the
time of catalyst operation,t. P = 10 MPa, Vs = 2 h31.
Catalyst: (1) commercial and (2) coarsely porous. Tem-
perature (oC): (a) 380 and (b) 420.

interest to compare the efficiencies of the coarsely
porous and commercial samples at temperatures of
380 and 420oC, approximately corresponding to the
lower and upper temperature limits of hydrorefining
of heavy oil stock. The hydrogen pressure was
10 MPa; space velocity, 2 h31; catalyst grain size,
3 mm.

Both in the [mild] and [rigorous] temperature
regimes, the coarsely porous sample surpasses the
commercial catalyst in the extent of desulfurizing,
output capacity of unit reactive volume and mass, and
efficiency of utilization of the active component dur-
ing the entire period of testing (Fig. 1, Table 3). With
increasing process temperature, the above parameters
grow to a greater degree for the coarsely porous sam-
ple, compared with the commercial catalyst. The fact
that the difference between the catalyst efficiencies
grows as the temperature is elevated can be attributed
to the increasing diffusion hindrance, this being more
pronounced in the case of a narrow-pore commercial
sample.

At low process temperature, the activity, on the
whole, changes monotonically (Fig. 1a). At high tem-
perature, the deactivation proceeds in the initial part
of a run faster than in the final stage (Fig. 1b).

The significant advantage of the coarsely porous
sample in the output capacity per unit mass, compared
with the value per unit reaction volume (Table 3), is
due to the lower (approximately 1.4-fold) bulk density
of the given catalyst.

In addition to evaluating the rate of desulfurizing,
it seems appropriate to determine the effect exerted by
the process parameters on the decomposition rate of
asphaltenes contained in the raw material, with ac-
count of the fact that the asphaltenes contain ca. 20%
sulfur and may strongly affect the course of the hy-
drorefining as a whole. The amount of asphaltenes in
the starting black oil and hydrogenizates was deter-
mined by their precipitation in petroleum ether [8].
To solve the problem in hand, the method of mathe-
matical experiment design was employed [9, 10].
The 23 design matrix of the trifactorial experiment
in coded and natural values and the response functions
(the rates of desulfurizingWs and asphaltene decom-
positionWa) are presented in Table 4. The duration of
each test was 24 h at an extent of desulfurization in
the range 20330%. The given desulfurization level
was ensured at varied temperature, pressure, and
catalyst grain size by varying the space velocity of
the raw material. It should also be noted that at a grain
size of 0.4 mm the black oil desulfurization proceeds
in a mode close to kinetic control [7].
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Table 4. Experiment matrix in natural and calculated values of factors and quantities
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T,
³

P,
³

Grain
³ Ws, mg sulfur g31 cat. h31 ³ Wa, mg asphaltene g31 cat. h31

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
oC, ³ MPa, ³ size, ³ commercial catalyst³ sample C ³ commercial catalyst³ sample C

³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄx1
³

x2
³

mm, x3
³ y1 ³ ŷ1 ³ y2 ³ ŷ2 ³ y3 ³ ŷ3 ³ y4 ³ ŷ4

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
3380 ³ 32.5 ³ 0.4 ³ 3.1 ³ 3.3 ³ 3.7 ³ 3.8 ³ 3 ³ 4.0 ³ 0.0 ³ 0.0
+400 ³ 32.5 ³ 0.4 ³ 4.2 ³ 4.3 ³ 5.9 ³ 5.9 ³ 5.6 ³ 3.4 ³ 1.3 ³ 1.3
3380 ³ +10.0 ³ 0.4 ³ 4.1 ³ 4.1 ³ 4.6 ³ 4.8 ³ 4.2 ³ 4.0 ³ 3.3 ³ 3.9
+400 ³ +10.0 ³ 0.4 ³ 5.2 ³ 5.1 ³ 7.1 ³ 7.0 ³ 3 ³ 4.6 ³ 7.5 ³ 6.9

³ ³ ³ ³ ³ ³ ³ ³ ³ ³
3380 ³ 32.5 ³ 3 ³ 1.4 ³ 1.1 ³ 2.9 ³ 2.8 ³ 0.9 ³ 0.8 ³ 0.0 ³ 0.0
+400 ³ 32.5 ³ 3 ³ 1.9 ³ 2.1 ³ 3.5 ³ 3.8 ³ 0.1 ³ 0.2 ³ 1.8 ³ 2.5
3380 ³ +10.0 ³ 3 ³ 1.8 ³ 1.9 ³ 3.1 ³ 3.0 ³ 1.0 ³ 0.8 ³ 2.0 ³ 1.9
+400 ³ +10.0 ³ 3 ³ 2.9 ³ 2.9 ³ 6.0 ³ 6.0 ³ 1.3 ³ 1.4 ³ 3.2 ³ 3.3
ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

The processing of the obtained experimental data
gave the following equations.

For the commercial catalyst:

rate of hydrodesulfurization

y1 = 3.1 + 0.5x1 + 0.4x2 3 1.1x3,
(1)

S{ y} = 0.17, S{ bi} = 0.06;

rate of cracking hydrogenation of asphaltenes

y3 = 2.4 + 0.3x2 3 1.6x3 + 0.3x1x2,
(2)

S{ y} = 0.20, S{ bi} = 0.1.

For the coarsely porous catalyst:

rate of hydrodesulfurization

y2 = 4.6 + 1.0x1 + 0.6x2 3 0.7x3 + 0.3x1x2 + 0.2x1x2x3, (3)

S{ y} = 0.24, S{ bi} = 0.1;

rate of cracking hydrogenation of asphaltenes

y4 = 2.4 + 1.1x1 + 1.6x2 3 0.6x3 3 0.8x2x3 3 0.4x1x2x3, (4)

S{ y} = 0.38, S{ bi} = 0.15.

All the coefficients in Eqs. (1)3(4) are significant
(verified using Student’s criterion at significance level
of 0.05) and describe adequately the investigated
range of factor variation (Fcalc < F 0.05

f1 f2
).

Analysis of Eqs. (1)3(4) suggests, in the first place,
that the coarsely porous catalyst shows higher rate of
black oil desulfurization both at the[zero] point

(390oC, 6.25 MPa) and under[extreme] conditions
(400oC, 10 MPa). The activity (rate of desulfuriza-
tion) of the coarsely porous sample exceeds that of the
commercial catalyst by 50 and 40 rel. %, respectively.
Moreover, the sensitivity of the coarsely porous cata-
lyst to the process conditions, i.e., theeffect of the
factors, much exceeds that for the industrial catalyst.
This enables a more accurate adjustment of the condi-
tions for performing the hydrodesulfurization.

The same considerations apply to the process of
cracking hydrogenation of asphaltenes. In this case,
the effect of the factors is even more pronounced. For
example, theWa value is practically the same for
the industrial and coarsely porous catalysts at the
zero point (390oC, 6.25 MPa), whereas under more
severe process conditions (400oC, 10 MPa) the rate of
cracking hydrogenation of asphaltenes is more than
1.8 times higher for the latter.

It is of interest to consider the kinetic aspect of the
hydrorefining process. Studying the diffusion kinetics
is a rather difficult task. In the given case, the com-
plications are in the first place due to difficulties in
experimental determination of the diffusion param-
eters for the system catalyst3raw material. The hy-
drorefining of the heavy oil cut consists in the inter-
action of two disperse systems (catalyst and raw ma-
terial). All the reactions constituting the process occur
on the surface of the polydisperse catalyst under con-
ditions of its continuous deactivation. An in-depth
kinetic analysis was beyond the scope of this study.
Therefore, we restricted ourselves to a simplified
formal approach on the assumption that models rely-
ing upon the formal kinetics can be used to find the
necessary regime, e.g., to determine the flow rate of
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1/V [h31]
Fig. 2. (1) Hydrodesulfurization and (2) deasphalting as
second-order reactions. Coarse-porous sample,T = 420oC,
P = 10 MPa. (C) Conversion and (V) space velocity of
the raw material.

the raw material that would ensure the necessary ex-
tent of the process.

Processing of the results of 24-h tests with hetero-
porous catalysts at 420oC, 10 MPa, and varied time of
contact (feed rate 5330 h31) demonstrated that, irre-
spective of the pore structure and grain size of a cata-
lyst, the processes of desulfurization and asphaltene
cracking are described by a second-order equation

C 1
ÄÄÄÄÄÄÄ = kwÄÄÄ, (5)
1 3 C V

where C is the 24-h-average conversion (fraction
units), k is the reaction rate constant,w is the content
of a component in the raw material, andV is the raw
material space velocity (h31).

Figure 2 shows, as an example, data obtained for
a coarsely porous sample. In all cases the correlation
factors were in the range 0.9630.99.

The revealed second order is obviously only ap-
parent and can be accounted for by differences in
reactivity between separate components. Commonly,
hydrogenolysis of individual sulfurous compounds is
a reaction having true or pseudo-first order with re-
spect to sulfur concentration. Consequently, the rate
constant of black oil desulfurizing is bound to de-
crease steadily as the most reactive compounds are
converted. A similar reasoning is valid for reactions of
cracking of asphalt3tar components. It is also not im-
probable that the observed second order is due, to

some extent, to the catalyst deactivation inevitably
occurring in the course of the process.

CONCLUSION

The highest efficiency in black oil desulfuriza-
tion is exhibited by the catalyst whose pore structure
is characterized by the presence of macropores
(>100 nm) and pores 103100 nm in radius in ap-
proximately equal amounts (0.40+0.05 cm3 g31 each).

The advantage of a catalyst with the pore structure
of this kind over a commercial Al3Co3Mo sample is
retained at various process parameters. The process
of black oil desulfurization is satisfactorily described
by a second-order equation.
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Abstract-The effect of structural and acid characteristics of catalysts of various nature (sulfonic cation ex-
changers of the KU-23 type and high-silica zeolite of the ZSM-5 type) on their activity and selectivity in
production of methyl tert-butyl ether from isobutylene and methanol was studied.

A decrease in the toxicity of motor transport ex-
haust is one of the urgent environmental problems.
Significant advances in this field can be reached by
using environmentally safe fuel additives. In recent
years, various oxygen-containing compounds, lower
alcohols and ethers, found a wide use as high-octane
components for production of commercial gasolines.
They have high octane numbers (>100) and do not
form toxic substances in combustion [1]. In addition,
the use of oxygen-containing components reduces
petroleum expenditure for production of the required
amount of commercial gasoline.

Methyl tert-butyl ether (MTBE) is the component
which most efficiently increases the octane number
of unleaded gasolines [2]. The main raw materials for
MTBE production are methanol and isobutylene. Iso-
butylene is the component of the butylene3butadiene
fraction (BBF) of petroleum pyrolysis; its content in
BBF is 16318 wt %. Ion-exchange resins are highly
efficient and selective catalysts for synthesis of
MTBE. However, their use is limited owing to rela-
tively narrow interval of operating temperatures;
therefore, selection of the optimal and thermostable
catalyst for this process is an urgent problem despite
the existence of large-tonnage industrial equipment for
MTBE production in advanced countries [3, 4].

In this connection the aim of this work was to
study the effect of physicochemical characteristics of
KU-23 cation exchangers on the selectivity of MTBE
formation from BBF and methanol. We also studied
this process in the presence of ZSM-5 zeolite catalyst
having a wide range of operating temperatures.

EXPERIMENTAL

The KU-23-16/60 and KU-23-30/100 sulfonic cat-
ion exchangers and high-silica zeolite of the ZSM-5
type in H form (H-HSZ) with the silicate ratio
SiO2/Al2O3 = 50 were used as catalysts for synthesis
of MTBE from methanol and isobutylene. The catalyt-
ic activity of the samples was determined on a labora-
tory flow-type setup with a fixed bed of the catalyst in
the temperature range 503120oC for sulfonic cation
exchangers and 803250oC for H-HSZ at a pressure of
1 MPa; the molar ratio methanol : isobutylene was
1 : 1. Liquid reaction products were analyzed chroma-
tographically on a column packed with 15 wt % PEG
1500 on S-22. Gaseous reaction products were ana-
lyzed on a column packed with Al2O3.

The pore structure of the samples was studied
on a vacuum setup equipped with a McBain quartz
balance. Benzene was used as an adsorbate. The pore-
volume distribution was evaluated from the isotherms
of benzene desorption at 20oC with the use of the
Thompson3Kelvin formula. The acidity of the sam-
ples was determined spectrophotometrically in aque-
ous medium with the series of Hammett indicators
with pH of transition from 0.8 to 6.4 by the procedure
described in [5].

The comparative characteristics of the catalytic ac-
tivity of the KU-23 and HSZ cation exchangers under
the same conditions of synthesis of MTBE from BBF
and methanol are presented in Table 1. With selected
process parameters [temperature 80oC, pressure
1 MPa, space velocity of raw materials (isobutylene of
BBF) 1 h31, and molar ratio of isobutylene and meth-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

72 KOVAL’ et al.

Table 1. Results of synthesis of MTBE from BBF isobutyl-
ene and methanol.T = 80oC, P = 1 MPa, andw = 1 h31

ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Catalyst
³ Selectivity, wt % ³ Conversion
ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´
³ MTBE ³ DB* ³ TB* ³

of isobutyl-
³ ³ ³ ³ ene, wt %

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
KU-23-16/60 ³ 96 ³ 0.2 ³ 3.8 ³ 84
KU-23-30/100 ³ 85 ³ 13 ³ 2 ³ 61
H-HSZ-50 ³ 68 ³ 3 ³ 32 ³ 17
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (DB) Diisobutylene and (TB)tert-butanol.

Table 2. Optimal conditions for synthesis of MTBE from
BBF isobutylene and methanol. Space velocity of raw
materials 1 h31

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Catalyst
³

T, oC
³

P, MPa
³ S* ³ K*

³ ³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ ³ ³ wt %

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
KU-23-16/60 ³ 80 ³ 1 ³ 96 ³ 84
KU-23-30/100³ 100 ³ 1.5 ³ 98 ³ 85
H-HSZ-50 ³ 150 ³ 1 ³ 83 ³ 25
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (S) Selectivity with respect to MTBE and (C) conversion.

anol 1 : 1], the degree of conversion of isobutylene
does not exceed 84% and the maximal selectivity with
respect to MTBE reaches 96%. The degree of conver-
sion and the selectivity of formation of MTBE on
high-silica zeolite are 17 and 70%, respectively. As a
by-product only tert-butanol, formed owing to the
presence of moisture in raw materials, was detected.
At a low metanol : isobutylene ratio and higher tem-
perature isobutylene dimerizes. With increasing tem-
perature, at a certain concentration of reactants, inter-
molecular dehydration of methanol, hydration of iso-
butylene, and formation of methylsec-butyl and meta-
butylene ethers take place.

The dependences of the selectivity and degree of
conversion of raw materials (isobutylene of BBF) on
the temperature and pressure pass through maxima.
The optimal parameters of synthesis ensuring the
maximal catalytic activity and selectivity of the
studied samples are presented in Table 2. For the
KU-23-30/100 sample, the pressure has a positive ef-
fect on the selectivity (increase from 85 to 98%) and
catalytic activity (the degree of conversion of iso-
butylene increases from 60 to 85%). For the KU-23-
16/60 sample, the similar results are observed under
mild conditions of synthesis (P = 1 MPa andT =
80oC). The reaction of methanol with isobutylene on
H-HSZ proceeds at 150oC and is characterized by low
conversion of isobutylene.

As was shown previously [6] and in this work, the
catalyst activity depends on many factors, in par-
ticular, on its structural characteristics. The studied
sulfonic cation exchangers are wide-porous (16/60)
and narrow-porous (30/100). The equivalent pore
diameters dominating in the samples are presented in
Table 3. The experimental data show that the sample
of cation exchanger with wider pores, KU-23-16/60
(d > 15 nm), exhibits the highest activity in produc-
tion of MTBE from BBF and methanol under the
same conditions. For the narrow-porous sample,
KU-23-30/100 (d = 1 mn), a significant increase in the
yield of product and conversion of isobutylene is ob-
served with increase in pressure by a factor of 1.5.
Under the selected conditions of MTBE synthesis,
the H-HSZ narrow-porous sample of the ZSM-5 type
exhibits low catalytic activity as well. It is evident
that in the case of sulfonic cation exchanger KU-23-
16/60 the system of wide transition pores facilitates
mass transfer in the catalyst granules, which, in turn,
increases the yield of the target product and the degree
of conversion of isobutylene.

The difference in the catalytic activity of the sam-
ples is also related to their acid3base characteristics
caused by the acidic groups3SO23OH in the styrene3
divinylbenzene matrix of ion-exchange resins or
Lewis or Brønsted acid centers in the case of H-HSZ.
The measurement of the total acidity of the samples
and differentiation of acid centers with respect to their
strength (Table 3) showed that on the surface of the
samples there are several types of acid centers dif-
ferent in the strength and that the strong acid centers
corresponding to the pK of the indicator transition
2.5 prevail. The KU-23-16/60 sample with increased
concentration of acid centers (151.70 1037 mol m32)
exhibits a high catalytic activity, and for low-efficient
catalyst in synthesis of MTBE (KU-23-30/100 sam-
ple) the concentration of acid groups is two orders of
magnitute lower (1.70 1037 mol m32). The feature of
distribution of acid centers on the surface of the zeo-
lite catalyst with respect to strength is the same as in
the case of sulfonic cation exchanger 30/100, and their
concentration is approximately 0.40 1037 mol m32.
The difference in the catalytic characteristics of these
two samples can be apparently caused by severe dif-
fusion deceleration in the H-HSZ sample, which
makes difficult mass transfer along the narrow zeolite
pores.

CONCLUSIONS

(1) The KU-23 sulfonic cation exchanger with
coarse pores and maximal concentration of acid cen-
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Table 3. Acid characteristics and pore diametersd of the catalyst samples
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Catalyst

³ Concentration of acid centersC 0 107, mol m32 ³

d, nm
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ´
³ at indicated pH of indicator transition ³

total
³

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³
³ 0.8 ³ 1.3 ³ 2.5 ³ 3.5 ³ 4.1 ³ 4.9 ³ 6.4 ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
KU-23-16/60 ³ 6.0 ³ 31.6 ³ 77.0 ³ 14.0 ³ 3.0 ³ 4.7 ³ 15.0 ³ 151.7 ³ 3.37

³ ³ ³ ³ ³ ³ ³ ³ ³ 17.3
³ ³ ³ ³ ³ ³ ³ ³ ³ 25.5

KU-23-30/100 ³ 0.1 ³ 0.4 ³ 0.9 ³ 0.07 ³ 0.06 ³ 0.01 ³ 0.1 ³ 1.7 ³ 1
H-HSZ-50 ³ 0.01 ³ 0.04 ³ 0.3 ³ 0.04 ³ 0.01 ³ 0.00 ³ 0.04 ³ 0.4 ³ 0.93
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

ters on the surface exhibits the highest activity in
catalytic synthesis of methyltert-butyl ether.

(2) Synthesis on the narrow-porous catalysts is
also possible at increased pressure, which makes
promising the use of microporous high-silica zeolites,
exhibiting specific acid characteristics and high heat
resistance, as catalysts for synthesis of methyltert-
butyl ether.
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Abstract-Kinetics of formation of potassium carbazolate in the system liquid3solid, catalyzed with
18-crown-6, was studied. Applicability of the previously proposed macrokinetic model to this process was
demonstrated.

Previously [1] we showed that in the absence of
catalysts the phase-transfer formation of potassium
carbazolate

k
(C12H8NH)sol + KOHsolid

76

47
(C12H8NK)solid + (H2O)liq

k
3

follows zero-order kinetics with respect to concentra-
tion of carbazole in the toluene solution. Based on this
fact, we proposed the adequate mathematic model
considering the transport of hydroxide ion to the phase
boundary organic phase3aqueous interphase as the
stage limiting the reaction kinetics:

dx mb
2/3

ÄÄ = k ÄÄÄÄ 3 k
3
xw, (1)

dt w

wherex andmb are the current amounts of carbazolate
and KOH (mmol), respectively, andw is the amount
of [free] water given by the equilibrium

K
KOH + H2O 76

47
KOH .H2O. (2)

In this work we studied the effect on this process of
18-crown-6 (18-C-6), the commonly used phase-trans-
fer catalyst able to transport KOH into the toluene
medium [2].

The procedure was similar to that described pre-
viously [1]. The process was carried out in refluxing
toluene (110oC) with powdered KOH (grain size
20+10 mm) in a device equipped with a stirrer and a
reflux condenser. In all runs the same amount of KOH
(1.5 mmol) of the same dispersity was used and the
amount of carbazole was varied from 1 to 3 mmol,
which corresponded to variation of its concentration in

the solution from 16.8 to 50 mM. The concentration
of 18-C-6 was varied from 3 to 10 mM.

The dependence of the initial rate of the process on
the catalyst concentration is presented in Table 1 and
Fig. 1. This dependence is an ascending curve with
saturation. In the initial portion of the curve (up to
[18-C-6] ; 5 mM) the initial rate (mmol min31) in-
creases approximately linearly with increasing concen-
tration of the catalyst:

Vinit 0 102 = (0.9+0.5) + (0.91+0.14)[18-Cr-6],

R = 0.977, S = 0.53.

It is likely that at given charges (1.5 mmol of KOH
and 1 mmol of carbazole in 60 ml of toluene) the max-
imal catalytic effect is reached at [18-C-6]; 6 mM
and corresponds to the initial rate of 0.06 mmol min31.

Table 1. Initial rate of formation of potassium carbazolate
Vinit and kinetic coefficients of Eq. (1) at various concen-
trations of 18-crown-6*
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

C, ³ Vinit 0 102, ³ k 0 102, ³ k
3
0 102,

mM ³ mmol min31 ³ mmol4/3 min31 ³ mmol31 min31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
0 [1] ³ 0.9 ³ 1.1+0.3 ³ 2.3+0.5
3.0 ³ 3.2+0.6 ³ 4.2+0.7 ³ 2.2+0.4
4.0 ³ 5.1** ³ ³
5.0 ³ 5.2+0.3 ³ 6.7+0.4 ³ 2.4+0.3
7.5 ³ 6.4+0.2 ³ 8.5+0.3 ³ 2.1+0.4

10.0 ³ 6.0+0.1 ³ 8.0+0.1 ³ 4.3+0.9
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Charge (+0.05 mmol): carbazole 1.00, KOH 1.50, H2O 1.69,

and toluene 60 ml; 110oC.
** Data of single run.
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As seen from data listed in Table 2, an increase in
the carbazole concentration in the solution by a factor
of 3 at a constant amount of KOH does not substan-
tially affect the initial rate of the process; this is
true for the state of the maximal catalysis efficiency
reached with the given catalyst ([18-C-6] = 7.5 mM).
Thus, as in the case of the noncatalyzed process,
under catalysis with crown ether the process rate is
limited by the transport of the reagent to the phase
boundary aqueous interphase3organic phase; the reac-
tion proceeds not in the bulk of the organic phase but
at the phase boundary or in the vicinity of the phase
boundary. It is well known that aqueous interphase at
the surface of solid salts or alkalis (w-phase) efficient-
ly sorbs the phase-transfer catalyst from the organic
phase [3]. It is likely that the phase-transfer catalyst
dissolved in thew-phase facilitates the reagent trans-
port in the bulk of this phase between the solid³liquid
and liquid³liquid phase boundaries. This mechanism
can easily explain the saturability of the catalytic ef-
fect of the phase-transfer catalyst.

Since, as mentioned above, potassium carbazolate
is formed (and also hydrolyzed) at the liquid³liquid
phase boundary, the process rate, if only in view of
mathematical formalism, should be described by mac-
rokinetic model (1). This suggestion was verified by
the mathematical simulation [1]. This procedure is
based on simultaneous solution of differential kinetic
equation (1) and algebraic equation corresponding to
equilibrium (2). The calculation was carried out by
numerical integration by the second-order Runge3
Kutta procedure. As seen from Fig. 2, the dynamics of
accumulation of carbazolate during the experiment is
adequately described by this mathematical model with
appropriate values of kinetic coefficientsk, k3, andK.
The averages ofk, k3, and Vinit = k(mb)0

2/3/w0 (from
334 similar runs) are listed in Table 1. It should be
noted that the numerical values ofk3 andK = 0.02 are
almost the same as in the case of the noncatalyzed
process [1], which additionally suggests the identity
of the mechanisms of both processes.

EXPERIMENTAL

The experimental procedure differed from that
described in [1] only in the method of monitoring the
course of the reaction. Potassium carbazolate formed
in the catalyzed process occurs partially in the form of
the complex with crown ether, slowly crystallizing
from the filtered toluene solution. Therefore, the
amount of unchanged carbazole was determined as the
difference between the total content of carbazole in

Vinit, mmol min31

C, mM
Fig. 1. Initial rate of formation of potassium carbazolate
Vinit as a function of concentration of 18-crown-6C.

X, mmol

t, min
Fig. 2. Calculated (curves) and experimental (points)
dynamics of accumulation of potassium carbazolate (X).
(t) Reaction time. 18-C-6 concentration (mM): (1) 3.0,
(2) 5.0, and (3) 7.5.

the toluene sample treated with water (spectropho-
tometrically, as described in [1]) and the amount of
potassium ions in the aqueous extract of this sample.
The content of potassium ions was determined using
a pH-673m device equipped with an EM-K-01 ion-
selective electrode. The potentiometric data were
processed using the calibration plots.

Experiments were repeated no less than three times.
The results of calculations given in this work are the
averages with their root-mean-square deviations.

The initial content of water in the reaction mixtures
was evaluated as the sum of the amounts of water
added with alkali (~15%) and toluene (~0.03%).

Table 2. Initial rates of formation of potassium carbazolate
Vinit at various concentrations of carbazoleCc*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Carbazole ³ Cc, ³ Vinit 0 102, ³ Number
amount, mmol³ mM ³ mmol min31 ³ of runs
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1.0 ³ 16.8 ³ 6.4+0.2 ³ 3
2.0 ³ 33.3 ³ 8.4+0.6 ³ 3
3.0 ³ 50.0 ³ 7.7+0.5 ³ 4

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Toluene volume 60 ml; KOH and H2O amounts 1.50 and

1.69 mmol, respectively; [18-C-6] 7.5 mM; 110oC.
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18-Crown-6 was added to the reaction mixtures in
the form of solution with given concentration, which
was prepared by dissolution in toluene of the sample
recrystallized from acetonitrile.

CONCLUSIONS

(1) 18-Crown-6 catalyzes the phase-transfer forma-
tion of potassium carbazolate in the system solid
KOH3toluene at 110oC, providing the maximal six-
fold increase in the initial rate of the process.

(2) Under conditions of the maximal efficiency of
phase-transfer catalysis with 18-crown-6, formation of
potassium carabazolate follows the zero-order kinetics
with respect to carbazole concentration in the toluene
solution.

(3) The kinetics of the catalyzed formation of
potassium carbazolate is adequately described by
the macrokinetic model proposed previously for the
similar noncatalyzed process, which suggests the
identity of the mechanisms of these processes.
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Abstract-IR spectroscopy and X-ray phase and chemical analyses were used to study the physicochemical
properties of fluoride-containing amorphous silicon dioxide obtained by hydrolysis of (NH4)2SiF6, and its
previously unknown biocide properties were discovered. Results of biotesting are presented.

Alkaline hydrolysis of (NH4)2SiF6 gives an amor-
phous porous mass with hydrated surface, which is an
active silica filler and is known as[white black] [1].

A distinctive feature of silica gel obtained by hy-
drolysis of the SiF6

23 ion (or SiF4) is the presence of
fluoride ions in it [2, 3]. The surface of the silicon
dioxide prepared by this procedure is hydrophobic
rather than hydrophilic [4]. However, the presence
of residual fluorine in silicon dioxide has not been
related to any specific physicochemical properties of
silica gel and, therefore, such silicon dioxide was not
classed with fluoride materials.

With account of the fact that ammonium hexa-
fluorosilicate occupies a prominent place in develop-
ing practically all flowsheets for processing of mineral
raw materials based on ammonium hydrofluoride and
is involved in reagent circulation, the SiO2 by-product
is supposed to be produced in large amounts. This
requires closer analysis of the effect exerted by resid-
ual fluoride ions on some properties of silicon dioxide
and a search for new fields of its application.

The aim of this work was to study the chemical
composition and biocide properties of hydrolytic sili-
con dioxide containing fluoride ions.

EXPERIMENTAL

Fluoride-containing silicon dioxide was isolated by
precipitation with ammonia from saturated solution of
sublimed (NH4)2SiF6. The precipitate was washed
with double-distilled water and dried at 903105oC.
Analysis for fluoride ions was made by steam distilla-
tion and titration of the distillate with a Th(NO3)4
solution. A sample obtained upon single washing of
the precipitate contained 6.9% fluoride ions, and that

furnished by triple washing, 3.2%. Further increase in
the number of washings (to 6 or 7) lowered the resid-
ual content of fluoride ions to 0.730.8%.

The presence of the NH4
+ ion was judged from the

IR spectra. A conventional spectrum did not contain
the characteristic bands of the ammonium ion. Only a
spectrum taken in a thick layer, at the band intensities
of the main substance of 200%, demonstrated the
presence of ammonium in hydrolytic silicon dioxide.
Chemical analysis for the ammonium ion was done by
the Kjeldahl method involving evaporation with a
20% NaOH solution. The empirical formula of hy-
drolytic silicon dioxide containing fluoride ions and
ammonium ions was established by chemical analysis:

Found, %: NH4
+ 1.8, F3 6.9.

(NH4)0.065SiO1.915F0.235.
Calculated, %: NH4

+ 1.82, F3 6.95.

The biocide activity was evaluated by standard
procedures [5]. The Czapek3Dox medium was ino-
culated with an aqueous suspension of mold spores
taken from a building wall infested by fungi. Glass
tubes 1 cm high, filled with a substance under study,
were placed at the center of a Petri dish inoculated
with fungi, and the culture was grown for 2 days in a
thermostat. The fungicide activity was determined as
the radius of the zone uninfected by fungi.

The algicide activity was evaluated from the action
on larvae of Balanus barnacles, the most common
fouling organisms at the Peter the Great Bay (Sea of
Japan). Fluoride ions were leached with seawater (1 l)
from 1 g of hydrolytic SiO2 in the course of 1 and
7 days, with subsequent 2-, 10-, and 100-fold dilution
of the leaching solution. Larvae (1003150 specimens)
were introduced into the prepared solutions, and the
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T

n, cm31

Fig. 1. IR spectra of (133) amorphous SiO2 with varied
content of fluoride ions prepared from (NH4)2SiF6 and
(4) (NH4)2SiF6. (T) Transmission and (n) wave number.
Content of fluoride ions (%): (1, 2) 6.9 and (3) 3.

deceased larvae were counted under a binocular mic-
roscope in a Bogorov chamber.

The chemistry of silicon dioxide was considered in
detail in the biological respect, including its toxicity,
in the monograph by Iler [4]. However, no attention
was given to the behavior of various kinds of inclu-
sions in SiO2, especially in its amorphous forms.
Depending on the preparation method and nature of
inclusions, the SiO2 properties may vary widely. For
example, silicon dioxide obtained from SiF4 has an
extremely low bulk density (0.0248 g cm33) and can
flow like water [4]. To evaluate the effect of fluoride
ions on the properties of hydrolytic SiO2 and deter-
mine in what form ammonium ions are incorporated,
a highly sensitive method of biotesting was used
together with the conventional physicochemical tech-
niques.

According to chemical analysis data, the sample
contained 1.8% ammonium ions, whereas the IR spec-
trum contained no corresponding bands (Fig. 1, spec-
trum 1). That is why other conditions were chosen for
taking an IR spectrum, which made it possible to con-
firm the presence of ammonium ions in the sample
(Fig. 1, spectrum2). In addition to the main Si3O
band (1100 cm31) and bands associated with the am-
monium ion (3330 and 1400 cm31) and water (34003

3600 and 1630 cm31), four absorption bands were
observed at 470, 720, 800, and 945 cm31. The first
two of these completely coincided, as also did the
absorption bands related to ammonium ion vibrations,
with the spectrum of (NH4)2SiF6 (Fig. 1, spectrum2)
and indicated the presence of this compound in SiO2.
The band at 800 cm31 was assigned to vibrations of
the Si3F bond, characteristic of the [SiX4] structural
unit, and the band at 945 cm31 was attributed, using
IR spectral tables, to vibrations of the Si3F bond in
[SiF2] and [SiF3] [6].

Thus, fluoride ions contained in hydrolytic SiO2
obtained from (NH4)2SiF6 are present in the form of
coprecipitated (NH4)2SiF6 and, according to published
data, are bound to surface silicon atoms.

Figure 2a shows a thermogram of this product. It
is seen that the sample loses weight mainly in two
stages: at 100 and 240oC. The total weight loss is
more than 20% [(NH4)2SiF6 8.9% and water the rest].

The gas phase composition was determined on
heating a sample in a quartz tube. It was found that
only water is lost below 140oC, then, up to 230oC,
water and ammonia, and above this temperature
(NH4)2SiF6 is evaporated. The release of ammonia
and the temperature regime correspond to the es-
tablished thermal behavior of pure (NH4)2SiF6.

A comparison of sample spectra before and after
annealing in the temperature interval 3003700oC
demonstrated that, upon heating, the intensities of the
bands at 800 and 945 cm31 (vibrations of the Si3F
bond) remained practically unchanged. Therefore, it
can be stated that fluoride ions bound to surface sili-
con atoms are retained up to 700oC. After annealing
at this temperature, the sample could absorb 6.5%
moisture (Fig. 2b). In contrast to fluoride ions, am-
monia was absent in the sample already upon heating
to 300oC.

Since SiO2 gel occludes (NH4)2SiF6, it would be
expected that this kind of silicon dioxide exhibits
biocide activity characteristic of salts of hexafluoro-
silicic acid.

Biotesting for resistance to fouling organisms (lar-
vae of Balanus improvisus) was performed. Table 1
lists data on larval loss in leaching solutions obtained
from SiO2 samples containing 3.2 and 6.9% fluoride
ions. In contrast to copper sulfate solutions (1 g per
liter of seawater), the loss of larvae was observed in
100% of cases even at 1 : 1 dilution. At stronger dilu-
tion, 15335% of larvae died in leaching solutions, and
only 538%, in a copper sulfate solution diluted to the
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Fig. 2. Thermograms of amorphous SiO2 precipitated from (NH4)2SiF6. (T) Temperature, (t) time, and (Dm) weight loss. SiO2:
(a) freshly precipitated and (b) annealed at 700oC.

same extent, indicating the high biocide properties
of SiO2 precipitated from an (NH4)2SiF6 solution.

It was found that, even in a multiply diluted leach-
ing solution, the survived larvae (about 90%) lost
their response to light and oxygen and did not restore
these functions on being placed in pure seawater.

For comparative evaluation of the toxic properties
of silicon dioxide modified with fluorine with respect
to Penicillium, Aspergillus, Mucor, and Cladospori-
um mold fungi, biotesting was also performed for
(NH4)2SiF6, CaF2, and fluoride-free SiO2 obtained
from rice husk. As a control substance was used
copper sulfate distinguished by its fungicide and bac-
tericide properties. Below is given the toxicity series
of the substances studied, constructed on the basis of
the no-fungus-growth zone radius: (NH4)2SiF6 ; SiO2
(6.9% F) > CuSO4 > SiO2 (3.2% F).

Silicon dioxide obtained from rice husk and CaF2
exhibited zero fungicide activity.

The practically equal toxicities of (NH4)2SiF6 and
SiO2 (6.9% F) were a surprising result, as amorphous
silicon dioxide is an insoluble and nonaggressive sub-
stance, and the content of fluoride ion in its sample
was by a factor of 10 lower than in ammonium hexa-
fluorosilicate. This result is very interesting and can
be of practical significance.

These data were confirmed by full-scale tests. In-
spection of a fungus-infected building wall treated

with a lime solution with addition of (NH4)2SiF6
(1 : 3 molar ratio) revealed a biocide effect. Table 2
lists the number of fungi at certain intervals of time
after the surface treatment.

It can be seen that ammonium hexafluorosilicate,
combined with calcium hydroxide, ensures a practical-
ly complete elimination of fungi and further protec-
tion of the treated surface from infestation with fungi.
These data disprove the argument [2] that fluorosili-
cates are incompatible with CaO or CaCO3 because of
the formation of inactive CaF2. The silica gel forma-
tion in the process has been disregarded.

The hydrolysis of (NH4)2SiF6 can be described by
the equations

(NH4)2SiF6 + 4NH3 + 2H2O = SiO2 + 6NH4F,

(NH4)2SiF6 + 3Ca(OH)2 = SiO2 + 3CaF2 + 2NH3 + 4H2O.

Table 1. Behavior of larvae in leaching solutions of flu-
oride-containing silicon dioxide
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Content of fluoride³

Dilution
³ Number of larvae

ions in sample ³ ³ dead in 24 h, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

3.2 ³ 3 ³ 28
6.9 ³ 3 ³ 100
6.9 ³ 1 : 1 ³ 100
6.9 ³ 1 : 10 ³ 35

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Number of fungi on infested surface
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Surface sample
³ Surface infestation
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ cells m32 ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Before treatment ³ 520 000 ³ 100
After treatment: ³ ³

in 1 day ³ 17 000 ³ 3.3
in 3 months ³ 5000 ³ 1.0
in 6 months ³ 3000 ³ 0.6
in 9 months ³ 2500 ³ 0.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. (NH4)2SiF6 leaching from SiO2. Sample weight
10 g, s : l = 1 : 10
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Duration of leach-³ Mass of dry ³Content of fluoride

ing, weeks ³ product, mg ³ ion in residue, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 93.7 ³ 6.3
2 ³ 187.4 ³ 5.7
3 ³ 281.1 ³ 5.1
4 ³ 359.1 ³ 4.6
5 ³ 437.2 ³ 4.1
6 ³ 515.3 ³ 3.6
7 ³ 577.7 ³ 3.2

15 ³ 870.0 ³ 1.3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction of (NH4)2SiF6 with calcium hydroxide
gives no CaSiF6. The SiO2 gel precipitating from
fluoride solutions occludes (NH4)2SiF6. The assump-
tion that the action of SiO2 on biological objects is
due to liberation of (NH4)2SiF6 contained in its pores
required experimental verification. Therefore, SiO2
leaching with water was performed, with subsequent
chemical and X-ray phase analysis of the leaching
product and IR spectral study of SiO2 after treatment.

Indeed, only (NH4)2SiF6 was found in solution.
Table 3 illustrates the dynamics of its leaching from
a sample with solid to liquid phase ratio of 1 : 10.

It can be seen that only after 15 weeks (NH4)2SiF6
completely passed into solution, which indicates low
mobility of (NH4)2SiF6 molecules entrapped in pores,
associated with the structuring of the molecules [7].

On sample treatment with water, all vibration
bands characteristic of the starting substance were
preserved in the IR spectra of residues for 24 h. How-
ever, the intensity of the band at 720 cm31, associated
with the SiF6

23 ion, decreased approximately three-
fold in a week. This confirmed, with account of the
X-ray diffraction pattern of the dry residue, the con-

clusion that fluoride ions are present in hydrolytic
SiO2 in two forms: as occluded mother liquor [8]
and hydroxide groups on the surface, substituted by
fluoride ions.

Upon prolonged contact of a sample with water,
bands at 3650 cm31 appeared in the SiO2 spectrum,
associated with OH groups in pores (Fig. 1, spec-
trum 4). Their appearance was probably due to
(NH4)2SiF6 removal from pores.

The slow leaching of (NH4)2SiF6 from SiO2 en-
sures prolonged biocide action of a lime solution with
addition of (NH4)2SiF6, applied to a surface infested
by fungi. The hydrophobic properties of SiO2 gel, in
their turn, do not favor the vital functions of fungal
colonies. The antimycotic effect is also enhanced by
calcium fluoride filling the pores of the treated sur-
face, which is unfavorable for aerobic fungi.

The obtained data allow hydrolytic silicon dioxide
to be regarded as silicon oxyfluoride. With account of
the structure of common silica gels SiO2 .nH2O and
the results of studies of residues and leaching products
by chemical, X-ray phase, and IR spectral analyses,
additionally confirmed by biotesting, the empirical
formula (NH4)0.065SiO1.915F0.235 is more adequate-
ly represented as SiO1.98F0.04.n(NH4)2SiF6 with
SiO1.98F0.04 matrix. The matrix formula was found
from the mass of ammonium hexafluoride passed into
solution. Its amount (8.7% relative to weighed portion
and 5.6% in terms of fluoride ions in the starting
sample) corresponded to about 1.26% firmly bound
fluoride ions belonging to the SiO2 matrix.

The fraction of surface fluoride ions can be de-
creased or increased only slightly, which is due to the
strictly defined number of OH groups on the surface,
of which no more than a half can be replaced by flu-
oride ions without disruption of the SiO2 structure [4].
The content of fluoride ions in a sample can only be
changed via (NH4)2SiF6 absorption.

CONCLUSIONS

(1) IR spectral and chemical analyses demon-
strated that amorphous silicon dioxide obtained by
hydrolysis of (NH4)2SiF6 contains fluoride ions im-
parting to it biocide properties characteristic of salts of
hexafluorosilicic acid.

(2) It is shown that a part of fluoride ions are pres-
ent in SiO2 in the form of (NH4)2SiF6 occluded in
the course of precipitation, with the other part replac-
ing the surface OH3 groups and being preserved upon
heating to 700oC. In accordance with the content of
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firmly bound fluoride ions (~1.26%), hydrolytic sili-
con dioxide is regarded as silicon oxyfluoride SiO1.98.
F0.04 containing up to 8.9% (NH4)2SiF6.
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Abstract-Features of treatment of the standard chrome plating wash water to remove Cr(III) with KU-1
cation exchanger in the H form were considered. The optimal conditions of Cr(III) recovery and ion exchanger
regeneration were determined.

In [1, 2], a two-stage scheme of recovery and utili-
zation of the main components of the standard chrome
plating wash water was proposed. The scheme is
based on the ion exchange followed by electrochemi-
cal treatment of chromium-containing eluates. The
model and real wash waters with variable content of
metal ions (g l31) were used: chromium(VI) (in the
form of CrO4

23 and Cr2O7
23) up to 2.0, copper(II) up to

0.01, nickel(II) up to 0.01, and iron(III) up to 0.015.
Along with chromium(VI) and the above foreign
metal ions, wash water of standard chrome plating
contains Cr(III). The chromium(VI) recovery from
wash water by ion exchange was studied in [3, 4].

In this work we studied the features of Cr(III)
ion-exchange recovery from wash water of standard
chrome plating and determined its optimal parameters.

To recover Cr(III), we used a KU-1 cation ex-
changer in the H form, which was loaded into a col-
umn of 160 mm height and 18 mm inner diameter.
The ratio of the cation exchanger bed height and col-
umn diameter was 9 : 1. The average diameter of ion
exchanger grain was 2.50 1033 m. Ion exchange was
studied by both dynamic (with the concentration con-
trol at the ion-exchange column outlet) and static
methods. The chromium(III) content was determined
spectrophotometrically and by atomic absorption with
SF-26 and S-115 spectrophotometers, respectively.
The error of the above methods was 1.532.0%.

Ion exchange involves a series of successive stages
of mass transfer over the interface controlled by hy-
drodynamic regime of the movement of the liquid
phase [5]. Therefore, the efficiency of ion exchange
should depend on the linear velocity of the flow of
chromium-containing wash water. This is confirmed

by ion-exchange output curves at various flow veloci-
ties (Fig. 1a) and ion-exchange characteristics (dy-
namic exchange capacity DEC and capacity up to
breakthrough CB). DEC is the maximal mass of chro-
mium(III) ions retained by 1 kg of swollen ion ex-
changer under the taken dynamic conditions of water
flow. CB is the maximal mass of Cr(III) ions retained
by 1 kg of ion exchanger up to appearance of Cr(III)
in the eluate. The velocity of wash water flowU
3.25 m h31 corresponds to the absence of CB and in-
significant decrease in DEC. At this and higher flow
rate, CB cannot be determined quantitatively by the
above method of analysis. Hence, only linear flow
velocities lower than 3.25 m h31 are of practical in-
terest. DEC and CB (Fig. 1b) are nonlinear functions
of U: CB has a maximum at the flow velocity of
2.0 m h31, and DEC decreases with increasingU. The
flow velocity of 2.0 m31 is optimal, as it corresponds
to high DEC value and maximal CB (31.6 and 10.6 g
per kg of the resin, respectively).

The analysis of the ion-exchange kinetics with
equations of diffusion kinetics suggests existence of
the limiting stage of ion exchange. It is known [5] that
at the metal concentration from 0.003 to 0.1 M ion
exchange proceeds under conditions of mixed kinetics.
The contribution of the internal diffusion constituent
increases with increasing metal concentration. Since
for these conditions the theory is not developed com-
pletely, to determine the limiting stage we used equa-
tions of internal diffusion kinetics for the case of sim-
plest models (sphere, cylinder, plate) [6], which are as
follows:

3ln(1 3 F) = Bt 3 ln A, (1)

where A and B are coefficients depending on the
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C, g l31 (a)

V, l kg31

DEC, g kg31 CB, g kg31
(b)

U, m h31

Fig. 1. Effect of (a) volumeV and (b) flow velocityU of wash water on (a) the outlet concentration of Cr(III)C and (b) (1) CB
and (2) DEC. Chromium(III) concentration 0.15 g l31; the same for Fig. 2. (a) Wash water flow velocityU (m h31): (1) 0.5,
(2) 1.0, (3) 2.0, and (4) 3.25.

model taken,F is the exchange degree, andt is the
exchange time.

The use of Eq. (1) is advisable atF > 0.7, because
at high exchange degree the contribution of the inter-
nal diffusion constituent is very large. CoefficientA is
the criterion of adequacy of the model taken and is
0.61, 0.69, and 0.81 for sphere, cylinder, and plate, re-
spectively. In this case, the sphere model is the most
acceptable. At highF, coefficientB can be determined
from the slope of the3ln (1 3 F)3t dependences. Then,
the apparent diffusion coefficientD can be calculated:

B = Dp
2 / R2, (2)

where R is the ion exchanger grain radius.

The value ofD is 1.50 1038 cm2 s31. This value
corresponds to the prevalence of the internal diffusion
constituent and small contribution of the external dif-
fusion. This allows explanation of the dependence of
DEC on the velocity of wash water flow (Fig. 1b,
curve 2). At increased velocity, the contact time in
the ion exchanger grain3liquid phase system becomes
shorter, and hence, DEC decreases (especially strong-
ly at the velocities higher than 3.25 m h31).

The effect of chromium(III) concentration in the
wash water on the ion exchange dynamics was found
at the wash water flow velocity of 2.0 m h31 (Fig. 3a).
With increasing metal ion concentration from 0.1 to
0.3 g l31, CB and DEC change (Fig. 3b), and their
maxima are observed at a Cr(III) concentration of
0.15 g l31. Probably, such dependences are due to
Cr(III) complexation in sulfate solutions. At the Cr(III)

concentration increased to 0.15 g l31 transfer of metal
ion from the solution to the surface of the ion ex-
changer grain accelerates, and DEC and CB increase.
At Cr(III) concentration higher than 0.15 g l31, the
internal diffusion constituent becomes prevailing, and
DEC and CB decrease. The apparent diffusion coef-
ficient D was 3.501038 cm2s31. The effect of Cr(III)
concentration was studied also for other velocities of
wash water flow within the 0.136.25 m h31 range. It
was found that the shape of the DEC and CB depen-
dences and the location of curve maxima are indepen-
dent of the chromium(III) concentration. This is
caused by a fairly narrow range in variation of the
Cr(III) concentrations studied.

The above data on chromium(III) recovery show
that fairly high wash water volume to breakthrough,
maximal capacity to breakthrough (it amounts to 7.3,
10.6, 2.1, and 1.0 g per kg of the resin for concentra-

t, h
Fig. 2. Kinetics of Cr(III) sorption with KU-1 cation ex-
changer in the H form: (F) exchange degree and (t) time.
Wash water flow rateU (m h31): (1) 0.5, (2) 1.0, (3) 2.0,
and (4) 3.25.
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(a)C, g l31

V, l kg31

(b)DEC, g kg31 CB, g kg31

C, g l31

Fig. 3. Influence of wash water volumeV and Cr(III) con-
centrationC on (a) the outlet concentration of Cr(III)C
and (b) (1) DEC and (2) CB. Wash water flow velocity
2.0 m h31. (a) Cr(III) concentration (g l31): (1) 0.1, (2) 0.15,
(3) 0.2, and (4) 0.3.

tions of 0.1, 0.15, 0.2, and 0.3 g l31, respectively), and
maximal DEC (31.6 g kg31) correspond to the Cr(III)
concentration of 0.15 g l31.

Ion exchanger regeneration was performed with

Amount of chromium(III) recovered in regeneration
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

H2SO4,
³ Amount of Cr(III), g, in indicated time, h
ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

g l31
³ 1 ³ 3 ³ 22 ³ 24 ³ 47

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
25.0 ³ 0.015³ 0.023 ³ 0.052 ³ 0.067 ³ 0.084
50.0 ³ 0.031³ 0.049 ³ 0.080 ³ 0.104 ³ 0.116

100.0 ³ 0.027³ 0.034 ³ 0.066 ³ 0.083 ³ 0.099
150.0 ³ 0.022³ 0.031 ³ 0.062 ³ 0.080 ³ 0.102
200.0 ³ 0.021³ 0.032 ³ 0.063 ³ 0.083 ³ 0.104
250.0 ³ 0.022³ 0.033 ³ 0.064 ³ 0.083 ³ 0.105

ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

sulfuric acid solutions. We considered the effect of
acid concentration and flow velocity of the solution
on this process. The effect of acid concentration was
studied by the static method. Cation exchanger was
saturated with Cr(III) ions under the optimal condi-
tions (0.15 g l31, 2 m h31) and then washed up to
absence of trace amounts of Cr(III) in the eluate.
Then, the resin was dried to the constant weight.
The samples of solutions containing the same amount
of H2SO4 and various amounts of water were added
to the equal samples of the ion exchanger (4.0 g). The
ratio of the cation exchanger to H2SO4 was 1 : 6.25
(by weight). The amount of Cr(III) recovered was
determined by chemical analysis as a function of the
time of cation exchanger contact with the solution.
The data obtained are listed in the table.

As seen, the best recovery is reached with 50.0 g l31

H2SO4, which was used in the subsequent experi-
ments.

We found that the maximal amount of the metal
recovered corresponds to the flow velocity of sulfuric
acid of 1.0 m h31 (Fig. 4). This follows from com-
parison of the areas under the corresponding curves.
At any volume of the sulfuric acid solution, the
velocity of 1.0 m h31 corresponds to the maximal
amount of Cr(III) in the eluate, which is important for
the further processing of the eluates into the commer-
cial product. This result can be explained as follows.
At the flow velocity of the H2SO4 solution below
1.0 m h31, the regeneration of the resin is controlled
by mixed kinetics and at higher velocities, it is con-
trolled by internal diffusion kinetics, which decreases
the amount of recovered Cr(III).

The dependences of the recovery degree on the
amount of sulfuric acid solution show that the maxi-
mal recovery is reached at a flow velocity of 1.0 m h31

(98%), while for the velocities of 0.25, 0.5, and
2.0 m h31 it was 64.4, 80.1, and 78.3%, respectively.

The volume of the acid solution required for com-
plete regeneration was 43.12 l per kg of the resin
[98% of chromium(III) recovery]. The 80% recovery
of Cr(III) is reached on passing 7.2 l per kg of the
resin. It is reasonable to maintain this level of the
resin regeneration, because the additional volume of
the acid required to reach the 98% recovery is unduly
large. On the other hand, the incomplete regeneration
degree should lower DEC and CB in the further use
of the ion exchanger, which should be taken into con-
sideration when designing the equipment for treatment
of industrial wastewater.
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(a)C, g l31

V 0 25, l kg31

(b)P, g kg31

V, l kg31

Fig. 4. Effect of the volume of the regenerating solutionV on (a) the outlet concentration of Cr(III)C and (b) the amount of
Cr(III) recoveredP. Concentration of H2SO4 50 g l31. H2SO4 flow velocity (m h31): (1) 0.25, (2) 0.5, (3) 1.0, and (4) 2.0.

CONCLUSIONS

(1) Optimal parameters of Cr(III) cation exchange
recovery from wash water of the standard chrome
plating were determined: Cr(III) content in wash water
0.15 g l31 and wash water flow velocity 2.0 m h31.
Under these conditions, the dynamic exchange capac-
ity and the cation exchanger capacity to breakthrough
were 31.6 and 10.6 g per kg of the resin, respectively.

(2) It is advisable to regenerate the ion exchanger
with 50 g l31 sulfuric acid at the flow velocity of
1.0 m h31 to recovery degree of 80%.
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Abstract-Color removal from aqueous solutions of humic substances by introducing Praestol (cationic
coagulant) in combination with aluminum sulfate (flocculant) was studied as a function of the coagulant and
flocculant concentrations, chemical composition of flocculant, its molecular weight, macromolecule con-
formation in solutions, pH, and the order and time of coagulant and flocculant introduction.

Numerous problems of the natural and wastewater
decontamination can be successfully solved by the use
of flocculant (F) in combination with coagulant (C)
[1, 2]. The promising approach to solution of these
problems is based on the use of macromolecular floc-
culants Praestols1 of cationic type belonging to wide-
ly used polyacrylamide flocculants. These compounds
are copolymers of acrylamide (AA) and dimethylami-
nopropylacrylamide methylene chloride (DMAPA
MC). It was found previously that cationic Praestols
in combination with aluminum sulfate as a coagulant
can be used for color removal from water [3]. It was
shown also that the mixtures of cationic and anionic
Praestols promote sedimentation of kaolin3water sus-
pensions [4]. For efficient use of Praestols for color
removal from water, data are required on the influence
of molecular characteristics of flocculants and features
of dispersed systems on flocculation. This matter is
poorly studied by now. In this work we studied the
effect of chemical composition, molecular weight, and
conformation in solution of cationic Praestol on color
removal from model solutions of humic substances.
This process was studied also as influenced by pH of
the medium and the order and time of the flocculant
and coagulant [Al2(SO4]3 introduction.

EXPERIMENTAL

The characteristics of the cationic Praestol samples
used in our experiments are listed in the table. The
Praestol samples A, B, C, and D were prepared at the
Moscow3Stockhausen3Perm Russian3German Private
Company; F, G, H and I samples were prepared by
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Moscow3Stockhausen3Perm Russian3German Private Com-

pany.

chemical degradation of Praestol C. Aluminum sulfate
Al2(SO4)3 .18H2O, pure grade [GOST (State Stan-
dard) 3758365], and distilled water were used. Other
reagents were of chemically pure grade.

The content of the DMAPA MC ionic units in the
Praestol macromolecules was evaluated from the
content of chloride anions determined mercurimetri-
cally [5].

The molecular weight of Praestol M was evaluated
by measuring the intrinsic viscosity of its aqueous

Characteristics of Praestol flocculants of cationic type
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³

Brand
³ [h], ³ Unit content, mol %

³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄple* ³ ³ cm3 g31
³ AA ³DMAPA MC

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
A ³ 611 ³ 920 ³ 91 ³ 9
B ³ 650 ³ 690 ³ 80 ³ 20
C ³ 644 ³ 620 ³ 73 ³ 27
E ³ 655 ³ 555 ³ 67 ³ 33
F ³ 3 ³ 370 ³ 73 ³ 27
G ³ 3 ³ 270 ³ 73 ³ 27
H ³ 3 ³ 175 ³ 73 ³ 27
I ³ 3 ³ 100 ³ 73 ³ 27

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Structural formula of macromolecule:

|
CO=
|
NH2

3(3CH3CH23 CH3CH23)n3,
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CO =
|
R
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CO=
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solutions [h], since according to Mark3Kuhn3Hou-
wink equation,M ~ [h]. The [h] values of Praestol
solutions in 0.5 M NaCl were determined with an
Ubbelohde viscometer (dc = 0.54 mm) at 25oC.

The effective size of Praestol macromolecule in
solution was evaluated from the reduced viscosity of
its aqueous solutionhsp/Cp at a fixed copolymer con-
centrationCp [638]. The reduced viscosity was meas-
ured with a VPZh-3 viscometer (Cp 0.002%, dc =
0.54 mm) at 25oC.

The pH of solutions was measured on a pH-121 pH
meter with ESL-63-07 glass and chloride (EVL-1M3)
silver electrodes.

Praestol B sample (see table) was subjected to
degradation in 0.1% aqueous solition at 50oC in the
presence of 0.008% potassium persulfate as a radical-
generating agent. The degradation of Praestol was
monitored viscometrically [9]. This reaction was per-
formed in a cylindrical reaction vessel equipped with
a thermostated water jacket, a magnetic stirrer, a con-
trol thermometer, and a sampling tube. In the course
of degradation at certain intervals a portion of Praestol
solution was sampled and both [h] and the efficiency
of the color removal were determined. The table
shows that the Praestol F, G, H and I samples pre-
pared by chemical degradation of Praestol B are char-
acterized by different [h] but identical chemical com-
position.

In our experiments we studied color removal from
aqueous solutions of humic substances with a color
index equal to 226o (cobalt bichromate scale). These
solutions were prepared by dilution of biohumus
[TU (Technical Specifications) 9891-007-111580398]
with water with stirring. The mixture was settled for
2 days, the precipitate and suspension were separated
by filtration, and the resulting filtrate was diluted so
as to achieve the above-indicated color index which
varies in direct proportion with the optical density [4].
Color removal from a humus solution was carried out
as follows. In the first stage a coagulant was intro-
duced into a solution of humic substances and then,
after 1min, a flocculant was added. The mixture was
stirred, kept for 1 h, and filtered through a Schott fil-
ter. The filtrate was poured into a 5-cm quartz optical
cell, and the reference cell was filled with distilled
water. The optical density was determined on a
KFK-2 photocolorimeter at 400 nm. The color re-
moval efficiency was evaluated by the expression

E = (n0 3 n)/n,

wheren0 and n are the optical densities of the initial

E

t, min
Fig. 1. Dependence of color removal efficiencyE on time
(t) of introduction of the second component of the C + F
mixture. Cp = 0.5 mg l31, Cc = 40 mg l31. Order of reagent
introduction: (1) C + F and (2) F + C.

aqueous solution of humic substances and that after
introduction of the coagulant and flocculant, respec-
tively.

In the first experiments we studied the dependence
of the color removal from solutions of humic sub-
stances on the order and time of introduction of a floc-
culant (Praestol C) in combination with a coagulant
(C). Two series of experiments were performed which
differ by the order of introduction of flocculant and
coagulant. In the both series of experiments the co-
agulant (Cc) and flocculant (Cp) concentrations were
constant and the second reagent was introduced at dif-
ferent intervals after introduction of the first reagent.
Figure 1 shows the results of these experiments. It
is seen that at simultaneous introduction of the floc-
culant and coagulant mixture F + C (t = 0) the color
removal efficiency is lower than that at separate in-
troduction of the reagents (t > 0). The mutual arrange-
ment of curves1 and2 in Fig. 1 shows that introduc-
tion of the flocculant after the coagulant (C + F) in-
creases the color removal efficiency to a larger extent
than introduction of the coagulant after the flocculant
(F + C) at the same intervals. This result shows that
irreversible sorption of flocculant macromolecules
depends on the order of the reagent introduction. The
maximum color removal efficiencyE was observed
when the flocculant was added 1 min after introducing
the coagulant (Fig. 1, curve1). This is due to the fact
that under these conditions the coagulant has time to
be hydrolyzed to sufficient extent to form positively
charged particles capable of associating with the nega-
tively charged particles of humic acids. The resulting
coagulant3humic acid aggregates rapidly coagulate. In
further adding a flocculant the more complicated ag-
gregates containing coagulant and humic acid particles
and flocculant molecules can be formed. The humic
acid3flocculant units in these aggregates are the in-
terpolymeric complexes [10] formed by interaction of
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E

log Cp + 1 [mg l31]

Fig. 2. Dependence of color removal efficiencyE on floc-
culant concentration (Praestol C)Cp at varied coagulant
concentrations. Order of reagent introduction C + F, the
flocculant was added 1 min after introducing the coagulant.

E hsp/Cp, cm3 g31

Fig. 3. Dependence of (134) color removal efficiencyE
and (5) parameterhsp/Cp of flocculant (Praestol C) solu-
tions on pH. (134) Cp = 0.5 mg l31; Cc = 16 mg l31. The
parameterhsp/Cp was determined atCp = 0.1% at 50oC;
the same for Fig. 5. Content of ionic groups in flocculant,
mol %: (1) 9, (2) 33; (3) 20, and (4, 5) 27.

E

[h], cm3 g31

hsp/Cp, cm3 g31

Fig. 4. Dependence of (1) color removal efficiencyE and
(2) parameterhsp/Cp on [h] of flocculant (Praestol C)
solutions. Cp = 0.5 mg l31, Cc = 24 mg l31.

the free carboxy and phenolic groups of humic acids
with the amino groups of the flocculant. Due to this
cooperative interaction between the coagulant and
flocculant, coarse floccules are formed which precipi-
tate, facilitating color removal from water. Based
on these results, in further experiments we added floc-
culant 1 min after introducing the coagulant.

The efficiency of removal of colored humic sub-
stances from aqueous solutions at different flocculant
concentrations was studied with the use of Praestol C.
Figure 2 shows that the color removal efficiency in-
creases with increasingCp both in the absence of the
coagulant (curve1) and in its presence in varied
amounts (curves234). Comparison of these curves at
constantCp shows also that introduction of the coagu-
lant and increase of its concentration (passing from
curve 1 to curve 4) improve the color removal. In
accordance with the above-considered mechanisms,
this effect is due to formation of bridging bonds con-
necting particles of coagulant and humic acids and
flocculant macromolecules. These processes result
in formation of coarse floccules capable of fast sedi-
mentation.

The color removal from solutions of humic sub-
stances as influenced by pH was studied for Praestols
A, B, C, and E of different chemical composition and
close molecular weight (see table) at constant con-
centrations of both flocculant and coagulant. The
required pH was adjusted by adding HCl and NaOH
aqueous solutions. As seen from Fig. 3, the plots of
E vs. pH show maximum for all flocculant samples
irrespective of their chemical composition. The maxi-
mal E in these plots is observed at pH~7. The similar
maximum occurs in the plot ofhsp/Cp vs. pH (Fig. 3,
curve5) which characterizes the pH dependence of the
effective size of macromolecular globules of the floc-
culant. This fact is indicative of the correlation bet-
ween the color removal efficiency of the flocculant
and its conformational state in solution. At pH < 11
the dissociation degree of the ionic groups of the floc-
culant increases, the electrostatic repulsion between
the positively charged sites along a polymeric chain
increases, and, as a result, the flocculant macromole-
cules lengthen and the flocculant globules become
larger. This effect is manifested as increase inhsp/Cp.
At pH < ~7 the concentration of counterions increases,
compensating the fixed positive charges of the macro-
molecular chains and weakening the electrostatic re-
pulsion along them. Therefore, the flocculant globules
become more compact, which is manifested as the
decrease inhsp/Cp (Fig. 3, curve5). Figure 3 shows
that the maximum color removal is observed for Pra-
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estol C containing 27% ionic groups. This flocculant
is characterized by the maximalhsp/Cp parameter
and, therefore, by the largest effective size of macro-
molecules. These results show that in the case of Pra-
estol C the largest floccules are formed at pH 7. These
floccules, due to their low aggregative stability in
solution and fast sedimentation, facilitate color re-
moval from water (Fig. 3).

The dependence of the color removal efficiency on
[h] of the flocculant solutions was studied for Praes-
tols F, G, H, and I with the similar chemical composi-
tion of the macromolecules (see table) at constantCp
andCc. These results show (Fig. 4, curve1) that with
increasing [h] the color removal efficiency increases.
The dependence ofhsp/Cp on [h] (Fig. 4, curve2)
is similar, i.e., theincrease in the color removal effi-
ciency correlates with the increase in the macromole-
cule effective size. As a result, coarser floccules are
formed incorporating larger amount of humic acids
and accelerating the sedimentation.

CONCLUSIONS

(1) In introduction of flocculant in combination
with coagulant into humic acid aqueous solutions the
color removal efficiency increases with increasing [h]
of flocculant and coagulant and flocculant concentra-
tions, in passing from simultaneous to successive
introduction of reagents, and when changing the order
of the reagent introduction from (coagulant after floc-
culant) to (flocculant after coagulant).

(2) The most efficient color removal from solutions
of humic substances is provided by Praestol flocculant
containing 27 mol % of ionic groups at pH 7 when
the largest macromolecular globules are formed.
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Abstract-Use of a new type of apparatus, high-output small-size tubular turbulent reactors of mainly dif-
fuser3confuser design, in very fast processes, including polymerization, is considered. The turbulent diffusion
coefficient Dt and its distribution over the apparatus volume were calculated as functions of the confuser
divergence anglea. The calculations were confirmed by experimental data. New reactor designs for a number
of processes of large-tonnage polymer production were proposed and put into practice.

One of the most important problems of chemical
industry in performing both chemical and physical
processes consists in organizing fast and high-quality
mixing of fluid3fluid and gas3fluid flows, which
requires intensification of mass-transfer processes.
This problem is particularly topical in developing
technologies for fast, primarily polymerization, proc-
esses in which mixing flows have strongly different
densities and viscosities. This is clearly seen even in
mixing infinitely soluble fluids, e.g., sulfuric acid
or glycerol with water, when a phase boundary is
preserved for a long time [1].

In industry, basic processes are commonly per-
formed in volume mixing apparatus equipped with
mechanical devices for vigorous stirring. However, in
conducting fast exothermic processes in solution, e.g.,
cationic polymerization of isobutylene, copolymeriza-
tion of isobutylene with isoprene or styrene, interac-
tion of sulfuric acid with water, etc., volume mixing
reactors have low efficiency, similarly to tubular plug-
flow apparatus with laminar flows.

An ovel solution to the problem of developing tech-
nologies for fast chemical processes and improving
the technical and economical parameters of the pro-
duction process as a whole was to use reactors of new
type. These were high-output small-size tubular ap-
paratus operating in a quasi-plug-flow mode with
turbulent flows and combining advantages of tubular
plug-flow and volume mixing apparatus. These reac-

tors also exhibited novel fundamental properties un-
typical of the conventional industrial apparatus [234].
The problems of achieving a vigorous stirring of the
reaction medium, at which homogeneous reactant con-
centration fields are created in this kind of apparatus,
are solved in a simpler and more efficient way.

The aims of this work were to analyze theoretically
the turbulent mixing of fluid flows in tubular jet ap-
paratus particularly efficient in fast chemical reactions
(with characteristic reaction timetch < 1032 s) and
physical mass-exchange processes, to provide recom-
mendations for the reactor design on the basis of the
analysis, and to discuss some examples of their in-
dustrial use.

As is known, the efficiency of mixing largely
depends on the relative variation of the coefficient of
turbulent diffusion along the reactor axis [2, 3]. The
efficiency of mixing can be improved not only by
raising the linear flow velocityu0, but also by main-
tainingDt at a certain high level along the direction of
flow motion. This can be achieved by generating re-
circulation zones in a tubular apparatus, in particular,
by changing the design (geometric arrangement) of
the reactor [5]. Rather efficient in this regard are
small-size tubular turbulent apparatus with identical
repeating geometric units of diffuser3confuser design
(Fig. 1b) ensuring a noticeable (by an order of mag-
nitude and more) increase inDt and maintaining con-
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(a)

(b)

Fig. 1. Schematic of tubular turbulent apparatus of (a) cy-
lindrical and (b) diffuser3confuser types. (a) Confuser
divergence angle and (d) diameter of inlet and outlet ori-
fices. (138) Apparatus zones and (I3IV) diffuser3confuser
sections.

stant flow turbulence along the apparatus at arbitrary
length [6].

The theoretical description is based on the follow-
ing main model assumptions: The medium is New-
tonian and incompressible; the flow is axially sym-
metrical and nonswirling; the turbulent flow can be
described in terms of the so-called standard model [7]
whose parameters are the specific kinetic energy of
turbulence,K, and its dissipatione; it is assumed that
the coefficient of turbulent diffusion is equal to the
kinematic coefficient of turbulent viscosityDt = Kt =
mt /r. Let us write the mathematical model equations
within the framework of these assumptions in the
cylindrical system of coordinates: the continuity equa-
tion expressing the mass conservation law

1 §(ru) §v
ÄÄÄÄÄÄ + ÄÄÄ = 0; (1)
r §r §z

the momentum transfer equation

r §(ruu) §(uv) §p 1 §(rt11) t33 §t21
Ú ¿

ÄÄÄÄÄÄÄ + rÄÄÄÄ = 3ÄÄ 3 ³ÄÄÄÄÄÄÄ 3 ÄÄÄ + ÄÄÄ³,
r §r §z §r r §r r §zÀ Ù

(2)

r §(ruv) §(vv) §p 1 §(rt12) §t22
Ú ¿

ÄÄÄÄÄÄÄ + rÄÄÄÄ = 3ÄÄ 3 ³ÄÄÄÄÄÄÄ + ÄÄÄ³,
r §r §z §r r §r §zÀ Ù

(3)

with the components of the stress tensor given by

t11 = 32m§u/§r, t22 = 32m§v/§z, t33 = 32mu/r, (4)

t12 = t21 = 3m (§v/§r + §u/§z); (5)

and the equations describing the transfer of specific
kinetic energy of turbulence and its dissipation

r §(ruK) §(vK) 1 § m r§K § m §K� � � �
ÄÄÄÄÄÄÄ + rÄÄÄÄ = 3ÄÄÄÄ�ÄÄÄÄÄÄÄ� + ÄÄ�ÄÄÄÄÄ�
r §r §z r §r sK §r §z sK §z� � � �

+ mtG 3 re, (6)

r §(rue) §(ve) 1 § m r §e § m §e� � � �
ÄÄÄÄÄÄÄ + rÄÄÄÄ = 3ÄÄÄÄ�ÄÄÄÄÄÄÄ� + ÄÄ�ÄÄÄÄÄ�
r §r §z r §r sE §r §z sE §z� � � �

+ mtC1Ge/K 3 C2re
2/K, (7)

G = [(t2
11 + t2

22 + t2
33)/2 + t2

12]/m
2, (8)

CmK2

mt = rÄÄÄÄ, (9)
e

where p is pressure,r is the radial coordinate,u is
the axial velocity component,v is the radial velocity
component,z is the longitudinal component,m is
the effective dynamic viscosity coefficient,mt is the
dynamic coefficient of turbulent viscosity, andr is
density.

The following standard constants of the turbulence
model were used:

C1 = 1.44,C2 = 1.92, Cm = 0.09,sK = 1.0, sE = 1.3. (10)

The flow of a fluid with dynamic viscosity coeffi-
cientmm = 0.001 Pa s and densityr = 1000 kg m33 is
considered. The boundary conditions are conditions
of symmetry along thez axis and condition of fluid
adhesion to the solid wall surface. The pressure was
set at the apparatus outlet (along the CD line), and
the linear flow velocity u0 = 5 m s31, at the inlet
(AB line) along the symmetry axis. The lengths of the
inlet and outlet orifices of the tubular apparatus ex-
ceeded its diameter manyfold (L >> d). This ruled out
any influence of the input and output turbulence pa-
rameters on the characteristics of turbulent flow in the
diffuser3confuser part of the apparatus, which is the
object of study. It was also taken thatDt = Vt = mt /r.

To confirm the adequacy of the calculations per-
formed, the obtained theoretical results were com-
pared with the available experimental data for a cy-
lindrical channel of constant diameter (Fig. 1a) at
Re = 20 105 [8], with the obtained results also in
agreement with the calculations done in [9]. In par-
ticular, Table 1 lists the lengths of the circulation zone
appearing in the peripheral part of the tube, immedi-
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Table 1. Calculated and experimental circulation zone
lengths Lc /d
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Divergence

³ Lc /d
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

anglea, deg
³

experiment
³ calculation

³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ [8] ³ this study ³ [9]

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
30 ³ 4.1 ³ 3.4 ³ 3.5
90 ³ 4.6 ³ 4.7 ³ 4.7

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

n, %

Dt 0 104, m2 s31

Fig. 2. Degree of emulsion homogeneity,n, vs. turbulent
diffusion coefficientDt in the diffuser3confuser channel of
a tubular apparatus.

Fig. 3. Comparison of experimental and calculated axial
velocities and specific kinetic energies of turbulence in
the channel of a tubular apparatus. (u) Axial velocity com-
ponent, (u0) linear flow velocity, (K) kinetic energy of tur-
bulence, (r) radial coordinate, and (d) diameter of the inlet
and outlet orifices of the apparatus. Calculation: (1) this
study and (2) [9]; (3, 4) experiment [8].

ately downstream from the flow inlet into the diverg-
ing channel. A satisfactory agreement is observed
(within 15%) between the calculated and experimental
circulation zone lengths.

It was also shown experimentally that the quality
of the forming emulsion (its homogeneity) strictly
depends on the level of turbulence in the diffuser3

confuser channel of the tubular jet apparatus (Fig. 2).

The agreement of the results is also observed for
the axial velocity profiles and specific kinetic energy
of turbulence (Fig. 3). The obtained results make it
possible to calculate with confidence the character-
istics of turbulent flow for analogous conditions and
geometrically similar channels.

Calculations demonstrated that the best efficiency
of fluid flow mixing is provided by tubular turbulent
apparatus of diffuser3confuser design (Fig. 1b) with
divergence anglea exceeding 20o330o, with the con-
vective velocity in the peripheral part of the apparatus
much lower than that in its central part (Fig. 3). The
transfer processes occur via turbulent exchange. This
makestm markedly shorter, which is rather important
in performing fast chemical and mass-exchange proc-
esses. As a result, a tubular apparatus of diffuser3con-
fuser design ensures, and this should always be kept
in mind, a sufficiently homogeneous field of the tur-
bulent diffusion coefficientDt, with averageDt values
in the central and peripheral parts of the tubular ap-
paratus being only slightly different. The volume-
averaged turbulent diffusion coefficientsDt are given
in Table 2 for different parts of the apparatus and dif-
fuser3confuser sections with different confuser diverg-
ence anglesa. Noteworthy is the preservation of high
numerical values ofDt at divergence anglesa in the
range 30o385o.

The calculations performed allow apparatus of new
type, not mentioned in the classification of apparatus
for chemical industry [3, 4], to be recommended for
use in fast chemical and mass-exchange physical proc-
esses. These are small-size tubular (0.0330.3 m in
diameter) apparatus of diffuser3confuser design, com-
prising several sections with divergence anglesa

ranging from 20o to 85o. Presently, apparatus of this
kind are rather widely used in industry, including
the manufacture of polymeric products. They are
also highly efficient in the case of combined flows
of fluids having strongly different densities and vis-
cosities and in processing high-viscosity fluids. This
results from the fact that a self-similar regime of fluid
flow with viscosity-independent average character-
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Table 2. Volume-averaged turbulent diffusion coefficientsDt in different parts and diffuser3confuser sections (Fig. 1b)
of a tubular turbulent apparatus. Re = 250 000,d = 0.05 m, u0 = 5 m s31, r = 1000 kg m33

ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Part of apparatus,
³ Turbulent diffusion coefficientsDt at indicateda, deg
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

section ³ 5 ³ 10 ³ 17 ³ 30 ³ 45 ³ 60 ³ 75 ³ 85
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

Parts of apparatus

1 ³ 1.03 ³ 1.34 ³ 1.55 ³ 1.60 ³ 1.58 ³ 1.54 ³ 1.48 ³ 1.42
2 ³ 1.17 ³ 1.54 ³ 1.90 ³ 2.22 ³ 2.38 ³ 2.47 ³ 2.49 ³ 2.49
3 ³ 1.12 ³ 1.76 ³ 2.36 ³ 2.78 ³ 2.86 ³ 2.88 ³ 2.97 ³ 2.92
4 ³ 1.01 ³ 1.50 ³ 2.05 ³ 2.60 ³ 2.79 ³ 2.88 ³ 2.98 ³ 2.98
5 ³ 1.09 ³ 1.75 ³ 2.49 ³ 3.16 ³ 3.47 ³ 3.67 ³ 3.97 ³ 3.94
6 ³ 0.94 ³ 1.43 ³ 2.04 ³ 2.74 ³ 3.09 ³ 3.31 ³ 3.55 ³ 3.58
7 ³ 1.09 ³ 1.75 ³ 2.43 ³ 3.08 ³ 3.38 ³ 3.60 ³ 3.81 ³ 3.90
8 ³ 0.99 ³ 1.43 ³ 2.03 ³ 2.65 ³ 2.96 ³ 3.20 ³ 3.40 ³ 3.48

Diffuser3confuser sections

I ³ 1.12 ³ 1.47 ³ 1.79 ³ 2.03 ³ 2.14 ³ 2.18 ³ 2.18 ³ 2.16
II ³ 1.05 ³ 1.59 ³ 2.15 ³ 2.66 ³ 2.81 ³ 2.88 ³ 2.98 ³ 2.97
III ³ 0.99 ³ 1.54 ³ 2.18 ³ 2.87 ³ 3.21 ³ 3.42 ³ 3.68 ³ 3.69
IV ³ 1.02 ³ 1.53 ³ 2.16 ³ 2.78 ³ 3.09 ³ 3.32 ³ 3.52 ³ 3.61

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

istics of the turbulent flow can be created in tubular
turbulent jet apparatus [10].

Tubular turbulent apparatus of diffuser3confuser
design show good performance in commercial produc-
tion of elastomers based on binary and ternary copoly-
mers of ethylene and propylene (preparation of gas3

liquid mixtures, catalyst decomposition, introduction
of stabilizers) [11313], halobutyl rubber (chlorination
of butyl rubber and also neutralization and washing of
chlorobutyl rubber solutions) [14], and butadiene3

styrene (emulsification, termination of the copoly-
merization reaction) [15], stereoregularcis-1,4-iso-
prene (prereactor, neutralization and washing of return
solvent) [16, 17], stereoregularcis-1,4-butadiene
(prereactor) rubbers, etc.

In all cases, the efficiency of reagent mixing in-
creases markedly, which makes higher the sensitivity
of the process to the action of various agents and im-
proves the uniformity of the obtained polymeric prod-
ucts, including that between batches, and their tech-
nological, operational, and molecular characteristics.
A quality level completely corresponding to the theo-
retical predictions could be achieved for a number of
polymers. On the whole, all the processes are distin-
guished by pronounced energy and resource saving.
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Abstract-An expression is derived allowing evaluation of the maximum achievable quality of mixing on the
assumption that the key component particles are randomly distributed over the mixture volume.

Mixing of disperse materials, considered in a num-
ber of papers and monographs [139], is widely used
in chemical industry. It is the stage of mixing that
governs the quality of quite a number of final prod-
ucts, which determines the interest of a wide circle of
researchers and engineers in this process.

Mixing consists in spatial distribution of com-
ponents in order to obtain a mixture with uniform
composition and physicochemical and chemical prop-
erties of the mixture [1]. The quality of a mixture is
commonly assessed after its preparation by analysis of
sample statistics, based on the distribution laws of
their numerical characteristics or combinations of
these. One of the most widely used criteria for as-
sessment of the quality of a prepared mixture is the
coefficient of heterogeneity (variation) or the variance
of the key component distribution over its volume,
calculated by analyzing samples of certain size. It is
commonly believed that the practically achievable
minimum variance corresponds to a random distribu-
tion of key component particles over the mixture bulk,
except in the case when the variance is zero [1].

In practice, a problem is frequently encountered
when it is necessary to assess, without performing the
actual mixing, what is the achievable quality of the
mixture and whether it can be improved in further
operation of a mixer, i.e., the problem of quality
prediction. Presently, there is no theoretically substan-
tiated and experimentally verified technique for
predicting the achievable quality of a mixture, i.e.,
finding the minimum variance of the key component
distribution over its volume. Such a technique should
take into account the size (volume)n0 of particles of
the key component, their volume-average contentc0 =
N0n0/V, the mixer volumeV, and, necessarily, the
sample volumeV* = aV, where 0< a < 1. This prob-
lem has been commonly solved using statistical equa-
tions or empirically [1, 5, 7].

In the absence of segregation, the best mixture
quality can be obtained on attainment of an equilibri-
um dynamic state, when the quality cannot be im-
proved by random particle redistribution and the
variance of the key component distribution over the
mixture volume remains constant [5]. Thus, prediction
of the quality of a mixture of disperse materials in-
volves construction of a model of its equilibrium
dynamic state. It is necessary to determine the pos-
sible deviation of the content of key component par-
ticles in an arbitrary volume (sample) from its mean
value for a mixture with random particle distribution.

As an acceptable numerical characteristic of the
equilibrium dynamic state of a system of disperse
materials can serve the fractal dimension of a set of
discrete objects (particles) [10]. The dimension of a
point set can be determined in a number of ways [113

13]. Let us use its information dimension [14]. In
analyzing the state of a mixture, measurement as-
sumes its being partitioned into separate boxes of
equal size. The measurement is done with a uniform
scale with division valuee (resolving capacity). If we
are interested in the number of key component par-
ticles in a box, then the mixture is divided into 1/e

boxes and the measurement is performed in one of
these. Letn(e) be the number of boxes covering the
mixture with nonzero probability (i.e., containing at
least one particle of the key component). Some boxes
will contain a greater number of particles than the
others. The[natural measure] of the given partition is
proportional to the frequency at which a key com-
ponent particle is found within it. Following [14], we
define pi(e) as [probability density] of finding a par-
ticle in the ith box. The set of probabilities {pi(e)} is
termed[rough] or [coarse-grained] probability distri-
bution at resolving capacitye. Let N0 be the total
number of key component particles in the mixture
(number of points in the set). To calculate the infor-
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mation dimension, we find the number of particlesNi
in each boxn(e) of the partition and evaluate the
probability pi(e) of finding a particle in theith box:

N

pi (e) = Ni /N0, S pi (e) = 1. (1)
i = 1

We emphasize thatN0 # n(e). The average amount
of information furnished by a single measurement
with resolving capacitye is given by

n(e)

I (e) = 3S pi (e) ln pi (e). (2)
i = 1

With decreasinge (increasing resolving capacity), the
number of boxes grows and we obtain a sequence of
increasingly [fine-grained] probability distributions.

The information dimensiondI is the rate at which
the amount of information grows with increasing
measurement accuracy:

I (e)
dI = lim ÄÄÄÄÄÄ. (3)

e60 ln (1/e)

It can be seen from formula (3) thatdI is determined
by the asymptotic value of the slope of the plot of
I(e) against ln (1/e).

If the probabilities of all boxes in the partition are
the same, thenI(e) = lnn(e), and the information di-
mension reaches its maximum and coincides with the
fractal dimension [14]:

ln n(e)
d = lim ÄÄÄÄÄÄ. (4)

e60 ln (1/e)

The limit (4) may not always exist [15]. In thecase
when it does not, the notions of lower and upper in-
formation dimensions are introduced.

We can pass from a multicomponent mixture of
volume V to analyzing a system uniting the set of
coordinates of key component particles [8]. Provided
that the particle sizes and, consequently, thee value
are finite, the fractal dimension of such a set (4) is
given by the expression

d = lnN /ln (1/e). (5)

If the particle size is taken as the measuree of
the set (measurement accuracy), the latter can be

written as

e = (n0 /V)1/3.

The numberN of elements in a mixture having key
component concentrationc0 and particle volumen0 is
given by

N = c0V /n0 = N0.

The expression for the fractal dimension of the
mixture is written as

d = 3 lnN0 / ln (V /n0). (6)

Correspondingly, we have for a sample

d* = 3ln (aN0)l / ln (aV /n0). (7)

Apparently, the conditiond* < d must be fulfilled
for a < 1.

At sufficiently large mixture volume, when the
number of particles of the key component is great, the
concentrations at specific points can be considered a
continuous source of information. It this case it seems
natural to relate the uncertainty in the choice of a
value of a random continuous variable to the density
of probability distributionp(c) of these values. If we
assume that the mixture volume is unlimited, the ex-
pression for the entropyI(C) of a continuous source
of information has the form [16]

i

I(C) = 3
{

}
p(c) ln p(c)dc 3 lim Dc. (8)

3i Dc60

The second term in the right-hand side of rela-
tion (8) tends to infinity when the difference between
the neighboring values of the random variable ap-
proaches zero:Dc 6 0, and it may be concluded that
the entropy of the continuous distribution is infinitely
large. There is nothing paradoxical in this conclusion;
moreover, it would have been drawn beforehand. The
uncertainty in the choice from an infinitely large
number of possible values of the number of key com-
ponent particles at specific points is infinitely large.

The first term in the right-hand side of relation (8)
has a finite value depending on the distribution of the
random variableC and independent of the accuracy of
its determinationDc. It has the same structure as the
entropy of the discrete source (2). The second term of
the same relation, conversely, depends solely on the
quantization stepDc (accuracy of determination) of
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the random variableC. It is this term that is reason
why I (C) becomes infinite.

The finite characteristic of the information proper-
ties of a continuous source can be obtained using two
known approaches.

On the one hand, the first term in relation (8) is
taken as uncertainty. The entropy determined in this
way, the so-called differential entropy, can be inter-
preted as mean uncertainty in the choice of a random
variable C with arbitrary distribution with respect to
the mean uncertainty in the choice of a random quan-
tity varying within the range from zero to unity and
having uniform distribution.

Let us assume that the domain of variation of a
random continuous variableC with mean valuec0 is
unbounded but its variance is known to be bounded.
Then the maximum differential entropy will be ob-
served for a normal distribution of the variableC with
mean valuec0. For a mixture of two disperse materi-
als, the first assumption follows from the assumption
of a continuous distribution of the key component
over the mixture volume, and the second, from the
very formulation of the problem. To furnish proof
[16], it is necessary to solve the problem of finding
a function p(c) ensuring the maximum value of the
functional (9) under the following constraints:

i i

{

}
p(c)dc = 1, {

}
c2p(c)dc = s

2.
3i 3i

The sought-for distribution densityp(c) can be
determined by the Lagrange multiplier method in the
form of a Gaussian distribution

1
p(c) = ÄÄÄÄÄÄexp [3(c 3 c0)2/(2s2)]. (9)

s(2p)1/2

Having calculated the functional (8) for this distri-
bution, we obtain the maximum differential entropyI*c

Ic* = 3
{

}
p(c) ln p(c)dc = ln [(2pe)1/2

s/c0]. (10)

On the other hand, as applied to the problem in
question, the concentration can be only determined at
a sufficiently large sample volume, when the probabil-
ity of finding in it at least one particle of the key
component is close to unity. Therefore, the possible
number of C values within the prescribed measure-
ment accuracy (sample volume) is to be considered as
a single value. It is necessary to subtract from the
mean uncertainty of the choice by the source of a

certain value (unit sample) the mean uncertainty of
the same source, obtained under the condition thatC
is determined with a certain accuracy. Such a differ-
ence is the measure of eliminated uncertainty or
amount of information. With a sample taken from the
mixture at random, the average amount of information
contained in any particular sample with respect to the
amount of information contained in the mixture as a
whole is equal to the difference of thea priori and
a posteriori entropies of the source of information
(mixture). The information entropy depends on the
accuracy with whichV*, i.e., the sample volume, is
measured. With account of (2) and (4), the expression
for evaluating the maximum entropy of a mixture
(source) becomes

n(a)

I (a) = 3S d lna = (d 3 d*) + ln(d 3 d*). (11)
i = 1

In this case, account was taken of the fact that there
is no scaling invariance for the mixture and the fractal
dimension depends on the sample volume. Compari-
son of expressions (10) and (11) gives

ln [(2pe)1/2
s/c0] = (d 3 d*) + ln(d 3 d*).

Simple transformations give the sought-for expres-
sion for evaluating the mixture quality

c0
s = ÄÄÄÄÄ (d 3 d*) exp (d 3 d*). (12)

(2pe)1/2

wheres is the limiting minimal variance of the distri-
bution of the key component over the volume of a
mixture with prescribed properties, independent of the
type of a mixer employed.

With account of expressions (7) and (8) allowing
calculation of the fractal dimensions of the mixture,
d, and sample,d*, we get

3lna ln c0
d 3 d* = ÄÄÄÄÄÄÄÄÄÄÄÄÄ.

ln (V/n) ln (aV/n0)

The possibility of using Eq. (12) was verified ex-
perimentally. Investigations were carried out on 5-l
mixers with planetary stirring device [9]. To rule out
the possible influence of physicochemical effects and
gravity forces on the mixture quality, stirring experi-
ments were done with particles of the same size and
density (polystyrene, ca. 3 mm in size), differing only
in color. The distribution of tracer particles over the
mixer volume was studied. After the mixing process



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

98 VERIGIN et al.

Variances of the key component distribution over the mix-
ture volume vs. the relative sample volumea. (Line) cal-
culation by Eq. (12); (points) experiment.

was complete, the mixture volume was divided into a
certain number of samples. The number of tracer par-
ticles in a sample was determined by counting. Then
the mixture variance was calculated. The experimental
data are compared with results of calculations by
Eq. (12) in the figure where the mixture variance is
plotted against the sample volume determined as a
fraction of the volume mixture. The observed dis-
crepancy is accounted for by the fact that expres-
sion (12) is derived under the condition of a random
distribution of the key component over the mixture
volume. This condition can be only met if each dis-
persion particle can independently execute a certain
finite motion in any direction during a finite interval
of time. Such conditions cannot be provided in experi-
ment. The character of motion of dispersion particles
depends on specific features of the mixer operation,
and the intensity of this motion depends on the energy
expended in mixing.

CONCLUSION

Analysis of a mixture with random distribution of
components gave an expression for calculating the
limiting minimum variance of the key component
distribution in the mixture volume in relation to the
component properties, sample size, and mixer volume.
The results of theoretical investigations are confirmed
by the experiment.
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cis-bis(nitro-2H-tetrazolato-N2)cobalt(III) Perchlorate

A. Yu. Zhilin, M. A. Ilyushin, I. V. Tselinskii, and A. S. Brykov

St. Petersburg State Technological Institute, St. Petersburg, Russia

Received February 10, 2000; in final form, September 2000

Abstract-The conditions for preparing tetrammine-cis-bis(nitro-2H-tetrazolato-N2)cobalt(III) perchlorate and
the nature of impurities affecting the yield and purity of the target product were studied. The compound can
be efficiently prepared using microwave heating.

To meet the requirements to the process, service,
and environmental safety of explosives, which be-
come more and more stringent, efforts are made to
find new high-energy-capacity compounds to be used
as primers amongd-metal coordination compounds
[133]. Tetrammine-cis-bis(nitro-2H-tetrazolato-N2)co-
balt(III) perchlorate (I ), according to [4, 5], is one of
the most promising explosives for safe primers (in-
cluding laser initiation):
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Some physicochemical and explosive properties of
I are given below:

Density of single crystal, g cm33 2.05 [6]
Detonation rate at a single crystal density 8.1 [5]
of 1.97 g cm33(calculation), km s31

Temperature of the onset of intense de- 269 [7]
composition, oC (at heating rate of
20 deg min31)
Sensitivity to the fire beam of fuse, cm 335* [5]
Minimal charge for hexogen, g (KD8) 0.05 [5]
Time of transition from combustion to~10 [4]
detonation,ms
ÄÄÄÄÄÄÄÄÄÄÄÄ
* Sensitivity limit: upper 3 cm, lower 5 cm.

In this work we studied the influence of the syn-
thesis conditions on the yield and quality ofI . Com-

poundI can be prepared by the following scheme [7]:

LN
N
N N
dNO2

2Na+ c

II

gg
gg

4 2/

gg
+ [Co(NH3)4CO3]+

pH < 2
80390oC
2 h

III
(1)

HClO H O
2
I

LN
N
N N
dNO2

2Na+ c

II

gg
gg

4 2/

gg
+ [Co(NH3)4CO3]+

pH < 2
80390oC
2 h

III
(1)

HClO H O
2
I

We found that the yield of the target product was
50370%. The synthesis conditions were optimized by
fractional factorial experiment (FFE) of the 2331 type
with the generating ratioX3 = X1X2. Analysis of the
mathematical description revealed the effect on the
process of the following factors: reaction (or expo-
sure) time,x1 (h); acidity of the medium, expressed
through the perchloric acid concentration,x2 (%); and
reaction temperature,x3 (oC). As the response func-
tion we chose the yield of the target producty (%).
Thea priori information suggested that the interaction
effect X1X2 is insignificant; therefore, it was replaced
in the design matrix by the factorX3.

Main characteristics of the FFE of the 2331 type

Plan parameter x1 x2 x3
Zero level 2.0 7.5 80
Variation interval 1.0 2.5 10

The experimental results are given in the table.

The determining contrast and the system of simul-
taneous estimates of the coefficients have the form

1 = X1X2X3;

b1 6 b1 + b23,
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Fractional factorial experiment of the 2331 type
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ Planning matrix ³ Response function
ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

no. ³ x1 ³ x2 ³ x3 ³ yej ³ ycj
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

1 ³ +1 ³ 31 ³ 31 ³ 23.1 ³ 23.85
2 ³ 31 ³ +1 ³ 31 ³ 32.2 ³ 31.45
3 ³ 31 ³ 31 ³ +1 ³ 60.3 ³ 60.85
4 ³ +1 ³ +1 ³ +1 ³ 69.5 ³ 69.35

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

b2 6 b2 + b13,

b3 6 b3 + b12.

By statistical processing of the experimental data,
we obtained a regression equation adequately (acoord-
ing to the Student and Fisher tests [8]) describing the
reaction:

y = 46.3 + 4.6x1 + 4.5x2 + 18.6x3.

Analysis of the regression equation shows that the
reaction temperature is the most significant factor of
the process.

Further experiments on synthesis ofI were per-
formed with microwave heating (MWH). Recently
there has been an increased interest in MWH as an
alternative way of thermal activation of chemical
reactions [9]. A chemical system containing polar
molecules or ions can actively take up the energy of
a UHF electromagnetic field, transform it to thermal
energy, and thus warm up (in our case to~102oC).
The MWH accelerates anation in Co(III) ammine
complexes [10]. By substitution of coordinated water
with the 5-nitrotetrazole anion under MWH conditions
(1 h), we prepared compoundI in a 78% yield, which
practically coincides with the value predicted by the
mathematical description. Thus, microwave heating of
the reactants ensures a high yield ofI within a consid-
erably shorter time.

In synthesis ofI , we used sodium 5-nitrotetrazolate
(II ) prepared by the noncatalytic Sandmeyer reaction
from 5-aminotetrazole [11]:
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Salt II can contain sodium nitrite NaNO2 as a

natural impurity if the crude product is purified insuf-
ficiently. The NO2

3 ion competes with the nitrotetra-
zolate ion for the position in the inner sphere in the
anation reaction [12]:

(3)

An = NO2 LN
NcN3 dNO2

N
,

[Co(NH3)4(H O)2 ]3+
+ 2An

[Co(NH3)4(An) ]
+

76 2H2O,
H+

2

2 + (3)

An = NO2 LN
NcN3 dNO2

N
,

[Co(NH3)4(H O)2 ]3+
+ 2An

[Co(NH3)4(An) ]
+

76 2H2O,
H+

2

2 +

where

Therefore, it is very important to elucidate the
influence of nitrite ion on formation ofI . At +25oC,
nitrite ion substituted both water molecules inIV
within 170 h.

(4)

IV

[Co(NH3)476 (NO )2 2 ]
+

22H O .

V

H+

[Co(NH3)4(H O)2 2 ]3+
+ 2NO2

3

+ (4)

IV

[Co(NH3)476 (NO )2 2 ]
+

22H O .

V

H+

[Co(NH3)4(H O)2 2 ]3+
+ 2NO2

3

+

Complexes IV and V were isolated as sulfates:
[Co(NH3)4(H2O)2]2(SO4)3 (IVa ) and [Co(NH3)4 .
(NO2)2]2SO4 (Va).

At the same temperature, simultaneous action of
an excess of nitrite and nitrotetrazolate ions on cation
IV for 170 h results in complete substitution of inner-
sphere water and formation of complexVI :
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+ NO2

3
+ 3dNOLNN
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Compound VI was isolated as crystal hydrate:
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At the temperature increased to 80oC, instead of
the expected productI we isolated from the reaction
mixture salt VII :

[Co(NH3)4(H O)2 ]3+
NO + 3dNO2LNN
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Salt VII is very sensitive to mechanical actions and
decomposes on heating with explosion. Hence, it is
a primer [13]. Its impurity inI is inadmissible. For-
mation ofVII involves breakdown of the inner sphere
of I with reduction of Co(III) to Co(II). This process
is probably due to possible combination of redox
reactions initiated by the nitrite ion and to an appre-
ciable trans effect of the nitrotetrazolate anion in
the inner coordination sphere [14]. To confirm this
assumption, we studied the reaction betweenV and
5-nitrotetrazolate anion in acid solution at 50370oC.
We found that the product composition depends on
time. For example, 2 h after the start of the reaction
the major product is complexVIII , but then its con-
tent decreases as compoundVII is accumulated:
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N
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��
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+
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Formation of complexVIII confirmed the assump-
tion that in the course of synthesis ofI in the presence
of nitrite ions the ammine ligands become labile and
can be substituted by other ligands.

Our experimental results show that the synthesis of
I in aqueous solution should be performed at a tem-
perature as high as possible and that the reactants
should be thoroughly purified to remove sodium
nitrite.

EXPERIMENTAL

The IR spectra were recorded on a Specord M-80
spectrophotometer from thin-film samples between
KBr plates. The1H NMR spectra were taken on a
Perkin3Elmer R-12 spectrometer operating at 60 MHz,
with HMDS as internal reference. The reaction prog-
ress was monitored by TLC on Silufol UV-254 plates
(eluent 3% aqueous NaClO4).

The UHF heating device was a short-circuited
waveguide of 90 4.5 cm cross section, connected to
a UHF generator with the output capacity of 600 W
and working frequency of 2450 MHz. The reaction
vessel (a glass test tube 35 mm in diameter, equipped

with a thermometer with an organic working liquid
and a reflux condenser) was placed in the waveguide
through a special hole.

Carbonatotetramminecobalt(III) perchlorate
(IIIa) was prepared by the procedure in [15]. The
yield of IIIa after drying was 77%. IR spectrum,n,
cm31: 1596 s, 1560 m (C=O, NH3), 1084 s (ClO4).
1H NMR spectrum (DMSO-d6), d, ppm: 4.40 (12H,
NH3).

Found, %: C 4.6, H 4.7, N 20.1.
CH12ClCoN4O7.
Calculated, %: C 4.2, H 4.2, N 19.6.

Tetrammine-cis-bis(nitro-2H-tetrazolato-N2)co-
balt(III) perchlorate (I). A 1-g portion of carbonato-
tetramminecobalt(III) perchlorate (IIIa ) was dissolved
in 10 ml of 10% perchloric acid until the CO2 evolu-
tion ceased. The solution was filtered, and 34 ml of
a 4.4% solution of sodium 5-nitrotetrazolate (II ) was
added. The reaction mixture was heated on a boiling
water bath for 4 h and then cooled to 15oC; the pre-
cipitate was filtered off, washed with ethanol (2+
0.5 ml), and recrystallized from 1% HClO4. Yield of I
0.92 g. IR spectrum,n, cm31: 1588 m, 1316 m (NH3,
tetrazole), 1076 m (ClO4), 1540 m (NO2). 1H NMR
spectrum (DMSO-d6), d, ppm: 3.79, 4.29 (12H, NH3).

Found, %: C 4.8, H 2.3, N 42.6.
C2H12ClCoN14O8.
Calculated, %: C 5.3, H 2.7, N 43.1.

Dinitritotetramminecobalt(III) sulfate (Va) was
prepared according to [16]. Yield after drying 57%. IR
spectrum,n, cm31: 3120 m, 1620 m (NH3), 1388 m,
1304 m (NO2), 1120 m (SO4).

Found, %: H 4.1, N 31.4.
H24Co2N12O12S.
Calculated, %: H 4.5, N 31.4.

Nitrito(nitrotetrazolato)tetramminecobalt(III)
sulfate trihydrate (VIa). To a mixture of 16 ml of an
aqueous solution containing 3.3 g of sodium nitrite
and 60 ml of a 4.4% solution of sodium 5-nitrotetra-
zolate (II ), we added 10 ml of a 1.5% sulfuric acid
solution containing 1 g ofdiaquatetramminecobalt(III)
sulfate (IVa ) prepared according to [16]. The mixture
was allowed to stand for 7 days. After drying, the
yield of VIa was 70%. IR spectrum,n, cm31: 1552 w
(C3NO2), 1400 m (NO2), 1280 m (NH3), 1052 m
(SO4).

Found, %: C 3.3, H 3.8, N 38.3.
C2H30Co2N20S.
Calculated, %: C 3.3, H 4.2, N 38.6.
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Cobalt(II) nitrotetrazolate monohydrate (VII).
To a mixture of 16 ml of an aqueous solution contain-
ing 3.3 g of sodium nitrite and 60 ml of a 4.4% solu-
tion of sodium 5-nitrotetrazolate (II ), we added 10 ml
of a 1.5% sulfuric acid solution containing 1 g of di-
aquatetramminecobalt(III) sulfate (IVa ) prepared ac-
cording to [16]. The mixture was heated to 80oC and
kept at this temperature for 3 h. Yield ofVII after
drying 62%. IR spectrum,n, cm31: 3544 w, 1616 m
(H2O), 1560 s, 1320 m (NO2), 1440 m (tetrazole).

Found, %: C 7.8, H 0.6, N 45.6.
C2H2CoN10O5.
Calculated, %: C 7.9, H 0.7, N 45.9.

Triamminebis(5-nitrotetrazolato)nitritoco-
balt(III) hydrate (VIII). To a mixture of 16 ml of an
aqueous solution containing 3.3 g of sodium nitrite
and 60 ml of a 4.4% solution of sodium 5-nitrotetra-
zolate (II ), we added 10 ml of a 1.5% sulfuric acid
solution containing 1 g ofdiaquatetramminecobalt(III)
sulfate (IVa ) prepared according to [16]. The mixture
was heated to 60oC and kept at this temperature for
2 h. CompoundVIII precipitated on cooling. Yield
after drying 39%. IR spectrum,n, cm31: 3200 m
(NH3), 1544 s, 1332 m (C3NO2), 1416 m, 1312
(NO2).

Found, %: C 5.4, H 2.8, N 48.5.
C2H11CoN14O7.
Calculated, %: C 5.9, H 2.7, N 48.7.

The mother liquor was kept for 1 h at 60370oC.
An additional crop ofVII was obtained; yield after
filtration, washing, and drying 25%.
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Abstract-A new convenient procedure was developed for selectiveortho-hydroxymethylation of phenols
by reaction of paraformaldehyde with a mixture of phenol and orthoboric acid. The method is general for
phenols containing no strong electron-withdrawing substituents; it allows preparation ofo-hydroxybenzyl
alcohols of high purity in a high yield.

Salicyl (o-hydroxybenzyl) alcohol and its deriva-
tives are of interest as intermediates in synthesis of
many organic compounds: phenylchromones [1], iso-
flavones [2], etc.

Salicyl alcohol is an aglycone of a number of gly-
cosides found in Salicaceae. Some of them exhibit
antihelminth [3] and antiviral [4] activity.

One of the most widely used routes to salicyl alco-
hol is hydroxymethylation with formaldehyde or com-
pounds generating it of phenyl metaborate PhOB=O
(exists as trimers [5]). The initial metaborate is pre-
pared by refluxing equimolar amounts of phenol and
boric acid in aprotic aromatic solvents (toluene, xyl-
ene) with azeotropic distillation of the released water
[539]. The yield of the crude target product, according
to patents [638], depends on the initial phenol and
does not exceed 65%; attempts to reproduce the syn-
thesis of salicyl alcohol described in the patent re-
sulted in a yield as low as 35% [5]. The conversion
of phenol was incomplete, and polycondensation
products formed, complicating purification of the
target product [5].

Another route is hydroxymethylation of phenol in
the presence of a 1.5-fold excess of arylboronic acids
ArB(OH)2. The reaction involves intermediate forma-
tion of cyclic esters of hydroxybenzyl alcohol and
arylboronic acid. The desired alcohol is released by
treatment of these esters with propylene glycol or
hydrogen peroxide [10].

A simpler route to salicyl alcohols is reaction of
paraformaldehyde with a mixture of phenol and excess
boric acid in benzene under conditions of continuous
azeotropic distillation of water, without preparing
phenyl metaborate in advance. By this method we

successfully performed selectiveo-hydroxymethyla-
tion of a series of phenols1a31k and obtained the
corresponding salicyl alcohols2a32k (Table 1).

The structures of2a32k were proved by the1H
NMR (Table 2) and IR spectra and by comparison
with the authentic samples. The IR spectra of2a32k
contain two strong absorption bands at 347533440
and 324033165 cm31 characteristic of the intramolec-
ular hydrogen bond and of O3H stretching vibrations,
and also characteristic absorption bandsn(C3O) at
101531045 cm31:
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where R1 = R2 = R3 = R4 = H (a); R2 = R3 = R4 = H,
R1 = CH3 (b); R1 = R2 = R4 = H, R3 = CH3 (c); R2 =
R3 = H, R1 = CH(CH3)2, R4 = CH3 (d); R1 = R2 =
R4 = H, R3 = OCH3 (e); R1 = R2 = R4 = H, R3 = Cl
(f); R1 = R2 = R4 = H, R3 = F (g); R1 = R2 = R4 = H,
R3 = Ph (h); R1 = R2 = R4 = H, R3 = OCOPh (i);
R1 = R3 = R4 = H, R2 = OCOPh (j ).

ortho-Hydroxymethylation of phenols1a31k by
the suggested procedure occurs at lower temperature
(up to 81oC), takes longer time, and requires a larger
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Table 2. Synthesis ofo-hydroxybenzyl alcohols2a32k by
reaction of phenols1a31k with paraform
ÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com- ³
t, h

³ Yield, ³
mp, oC

pound ³ ³ % ³
ÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

2a ³ 22 ³ 53 ³84385 (C6H6) (85386 [11])*
2b ³ 37 ³ 48 ³25327 (hexane) (5 [6],

³ ³ ³33334 [11])
2c ³ 29 ³ 63 ³1023103 (C6H6) (1043105

³ ³ ³[11])
2d ³ 13 ³ 61 ³83384 (hexane) (86 [12])
2e ³ 21 ³ 40 ³79380 (CHCl3) (80381 [11])
2f ³ 53 ³ 54 ³92393 (C6H6) (92393 [11])
2g ³ 38 ³ 34 ³69370 (C6H6) (68370 [13])
2h ³ 46 ³ 68 ³1623163 (C6H5CH3) (1643

³ ³ ³165 [13])
2i ³ 52 ³ 60 ³1143115 (C6H6)
2j ³ 33 ³ 35 ³1253126 (C6H6)
2k ³ 49 ³ 56 ³1443145 (water)

ÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* In parentheses are published data.

excess of boric acid (up to 1.5 mol) than hydroxy-
methylation of aryl metaborates [539]. Also, fresh
portions of paraform should be added at regular inter-
vals to compensate for its removal with the distillate.
Nevertheless, there are important advantages: com-
plete conversion of the initial phenol, absence of
oligomeric products, and higher yield and purity of
the target alcohols2a32k.

It is important for practice that in hydroxymethyla-
tion of phenyl metaborate the resulting salicyl alcohol,
as a rule, is isolated by treatment of the reaction mix-
ture with alkali [537, 9], which makes this procedure

Table 2. 1H NMR spectra of salicyl alcohols2a32k in DMSO-d6
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Compound³ d, ppm
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

2a ³4.70 (s, 3H, CH2OH), 6.7037.18 (m, 4H, Ar), 8.80 (s, 1H, ArOH)
2b ³2.13 (s, 3H, CH3), 4.63 (s, 2H, CH2OH), 6.5236.95 (m, 3H, Ar)
2c ³2.18 (s, 3H, CH3), 4.43 (s, 2H, CH2), 4.89 (s, 1H, CH2OH), 6.6137.07 (m, 3H, Ar), 9.03 (s, 1H, ArOH)
2d* ³1.1031.20 (d, 6H, C

3
H
333CH3C

3
H
33), 2.02 (s, 4H, ArC

3
H
33, CH33C3H33CH3), 3.28 (m, 1 H, OH), 5.04 (s, 2H,

³CH2), 6.6537.02 (m, 2H, Ar)
2e* ³3.10 (s, 1H, OH), 3.60 (s, 3H, OCH3), 4.63 (s, 2H, CH2), 6.5336.66 (m, 3H, Ar)
2f ³4.74 (s, 2H, CH2), 5.20 (s, 1H, CH2O

3
H
3
), 6.9837.54 (m, 3H, Ar), 9.90 (s, 1H, ArOH)

2g ³4.50 (s, 2H, CH2), 4.80 (s, 1H, CH2O
3
H
3
), 6.7037.26 (m, 3H, Ar), 9.40 (s, 1H, ArOH)

2h ³4.80 (s, 2H, CH2), 5.34 (s, 1H, CH2O
3
H
3
), 7.0537.84 (m, 8H, Ar), 9.78 (s, 1H, ArOH)

2i ³4.74 (s, 2H, CH2), 5.30 (s, 1H, CH2O
3
H
3
), 7.0838.36 (m, 8H, Ar), 9.73 (s, 1H, ArOH)

2j** ³5.20 (s, 2H, C
3
H
32OH), 6.9138.33 (m, 8H, Ar), 9.06 (s, 1H, ArOH)

2k ³1.81 (d, 6H, C
3
H
33CC

3
H
33), 4.76 (s, 4H, C

3
H
32OH), 5.26 (s, 2H, CH2O

3
H
3
), 6.9037.46 (m, 6H, Ar), 9.39 (s, 2H,

³ArOH)
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* In CDCl3. ** In pyridine-d5.

unsuitable for preparing salicyl alcohols with substitu-
ents sensitive to bases. It was found that the boric acid
esters formed under conditions of our procedure can
be successfully saponified by keeping the reaction
mixture in water without adding alkali. This approach
allowed us to perform for the first time direct selective
hydroxymethylation of phenols1i and 1j containing
phenyl benzoate moieties. The resulting alcohols2i
and2j (Table 1) are synthetic equivalents of difficult-
ly accessible dihydroxybenzyl alcohols.

The relatively low yield of2j is due to the fact that
reaction of phenol1j with paraform yields, according
to the1H NMR spectrum, a mixture of2j and its iso-
mer, 2-hydroxymethyl-3-benzoyloxyphenol, insepara-
ble by chromatography. In other words, hydroxymeth-
ylation occurs at botho-positions of the phenolic
hydroxyl in 1j. We were able to isolate only a portion
of 2j by single recrystallization of the mixture from
benzene.

It should be noted that pyrocatechol monobenzoate
appeared to be almost inert in hydroxymethylation
(110 h). This is probably due to a strong intramolec-
ular hydrogen bond blocking the phenolic hydroxyl
in the o-position relative to the benzoate group.

Reaction of bisphenol1k containing two equivalent
phenolic hydroxyls with paraform yields bis(hydroxy-
methyl) derivative2k within 49 h. At a shorter reac-
tion time, the reaction mixture contained, according to
TLC, unchanged1k, the monohydroxymethylation
product, and alcohol2k; the latter is formed even in
early stages of the reaction. Thus, hydroxymethylation
of phenol 1k occurs nonselectively at both phenyl
rings.
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Phenols with electron-withdrawing substituents in
the ring (NO2, CHO, COOH) remain inert under the
reaction conditions and do not give the corresponding
salicyl alcohols.

The positive effect reached in hydroxymethylation
of phenols in the presence of excess boric acid can
be explained as follows. In the case of equimolar
amounts of phenol and boric acid [539], the presuma-
ble precursors of salicyl alcohol are cyclic borates [5].
We can assume with confidence that under the reac-
tion conditions these cyclic borates are in equilibrium
with free alcohol2a which enters further side trans-
formations (dehydration, condensation with formalde-
hyde, etc.). Then excess boric acid under the sug-
gested conditions decreases the concentration of free
salicyl alcohol owing to shift of the equilibrium. Also,
it is significant that the reaction is performed at a
lower temperature (81oC) than suggested in the liter-
ature (90395oC) [539]. It is known that salicyl alcohol
is thermally unstable, and at temperatures above
100oC it rapidly forms polymeric products [14].

EXPERIMENTAL

The IR specrtra were taken on a Specord M-80
spectrophotometer in KBr pellets, and the1H NMR
spectra, on a Bruker AC 200 spectrometer (200 MHz,
DMSO-d6, internal reference HMDS).

The reaction progress was monitored and the prod-
uct purity checked by TLC on Silufol UV-254 plates,
eluent benzene3ethanol (9 : 1). The plates were devel-
oped using filtered UV radiation, diazotized sulfanilic
acid, or 5% FeCl3 solution.

The typical procedure of hydroxymethylation of
phenols1a31k with paraform in the presence of boric
acid was as follows. A mixture of 40 mmol of approp-
riate phenol, 3.72 g (60 mmol) of boric acid, and 1.8 g
(60 mmol) of paraform in 70 ml of benzene was re-
fluxed in a flask equipped with a Dean3Stark trap
with continuous azeotropic distillation of water until
the initial phenol was completely converted (TLC).
Every 4 h, a fresh 0.45-g (15-mmol) portion of para-
form was added. After reaction completion, excess
benzene was distilled off under reduced pressure.
To the residue 30 ml of water was added, and the
mixture was allowed to stand for 5 h to ensure hydrol-
ysis of the intermediate boric acid ester of the salicyl
alcohol. The product was extracted with ether (three
40-ml portions), and the combined ether extracts were
washed with watedr (20 ml). The solvent was re-
moved, and alcohols2a32k were purified by recrys-
tallization.

CONCLUSIONS

(1) Reaction of paraform with phenols in the pres-
ence of excess boric acid under conditions of continu-
ous azeotropic distillation of water results in selective
o-hydroxymethylation of the substrates with complete
conversion of the initial phenols and formation of
salicyl alcohols.

(2) A general procedure was developed for prepar-
ing salicyl alcohols from phenols containing no strong
electron-withdrawing substituents.

(3) The suggested procedure allowed for the first
time preparation of the synthetic equivalents of dihy-
droxybenzyl alcohols.
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Abstract-Oxidation of N- and C-alkenylanilines with ozone under conditions of alcohol formation was
studied. Depending on the structure of the alkenyl moiety, the reaction yields aryl-substituted propanols, pen-
tanediols, or tetrahydropyran.

Since early 1960s, when the feasibility was dem-
onstrated for preparative synthesis of Claisen rear-
rangement products fromN-allylaniline [1, 2], there
has been a great deal of interest in the chemistry of
alkenylanilines. These compounds find extending use
in organic synthesis, including preparation of practi-
cally useful substances. It is known that someN- and
C-alkenylanilines exhibit activity as potato growth
regulators and fungicides against potato phytophthora
infection, inhibit biosynthesis of chitin of flour moth
[3], show a pronounced local anesthetic effect [4], and
are successfully used in synthesis of some valuable
alkaloids [5]. Proceeding with studies [638] on trans-
formations ofo-alkenylarylamines, we studied oxida-
tion of N- and C-alkenylanilines with ozone.

For example, from aniline (I ) by a series of con-
densations we preparedN-methoxyacetyl-N-(2-penten-
4-yl)aniline (IV ) in a 68% yield:
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Previously field tests of theN-ethoxyacetyl analog
of this compound demonstrated its efficiency against
potato phytophthora infection, which was level with
the known antiphytophthora agent Ridomil [ethyl
N-methoxyacetyl-N-(2-methyl-6-ethylphenyl)amino-
butyrate]; the productivity increased by 30%. Pre-
sumably, under the testing conditions involving the
impact of soil, atmospheric oxygen, and sunlight, this
compound could undergo transformations with par-
ticipation of the unsaturated C=C bond of the pentenyl
unit. Oxidation of amineIV with ozone is one of
possible routes to hydroxy derivatives of this sub-
stance. We found that ozonation ofIV followed by
treatment with NaBH4 gives N-methoxyacetyl-N-
(1-hydroxyprop-2-yl)aniline in a 35345% yield.

When an equimolar amount of ozone is passed
through a solution ofIV in cyclohexane3methanol,
the reaction does not go to completion, and the ratio
of the initial amine IV and productIVa is 1.5 : 1.
When the similar reaction is performed in methanol,
the ratio of these compounds [scheme (1)], according
to the 1H NMR data, varies from 1 : 1 to 1 : 0.7.

In contrast to N-alkenylaniline IV , ozonation in
methanol of pentenylanilinesVIa and VIb exhibiting
local anesthetic activity [4] goes to completion; sub-
sequent treatment of the reaction mixture with NaBH4
gives propanolsVIIa and VIIb in 50360% yields
[scheme (2)]. Oxidation of 2-cyclopentenylanilines
VIIIa 3VIIIc under these conditions yields pentane-
diols IXa3IXc in a 60370% yield [scheme (3)].
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where R1 = R2 = R3 = H (a); R1 = Me, R2 = R3 = H
(b); R1 = H, R2 = R3 = F (c).

Reagents and conditions: A, ClCH2C(O)Cl,
K2CO3, 20oC; B, excess piperidine; C, O3, MeOH,
035oC; D, NaBH4, MeOH, 035oC.

Oxidation of N-acetyl-2-methyl-6-(cyclopent-1-
enyl)aniline (X) [9] unexpectedly gave tetrahydro-
pyran XI (yield 70%):
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The structure of the products was proved by the
IR and 1H, 13C NMR spectra and also by elemental

analysis. The IR spectra of all the products contain a
characteristic absorption band of the OH group at
n 340033600 cm31. In the 1H NMR spectrum of
amineIVa , the methyl protons of the propanol moiety
give a doublet atd 0.96 ppm (J 6.99 Hz). In the13C
NMR spectrum, the signal of the methyl carbon of the
propanol moiety is shifted upfield (dC 14.73 ppm) as
compared foIV . The signals of the C1` and C2` atoms
in IVa are observed at 64.45 and 53.62 ppm, respec-
tively.

In the 1H NMR specrta of amino alcoholsVIIa and
VIIb , the methyl groups give a doublet at 1.16 ppm
(J 7.07 Hz). The methine proton H2" and the methyl-
ene protons H1` give multiplets at 4.33 and 3.64 ppm.
The signals of the C1", C2", and C3" atoms ofVIIa
andVIIb in the 13C NMR spectra are observed at 68,
35337, and 17318 ppm, respectively.

In the 1H NMR spectra of diolsIXa3IXc , the H1"

and H5" protons of the pentanediol moiety give sig-
nals at 3.70 and 3.45 ppm, and the signal of OH pro-
tons is observed at 4.80 ppm. In the13C NMR spectra
of IXa3IXc , the C1" and C5" signals are observed at
67 and 62 ppm, respectively. The signals of the C2",
C3", and C4" atoms are observed at 41 and 28329 ppm.
The signals of the benzene carbon atoms in the13C
NMR spectrum ofIXc are split owing to coupling
with F and give doublets with the coupling constants
of 17320 (for C1`, C2`, C3`, and C6`) and 2163223 Hz
(for the C4` and C5` atoms directly bound to F).

The mass spectrum of the tetrahydropyranyl deriv-
ative XI contains a molecular peakM+ (m/z 191).

EXPERIMENTAL

The 1H and 13C NMR spectra were taken on a
Bruker AM-300 spectrometer (working frequency 300
and 75 MHz, respectively; solvent CDCl3; internal
reference TMS), and the IR spectra, on a UR-20 spec-
trometer. The product purity was checked by TLC
(Silufol UV-254 plates). The mass spectrum was
obtained with an MKh-1320 spectrometer (70 eV).
The physicochemical characteristics ofVIb andVIIa 3

VIIc are given in [10, 11].

N-(2-Methoxyacetyl)-N-(3-penten-2-yl)aniline
(IV) was prepared according to [1]. Yield 90%.Rf
0.48 (CH2Cl23CH3OH, 95 : 5), bp 123oC (1 mm Hg).

Found, %: C 70.41, H 8.35, N 6.07.
C13H19NO2.
Calculated, %: C 70.59, H 8.60, N 6.33.
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1H NMR spectrum (CDCl3, d, ppm): 0.98 d (3H,J
6.61 Hz, CH3), 1.50 d (3H,J 6.35 Hz, CH3), 3.19 s
(3H, OCH3), 3.50 m (2H, CH2), 5.2535.45 m (3H,
CH, HC=CH), 6.9637.29 m (5H, ArH). 13C NMR
spectrum (CDCl3, d, ppm): 17.46, 17.63 (CH3); 51.39
(C1`); 56.76 (CH3); 70.58 (CH2); 127.21, 128.28,
128.92, 129.81, 130.59, 136.83 (Carom, C=C); 167.77
(C=O).

N-Chloroacetyl-2-(3-penten-2-yl)-4-methylaniline
(Va). A three-necked flask equipped with a power-
driven stirrer, a reflux condenser, and a dropping fun-
nel was charged with dry K2CO3 and 17.1 g (0.1 mol)
of 2-(3-penten-2-yl)-4-methylaniline in methylene
chloride. A solution of 0.2 mol of freshly distilled
chloroacetyl chloride in 80 ml of CH2Cl2 was slowly
added dropwise with stirring. After reaction comple-
tion, the precipitate was filtered off, 100 ml of water
was added, and the organic layer was washed with a
10% solution of NaHCO3 until the CO2 evolution
ceased and then with two 100-ml portions of water.
The organic solution was dried over MgSO4. The sol-
vent was vacuum-evaporated, and the residue was re-
crystallized from benzene. Yield ofVa 15.4 g (90%),
mp 109oC. IR spectrum,n, cm31: 3275 (NH). 1H
NMR spectrum,d, ppm (J, Hz): 1.35 d (3H,J 7.15,
CH3), 1.66 d (3H,J 7.05, CH3), 2.35 s (3H, CH3),
3.60 m (1H, H1`), 4.28 s (2H, CH2), 5.59 m (2H,
HC=CH), 6.90 (1H, ArH), 6.87 (1H, ArH), 7.85 br.s
(1H, NH). 13C NMR spectrum (CDCl3), d, ppm (J,
Hz): 20.25 (Ia), 35.80 (C1`), 42.79 (C3Cl), 165.50
(C=O), 136.70 (C1), 141.80 (C2), 125.55 (C3), 124.49
(C5), 128.53 (C4), 134.79 (C6), 135.60 (C2`), 130.45
(C3`).

Found, %: C 64.00, H 7.16, N 5.98, Cl 15.46.
C12H18NOCl.
Calculated, %: C 63.29, H 7.91, N 6.15, Cl 15.60.

N-[(2-(3-propen-2-yl)-4-methylphenyl)aminocar-
bonylmethyl]piperidine (VIa). Chloroacetylated ani-
line Va (2.3 g, 10 mmol) was dissolved in hot toluene
(20 ml), and 5 ml of piperidine was added. The mix-
ture was refluxed for 4 h. The amine hydrochloride
precipitate was filtered off and washed with 5 ml of
toluene. The filtrate was vacuum-evaporated, and the
residue was recrystallized from a minimal amount of
toluene. Yield ofVIa 2.3 g (68%).Rf 0.48 (CH2Cl2).

Found, %: C 75.56, H 9.28, N 9.27.
C19H28N20.
Calculated, %: C 76.00, H 9.33, N 9.33.

IR spectrum,n, cm31: 3280 (NH).1H NMR spec-
trum (CDCl3), d, ppm (J, Hz): 1.49 d (3H,J 6.97,
CH3); 1.70 d (3H,J 6.46, CH3); 2.30 s (3H, CH3);
1.50, 1.60, 2.55 (m, 10H, Hpip); 3.08 s (2H, CH2);
3.50 m (1H, CH); 5.3535.65 m (2H, HC=CH); 7.00 s
(1H, H3); 7.05 d (1H,J 8.79, H6); 7.90 d (1H, H5);
9.25 s (1H, NH). 13C NMR spectrum (CDCl3, d,
ppm): 17.78, 20.03, 21.01 (Cmethyl); 23.52, 26.08,
54.97 (Cpip); 63.03 (C2"); 168.78 (C=O); 36.63 (C1`);

134.75 (C2`); 122.62 (C3`); 132.22 (C1); 134.11 (C2);
127.21 (C3); 135.22 (C4); 127.20 (C5); 137.24 (C6).

The general procedure of oxidation was as follows.
Through a solution of 10 mmol ofIV , IVa , IVb ,
VIIIa , VIIIb , or X in 10 ml of methanol at 035oC we
passed a calculated amount of an ozone3oxygen mix-
ture (controlled with a stopwatch). The mixture was
kept for 5 min at this temperaturem after which 0.6 g
of NaBH4 was added at the temperature maintained
no higher than 10315oC. The mixture was allowed to
stand at 20oC for 18 h and then diluted with a 10 : 1
mixture of H2O and CH3COOH. The product was
extracted with CH2Cl2, washed with 5% NaHCO3 and
saturated NH4Cl solution, and dried over Na2SO4.
The solvent was evaporated, and alcoholsIVa , VIIa ,
VIIb , and IXa3IXc or pyran XI was obtained.

N-(2-Methoxyacetyl)-N-(1-hydroxy-2-propyl)ani-
line (IVa). Yield 91%. Rf = 0.27 (CH2Cl23CH3OH,
95 : 5).

Found, %: C 64.52, H 7.56, N 6.25.
C12H17NO3.
Calculated, %: C 64.57, H 7.62, N 6.28.

1H NMR spectrum (CDCl3), d, ppm (J, Hz): 0.96 d
(1H, J 6.99, CH3), 3.25 s (3H, CH3), 3.40 m (2H,
CH2), 3.60 s (2H, CH2), 4.81 m (1H, CH), 7.12 s
(1H, OH), 7.2237.50 m (5H, ArH).13C NMR spec-
trum (CDCl3), d, ppm: 14.73 (C1`); 53.62 (C2`), 64.45
(C3`), 70.93 (C2"); 58.97 (C3"); 170.25 (C1"); 128.42,
129.26, 129.87, 130.59, 137.24 (Carom).

N-[2-(1-Hydroxy-2-propyl)-4-methylphenyl]-2-
piperidinoacetamide (VIIa). Yield 60%. Rf 0.36
(CH2Cl23CH3OH, 95 : 5).

Found, %: C 70.29, H 8.90, N 9.61.
C17H26N2O2.
Calculated, %: C 70.34, H 8.96, N 9.65.

IR spectrum, n, cm31: 3312 (NH, OH), 1688
(C=O). 13C NMR spectrum (CDCl3), d, ppm: 17.08
(C3"), 21.09 (CH3); 23.49, 25.92, 54.86 (Cpip); 35.71
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(C2"), 68.20 (C1"), 62.46 (C2, CH2); 132.76 (C1);
136.31 (C2); 127.39 (C3); 135.19 (C4); 127.19 (C5);
137.24 (C6), 169.47 (C1, C=O).

N-[2-(1-Hydroxy-2-propyl)-4,6-dimethylphenyl]-
2-piperidinoacetamide (VIIa). Yield 60%. Rf 0.36
(CH2Cl23CH3OH, 90 : 10).

Found, %: C 65.01, H 8.38, N 8.36.
C18H28N2O2.
Calculated, %: C 65.06, H 8.43, N 8.43.

IR spectrum,n, cm31: 3500 (OH, NH).1H NMR
spectrum (CDCl3), d, ppm (J, Hz: 1.16 d (3H,J 7.07,
CH3), 1.4032.60 m (10H, 5CH2), 2.16 s (3H, CH3),
2.24 s (3H, CH3), 3.12 s (2H, CH2), 3.64 m (2H,
CH2), 4.33 m (1H, CH), 6.90 s (1H, OH), 6.96 s (1H,
ArH), 7.03 s (1H, ArH), 8.90 s (1H, NH).13C NMR
spectrum (CDCl3), d, ppm: 18.00 (C3"), 37.38 (C2");
23.66, 26.26, 55.38 (Cpip); 62.46 (C2); 170.56 (C1);
18.83, 21.24 (Cmethyl); 124.81, 128.71, 131.08,
135.84, 137.35, 142.83 (Carom).

N-[2-(1,5-Dihydroxypent-2-yl)phenyl]-2-piperi-
dinoacetamide (IXa). Yield 63%. Rf 0.21 (CH2Cl23
CH3OH, 90 : 10).

Found, %: C 67.48, H 8.70, N 8.71.
C18H28N2O3.
Calculated, %: C 67.50, H 8.75, N 8.75.

IR spectrum,n, cm31: 3600 (OH, NH).1H NMR
spectrum (CDCl3), d, ppm: 0.8632.35 m (14H, 7CH2),
3.15 s (2H, CH2), 3.4433.73 m (5H, 2CH2), 3.443
3.73 m (5H, 2CH2, CH), 4.87 s (2H, 2OH), 9.56 s
(1H, NH), 7.0737.90 m (4H, Ar).13C NMR spectrum
(CDCl3), d, ppm: 23.56, 26.06, 54.98 (piperidine);
27.99 (C3"), 30.29 (C4"), 41.54 (C2"), 61.94 (C2),
62.60 (C5"), 67.13 (C1"), 123.54 (C4`); 125.97 (C5`);
126.78 (C3`); 135.48 (C2`); 135.85 (C1`); 135.94 (C6`);
169.79 (C1).

N-[2-(1,5-Dihydroxypent-2-yl)-6-methylphenyl]-
2-piperidinoacetamide (IXb). Yield 66%. Rf 0.23
(CH2Cl23CH3OH, 90 : 10).

Found, %: C 68.21, H 8.93, N 8.35.
C19H30N2O3.
Calculated, %: C 68.26, H 8.98, N 8.38.

IR spectrum,n, cm31: 3600 (OH, NH).1H NMR
spectrum (CDCl3), d, ppm: 0.8532.30 m (14H, 7CH2),
2.29 s (3H, CH3), 3.00 s (2H, CH2), 3.4533.75 m

(5H, 2CH2, CH), 8.40 s (3H, OH, NH), 6.85 m
(3H, Ar).

N-[2-(1,5-Dihydroxypent-2-yl)-4,5-difluorophen-
yl]-2-piperidinoacetamide (IXc). Yield 59%.Rf 0.28
(CH2Cl23CH3OH, 90 : 10).

Found, %: C 61.00, H 6.73, F 10.71, N 6.89.
C18H24F2N2O3.
Calculated, %: C 61.02, H 6.78, F 10.73, N 7.91.

IR spectrum,n, cm31: 3600 (OH, NH).1H NMR
spectrum (CDCl3), d, ppm (J, Hz): 6.90 d.d (1H,
JH6`F5` 11.69, JH6`F4 8.66, H6`), 1.4033.70 m (23H,
10CH2, CH, 2OH), 7.50 d.d (1J,JH3`F4` 12.05,JH3`F5`

7.86, H3`), 9.70 s (1H, NH). 13C NMR spectrum
(CDCl3), d, ppm: 23.14, 25.65, 54.55 (piperidine),
27.08 (C3"); 29.75 (C1"); 40.80 (C2"); 61.56 (C5");
66.26 (C1"); 62.08 (C1); 112.44 d (C3`, JC3`F4` 17.55);
113.18 d (C1`), 130.98 d (C2`), 146.50 d.d (C4`, JC4`F4`

216); 146.59 d.d (C5`, JC5`F5` 223, JC5`F4` 27); 169.81
(C1).

6-Methyl-2-(tetrahydro-2-pyranyl)aniline (XI).
Yield 67%. Rf 0.30 (CH2Cl23MeOH 95 : 5).

Found, %: C 75.04, H 8.67, N 7.02.
C12H17NO.
Calculated, %: C 75.39, H 8.90, N 7.33.

IR spectrum,n, cm31: 3600 (NH, OH).1H NMR
spectrum (CDCl3), d, ppm (J, Hz): 1.6032.30 m (6H,
3CH2), 3.65 d.d.t (2H,J1 2.8,J2 6.07,J3 8.97, H6a, b),
4.10 m (2H, NH2), 4.42 d.d (1H,J1 1.95, J2 8.11,
H2), 6.67 t (1H,J 7.49, H4`), 6.98 d (1H, H5`), 7.02 d
(1H, H3`). 13C NMR spectrum (CDCl3), d, ppm: 17.13
(CH3), 23.44 (C4), 25.64 (C5), 29.28 (C3), 68.45 (C6),
79.78 (C2), 117.19 (C5`), 122.53 (C3`), 124.70 (C4`),
125.31 (C1`), 129.36 (C6`), 143.13 (C2`). µ+, m/z 191.

CONCLUSION

Reduction with sodium borohydride of ozonation
products ofo-alkenylanilines is a convenient route to
o-hydroxypropyl-, o-dihydroxypentyl-, ando-tetrahy-
dropyranyl-substituted anilines.
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Abstract-The mechanism of acetol formation in two-stage process of sulfuric acid cleavage of cumyl hydro-
peroxide was studied and confirmed by comparison with related reaction systems.

One of undesirable by-products in production of
phenol and acetone by cleavage of cumyl hydroperox-
ide is hydroxyacetone (acetol). This impurity in com-
mercial phenol dramatically deteriorates its color
index. Acetol is removed from crude phenol cata-
lytically by treatment with sulfonic cation-exchange
resins. On an acid catalyst acetol partially reacts with
phenol to form 2-methylbenzofuran (2-MBF). The
amount of the forming 2-MBF is directly related to
the content of acetol in the product to be catalytically
purified. Separation of 2-methylbenzofuran from
phenol is very difficult and is possible only by frac-
tional azeotropic distillation with water. At the same
time, 2-MBF, even when present in concentrations as
low as 0.001 wt %, also dramatically impairs the color
index of the commercial phenol.

The simplest way to improve the color index of
commercial phenol is to prevent formation of acetol
or sharply decrease its content in products fed to
distillation. It is known that acetol is formed in the
stage of sulfuric acid decomposition of cumyl hydro-
peroxide (CHP) into phenol and acetone; its concen-
tration in the reaction mixture reaches 0.2 wt %. The
mechanism of acetol formation and ways to decrease
its concentration in CHP decomposition products were
not elucidated. It was suggested that acetol forms with
participation of acetone and CHP [1]. It was assumed
that CHP directly reacts with acetone, or that CHP
reacts with mesityl oxide formed by condensation of
two acetone molecules in the presence of sulfuric acid.
The mechanism of the direct reeaction was not de-
scribed, and the second pathway was presented as a
series of consecutive reactions:

2CH33C3CH3 76 CH33C3CH2C(OH)(CH3)2
o

O
o

O
76 CH3 C CH C(CH3)23 3

o

O

k ,

2CH33C3CH3 76 CH33C3CH2C(OH)(CH3)2
o

O
o

O
76 CH3 C CH C(CH3)23 3

o

O

k ,

CH33C3CH2(CH3)2COOH,
o

O

CH33C3CH=C(CH3)2

ROOH + H+

R
77776

3

o

O

CH33C3CH2(CH3)2COOH,
o

O

CH33C3CH=C(CH3)2

ROOH + H+

R
77776

3

o

O

H+
77776 CH33C3CH2OH.

CH33C3CH2(CH3)2COOH
o

O

o

O
3(CH3)2CO

H+
77776 CH33C3CH2OH.

CH33C3CH2(CH3)2COOH
o

O

o

O
3(CH3)2CO

It was also suggested [2] that acetol can form by
reaction of acetone with hydrogen peroxide present in
a small amount in the reaction mixture from cleavage
of CHP.

EXPERIMENTAL

Acetol formation was studied under conditions of
two-stage CHP decomposition into phenol andace-
tone in the presence of catalytic amounts of sulfuric
acid [3]. The first stage, according to the adopted
process scheme, was performed under conditions of
almost complete decomposition of technical-grade
CHP into target products, phenol and acetone, with
simultaneous transformation of dimethylphenylcarbi-
nol (DMPC) impurity into dicumyl peroxide (DCP).
The experiment was performed in a glass flow-circula-
tion system. The second stage, in which decomposi-
tion of CHP was completed and DCP was converted
into a-methylstyrene, was performed in an autoclave
equipped with a stirrer and a sampler. The composi-
tion of the products was determined by GLC [4].

The elucidate the mechanism of acetol formation in
the first stage of CHP decomposition at various initial
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Table 1. Concentration of acetol in the first stage of CHP
decomposition
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

T, oC
³

t, s
³ Cacid ³ CCHP ³

CA, wt %³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´
³ ³ M ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
46 ³ 80 ³ 0.0034 ³ 0.258 ³ 0.070
48 ³ 80 ³ 0.0030 ³ 0.188 ³ 0.067
49 ³ 80 ³ 0.0029 ³ 0.198 ³ 0.076
43 ³ 80 ³ 0.0032 ³ 0.544 ³ 0.115
45.8 ³ 70 ³ 0.0032 ³ 0.356 ³ 0.080
51.5 ³ 70 ³ 0.0010 ³ 0.197 ³ 0.051
51.5 ³ 80 ³ 0.0011 ³ 0.243 ³ 0.058
49 ³ 80 ³ 0.0021 ³ 0.227 ³ 0.078
48.1 ³ 80 ³ 0.0022 ³ 0.205 ³ 0.071
47.5 ³ 80 ³ 0.0038 ³ 0.178 ³ 0.091
40 ³ 80 ³ 0.0035 ³ 0.258 ³ 0.080
50 ³ 80 ³ 0.0034 ³ 0.246 ³ 0.099
64.5 ³ 80 ³ 0.0032 ³ 0.202 ³ 0.160

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 2. Concentration of acetol in the second stage of
CHP decomposition
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, min
³ CA, wt %, at indicatedT, oC
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ 100 ³ 110 ³ 120 ³ 130

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
0 ³ 0.077 ³ 0.079 ³ 0.085 ³ 0.087
5 ³ 0.087 ³ 0.087 ³ 0.102 ³ 0.120
7 ³ 3 ³ 0.093 ³ 0.110 ³ 0.120
9 ³ 3 ³ 3 ³ 3 ³ 0.120

10 ³ 0.091 ³ 3 ³ 0.119 ³ 3

12 ³ 3 ³ 0.112 ³ 3 ³ 0.123
15 ³ 0.100 ³ 3 ³ 0.123 ³ 0.127
18 ³ 3 ³ 0.113 ³ 3 ³ 3

20 ³ 0.105 ³ 3 ³ 0.127 ³ 3

25 ³ 3 ³ 0.119 ³ 3 ³ 3

30 ³ 0.107 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

concentrationsCCHP, we studied the dependence of
the acetol concentrationCA in the reaction mixture on
the main process parameters: temperatureT, sulfuric
acid concentrationCacid, and residence timet.

The results show that the concentration of acetol in
the reaction mixture in the circulation conduit depends
on all the above-mentioned parameters; the concentra-
tion decreases with decreasing temperature, sulfuric
acid concentration, and residence time.

To elucidate the specific features of acetol accum-
ulation in the second stage of the process, we studied
the dependence of its concentration in the reaction
mixture on the sulfuric acid concentration and temper-
ature at various residence times.

We found that the acid concentration has no appre-
ciable efect on the rate of acetol accumulation, and the
decisive factor affecting the reaction rate is the tem-
perature. Data on variation of the acetol concentration
in the reaction mixture with time at various tempera-
tures are given in Tables 1 and 2.

In the course of studying accumulation of acetol in
the second stage of CHP decomposition, we revealed
some experimental trends. First, when we used as the
feed the products obtained in the circulation unit, the
acetol concentration in the reaction mixture consider-
ably increased. Second, when the feed for the second
stage was prepared in the first stage at the same sul-
furic acid concentrations, temperatures, and circula-
tion multiplicities, the final acetol concentrations after
completion of the second stage were equal irrespective
of its conditions. Third, when we used as the feed for
the second stage a model mixture identical in the
composition (according to GLC analysis) to the prod-
uct of the first stage, the increase in the acetol con-
centration in the reaction mixture did not exceed
0.005 wt %.

These facts give some insight into possible path-
ways of acetol formation in the course of sulfuric acid
decomposition of CHP. Apparently, the necessary
condiiton for acetol formation is simultaneous pres-
ence in solution of acetone, hydroperoxide (HP), and
catalytic amounts of sulfuric acid. The nature of HP
and the presence of phenol are of no significance;
additional experiments showed that acetol is efficient-
ly formed in acetone solution in the presence of other
HPs, in particular, hydrogen peroxide andtert-butyl
hydroperoxide (TBHP). Data on acetol accumulation
in the second stage of CHP decomposition are con-
sistent with this conclusion; the only specific feature
is that with the products from the first stage used as
the feed the amount of the forming acetol, according
to GLC data, exceeds several times that obtained with
the model mixture of the same composition. This fact
can be explained only by assuming that formation of
acetol from acetone in the presence of CHP and acid
occurs via formation of intermediate(s) undetectable
by GLC. It is assumed that in the first stage of CHP
decomposition this intermediate transforms into acetol
only partially, and the reaction is completed in the
second stage.

Possible intermediates that cannot be isolated and
identified are 2-hydroxy-2-cumylperoxypropaneI and
2,2-bis(cumylperoxy)propaneII . It is known that
compoundI and relateda-hydroxy peroxides derived
from other HPs are formed reversibly in reactions of
ketones with HPs at low temperatures [5]. These com-
pounds are extremely labile, and their formation was
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confirmed only by IR spectroscopy. CompoundII was
not described in the literature, but data are available
on its analog prepared from acetone and TBHP [6].

Based on the above assumption and taking into
account published data, we suggest the following
scheme of acetol formation from acetone and CHP:

O=C 76 HO3C+
776 HO3C3O3 O3R
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where R is the cumyl radical.

Decomposition ofI with intermediate formation of
the oxide is shown arbitrarily; most probably, decom-
position with carbinol elimination and intramolecular
rearrangement occur simultaneously.

The above hypothetical scheme can explain the
pathway of acetol formation in the first stage of CHP
decomposition, but, because of the low stability of
a-hydroxy peroxides, in the second stage this pathway
is improbable. The acetol precursor in the second
stage should be a relatively stable compound. Presu-
mably, along with the reactions shown in scheme (1),
compoundI reacts with CHP with formation of more
stable compoundII by the scheme

CH3 CH3
9 H+ 9

R3O3O3C3OH 776 R3O3O3C+

9 3H2O 9

CH3 CH3

CH3
+ROOH 9

7776 R3O3O3C3O3O3R. (2)
3H+

9

CH3
II

CompoundII , presumably formed in the course of
CHP decomposition in the first stage, in the second
stage at elevated temperature decomposes to form
CHP, DMPC, and acetol:

CH3 CH3
9 9+H2O

R3O3O3C3O3O3R 7776 R3O3O3C3OH
9 93ROOH
CH3 CH3

776 HO3CH23C3CH3.
3ROH 99

O

Since it is extremely difficult to confirm experi-
mentally formation of acetol by pathway (1) because
of the low stability ofa-hydroxy peroxides, we exam-
ined the possibility of occurrence of reaction (2). An
evidence in favor of this process could be formation
of CHP, DMPC, and acetol in a stoichiometric ratio
from specially prepared compoundII . Since this com-
pound does not exist in the neat form and since CHP
formed from II by reaction (2) rapidly decomposes
into phenol and acetone under conditions of acid
catalysis, our proof of this mechanism was based on
chemical analogies. To simulate formation of acetol
in the second stage of CHP decomposition, we used
an analog ofII , which was specially prepared from
acetone and TBHP according to [6]. This compound
was subjected to decomposition in the presence of
sulfuric acid in a solution of phenol in acetone. The
GLC analysis showed that decomposition of this di-
peroxide yields equimolar amounts of TBHP, trimeth-
ylcarbinol, and acetol, which is an indirect evidence
in favor of the suggested mechanism. In this process,
acetol is formed via intermediate carbocations, as
indicated by the absence of acetol in the products of
thermal decomposition of the model hydroperoxide
in aprotic CCl4 without acid.

CONCLUSIONS

Formation of acetol in the course of sulfuric acid
decomposition of cumyl hydroperoxide into phenol
and acetone occurs by the carbocationic mechanism
via intermediate formation of 2-hydroxy-2-cumylper-
oxypropane and 2,2-bis(cumylperoxy)propane.
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Abstract-3-Substituted thietanes were prepared by reaction of 1,2-epithio-3-chloropropane with various
nucleophiles in aqueous solutions and were characterized. The inhibiting power of these compounds in
cumene oxidation was studied.

Previously we studied antioxidant activity of vari-
ous thiiranes and thietanes. It was shown that the in-
hibiting mechanism involves both termination of an
oxidation chain by reaction with peroxy radicals with
oxidation of the inhibitors by cumyl hydroperoxide
(CHP) and formation of substances catalyzing hydro-
peroxide degradation into molecular products and
readily reacting with peroxy radicals.

In this work we synthesized 3-substituted thietanes
and studied their antioxidant activity in cumene oxi-
dation.

1,2-Epithio-3-chloropropane (I ) was prepared by
reaction of epichlorohydrin with thiourea in the pres-
ence of methanol [7]. Reaction ofI with ammonium
thiocyanate in an aqueous solution to form 3-thietanyl
isothiocyanate (II ) was studied in [8]. 3-Thietanyl-
substituted thioureasIII and IV were prepared by ad-
dition of 3-thietanyl isothiocyanate to benzylamine
and morpholine, respectively:

S C
ie
eiHN=C=S + HX 6 S C

ie
eiHNHCX,gg

S
III, IVII

S C
ie
eiHN=C=S + HX 6 S C

ie
eiHNHCX,gg

S
III, IVII

X = NHCH231where 7O(III ) , 3N (IV ).X = NHCH231where 7O(III ) , 3N (IV ).

3-Thietanol (V) was prepared by reaction of 1,2-epi-
thio-3-chloropropane with sodium carbonate [9]:

CHCH2fh
S

Na2CO3

I

3NaCl
SdjCH2djCH2

CHOH.

V

CH2Cl 7776CHCH2fh
S

Na2CO3

I

3NaCl
SdjCH2djCH2

CHOH.

V

CH2Cl 7776

The structure of the resulting compounds was con-
firmed by IR and 1H NMR spectroscopy and the pur-
ity, by elemental analysis and thin-layer and gas3

liquid chromatography (GLC).

The IR spectra of 3-thietanyl-substituted thio-
ureasIII and IV contain the bands in the range 6703

680, 7203730, and 142031435 cm31, which are typi-
cal for stretching vibrations of the four-membered
thietane ring. The band in the range 150031520 cm31

is assigned to stretching vibrations of the thiourea
NHC(S) fragment.

In the range 2.6533.65 ppm the1H NMR spectra
of 3-thietanyl-substituted thioureasIII and IV contain
a quintet of four protons of two equivalent methylene
groups of the thietane ring with the intensity ratio of
1 : 4 : 6 : 4 : 1. The signal of the single methine
proton of the thietane ring appears as a quintet in the
range 4.2534.75 ppm. The broad strong signal of the
NH protons of the thiourea skeleton is observed at
7.0537.65 ppm. The signals of CH2 protons of the
benzyl fragment are observed in the range 2.53

2.9 ppm. The singlet in the range 6.6136.89 ppm is
assigned to five aromatic protons.

Reactions ofII 3V with CHP were performed in
chlorobenzene under nitrogen at 110oC in a tempera-
ture-controlled glass reactor. The CHP content in the
samples taken at regular intervals was determined by
iodometric titration.

To determine the reaction stoichiometry, CHP was
taken in excess. The stoichiometric coefficients cal-
culated by the equation
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[CHP]0 3 [CHP]
i

n = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ,
[InH]0

(where [CHP]0 and [CHP]i are the initial and final
CHP concentrations, respectively, [InH]0 is the initial
concentration of the inhibitor) show that products
formed from a single molecule of the inhibitors cause
several thousand CHP molecules to decompose.

The kinetic parameters of the catalytic decomposi-
tion of CHP in the presence ofII 3V are presented in
the table. High stoichiometric coefficientsn indicate
the catalytic nature of CHP decomposition.

Analysis of the kinetic parameters of reaction of
the tested compounds with CHP shows that their ac-
tivity in this reaction appreciably depends on the
nature of the substituent in a thietane molecule.

As in the case of the reaction with cumylperoxy
radicals, compoundIV is the most active in reaction
with CHP. Therate constantK and the stoichiometic
coefficientn for this compound are higher by an order
of magnitude than those for the other compounds.

The study of cumene autooxidation at 110oC in the
presence of compoundsII 3V showed (Fig. 1) that all
these thietanes inhibit the oxidation. To determine
their antioxidant power in elementary reactions re-
sponsible for inhibition of cumene oxidation, we
studied reactions of these compounds with cumylper-
oxy radicals and CHP. All the tested compounds
(Fig. 2) inhibit initiated oxidation of cumene. The
stoichiometric coefficient of inhibition equal to the
number of oxidation chains terminated on single in-
hibitor molecule and products of its conversion was
calculated from the induction periodt by the equation

twi
f = ÄÄÄÄÄ,

[InH]0

wheret is the induction period (s),wi is the initiation
rate (under the conditions studied it is equal to 20

1037 mol l31 s31) [10].

The rate constant of the reaction of the tested in-
hibitors with peroxy radicalsK was calculated form
the rate of oxygen uptake. For this purpose the kinetic
curves of oxygen uptake in theD[O2] vs. t coordinates
were transformed into theD[O2]31 vs. t31 coordinates.
From the slope of the straight line

f K7 [InH]0
tana = ÄÄÄÄÄÄÄÄÄ

K2 [RH] wi

the constantK7 was calculated by the equation

t, min

VO2
, ml

Fig. 1. Kinetic curves of cumene autooxidation atT =
110oC in the presence of the tested inhibitors with the con-
centration [InH] = (1) 0, (2, 3) 501035, and (4) 501036 M.
(VO2

) Oxygen volume and (t) time; the same for Fig. 2.

t, min

VO2
, ml

Fig. 2. Kinetic curves of initiated oxidation of cumene at
[AIBN] = 2 01032, wi = 20107 M, andT = 60oC: Inhibitor
and concentration, M: (1) none; (2) II , 101034 (3) III ,
301034, and (4) IV , 5 1036 M.

tanaK2 [RH] wi
K7 = ÄÄÄÄÄÄÄÄÄÄÄÄ,

f [InH]0

where K = 1.51 l mol31 s31 [12], [RH] = 6.9 M.

As seen from the kinetic curves of initiated oxida-
tion of cumene, the oxidation rate in the presence
of the inhibitors after the induction period (Fig. 2,
curves234) is lower than that in their absence (Fig. 2,
curve 1). This indicates that products of reaction of
II 3V with cumylperoxy radicals are also inhibitors.
The kinetic parameters of reaction ofII 3V with
cumylperoxy radicals are presented in the table.

As seen from the table, the stoichiometric coeffi-
cient f and the rate constantK7 for II 3V range from
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Kinetic parameters* of reaction of 3-substituted thietanes
with cumylperoxy radicals (60oC, [AIBN] = 2 0 1032 M)
and CHP (110oC)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Com-
³

f
³ K7 0 1034 ³ K ³

n³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´
pound ³ ³ l mol31 s31 ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

II ³ 0.96 ³ 2.23 ³ 20 ³ 53 800
III ³ 1.86 ³ 2.4 ³ 24 ³ 68 600
IV ³ 34 ³ 7.05 ³ 225 ³ 586 000
V ³ 0.24 ³ 2.0 ³ 12 ³ 23 500

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* AIBN is azobis(isobutyrolnitrile),f is the stoichiometric coef-

ficient of inhibition, K7 is the rate constant of reaction of the
inhibitors with peroxy radicals,K is the rate constant of the
reaction with CHP, andn is the catalytic factor.

0.24 to 34 and from 2.0 to 7.050 1034 l mol31 s31, re-
spectively. Analysis of the kinetic parameters of reac-
tion of II 3V with cumylperoxy radicals shows that the
reactivity of these compounds strongly depends on the
nature of the substituents at the thietane ring. Com-
pound IV , unlike the other inhibitors, repeatedly ter-
minates the oxidation chains (f = 34) and exhibits very
high reactivity with respect to cumylperoxy radicals
(K7 = 7.0501034 l mol31 s31).

Thus, all the tested inhibitors actively decompose
CHP in three steps (Fig. 3): the first step is very slow
(the induction period), the second is fast and auto-
catalytic, and the third is the final step of CHP de-
gradation. The first two steps last different times
depending on initial concentrations of hydroxperoxide
and inhibitor. The induction period shortens with in-
creasing the hydroperoxide concentration. The shape
of the curves of CHP autocatalytic decomposition in-
dicates that CHP decomposes under the action of
products formed in the first slow step of the reaction

t, min

[RCOOH], M

Fig. 3. Kinetic curves of CHP decomposition atT = 110oC
under the action ofV. [InH] 501035 M. ([ROOH]) Concen-
tration and (t) time.

of the inhibitors with CHP, but not under the action of
the initial inhibitors.

EXPERIMENTAL

The IR spectra were recorded in a thin layer on a
Specord 75-IR spectrometer. The1H NMR spectra
were recorded on a Varian T-60 spectrometer operat-
ing at 60 MHz, with tetramethylsilane as the internal
reference.

Thin-layer chromatography ofI3V was performed
on Silufol-254 plates using an ethanol3hexane mixture
(1 : 5) as the eluent. In all case a single spot was ob-
served after development with iodine.

1-Benzyl-3-(3̀-thietanyl)thiourea (III). Benzyl-
amine [10.7 g (0.1 mol)] was mixed with 3-thietanyl
isocyanate [13.1 g (0.1 mol)]. The reaction mixture
slightly warmed up. Crystalline target product was
isolated after the reaction mixture was cooled to room
temperature and diluted with benzene. The reaction
course was monitored by TLC and IR spectroscopy.
The yield of III was 24 g (87%), mp 165oC, Rf =
0.86.

Found, %: C 55.25, H 5.67, N 11.92, S 27.16.
C11H44N2S2.
Calculated, %: C 55.42, H 5.92, N 11.75, S 26.90.

CompoundIV was prepared similarly in a 17.7 g
(81%) yield from morpholine [8.7 g (0.1 mol)] and
3-thietanyl isothiocyanate [13.1 (0.1 mol)]; mp 1653

166oC, Rf = 0.80.

Found, %: C 51.21, H 7.75, N 14.85, S 17.37.
C8H14N2OS2.
Calculated, %: C 51.58, H 7.58, N 15.04, S 17.21.

Cumyl hydroperoxide was purified by the known
procedure [13] with subsequent distillation. Chloro-
benzene and cumene were treated with concentrated
sulfuric acid [14] to remove impurities. The CHP con-
centration was determined by iodometric titration [15].
Decomposition of CHP at 110oC in a chlorobenzene
solution was studied in glass bubbling reactor under
an inert atmosphere. The concentration of CHP and
the tested compounds was varied from 0.23 to 0.45
and from 0.501034 to 501036 M, respectively.
Cumene oxidation initiated by AIBN was studied on a
manometric unit [10]. The rate constant of the initia-
tion at 60oC is K = 1.001035 s31 [11]. The initiator
concentration in all experiments was constant (20

1032 M). The concentration of the inhibitors ranged
from 101034 to 501036 M.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

3-SUBSTITUTED THIETANES AS EFFECTIVE INHIBITORS 117

REFERENCES

1. Allakhverdiev, M.A., Akperov, N.A., Farzaliev, V.M.,
et al., Khim. Geterotsikl. Soedin., 1988, no. 12,
p. 1619.

2. Allakhverdiev, M.A., Akperov, N.A., Farzaliev, V.M.,
et al., Neftekhimiya, 1988, vol. 28, no. 2, p. 251.

3. Allakhverdiev, M.A., Akperov, N.A., Farzaliev, V.M.,
et al., Zh. Prikl. Khim., 1988, vol. 61, no. 6, pp. 14113
1443.

4. Farzaliev, V.M., Allakhverdiev, M.A., Guseino-
va, G.M., et al., Abstracts of Papers,V Moskovskaya
nauchno-tekhnicheskaya konferentsiya po priborotekh-
nike i mashinostroeniyu(V Moscow Scientific and
Technical Conf. on Instrument Technique and Ma-
chine Building), Novgorod, 1991, p. 130.

5. Allakhverdiev, M.A., Akperov, N.A., and Farzali-
ev, V.M., Khimiya tietanov (Thietane Chemistry),
Baku: Inst. Khimii Prisadok Akad. Nauk Azerbaid-
zhanskoi Respubliki, Available from VINITI, 1990,
no. 369 590.

6. Farzaliev, V.M., Allakhverdiev, M.A., Akperov, N.A.,
and Liksha, V.B.,Neftekhimiya, 1990, vol. 30, no. 5,
p. 706.

7. Culvenor, C.C., Davies, W., and Pausacker, K.H.,
J. Chem. Soc., 1949, no. 11, p. 1050.

8. Huretdinova, N.O. and Guseva, F.F.,Izv. Akad. Nauk
SSSR, Ser. Khim., 1976, no. 3, p. 662.

9. Adams, E.R., Ayah, N.K., and Queen, A.,J. Chem.
Soc., 1960, no. 6, p. 2665.

10. Denisov, E.T., Kharitonov, V.V., and Fedorov, V.V.,
Metody transformatsii kineticheskikh krivykh kak spo-
sob otsenki effektivnosti ingibitorov okisleniya(Trans-
formation of Kinetic Curves as a Procedure for Es-
timating Efficiency of Oxidation Inhibitors), Cherno-
golovka, 1973.

11. Emanuel’ N.M., Denisov, E.T., and Maizus, Z.K.,
Tsepnye reaktsii okisleniya uglevodorodov v zhidkoi
faze (Chain Reactions of Hydrocarbon Oxidation In
Liquid Phase), Moscow: Nauka, 1967.

12. Denisov, E.T.,Konstanty skorosti gomoliticheskikh
zhidkofaznyk reaktsii(Rate Constants of Homolytic
Liquid-Phase Reactions), Moscow: Nauka, 1971.

13. Karnojitzki, V., Les peroxides organiques, Paris:
Hermann, 1958.

14. Weissberger, A. and Proskauer, E.S.,Organic Solv-
ents. Physical Properties and Methods of Purification,
Riddick, J.A. and Toops, E.E., Eds., New York: Inter-
science, 1955.

15. Houben3Weyl, Methoden der Organischen Chemie,
vol. 2: Analytische Methoden, Stuttgart: Georg
Thieme, 1953.



1070-4272/01/7401-0118$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 1, 2001, pp. 1183122. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 1143117.
Original Russian Text CopyrightC 2001 by Gorbunova, Zapevalov, Kirichenko, Saloutin, Chupakhin.

ORGANIC SYNTHESIS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND INDUSTRIAL ORGANIC CHEMISTRY

Preparation of Amino Derivatives from Industrial Mixtures
of Polychlorobiphenyls

T. I. Gorbunova, A. Ya. Zapevalov, V. E. Kirichenko,
V. I. Saloutin, and O. N. Chupakhin

Institute of Organic Synthesis, Ural Division, Russian Academy of Sciences, Yekaterinburg, Russia

Received June 21, 2000

Abstract-Chemical utilization (conversion) of polychlorobiphenyls by nitration of their industrial mixture
was studied. Reduction of the nitro derivatives gave mixtures of aminopolychlorobiphenyls.

One of the main sources of environmental pollution
with highly toxic compounds, polychlorodibenzodiox-
ins (PCDDs) and polychlorodibenzofurans (PCDFs),
is continuing use of polychlorobiphenyls (PCBs) as
liquid dielectrics. The first step to stop environmental
pollution with PCDDs and PCDFs was made in early
1990s and implied total cessation of production of
PCBs.

Today active efforts are made throughout the world
to develop processes for utilization (conversion) of
PCBs accumulated in large amounts, and state regula-
tions are being adopted on determination and analysis
of noxious impurities in air, water, and soil. Much
attention is given to development and implementation
of various projects aimed at normalization of the
environment. A new program, Protection of the Envi-
ronment and Population from Dioxins and Dioxin-
Like Toxicants in 200032005, is to be adopted in
Russia [1].

Procedures for utilization (conversion) of PCBs are
summarized in [2]. Methods based on combustion of
PCBs followed by trapping of off-gases seem to be
economically unfeasible. Conversion of PCBs into
useful nontoxic materials would be more acceptable.

Previously procedures were proposed for chemical
processing of PCBs by substitution of two chlorine
atoms in the initial industrial mixtures by alkoxy
groups in the presence of alkali metal hydroxides [3].

In this work we continue a search for alternative
chemical methods of conversion (utilization) of PCBs.

The goal of this study was development of proce-
dures for preparing amino derivatives from the indus-
trial PCB mixture. Such derivatives show promise in
synthesis of polymeric compositions [4], dyes [5],

analytical reagents [638], etc. The main precursors
of aromatic amino derivatives are aromatic nitro com-
pounds [5]. Both mono- [5, 9] and dinitro [10] deriva-
tives of biphenyl are known. Mononitrobiphenyls are
usually prepared by indirect procedures from various
mononuclear derivatives [9], rather than by direct
nitration of biphenyl. Treatment of biphenyl with
nitrating mixture gives 4,4`-dinitrobiphenyl [10]. The
by-product is 3,5,4̀-trinitro-4-hydroxybiphenyl (less
than 2%) [11]. In treatment of biphenyl with nitrating
mixture, compounds with a greater degree of nitration
were not detected. Other dinitro derivatives of biphen-
yl are also prepared by indirect procedures.

Scheme.
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Table 1. Data on nitration of PCB-5 (I )
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

³ Loaded ³ ³

Reaction

³

Yield, %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³

Run no.* ³ PCB-5 (I ) ³ HNO3 ³ H2SO4 (20% SO3) ³ t, h ³
product

³
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³
³ mol ³ g ³ ml ³ ³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
1 ³ 0.31 ³ 100.0 ³ 60 ³ 72 ³ 6 ³I + IIa + IIb ³ N/d**
2 ³ 0.3 ³ 98.0 ³ 60 ³ 72 ³ 9 ³IIa + IIb ³ "

3 ³ 0.2 ³ 65.3 ³ 40 ³ 48 ³ 9 ³IIa + IIb ³ "

³ ³ ³ 3 ³ 3 ³ 3 ³ ³
4 ³ 0.2 ³ 65.3 ³ 60 ³ 72 ³ 12 ³IIa + IIb ³ "

³ ³ ³ 3 ³ 5 ³ 3 ³ ³
5 ³ 0.3 ³ 98.0 ³ 60 ³ 72 ³ 12 ³IIb ³ 98

³ ³ ³ 3 ³ 10 ³ 8 ³ ³
³ ³ ³ 60 ³ 72 ³ 12 ³ ³

6 ³ 0.6 ³ 195.9 ³ 120 ³ 144 ³ 8 ³IIb ³ 99
³ ³ ³ 3 ³ 20 ³ 6 ³ ³
³ ³ ³ 120 ³ 144 ³ 9 ³ ³

7 ³ 0.3 ³ 98 ³ 60 ³ 72 ³ 12 ³IIb ³ 99
³ ³ ³ 3 ³ 10 ³ 3 ³ ³
³ ³ ³ 60 ³ 72 ³ 12 ³ ³

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* In run nos. 1 and 2 the loading was performed as recommended in [12]; in run nos. 337 the reactants were added in portions.

** (N/d) The yield was not determined, because it was difficult to separateIIa and IIb .

Table 2. Monitoring by the Yanovskii reaction of the progress of PCB-5 nitration
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run no.
³

Sampling time, h
³

Color of acetone solution
³ Amount of unchanged PCB-5 (I )

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ ml ³ g

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 2 ³Light brown, transparent ³ 1.20 ³ 1.81
2 ³ 4 ³ ³ 0.45 ³ 0.68
3 ³ 6 ³ ³ 0.23 ³ 0.35
4 ³ 8 ³ ³ 3 ³ 3

5* ³ 10 ³ ³ 3 ³ 3

6 ³ 12 ³Brown, transparent ³ 3 ³ 3

7** ³ 14 ³ ³ 3 ³ 3

8 ³ 16 ³ ³ 3 ³ 3

9 ³ 18 ³ ³ 3 ³ 3

10 ³ 20 ³ ³ 3 ³ 3

11 ³ 22 ³Reddish brown, nontransparent in transmitted³ 3 ³ 3

22 ³ 24 ³light ³ 3 ³ 3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* After sampling, an additional portion of oleum was introduced.

** After sampling, a portion of nitrating mixture was added.

A procedure was developed for nitration of a mix-
ture of pentachlorobiphenyls PCB-5 (I ), which are the
main components of industrial PCBs. The isomeric
composition of the industrial mixture of PCBs used
in enterprises of the Ural region was determined by
GLC; the results are reported elsewhere [3].

Nitration of PCB-5 (I ) was performed by treatment
with a mixture of nitric acid and oleum (20% SO3)

(see scheme). The reaction parameters (amount of the
nitrating mixture, time, temperature) were determined
(Table 1). The progress of nitration and the extent
of PCB-5 conversion were monitored qualitatively by
the Yanovskii reaction [638, 13] (see Experimental;
Table 2).

Analysis of the nitration productsIIb shows that
under the reaction conditions two nitro groups are
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(a)

tr, min

(b)

tr, min

tr, min

(c)

Fig. 1. Chromatograms of 5% solutions in toluene of (a) in-
dustrial PCB-5 mixtureI , (b) mixture of dinitropentachloro-
biphenylsII , and (c) mixture of diaminopentachlorobiphen-
yls III . (tr) Retention time.

introduced into the moleculees of the initial PCB-5.
The presence of chlorine atoms in PCB-5 should favor
deeper nitration. However, analysis of the isomeric
composition ofI [3] shows that accumulation of sub-
stituents (chlorine atoms) in positions 2 and 2` in the
eleven major components distorts the coplanarity of
the PCB-5 structure [10]. Furthermore, in six isomers
of eleven both 4- and 4`-positions are occupied, and
in the remaining five isomers one of these positions
is occupied. All these factors prevent deep nitration
of PCB-5 (I ).

Figure 1 shows the GLC data proving complete

conversion of the initial mixtureI in the course of
nitration.

Diamino derivativesIII are prepared by reduction
of nitro groups in mixtureIIb . The most efficient
laboratory procedure for reduction of dinitro deriva-
tives IIb is their treatment with a solution of SnCl2
in HCl (see scheme). The reaction occurs within 2 h
and gives the crude product in a good yield (86%).
After additional purification, the yield of target com-
pounds III is 68372% (Table 3):
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It should be noted that the temperature conditions
of reduction of mixtureIIb (about 100oC) exclude
formation of dioxin-like structures from the initial
substance [14]. This reduction procedure has signifi-
cant advantages over the procedures used in industry
and involving in most cases elevated temperatures and
pressures [15].

DiaminopentachlorobiphenylsIII can be used as
starting compounds in production of dyes [5] and as
components in polycondensation for preparing epoxy
resins, polyamides, polymer blends [4], etc.

EXPERIMENTAL

The IR spectra were taken on a Specord 75-IR
spectrophotometer from films of toluene solutions.
The product purity was checked with a Shimadzu
GC-14A gas3liquid chromatograph (Chromatopac
C-RGA data processing system) equipped with a
flame-ionization detector (HP-5 quartz capillary col-
umn, 30 m long, 0.2 mm i.d.,carrier gas nitrogen).
Compounds were injected as 10% solutions in hexane
or methanol. The column temperature was kept at
100oC for 3 min with subsequent heating to 280oC at
a rate of 10 deg min31. The vaporizer temperature was
280oC, and the detector temperature, 300oC.

The procedure of the Yanovskii reaction is de-
scribed in detail elsewhere [16]. The blank experiment
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Table 3. Results of reduction of dinitropentachlorobiphenylsIIb
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Loaded ³

Yield of III , %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

t, h ³ IIb ³ SnCl2 .2H2O ³
HCl concd., ml

³
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³
³ mol ³ g ³ mol ³ g ³ ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
7 ³ 0.1 ³ 41.6 ³ 0.72 ³ 162.7 ³ 146 ³ 72
5 ³ 0.2 ³ 83.2 ³ 1.44 ³ 325.5 ³ 292 ³ 68
4 ³ 0.1 ³ 41.6 ³ 0.6 ³ 135.6 ³ 122 ³ N/d*
2 ³ 0.09 ³ 39.0 ³ 0.72 ³ 162.7 ³ 146 ³ 71
1 ³ 0.1 ³ 41.6 ³ 0.72 ³ 162.7 ³ 146 ³ N/d

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (N/d) The yield was not determined, because the isolated product containedIIb along with III .

(mixture of PCB-5, acetone, andNaOH solution)
gives a three-layer system of immiscible initial reac-
tants [from bottom to top: PCB-5 (I ), colorless NaOH
solution, and colorless acetone phase].

The control sample (a mixture of dinitropentachlo-
robiphenyls IIb , acetone, and NaOH solution) is a
uniform liquid of intense reddish brown color, non-
transparent in transmitted light.

A three-necked reactor equipped with a power-
driven stirrer, a water-cooled reflux condenser, and
a dropping funnel was placed on a boiling water bath
and was charged with 195.9 g (0.6 mol) of pentachlo-
robiphenyl I . Then the nitrating mixture (120 ml of
concd. HNO3 and 144 ml of H2SO4 + 20% SO3) was
added dropwise with vigorous stirring. After addition
completion, the mixture was stirred for 8 h, and 20 ml
of oleum was added. The stirring was continued for
6 h, and a new portion of the nitrating mixture, similar
to the first portion, was added. The stirring was con-
tinued for an additional 9 h, after which the nitration
product was washed with hot water to pH 7. After
drying, 247.4 g (99%) of dinitropentachlorobiphenyl
IIb was obtained as a yellow solid, mp 72375oC. IR
spectrum,n, cm31: 1550, 1335 (antisymmetrical and
symmetrical stretching vibrations of the NO2 groups).

Found, %: C 34.19, H 0.76, Cl 42.68, N 6.77.

C12H3Cl5N2O4.
Calculated, %: C 34.61, H 0.73, Cl 42.57, N 6.73.

A three-necked vessel equipped with a power-
driven stirrer, a water-cooled reflux condenser, and
a dropping funnel was placed on a boiling water bath,
41.6 g (0.1 mol) ofIIb was added, and a mixture
of 162.7 g (0.72 mol) of SnCl2 .2H2O and 146 ml of
concd. HCl was added dropwise. After addition com-
pletion, the mixture was stirred for 2 h and washed

with water, Na2CO3 solution, and again water until
the medium became weakly acidic. The solid product
was collected and dried. Then the dry substance was
dissolved in toluene, and the SnCl4 precipitate was
washed by decanting. The solvent was distilled off,
and the residue was kept in a vacuum. Yield of crude
diaminopentachlorobiphenylIII 30.6 g (86%). Prod-
uct III was distilled in a roughing-pump vacuum,
bp 2493256oC/6 mm Hg. Yield of purifiedIII 25.3 g
(71%). IR spectrum,n, cm31: 3460, 3365 (NH stretch-
ing vibrations), 1600 (NH bending vibrations).

Found, %: C 40.57, H 1.89, Cl 49.76, N 7.74.

C12H7Cl5N2.
Calculated, %: C 40.43, H 1.98, Cl 49.73, N 7.86.

CONCLUSIONS

(1) A procedure was developed for preparing dini-
tro derivatives from industrial mixture of polychloro-
biphenyls.

(2) Reduction of dinitro derivatives of polychloro-
biphenyls gave a mixture of diaminopolychlorobi-
phenyls in a yield of up to 72%.

(3) Diaminopolychlorobiphenyls can be valuable
intermediates in production of polymers, dyes, etc.
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Abstract-The time dependences of the viscosity of melts of H complexes formed by dimethyl or diethyl
dihydrogen 3,3̀,4,4̀-benzophenonetetracarboxylate and 4,4`-diaminodiphenylmethane,m-phenylenediamine, or
equimolar mixture of these diamines at 95 and 105oC were studied.

It is known that thermal imidization of H com-
plexes formed by dimethyl dihydrogen 3,3`,4,4̀-ben-
zophenonetetracarboxylate and aromatic diamines is
the key step in preparation of light-weight polyimide
foam composites containing felts and fabrics based on
organic thermally stable fibers (including polyimide
felt) as a reinforcing filler. Due to their low density
along with high cryo- and thermal stability, refractori-
ness, and high thermal and sound insulation proper-
ties, these composites show promise for ship-building
and aircraft industry [1].

In preparation of polyimide foam composites H
complexes are used as prepolymers of polyimide
binders. In the process, relatively low melting point
(mp) of H complexes (from 70 to 130oC depending
on the composition [2]) is a decisive factor. However,
thermal imidization of H complexes also starts at low
temperatures (1003120oC [3]). Thus, separation of
melting and further intensive imidization of H com-
plexes during prepreg preparation is of particular im-
portance. This problem can be solved by preparing the
prepreg at lower temperature (953105oC) when the
required H complexes occur in the molten state, but
imidization is yet very slow.

To optimize the prepreg preparation the viscosity
of the melt of the H complex (binder) and the kinetics
of its variation should be determined. In this work
we studied H complexes of dimethyl or diethyl dihy-
drogen benzophenonetetracarboxylate with aromatic
diamine (diaminodiphenylmethane,m-phenylenedi-
amine, or their mixture) under various preparation
conditions.

EXPERIMENTAL

The initial H complexes were prepared as follows.
3,3̀ ,4,4̀-Benzophenonetetracarboxylic dianhydride
(0.03 mol) was dissolved with stirring in 15 ml of
boiling methanol or ethanol (absolute or with addition
10 vol % water). The solution of dialkyl dihydrogen
benzophenonetetracarboxylate was cooled to room
temperature and the equimolar amount of the corre-
sponding diamine (or diamines) was added dropwise
with stirring. After solution homogenization the result-
ing solid H complexes were recovered by removing
the solvent in a vacuum at room temperature. The
abbreviations of the H complexes studied (depending
on diamine and esterifying agent) are presented in
the table.

Before use 3,3`,4,4̀-benzophenonetetracarboxylic
dianhydride [BZP; TU (Technical Specifications)
TSR 2159369] was purified by refluxing in acetone
(mp 225oC); 4,4̀-diaminodiphenylmethane (DADPM)
was distilled in a vacuum (133 mm Hg, mp 90392oC);
andm-phenylenediamine (m-PDA) was sublimed from
zinc dust in a vacuum (mp 63oC).

The viscosity of the melts of H complexes was
measured at 95 and 105oC on a PIRSP rheometer with
a cone3plane working unit (1o angle at the cone apex,
40 mm cone diameter) [4].

The kinetic dependences of the viscosity of the
melts of H complexes based on dimethyl dihydrogen
benzophenonetetracarboxylates (BZPMe) prepared
under various conditions are shown in Figs. 1a and 1b
(in absolute methanol and in the mixture of methanol
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H Complexes based on dialkyl dihydrogen benzophenonetetracarboxylates
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Esterifying agent
³ H complexes with diamine
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ DADPM ³ m-PDA ³ DADPM + m-PDA

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CH3OH ³BZPMe.DADPM ³BZPMe.m-PDA ³BZPMe. (DADPM + m-PDA)
CH3OH + 10%H2O ³BZPMe.DADPM(H2O) ³BZPMe.m-PDA(H2O) ³BZPMe. (DADPM+m-PDA)(H2O)
C2H5OH ³BZPEt.DADPM ³BZPEt.m-PDA ³BZPEt. (DADPM+m-PDA)
C2H5OH + 10%H2O³BZPEt.DADPM(H2O) ³BZPEt.m-PDA(H2O) ³BZPEt. (DADPM+m-PDA)(H2O)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

with 10 vol % water, respectively). As expected,
with increasing temperature from 95 to 105oC the vis-
cosity of melts increases more rapidly. The decrease
in the viscosity, most pronounced at 105oC (Fig. 1a,
curves 2, 3; Fig. 1b, curve 3), is probably due to
foaming of the molten sample and weight loss occur-
ring in this case, because the foaming melt partially
escapes from the rheometer cell (observed visually).

The viscosity decrease is the more pronounced, the
greater the melt foaming.

The time dependences of the viscosity of the melts
of H complexes based on diethyl dihydrogen benzo-
phenonetetracarboxylate (BZPEt) prepared under vari-
ous experimental conditions are shown in Figs. 1c and
1d. With substitution of BZPEt for BZPMe in the
H complex the life period of the melt increases,

(a)log h [Pa s]

t, min

log h [Pa s] (c)

t, min

log h [Pa s] (b)

t, min

log h [Pa s] (d)

t, min
Fig. 1. Viscosity h of the melts of H complexes as a function of timet. (a): (1) BZPMe3DADPM, (2, 2̀) BZPMe3m-PDA,
and (3, 3̀) BZPMe3(DADPM + m-PDA); (b): (1, 1̀) BZPMe3DADPM(H2O), (2) BZPMe3m-PDA(H2O), and (3, 3̀) BZPMe3
(DADPM + m-PDA)(H2O); (c) (1, 1̀) BZPEt3DADPM, (2, 2̀) BZPEt3m-PDA, and (3, 3̀) BZPEt3(DADPM3m-PDA);
(d) (1, 1̀) BZPEt3DADPM(H2O), (2, 2̀) BZPEt3m-PDA(H2O), and (3, 3̀) BZPEt3(DADPM + m-PDA)(H2O).
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whereas the intensity of foaming significantly de-
creases.

Now, we consider the effect of the diamine nature
in the H complex on the melt viscosity. As seen from
Figs. 1a31d, H complexes based on DADPM possess
the greatest viscosity (curves1, 1̀). It should be noted
that the temperature of 95oC is insufficient to melt the
BZPMe-DADPM H complex prepared in absolute
methanol (curve1` in Fig. 1a is absent). As a rule, H
complexes based onm-PDA exhibit the lowest vis-
cosity (Figs. 1a31d, curves2, 2̀). The melts of H com-
plexes based on the mixture of diamines (curves3, 3̀)
exhibit the intermediate viscosities.

Next, we analyze the effect of water present in the
solvent used for esterification of BZP dianhydride and
preparation of H complex on the melt viscosity. At
95oC the life period of the melts of H complexes pre-
pared in aqueous alcohol (Figs. 1b, 1d, curves1`33`)
is greater as compared with H complexes prepared in
absolute solvents (Figs. 1a, 1b, curves1`33`). How-
ever, at 105oC the relation is reverse: the life period of
the melts of H complexes prepared in absolute al-
cohols (Figs. 1a, 1c, curves133) is greater than that of
the complexes prepared in aqueous solvents (Figs. 1b,
1d, curves133).

Let us analyze how the structure of the H complex
and the temperature of the experiment affect the rate
of the increase in the melt viscosity at the final stage
of the process, which is usually regarded as cross-link-
ing and polymerization [5]. In our case it involves
thermal imidization of H complexes. In all the cases
the rate of the increase in the viscosity of the melt of
the H complex based on BZPEt is significantly lower
as compared with the H complex based on BZPMe.
The rate constant of the increase of the melt viscosity
of the H complex based on BZPEt3DADPM at 105oC
is two times lower as compared with the H com-
plex based on BZPMe3DADPM (2.701033 and 5.20
1033 s31, respectively). For H complexes based on the
mixture of the diamines this difference is still greater
(2.00 1033 and 9.00 1033 s31, respectively). Actually,
the rate constant of imidization of the H complexes
based on BZPEt is several times lower as compared
with the H complexes based on BZPMe [3].

As for water present in the solvent during prepara-
tion of H complexes, it decelerates or accelerates the
growth of the melt viscosity for H complexes based
on BZPMe and BZPEt, respectively.

The dependence of the melt viscosityh on the
shear rate

.
g was studied for the H complex based on

log g [s31]
.

logh [Pa s]

Fig. 2. Viscosity h of the melt of H complex based on
BZPEt3(DADPM + m-PDA) as a function of the shear rate.
g 40 min after the start of the experiment (log.

g = 31.88,
T = 95oC); n = logh /log.

g = 0.8.

BZPEt3(DADPM-m-PDA) (Fig. 2). This dependence
can be approximated by the following expression:

h ~
.
g3n.

For high-molecular-weight flexible-chain polymers
n varies within 0.530.7 [5, 6]. In the case of structural
ordering of the melt, e.g., typical for liquid-crystalline
polymers, application of the shear stress breaks the
melt structure and, as a result,n increases. In our case
n = 0.8 (Fig. 2), which suggests formation of the
mesomorphic rather than the liquid-crystalline struc-
ture in the melts of H complexes.

Our data allow some conclusions on the selection
of the chemical composition of the binder for poly-
imide foam composites and conditions for preparing
the corresponding precursors.

CONCLUSIONS

(1) Taking into account high viscosity of H com-
plexes based on 4,4`-diaminodiphenylmethane, the
use of binders based on the mixture of two diamines
(4,4̀-diaminodiphenylmethane andm-phenylenedi-
amine) is the most promising.

(2) Preparation of binders in aqueous alcohols is
advisable.

(3) Since curing of H complexes based on diethyl
dihydrogen benzophenonetetracarboxylate at 95oC to
prepare precursors is very slow, higher temperatures
are recommended as compared with curing of H com-
plexes based on dimethyl dihydrogen benzophenone-
tetracarboxylate.
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Abstract-The kinetics of thermal polymerization of ammonium salts ofN,N-dimethylaminoethyl methacry-
late and mineral acids (HCl, HNO3, H2SO4, and H3PO4) were studied by dynamic differential scanning
calorimetry. The apparent rate constants, reaction orders, and thermal effect of polymerization of the salts
were determined.

Water-soluble cationic polyelectrolytes based on
aminoalkyl esters of (meth)acrylic acids and their
derivatives, tertiary and quaternary salts, attract con-
siderable interest, which is due, on the one hand, to
the possibility of widely varying their chemical nature
and physicochemical characteristics and, on the other
hand, to their wide use in various branches of national
economy, industry, technology, and medicine [135].

The most used procedure of their production is the
liquid-phase polymerization in the presence of various
initiators [134]. Of special interest are studies of
solid-phase polymerization of ammonium salts using
thermal methods, in particular, differential scanning
calorimetry (DSC) and differential thermal analysis
(DTA), allowing monitoring of the reaction kinetics,
qualitative transformations of reactants, and the effect
of various conditions on the reaction pathways [639].

In this work we studied solid-phase polymerization
of ammonium salts ofN,N-dimethylaminoethylmeth-
acrylate (AS DM) and mineral acids by DSC in air.

AS DMs were synthesized by the reaction of equi-
molar amounts of DM and mineral acid in an organic
solvent according to the scheme [10]

CH2=C(CH3)C(O)OCH2CH2N(CH3)2 + H+A3

6 [CH2= C(CH3)C(O)OCH2CH2N(CH3)2H+]A3,

where A3 is Cl3 (I ), NO3
3 (II ), HSO4

3 (III ), and
H2PO43 (IV ).

The synthesized ammonium salts are white crystal-
line products, readily soluble in water and polar
solvents.

Previously [11], when studying thermal transforma-
tions of AS DMs by DTA and TG in air, for all the
studied salts we observed the endothermic peaks with
maxima at 503120oC and exothermic peaks with
maxima at 1053210oC without weight loss, caused by
melting of the crystalline phase of AS DMs and their
polymerization, respectively. For saltI , polymeriza-
tion and degradation proceed simultaneously.

The use of DSC, furnishing rich information on
behavior of polymer systems under nonisothermal
conditions, allows study of chemical and physical
transformations in a wide temperature range, estima-
tion of qualitative and quantitative characteristics of
these transformations, and calculation of the kinetic
parameters of the process [739].

In Fig. 1 are presented the DSC curves for salts
I3IV . These curves reveal clearly pronounced endo-
thermic and exothermic effects caused by melting and

T, oC

III

I
IIIV

Fig. 1. DSC curves for ammonium saltsI3IV . (dH/dt) Rate
of heat evolution, and (T) temperature (oC); the same for
Fig. 2. Numbers at curves are numbers of compounds in
Table 1.
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Table 1. Temperature ranges of melting and polymeriza-
tion of AS DMs from DSC data
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Salt

³ Temperature,oC
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ melting ³ polymerization
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ tinit ³ tfin ³ tinit ³ tfin

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
I ³ 102 ³ 130 ³ 193 ³ 203
II ³ 42 ³ 65 ³ 71 ³ 180
III ³ 47 ³ 67 ³ 86 ³ 147
IV ³ 75 ³ 83 ³ 92 ³ 123

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

polymerization of these salts, respectively. The tem-
perature ranges of these processes are presented in
Table 1.

Analysis of the DSC curves for saltsII 3IV (Fig. 2)
registered at various heating rates (2.5, 5.0, and
10.0 deg min31) allowed unambiguous conclusion that
the observed thermal effects correspond to polymeri-
zation; additional (concurrent) reactions were not
found. For saltI , as mentioned above, the quantitative
estimation of the polymerization parameters was not
carried out owing to parallel polymerization and
degradation processes.

The heat of polymerization for saltsII 3IV , deter-
mined by comparison of the peak areas of the sample
and reference [6, 8], varies from 43 to 48 kJ mol31

(a)

(b) (c)
T, oC

T, oC T, oC

Fig. 2. DSC curves for polymerization of salts (a)II ,
(b) III , and (c) IV . Heating rate (deg min31): (1) 2.5,
(2) 5.0, and (3) 10.0.

(Table 2). The relatively low enthalpies of polymeri-
zation of AS DMs (independent of the nature of the
anion) are probably due to the effect of bulky sub-
stituent on the reactivity of the double bond in com-
parison with methacrylic acid.

To evaluate the apparent kinetic parameters of
thermal polymerization of AS DMs, we used the
methods of mathematical treatment of data [639,
12314].

The apparent reaction orders, obtained by the
Freeman3Carroll method [12], are in a good agree-
ment with those evaluated by the Kissenger method
[13] (deviation does not exceed 3%) (Table 2). Hence,
considering the experimental errors, we can assume
with sufficient accuracy that the reaction is second-
order regardless of the salt nature.

The apparent total activation energyEa of poly-
merization of salts varies from 23.0 to 83.0 kJ mol31

depending on the nature of the anion (Table 2). For
comparison, in Table 2 are presented the values ofEa
for thermal polymerization of AS DMs, evaluated for
the reactions performed under traditional isothermal
conditions [15]. As seen from data listed in Table 2,
the values ofEa obtained under isothermal and dy-
namic conditions are in a good agreement (deviation
6%), which suggests a possibility of using dynamic
DSC for studying thermal polymerization of salts.

The comparative analysis of the kinetic parameters
of thermal polymerization of AS DMs (Table 2)
showed that these salts are fairly reactive; their poly-
merization proceeds at a high rate increasing in the
order IV < III < II .

EXPERIMENTAL

AS DMs were synthesized by the procedure de-
scribed in [10].

The DSC curves were recorded on a Perkin3Elmer
DSC-2 scanning calorimeter with a heating rate of
1.5, 2.5, 5.0, 10.0, and 20.0 deg min31; the weighed
portion was varied from 0.500+0.001 to 1.500+
0.001 mg. Indium was used as a reference. Sealed
small platinum crucibles were used. When studying
thermal polymerization of saltsII 3IV by the dynamic
DSC, we followed the main principles of thermal
analysis [739].

To evaluate the kinetic and thermodynamic param-
eters of the process, we assumed that [739] (1) the heat
Q1, determined at a given time interval from the DSC
curve, is in direct proportion to the degree of poly-
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Table 2. Apparent kinetic parameters of polymerization of AS DMs from DSC data
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Salt
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ II ³ III ³ IV

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Enthalpy 3DH, kJ mol31 ³ 48.28+0.96 ³ 44.01+0.88 ³ 43.03+0.86
Entropy 3DS, J mol31 K31 ³ 117.18+2.34 ³ 109.48+2.19 ³ 113.84+2.28
Activation energyEa, kJ mol31, by method:³ ³ ³

1 ³ 22.87 ³ 49.89 ³ 83.14
2 ³ 23.11 ³ 48.23 ³ 81.84
3 ³ 19.79 ³ 41.16 ³ 77.47
4 ³ 23.04 ³ 48.62 ³ 82.54
5 [15] ³ 22.1 ³ 34.3 ³ 77.3

Reaction ordern, by method: ³ ³ ³
1 ³ 1.87 ³ 2.02 ³ 1.98
2 ³ 1.86 ³ 1.91 ³ 1.88

Reaction rate constantk, mol31 min31, ³ ³ ³
by method: ³ ³ ³

1 ³ 4.67 ³ 1.94 ³ 1.13
2 ³ 4.73 ³ 1.98 ³ 1.09
3 ³ 4.05 ³ 1.81 ³ 0.93
4 ³ 4.71 ³ 1.92 ³ 1.10

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Note: Method: (1) Freeman3Carroll, (2) Piloyan, (3) Kissenger, (4) Borchardt3Daniels, and (5) isothermal.

merizationa throughout the process duration and (2)
the total heat of polymerizationQ0, corresponding to
the total area of the DSC peak, exactly corresponds to
the process as a whole from the initial to final stage;
a = 1 3 (Q1Q0).

These assumptions are true for chemical reactions
with clearly pronounced initial and final stage, which
is observed for saltsII 3IV .

The apparent kinetic parameters (reaction order,
activation energy, and reaction rate constant) of poly-
merization of AS DMs were determined by the Free-
man3Carroll [12], Kissenger [13], and Borchardt3

Daniels [14] methods.

CONCLUSIONS

(1) Thermal polymerization of ammonium salts of
N,N-dimethylaminoethyl methacrylate was qualitative-
ly and quantitatively studied by the dynamic differen-
tial scanning calorimetry.

(2) The calculated main kinetic and thermody-
namic characteristics of polymerization of these am-
monium salts (enthalpy, entropy, apparent activation
energy, order and rate constant of polymerization)
suggest that the process parameters depend on the
nature of anion; the reactivity varies in the order
II > III > IV .
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Abstract-The IR MATIR spectra in the 153531680 cm31 range were studied for epoxy3DPP resins (MN =
165033400) in coatings on germanium substrate obtained from oligomer solutions in methylene chloride and
Cellosolve with the concentrationc = 10350%. The concentration dependences of the relative viscosity
of narrow-MWD fractions of epoxy oligomers (MN = 150035300) in chloroform and Cellosolve solutions
were studied. The structure of the network of cross-linked polymers based on epoxy (MN = 210033400) and
phenol3formaldehyde (MN = 860) resins was studied by the electron-microscopic silver chloride decoration
method. Based on the cluster lattice model, the optimal molecular weight and the concentration regimes were
determined for epoxy oligomers in the lacquer composition for can protection.

Kurmakovaet al. [1] found that the chemical sta-
bility of cross-linked polymer coatings obtained from
solutions of epoxy-4,4`-isopropylidenediphenol (DPP)
and phenol3formaldehyde resins [2] depends on the
molecular weightM, functionality, and the density of
cross-linking of epoxy oligomers [335]. It is believed
[1] that the differences in the chemical stability of
cured epoxy3phenol coatings on metal substrates [2]
formed from narrow-MWD fractions of epoxy3DPP
resins with close average molecular weightsM and
close amounts of epoxy and hydroxy groups [1] are
due to nonlinear structure of the oligomers with
MN = 200035300 [4]. The fractions of epoxy resins
containing branched macromolecules are more prone
to aggregation in Cellosolve solution than linear mac-
romolecules [1], and the corresponding coatings ex-
hibit low chemical resistance to organic acids.

It is known [6] that the orientation ordering in the
boundary layers of epoxy oligomers on the surface of
optical crystals can be studied by IR MATIR spectros-
copy [7]. This approach implies the use of Fresnel`s
and Kramers3Kronig formulas and takes into account
the intermolecular interaction potential [6, 9]. This
yields correct absorptionk(n) and refractionn(n) spec-
tra, as well as complex polarizabilitya`(n) spectra of
oligomers in their intrinsic absorption region and the

orientation and polarizability anisotropy parameters of
the macromolecules on the solid surface [7, 10].

As shown previously [10, 11], the orientation of
the macromolecules on the surface of optical crystals
of germanium and KRS-5 depends on the molecular
weightM and concentrationc of polymers in solution.
In particular, the orientation parameterS of the macro-
molecules on the KRS-5 surface as calculated from
the a`(n) spectra of epoxy oligomers (MN = 4503
3400) in chloroform solution takes a minimal value in
the vicinity of a certain critical valuec*, and the
maximal concentration excess of the molecules on
the surface is observed atc < c* [7].

Dilute solutions of epoxy oligomers with a finite
number of Kuhn segmentsN = 133 contain rod-like
macromolecules which are self-associated at moderate
concentrations in chloroform and Cellosolve solutions
[4, 12]. The change in the slope of the concentration
dependences of the relative viscosity of the narrow-
MWD fractions of epoxy resin E-05 in Cellosolve
solution is due to the difference in the hydrodynamic
behavior of linear and branched macromolecules [1].
According to the Rayleigh scattering data [11, 12],
DER-663 epoxy resin (N = 2) in chloroform solution
in the vicinity of the critical concentrationc* exhibits
a decrease in the light scattering intensity relative to
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Table 1. Characteristics* of the samples of epoxy resins DER-664, DER-668, and E-05 and narrow-MWD fractions of
oligomers in chloroform (CF), methylene chloride (MC), and Cellosolve (EC) solutions, 298 K
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Sam-
³

Epoxy
³

hrel

³ [h], cm3 g31 ³
EN, %

³ Mv ³ MN ³
Mw /MN

³
nD³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ´ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ ³

ple no.³ oligomer ³ ³ CF ³ MC ³ EC ³ ³ ³ +0.05 ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄ

1 ³DER-664 ³ 3 ³ 10.5 ³ 11.0 ³ 9.9 ³ 4.434.9 ³ 2100 ³ 1650 ³ 1.9 ³ 1.598
2 ³DER-668 ³ 84.7 ³ 17.5 ³ 17.5 ³ 13.4 ³ 1.032.0 ³ 3380 ³ 3400 ³ 2.7 ³ 1.623
3 ³E-05 ³ 61.6 ³ 3 ³ 15.0 ³ 12.3 ³ 1.0 ³ 2890 ³ 2500 ³ 2.5 ³ 3

4 ³E-05** ³ 41.1 ³ 3 ³ 13.5 ³ 11.0 ³ 1.2 ³ 2590 ³ 2100 ³ 2.6 ³ 3

5 ³Fraction 1 ³ 3 ³ 3 ³ 3 ³ 15.9 ³ 0.9 ³ 3 ³ 4630 ³ 1.4 ³ 3

6 ³Fraction 2 ³ 3 ³ 3 ³ 3 ³ 11.0 ³ 0.8 ³ 3 ³ 5300 ³ 1.4 ³ 3
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
* Relative error of determining the intrinsic viscosity [h] is +5, relative viscosityhrel of 42% solutions of oligomers in Cellosolve

+3, and epoxy number (EN),+0.2%. TheMv parameters are calculated for solutions in chloroform, andMN and Mw /MN are
determined by gel-permeation chromatography.

** Low-molecular-weight sample of E-05 resin.

the c < c* region corresponding to formation of dis-
crete aggregates of macromolecules [7].

The cluster model [13] distinguishes two stages of
aggregation of macromolecules in solutions. In dilute
solutions, the probabilityp of formation of aggregates
is determined by pair collisions of the molecules, and
the degree of aggregation of macromolecules tends to
slowly increase with increasing concentrationc at
[h]c < 1, where [h] is the intrinsic viscosity. Indefi-
nite growth ofs at [h]c > 1 is due to aggregation of
macromolecules by the cluster3cluster mechanism
[13]. The concentration of the aggregatescs = c/s [14]
is maximal at the probability 0.31 <p < 0.69, where
0.69 is the threshold value ofpc for simple cubic
lattice and Euclidean dimensionalityE = 3 [13]. With
growing molecular weightM of the macromolecules,
p approaches the threshold valuepc, and in the case
of the flexible-chain macromolecules in a thermo-
dynamically good solvent the fractal dimension of the
globules in the entangled state isD = 5/3 [15].

A transition from discrete clusters to infinite cluster
on the surface of polymer films and coatings involves
a change in the fractal dimensionD appearing in the
expression describing the density of the cluster cross-
linking sites as a function of the radiusR of the cir-
cumference incorporating the cluster of macromole-
cules [16]. The density of the points of the physical
network of engagements on the polymer surface re-
presented as a function of the cluster radiusR asymp-
totically approaches a power funciton atR > z, where
z is the correlation radius [13], the fractal dimension
D of the clusters of macromolecules being approxi-
mately equal to 5/3 atR < z.

Densely cross-linked coatings based on epoxy3
phenol resins experience internal stresses and degrade

at a high rate, which decreses their protecting effici-
ency [4, 5]. It should be noted that loosely cross-
linked networks based on epoxy oligomers with low
molecular weight are permeable [17], and the corre-
sponding coatings also have low protecting efficiency.
The optimal protecting efficiency of epoxy3phenol
resin-based coatings on metal substrates is achieved at
the molecular weightM of the epoxy oligomers in
the region of MN = 210035000 [1, 4].

In this work, we studied the IR MATIR spectra in
the 153531680 cm31 range for epoxy resins (MN =
1650 andMN = 3400) in coatings on germanium
substrates obtained from solutions of oligomers in
methylene chloride and Cellosolve. Based on the spec-
tra of absorptionk(n) and reflectionn(n) indices, the
concentration dependences were calculated for the
orientation and polarizability anisotropy parameters
for oligomers on the surface. The viscosity data ob-
tained were used for determining the optimal concen-
tration regimes of oligomers in solutions in terms of
the cluster model. The structure of the surface of the
cross-linked epoxy3phenol resins for epoxy oligomers
with MN = 210033400 was investigated by the elec-
tron-microscopic silver chloride decoration method.

The aim of the work is to study the aggregation of
macromolecules in solutions and the orientation order-
ing of the macromolecules on the coating surface, as
well as the structural parameters of the network of
cross-linked epoxy3phenol resins, as influenced by the
molecular weight and concentration of epoxy oligo-
mers. It should be noted that these factors govern the
physicochemical principles of designing oligomeric
compositions, as well as the choice of the optimal
concentration regimes of oligomers in lacquer com-
positions intended for can protection [2].
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EXPERIMENTAL

We studied samples of DER-664 and DER-668
(Dow Corporation) and E-05 (Pigment Research and
Production Association, Joint-Stock Company) epoxy
resins, as well as narrow-MWD fractions of the E-05
resin whose characteristics are presented in Table 1.
The latter fractions were prepared by precipitating
with water from 10% solutions in acetone followed by
distilling off the solvent. The concentration depen-
dences of the relative viscosityhrel of oligomeric
samples in chloroform and Cellosolve solutions were
obtained on an Ubbelohde capillary viscometer at
298 K in the concentration rangec = 3355 wt %
(shear rate 110 s31, flow time of chloroform 86 s).
The intrinsic viscosity [h] was determined by the
conventional procedure [18], and the molecular weight
of the samples, by liquid chromatography [19].

The IR MATIR spectra of the oligomers in coat-
ings on the germainum surface unders andp polariza-
tion of the incident light were recorded on a Specord
IR-75 double-beam spectrophotometer and a Perkin3
Elmer 1720 X single-beam Fourier spectrometer using
three- and four-mirror MATIR accessories and
MATIR elements made of single-crystalline germani-
um (N = 2 0 14, q = 45o) [6]. The spectra were re-
corded in the 153531680 cm31 range with a resolution
of 1 cm31 (Fig. 1). In the single-beam procedure, the
IR MATIR spectra of the oligomers on the substrate
surface were recorded in the signal accumulation
mode (103100 scans) by subtracting from the IR spec-
trum of the sample the absorption of the MATIR ele-
ment (germanium) in the reflection coefficientR (%)
vs. wave numbern (cm31) coordinates with the rela-
tive error of <0.05%. The RPI-4 replica served as
polarizer [6].

The absorptionk(n) and refractionn(n) indices
were calculated by computer processing, according to
Fresnel’s and Kramers3Kronig procedures [8, 9], of
the IR MATIR spectra of epoxy oligomers in coatings
in the 153531680 cm31 region corresponding to
n(C=C) vibrations of the double bonds in the aromatic
fragments of the macrochain [7] (Fig. 2).

The 436-mm-thick coatings on germanium sub-
strate were obtained from solutions of sample nos. 13
4 in methylene chloride and Cellosolve atc = 5350%
and dried in air at 373 K. The refraction indexn(n) at
the reference points [8] was determined by extrapola-
tion of the nD values (16980 cm31) to the 15353
1665 cm31 range [20]. The corresponding values for
sample nos. 1 and 2 (Table 1) at the reference points

n, cm31

R, %

Fig. 1. IR MATIR spectra of epoxy3DPP resin in the 15303
1650 cm31 range in (1) p- and (2) s-polarized incident light.
Coating on germanium substrate (N = 2 0 14,q = 45o) from
solution of sample no. 2 in Cellosolve,c = 31%, 50 scans.
(R) Reflection coefficient and (n) wave number.

(a)

n, cm31

kp

ks (b)

n, cm31

Fig. 2. Spectra of (a) (133) absorption indicesk(n) and
(b) refraction indicesn(n) in (4) p- and (5) s-polarized
incident light in the 155031650 cm31 range and decom-
position of the n(C=C) doublet into individual bands at
(1) 1583 and (2) 1608 cm31 [(3) aggregate curve)]. Coating
on germanium from solution of sample no. 3 in Cellosolve,
c = 31%, N = 28. (n) Wave number.

[8] were estimated as follows: 1535 cm31, n1 =
1.5336 andn1̀= 1.5366, and 1665 cm31, n2 = 1.5338
and n2̀ = 1.5368. The parameterk at the reference
points was calculated from the IR absorption spectra
of oligomers in chloroform solutions using the values
of the absorption coefficienta = 4pnk [6]. The corre-
sponding values for sample nos. 1 and 2 were es-
timated atk1(1535 cm31) = k2(1665 cm31) = 4 0 103.

Thek(n) spectra were decomposed into individual
components, 1583 and 1608 cm31, of the doublet
due to the stretching vibrations of C=C double bonds
in the aromatic fragments of the oligomer chain in
the 153531665 cm31 range, and the intensityk and
the integral intensityA(k) of the band at 1608 cm31

were calculated similarly to [7] (Fig. 2). The band



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

134 KRASOVSKII et al.

Table 2. Intensityk of the band at 1608 cm31, anisotropy of the reflection indexns 3 np, polarizability a`s 3 a`p, and
orientation parametersDp, s, S, and S of macromolecules as calculated from thek(n) and n(n) spectra of oligomers in
coatings on germanium substrates obtained from solutions of the samples in methylene chloride and Cellosolve
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Sample
³

c, %
³

k+5%,
³

ns 3 np

³ (a`s 3 a`p)010325 ³ Dp,s ³ S ³ S ³
j+1, deg³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´

no. ³ ³ N = 28 ³ ³ +0.005, cm3
³ +0.03 ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Solvent methylene chloride

1 ³ 32* ³ 0.87 ³ 0.29 ³ 0.87 ³ 0.59 ³ 30.15 ³ 0.19 ³ 47
³ 40** ³ 0.90 ³ 0.07 ³ 0.20 ³ 0.89 ³ 30.04 ³ 0.04 ³ 53
³ 45 ³ 0.95 ³ 0.15 ³ 0.43 ³ 0.65 ³ 30.11 ³ 0.15 ³ 49³ ³ ³ ³ ³ ³ ³ ³

2 ³ 18.7* ³ 1.10 ³ 0.49 ³ 1.44 ³ 0.38 ³ 30.26 ³ 0.35 ³ 41
³ 28** ³ 1.21 ³ 0.05 ³ 0.13 ³ 0.90 ³ 30.04 ³ 0.04 ³ 53
³ 31.7 ³ 1.21 ³ 0.59 ³ 1.74 ³ 0.34 ³ 30.20 ³ 0.39 ³ 40

Solvent Cellosolve

2 ³ 28** ³ 0.91 ³ 0.06 ³ 0.17 ³ 0.90 ³ 30.03 ³ 0.04 ³ 53
³ 31 ³ 0.86 ³ 30.12 ³ 30.33 ³ 1.32 ³ 0.12 ³ 30.09 ³ 58

3 ³ 31 ³ 1.71 ³ 0.69 ³ 2.03 ³ 0.34 ³ 30.34 ³ 0.39 ³ 40
4 ³ 31 ³ 1.72 ³ 0.65 ³ 1.91 ³ 0.35 ³ 30.33 ³ 0.38 ³ 40

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Local maximum of orientation of the macromolecules on the surface.

** Local minimum of orientation of the macromolecules.

shape was approximated by superposing the Lorentz
and Gauss functions, the former with the contribution
of 0.8. The parameterk was determined accurately to
within less than 7%.

The polarizability spectraa`(n) were calculated by
the expression [8]

ap̀(s) = 3[(n2
p(s) 3 1)/(n2 + 2)]/4pNA, (1)

wheren = (2np + ns)/3, a = (2ap̀ + as̀)/3, andNA is
the Avogadro number [9].

The dichroic ratiosDp, s(k) = Ap /As (whereAp and
As are the integral intensities of the band at 1608 cm31

for s- andp- polarized incident light, respectively) and
Dp,s(a`) = a`p /a`s were calculated from thek(n) and
a`(n) spectra, respectively (Table 2).

The second-order orientation parameterS was
determined by the expression

S = (g Dp,s 3 1)(1 3 3/2 sin2b)(gDp,s + 2). (2)

Here, the factorg takes into account the light wave
field effects and is approximately equal to thenp /ns
ratio [9], andb is the angle between the direction of
the dipole moment of transitionM (1608 cm31) and
the long axis of the oligomer molecule [7].

The parameterS was calculated from the dichroic

ratios Dp,s of the band at 1608 cm31 in thek(n) and
a`(n) spectra under assumption thatb = 0o [7].

The orientation order was characterized by the
polarizability anisotropyas̀ 3 ap̀ and the parameter
S = 1/2(3 �cos2j� 31), wherej is the angle between
the transition momentM (1608 cm31) and the 0X axis
of the XYZ larobatory coordinate system [9]. The
effective depth of penetration of the light into oligo-
meric coatings on germanium substrate was calculated
by the expressiondeff = ln (R0/R)/4pnk [6] as;1 mm.

Coatings with a thickness of 436 mm on electro-
lytically tin-plated sheet metal were prepared as pre-
scribed for the EP-547 lacquer formulation [2] and
formed from solution of epoxy and FPF-1 (MN = 860)
phenol3formaldehyde resins in Cellosolve at the
epoxy resin concentration in the solutionc = 31 wt %
and the mass ratio of the components of 4 : 1. The
coatings were cured at 473 K for 10 min and cooled in
air at a rate of 20 deg min31. The preparations were
produced by AgCl sputtering onto the external surface
of the coatings in the 1.330 1033 Pa vacuum to effec-
tive thickness of 0.4 nm and dissolved in hot chloro-
form. The carbon replicas were prepared by the stan-
dard procedure [16]. The AgCl molecules are accepted
by hydroxy groups of epoxy and phenol3formal-
dehyde resins which are the AgCl nucleation centers
[21]. The photomicrographs of the coatings were ob-
tained with an EVM 100 L electron microscope; the
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(a) (b) (c)

Fig. 3. Photomicrographs of the surface of cross-linked epoxy3phenol coatings on tin-plated sheet metal. Epoxy3DPP resin
samples (a) no. 2 and (b, c) no. 4. Magnification: (a, b)030000 and (c)015000.

magnification in the computer processing of the de-
corograms was 100000 (Fig. 3).

Using the decorograms of the coating surface
(Table 1, sample nos. 234), we determined the density
r of the decorating AgCl particles corresponding to
macromolecular clusters [22]. We used the model of
percolation along the bound circumferences centered
at particles [16]. With increasing radius�R�, the cir-
cumferences overlap and get bound into clusters to
form a percolation cluster. The lattice densityrl was
calculated by the expressionrl = r(�R�)/r`, where
r(�R�) is the particle distribution density;r` is the
density of the points of a two-dimensional lattice
equivalent in the spatial distribution pattern of the par-
ticles and in the coordination numberm correspond-
ing to the area enclosed by the first maximum of the
function 2pr�R�g(�R�), g(�R�) is the radial distribution
function [23]. Form = 3, the relationr` = 0.77/r2 [23]
holds, wherer is the most probable distance between
the particles. The density of the cross-linking sites of
the network of the cross-linked epoxy3phenol resin
was calculated by the expression [21]

R

r(�R�) = [1 + 2pr{}g(�R�)�R�d�R�]/p�R�2. (3)

0

In thek(n) spectra of epoxy3DPP resins (Table 1,
sample nos. 1 and 2) in coatings on germanium sub-
strate, the intensity of the band at 1608 cm31 for
s polarization of the incident light exceeds that for
p polarization [11]. Therefore, the dichroic ratioDp,s
is under unity (Fig. 2, Table 2). The data obtained
suggest that the orientation parametersDp,s and S
of the oligomer molecules on the surface depend on
the concentrationc of the oligomers in the methylene

chloride solution (Fig. 4). For sample no. 2, the pa-
rameterS takes a minimal value at the critical concen-
tration c* of 28+1%. In this case, the long axis of
the macromolecules makes with theXY plane of the
XYZ laboratory coordinate system an anglej of about
54o, which corresponds to complete disordering of the

(a)

1
2

c, %

(b) (a` 3 a`) 0 10325, cm33
s p

c, %
Fig. 4. (1) Orientation parametersDp,s, (2, 3) S, and
(4) polarizability anisotropyas̀ 3 ap̀ of macromolecules
as functions of the concentrationc of the epoxy resin in
methylene chloride solution. Coatings on germanium,
samples no. (a) 1 and (b) 2.
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Table 3. Concentration regimes and parameters of the aggregates of oligomer molecules in solutions of chloroform
(sample nos. 1, 2) and Cellosolve (sample nos. 5, 6) as estimated by capillary viscometry, 298 K
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

c, %
³

[h]c+0.1
³

cs, g dl31
³ s ³ D ³

p = (1 3 1/s)
³ r

³ ³ ³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
no. ³ ³ ³ ³ +0.05 ³ +0.01 ³ E = 3 ³ E = 2

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ 8.9 ³ 1.4 ³ 6.3 ³ 2.13 ³ 1.54 ³ 0.53 ³ 0.49 ³ 0.80

³ 17.9 ³ 2.8 ³ 5.3 ³ 5.03 ³ 1.54 ³ 0.80 ³ 0.21 ³ 0.62
³ 25* ³ 4.0 ³ 4.0 ³ 9.44 ³ 2.0 ³ 0.89 ³ 0.12 ³ 0.51
³ 28.4 ³ 4.5 ³ 3.9 ³ 10.7 ³ 2.0 ³ 0.91 ³ 0.11 ³ 3

³ 33.3 ³ 5.2 ³ 3.7 ³ 13.7 ³ 2.0 ³ 0.93 ³ 0.10 ³ 3

³ ³ ³ ³ ³ ³ ³ ³2 ³ 9 ³ 2.4 ³ 3.6 ³ 3.67 ³ 1.54 ³ 0.73 ³ 0.29 ³ 0.68
³ 16.5 ³ 4.3 ³ 2.3 ³ 11.1 ³ 1.54 ³ 0.91 ³ 0.10 ³ 0.49
³ 25.4* ³ 6.7 ³ 1.0 ³ 37.0 ³ 1.74 ³ 0.97 ³ 0.034 ³ 0.486
³ 30.3 ³ 8.0 ³ 0.9 ³ 51.3 ³ 1.74 ³ 0.98 ³ 0.027 ³ 0.455
³ ³ ³ ³ ³ ³ ³ ³5 ³ 15 ³ 2.4 ³ 8.5 ³ 1.77 ³ 1.42 ³ 0.43 ³ 0.53 ³ 0.80
³ 25 ³ 4.0 ³ 9.5** ³ 2.63 ³ 1.42 ³ 0.62 ³ 0.34 ³ 0.67
³ 30* ³ 3.8 ³ 8.7 ³ 3.43 ³ 1.65 ³ 0.71 ³ 0.25 ³ 0.60
³ 42 ³ 6.7 ³ 5.7 ³ 7.35 ³ 1.65 ³ 0.86 ³ 0.18 ³ 0.61
³ ³ ³ ³ ³ ³ ³ ³6 ³ 17 ³ 2.1 ³ 11.1 ³ 1.53 ³ 1.22 ³ 0.35 ³ 0.54 ³ 0.76
³ 25 ³ 3.0 ³ 11.5** ³ 2.18 ³ 1.22 ³ 0.54 ³ 0.32 ³ 0.61
³ 30* ³ 3.6 ³ 9.4 ³ 3.19 ³ 1.44 ³ 0.69 ³ 0.18 ³ 0.48
³ 40 ³ 4.8 ³ 7.2 ³ 5.57 ³ 1.44 ³ 0.82 ³ 0.16 ³ 0.51
³ 42 ³ 5.1 ³ 6.6 ³ 6.36 ³ 1.44 ³ 0.84 ³ 0.13 ³ 0.49

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Concentrationc* corresponding to the fractal-D13fractal-D2 transition.

** Maximal concentration of the aggregatescs.

molecules on the surface [6]. In thec < c* andc > c*
regions, the increase in the orientation parameters
of oligomer molecules on the substrate surface is due
to a decrease in the anglej. For example, atc =
18.7 andc = 31.7% the anglej is about 40o, and the
polarizability anisotropyas̀ 3 ap̀ of the oligomer
molecules on the surface increases relative to the con-
centration regime atc = c* (Table 2).

For sample no. 1, virtually complete disordering of

c, %

Fig. 5. Dn = ns 3 np parameter as a function of the concen-
tration c of the oligomer in Cellosolve solution. Coating on
germanium, sample no. 2.

the macromolecules in coatings on germanium ob-
tained from oligomer solutions in methylene chloride
is observed atc = 40%, which significantly exceeds
the critical concentration for sample no. 2 (Fig. 4b,
Table 2). Growth of the parametersS andas̀ 3 ap̀ at
c > c* andc < c* is due to a decrease in the anglej
relative to the value of 54o corresponding toc = c*.

In coatings obtained from Cellosolve solution of
sample no. 2, the dependence of the anisotropy of the
refraction indexDn = ns 3 np on the concentrationc is
nonmonotonic. The dichroismDp,s of the band at
1608 cm31 is close to unity, andDn = 0, which is
due to disordering of the molecules on the surface at
c = 28+1% (Fig. 5, Table 2). The inversion of the
sign forDn is observed atc < c* (Dn > 0) andc > c*
(Dn < 0). The analogous inversion of the dichroism
Dp,s and the sign ofDn was revealed for coatings
obtained for sample nos. 234 at c = 31%. With grow-
ing molecular weight of the samples, the orientation
of the oligomers on the surface becomes less ordered,
and, consequently,Dn > 0 (sample nos. 3 and 4) and
Dn < 0 (sample no. 2).

As known [9], the Kerr constant describes the
anisotropy of the polarizability of molecules in the
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visible range of the spectrum. In solution of benzyl
alcohol (or aniline) in CCl4 the Kerr constant exhibits
inversion of the sign [9]: positive values correspond
to dilute solutions, and negative, to formation of ag-
gregates of molecules in concentrated solutions.
Therefore, virtually complete disordering of the mac-
romolecules on the surface corresponds to minimal
values of parametersS andas̀ 3 ap̀ (Dn) at the critical
concentrationc* of oligomers in solution, and the
growth of the parameters atc < c* and c > c* is due
to the change in the degree of aggregation of macro-
molecules in solutions (Tables 2, 3). With growing
molecular weight of oligomers, the orientation and
optical anisotropy of macromolecules on the surface
decrease at the concentration of epoxy resin in Cello-
solve solution of 31%, which corresponds to the value
prescribed for the composition based on epoxy and
phenol3formaldehyde resins [2].

As known [13], the densityr of the cross-linking
sites of fractal aggregate tends to decrease with in-
creasing degree of aggregations or hydrodynamic
volume�V� of the aggregate of macromolecules by the
law valid for E= 3

r = Vs/�V� = s(D 3E)/D, (4)

where V is the hydrodynamic volume of the macro-
molecule.

In the case of fractal-D13fractal-D2 transitions, the
densityr depends on the fractal dimensionD of the
aggregates [24]. In the first approximation, the relative
viscosity hrel in solution is described by the expres-
sion [14]

lnhrel = [h]css(33D) /D = [h]ccs, (5)

where [h]c is the current value of the intrinsic vis-
cosity whose absolute analog is, as known [18], the
parameter (hrel 3 1)/c.

As Vs/�V� = [h]/[h]c [18], expressions (4) and (5)
can easily be combined into the relation for the den-
sity r of the aggregates

r(s) = [h]/[h]cs = s(D 33) /D, (6)

where s = [h]cc/lnhrel [14].

Expression (6) suggests that the slope of ther(s)
plot on the logarithmic scale is equal to (D 3 3)/D,
andr(s) at s >> 1 asymptotically approaches a power
function [13, 15], which for polystyrene in bromoform
solution at [h]c > 3 corresponds toD ~ 5/3.

For sample nos. 1 and 2 the dependences of the
relative viscosityhrel on the concentrationc of oligo-
mers in chloroform solution differ in the nature of

ln hrel

c, g dl31

c, g dl31

Fig. 6. (1, 2) Relative hrel and (1`, 2`) current intrinsic
[h]c viscosities as functions of the concentrationc of
oligomers in chloroform solution. Sample (1, 1̀) no. 1 and
(2, 2̀) no. 2, 298 K.

c, %

ln hrel

Fig. 7. Relative viscosityhrel as a function of the concen-
tration c of the oligomer in Cellosolve solution. Sample (1)
no. 5 and (2) no. 6.

variation of [h]c with c (Fig. 6). For low-molecular-
weight sample no. 1, the parameter [h]c attains satura-
tion at c > 35 g dl31. For narrow-MWD fractions of
epoxy resin E-05 (Tables 1, 3), [h]c varies with the
oligomer concentration in Cellosolve solution by a
power law. The shape of the curvesr(s) calculated
from the hrel(c) dependences for solutions of oligo-
mers in chloroform and Cellosolve (Figs. 6, 7) is in
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(a)

(b)

Fig. 8. Density of aggregatesr as a function of the degree
of aggregations of the oligomer molecules in solutions
of (a) chloroform and (b) Cellosolve in logarithmic coor-
dinates. Sample (1) no. 1, (2) no. 2, (3) no. 5, and (4) no. 6.

agreement with expression (6), these curves in the
logarithmic coordinates consisting of two linear sec-
tions (Fig. 8).

It was found that the slope of ther(s) curves in the
lnp3lns coordinates for wide-MWD sample nos. 1
and 2 in chloroform solution changes at the critical
concentrationc* corresponding to the flow probabilty
p > 0.69 (Fig. 8a). Atc > c*, the aggregates of macro-
molecules forming in the case of sample no. 1 are
more compact than for sample no. 2, the degree of
aggregations increasing with increasing molecular
weight M (Table 3).

In solutions of narrow-MWD fractions of the E-05
resin (Table 3, sample nos. 5, 6) in Cellosolve, fractal-
D13fractal-D2 transitions occur atc* ~ 30% and the
flow probability pc = 0.69. The resulting aggregates
are looser than aggregates of the oligomer in chloro-

(a)cs, g dl31

(b)

Fig. 9. (a) Concentration of the aggregatescs of macro-
molecules in Cellosolve solution as a function of the flow
probability p and (b) lattice densitys/�V� as a function
of the parameterDp = |p 3 pc |. Sample (1) no. 5 and
(2) no. 6.

form. The concentration of the aggregatescs varies
nonmonotonically with increasing flow probability
p = 1 3 1/s [14] (Fig. 9). It is maximal in the region of
0.31 < p < 0.69 and sharply decreases atp > 0.69.
The appearance of thecs(p) curves suggests a transi-
tion to a continuous fluctuation network of engage-
ments in solutions of oligomers in the vicinity ofc*
[14], as the lattice densityr = s/�V� of aggregates in
the vicinity of the flow thresholdpc = 0.69 (E = 3)
satisfies the expressionr ~ (r 3 0.69)a, wherea = 0.4
[13, 24].

The densityr of the aggregates of macromolecules
decreases with increasing molecular weight of the ag-
gregatesMs = Ms and the flow probabilityp (Table 3,
Fig. 10). As follows from thedependence of the den-
sity of aggregates of macromoleculesr on the param-
eter Dp = p 3 0.69 obtained for nine fractions of the
E-05 resin (MN = 150035300,Mw/MN = 1.4) in Cel-
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Table 4. Cluster structure parameters for cross-linked epoxy3phenol polymers in coatings on sheet metal as estimated
by electron microscopy
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

Sample
³

rl,
³

z , nm
³ D1(R < z) ³ D2(R > z) ³

m
³ r ³ �R� ³ z p

³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄ
no. ³ +0.01 ³ ³ +0.05 ³ ³ E = 3 ³ E = 2 ³ nm

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄ
2 ³ 0.88 ³ 33 ³ 1.66 ³ 1.89 ³ 3 ³ 0.62 ³ 0.79 ³ 36 ³ 24
3 ³ 0.69 ³ 28 ³ 1.57 ³ 1.89 ³ >3 ³ 0.70 ³ 0.77 ³ 26 ³ 18
4* ³ 0.63 ³ 18 ³ 1.15 ³ 1.87 ³ <3 ³ 0.74 ³ 0.53 ³ 19 ³ 11
4** ³ 1.35 ³ 126 ³ 1.89 ³ 2.00 ³ 4 ³ 3 ³ 3 ³ 363*** ³ 116

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
Note: The densityr of the aggregates of macromolecules was calculated forE = 3 andE = 2 using the viscosity data for sample

nos. 234 in Cellosolve solution atc = 30%. Thezp parameter was calculated from the average hydrodynamic radius of the
aggregates�R� = 0.512(�V�/F)1/3, where F is the Flory constant [13, 18].

* For the first section of the network of smallAgCl particles.
** For the second section of the network corresponding to densely packed clusters of macromolecules.

*** Maximal radius of aggregates of macromolecules [13].

losolve solutions atc = 30%, for the threshold value
pc = 0.69 the densityr is equal to 0.62 andMN =
3500+200, which corresponds to the hexagonal
(m = 3) planar lattice [25]. Thus, the most uniform
network (m = 3, E = 2) of the cross-linked epoxy3
phenol polymer can be expected for epoxy oligomer
with MN = 3400 (Table 4).

We found that the most uniform network of the
decorating AgCl nanoparticles representing the chemi-
cal network of cross-linked epoxy3phenol polymer is
characteristic of the oligomer sample no. 2 (Fig. 3a).
The distribution pattern for small AgCl particles cor-
responds to the network of cross-linked epoxy oligo-
mer, and larger AgCl particles correspond to ag-
gregates of the high-modulus component (FPF-1 resin)
uniformly distributed over the epoxy polymer matrix.
The most probable distancer between the points of
the small-scale network composed of regular hexa-
hedrons (m = 3, E = 2) [23] is equal to 15 nm, and
that for large-scale network, 150 nm.

The correlation radiusz and the fractal dimension
D of the clusters of macromolecules was determined
by the expression for the lattice density [13]

rl (�R�) ~ �R�D 32, (7)

where�R� = z at the flow thresholdpDc = 0.5 (E = 2)
[15, 21, 25].

The uniform network of macromolecules of the
cross-linked polymer corresponds toD1 = 1.66 and
D2 = 1.89 calculated from the slope of therl(�R�)
dependence in the logarithmic coordinates (Fig. 11).
The inflection point in therl(�R�) curve plotted in
these coordinates corresponds toz [13, 22] equal to
33 nm (Table 4, sample no. 2). For sample no. 3 we

found a marked decrease in the lattice densityrl(z),
correlation radiusz, and fractal dimensionD1 com-
pared to sample no. 2.

In sample no. 4 the network containing units of
epoxy and phenol3formaldehyde resins breaks into

(a)

(b)

Fig. 10. Density of aggregates of macromoleculesr in
Cellosolve solution as a function of (a) molecular weight of
aggregatesMs and (b) parameterDp = p 3 pc. c = 30%,
fractions of the E-05 resin,MN = 150035300.
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(a)

ln �R� [nm]

(b)

ln �R� [nm]

Fig. 11. Lattice densityrl of the decorating particles as
a function of the radius�R�, nm, of the circumference in-
corporating the cluster, as plotted in the logarithmic coordi-
nates. Sample (1) no. 2 and (2) no. 4; (3) [lattice animals]
fragment of sample no. 4. Radius dimension, nm: (a) with
coefficient 2 and (b) with coefficient 15.

discrete clusters (Figs. 3b, 3c). In this case the de-
corogram of the polymer surface consists of sections
lean (rl = 0.63) and rich (rl = 1.35) in small AgCl
particles representing various fragments of the net-
work of the epoxy resin. The discontinuity boundaries
are the sites of localization of large AgCl particles at-
tributed to FPF-1 resin, which suggests phase separa-
tion of the components [16, 17]. The average distance
r between large AgCl particles is equal to 200 nm,
and that between small particles, to 10mm.

The valuesrl = 0.63, D1 = 1.15, andm > 3
(Table 4, sample no. 4) obtained for the first fragment
of the network of small AgCl nanoparticles (Fig. 3b)
support the conclusion concerning low local density
of clusters of macromolecules. For the second frag-
ment of the decorogram characterized by high local
density of distribution of small AgCl nanoparticles
(Fig. 3c) the valuesrl = 1.36, D = 1.89, andm = 4
suggest formation of closely packed clusters of the

[lattice animals] type [24]. For such clusters the cor-
relation radius is by an order of magnitude greater
than z corresponding to the first fragment of the net-
work with a low density of AgCl particles (Fig. 11).

In accordance with the cluster approach [13], the
density r of the aggregates as calculated from the
viscosity data for narrow-MWD fractions of oligomers
for three-dimensional (E = 3) and two-dimensional
(E = 2) space increases with decreasing molecular
weight M of the oligomers relative to the valueMN =
3400, as the concentration regime of the macromole-
cules in solution varies fromc = c* to c < c* (Table 3,
Fig. 10). For wide-MWD sample nos. 234, the den-
sity r of aggregates on the surface (E = 2) substantial-
ly decreases with decreasingM of the oligomers
owing to a decrease in the fractal dimensionD1 of the
aggregates (Table 4). This causes optical anisotropy to
increase (Table 2), the network of the cross-linked
epoxy3phenol resin to break down into discrete clus-
ters, and the chemical resistance of the coatings to
deteriorate.

CONCLUSIONS

(1) The orientation ordering in oligomer coatings
on germanium substrate can be determined by IR
MATIR spectroscopy. The ordering depends on the
molecular weight and concentration of the oligomers
in solutions. Complete disordering of the macromole-
cules on the surface is observed at the critical concen-
tration c* of epoxy oligomer (MN = 3400) in Cello-
solve solution of 28+1%. The increases of the orien-
tation and polarizability anisotropy parameters of
macromolecules on the surface are due to formation of
discrete aggregates in solution atc < c*.

(2) Based on the cluster lattice model, expressions
were obtained for the densityr(s) of the aggregates of
macromolecules suitable for calculating, from the
viscosity data, the critical concentrationsc* of oligo-
mers in solutions. For narrow-MWD fractions of the
E-05 resin (MN = 150035300) in Cellosolve solution
the densityr(s) of aggregates of the macromolecules
decreases with increasing molecular weight of epoxy
oligomers and the flow probabilityp. For the thresh-
old probability pc = 0.69 andc* = 30%, the value
MN = 3500+200 was obtained which is an optimal
one. With decreasing molecular weight the average
density of aggregatesr(s) in solution and on the sur-
face tends to increase. The valuer = 0.62 for MN =
3500 andc = 30% corresponds to a hexagonal planar
lattice or the most uniform network of macromole-
cules on the surface.
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(3) According to electron-microscopic data, epoxy
oligomer withMN = 3400 is characterized by the most
uniform network of cross-linked epoxy3phenol poly-
mer on the coating surface. A decrease in the molecu-
lar weight of epoxy resin from 3400 to 2100 causes
breaking down of the continuous network of the cross-
linked epoxy3phenol polymer into fragments with low
and high local densities of discrete clusters of macro-
molecules, as well as a sharp decrease in the chemical
stability of lacquer protecting coatings on sheet metal.
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Abstract-The fruit body composition of the cultivated wood rotting fungiPhanerochaete sanguinea16365,
Ganoderma applanatum4394, andGanoderma applanatum40390 and their sorption characteristics with
respect to Cr(III) and Methylene Blue are studied.

The existing processes for cellulose bleaching with
chlorine-containing reagents are necessarily accom-
panied by contamination of both the environment and
the target product (bleached cellulose) with toxic
chlorinated organic compounds (dioxins). In this con-
nection searching for environmentally safe processes
for cellulose bleaching using biological agents is a
pressing problem. As known, it is possible to remove
lignin from cellulose and thus increase its whiteness
by direct treatment with white-rot fungus mycelium,
pure hemicellulase (cleavage of ligno-carbohydrate
bonds) and ligninase preparations (lignin degradation),
and also with an enzymatic system from a mycelial
culture. The latter case requires cultivation of lignin-
degrading fungi having low cellulolytic activity. Ef-
ficient cellulose bleaching processes based on the use
of lignin-degrading enzymes from various strains of
wood-rotting fungi is under development at the St.
Petersburg Academy of Forestry Engineering [1, 2].
Wastes from such processes represent fungal fruit
bodies containing chitin, cellulose, melanin, and other
components which can be used in various branches of
industry and in medicine.

The goal of this work is to study the chemical
composition of the cultivated wood-rotting fungi
Phanerochaete sanguinea16365, Ganoderma ap-
planatum4394, andGanoderma applanatum40390
and to evaluate the sorption capacity of the fungal
material and prospects for its utilization.
ÄÄÄÄÄÄÄÄÄÄÄÄ
K Deceased.

EXPERIMENTAL

Three fungal strainsPh. sanguinea16365, G. ap-
planatum 4394, and G. applanatum 40390 were
grown by surface cultivation in 500-ml Erlenmeyer
flasks at 26oC in a culture medium (175 ml) devel-
oped by Gavrilova [3]. Its composition was as follows
(g l31): glucose 10.0, pentone 2.5, K2HPO4 0.4,
MgSO4 0.5, ZnSO4 0.001, NaCl 0.3, FeSO4 0.005,
and CaCl2 0.05. The culture medium was sterilized
before use in an autoclave under pressure, cooled to
room temperature, and inoculated with mycelial disks
(0.5 mm) in Petri dishes on a pure culture agar. As the
mycelium grew, the activity of oxidative enzymes in
the culture medium was monitored. After reaching the
peak activity the cultural liquors from different flasks,
in which a given fungus was cultivated, were com-
bined, filtered through a capron filter, and tested as
cellulose bleaching agents.

The residual fungal fruit bodies were analyzed by
successive extraction with hot water for 8 h, alcohol3

benzene (1 : 2) mixture at bp for 8 h, and 6% NaOH at
100oC for 12 h. The residual insoluble chitin3glucan
complex (CGC) was then hydrolyzed in concentrated
HCl at 70oC for 7 h. The nonhydrolyzed fraction was
additionally treated with a mixture of hydrogen perox-
ide and ammonia (1 : 10), and hydrolyzed again under
the same conditions. The resulting hydrolyzates were
combined and analyzed for glucose and glucosamine
spectrophotometrically using color reactions of glu-
cose with anthrone and of glucosamine with salicylal-
dehyde. The results are given in Tables 1 and 2.
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Table 1. Fraction composition of fungiPh. sanguinea16365, G. applanatum4394, and G. applanatum40390
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Strain
³

Moisture,
³ Fraction, %, soluble in indicated solvent ³

Insoluble³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³ % ³ hot water ³ alcohol3benzene mixture³ 6% NaOH ³ residue, %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Ph. sanguinea, 16365 ³ 87.9 ³ 18.1 ³ 15.4 ³ 49.8 ³ 16.7
G. applanatum, 4394 ³ 91.0 ³ 19.0 ³ 12.9 ³ 55.9 ³ 12.2
G. applanatum, 40390 ³ 89.4 ³ 9.4 ³ 9.5 ³ 61.1 ³ 20.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
Note: Fraction composition is expressed in per cents from dry sample weight.

Infrared spectra were registered on a Specord 80/85
instrument (Carl Zeiss, Jena) using KBr technique.

Sorption experiments were conducted as follows.
To a weighed portion of the sorbent (0.1 g recalcu-
lated to dry sample) we added 20 ml of a buffer solu-
tion and 10 ml of 0.01 M CrCl3. After a lapse of time
the sorbent was filtered off, and the residual Cr(III)
was determined in the filtrate by chelatometric titra-
tion [4]. Sorption of Methylene Blue was performed
as follows. To a 0.3-g sample 20 ml of 0.5% Methyl-
ene Blue and 80 ml of distilled water were added.
After a lapse of time the sorbent was filtered off, and
the filtrate was analyzed spectrophotometrically for
Methylene Blue. The sorption capacity forEsherichia
coli was estimated from the amount of adsorbed
Methylene Blue (0.016 g of adsorbed Methylene Blue
corresponds to 1760 106 bacteria).

Table 1 shows that the highest moisture is observed
for the fungusG. applanatum4394 and the least, for
Ph. sanguinea16365, both growing on hardwood.
Under natural conditions (in air, but not in aqueous
medium as in this work) fruit bodied of these fungi
are characterized by considerably lower moisture. The
water-soluble fraction consisting of mineral salts and
soluble hemicelluloses varies from strain to strain.
The least content is found inG. applanatum40390
growing on softwood. The same strain contains the
least amount of fats and resins representing the frac-
tion soluble in the alcohol3benzene mixture. Hot
aqueous NaOH dissolves proteins and melanin (part-
ly). The percentage of this fraction is the highest
(50360%). The CGC content ranges from 12 to 20%,
which is considerably lower than that in the mold
fungusAspergillus niger(50%), but comparable with
that in the yeastSaccharomycetes cerevisae(12%) [5].

It was demonstrated by the IR spectra that the in-
soluble residue is represented by chitin3glucan com-
plex. The spectra show the adsorption bands at 1203
and 1376 cm31 (CH and CH2 groups) typical of cellu-
lose and other glucans [6] and also at 1652, 1555, and
1310 cm31 (amide I, II, and III, respectively) [7] char-

acteristic of chitin of various origins. The spectra are
nearly identical with those obtained for CGC from
mycelium of the fungusAspergillus niger.

The elemental analysis data (Table 2) of the fungi
after removal of the three soluble fractions demonstrate
the presence of nitrogen, which is indicative of chitin.

Data on the composition of the insoluble fraction,
obtained after it was totally hydrolyzed, confirmed the
conclusion that this residue is represented by chitin3

glucan complex. The hydrolyzed forms were demon-
strated to be glucose, formed in cleavage of the glucan
component of CGC, and glucosamine formed in hy-
drolysis of the chitin component toN-acetylglucos-
amine with simultaneous deacetylation. From these
data we determined the composition of CGC isolated
from the fungal fruit bodies (Table 3).

Table 3 shows that the chitin content in CGC is
high in fruit bodies of all the strains studied, especial-

Table 2. Elemental composition of insoluble residue of
fungi Ph. sanguinea16365, G. applanatum4394, and
G. applanatum40390
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Strain
³ Composition, %
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ C ³ H ³ N ³ ash

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
Ph. sanguinea, 16365 ³ 41.5 ³ 6.5 ³ 2.2 ³ 0.7
G. applanatum, 4394 ³ 42.8 ³ 7.0 ³ 2.2 ³ 0
G. applanatum, 40390³ 42.0 ³ 6.6 ³ 1.6 ³ 0.9
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

Table 3. Composition of CGC isolated fromPh. sanguinea
16365, G. applanatum4394, andG. applanatum40390
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Strain
³ Content, %
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ chitin ³ glucan

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Ph. sanguinea, 16365 ³ 59.0 ³ 41.0
G. applanatum, 4394 ³ 74.0 ³ 26.0
G. applanatum, 40390³ 64.0 ³ 36.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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Table 4. Sorption characteristics of fungiPh. sanguinea16365, G. applanatum4394, andG. applanatum40390 after
treatment with hot water
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Sorbed Cr(III), mg, at indicated pH and sorption time ³

SEC,
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

Strain
³ 1.68 ³ 4.60 ³ 6.86 ³

mg-equiv g31,ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ t, min ³ at pH 6.86
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´
³ 1440 ³ 1440 ³ 10 ³ 60 ³ 1440 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Ph. sanguinea, 16365 ³ 1.42 ³ 0.95 ³ 1.73 ³ 1.67 ³ 1.66 ³ 0.62
G. applanatum, 4394 ³ 1.23 ³ 0.90 ³ 1.69 ³ 1.90 ³ 1.87 ³ 0.41
G. applanatum, 40390 ³ 1.08 ³ 0.98 ³ 1.73 ³ 1.69 ³ 1.69 ³ 1.11
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ly in G. applanatum4394 for which it is comparable
with that in the wood rotting fungusFomes fomen-
tarius (71%) [5]. However, in contrast to the fungi
studied, CGC fromF. fomentariusadditionally con-
tains 10% intracellular melanin.

Such a high chitin content in CGC of the fungi
studied and also the fact that their fruit bodies contain
proteins suggest that these strains can be efficient ion
exchangers for heavy metal ions. We studied the sorp-
tion properties of the fungi after treatment with hot
water with an example of Cr(III). Sorption was per-
formed over the pH range from 1.68 to 6.86. For all
the fungi studied the maximal sorption in 24 h was
observed at pH 6.86. The major fraction of Cr(III) was
demonstrated to be sorbed in the first 10 min. The
highest static exchange capacity (SEC) was shown by
the strain G. applanatum40390 containing 61.1%
proteins (Table 1) capable of fixing heavy metal ions.

Comparative analysis shows that CGC from the
fungusAspergillus nigerdemonstrates better sorption
characteristics in strongly acidic solutions (depending
on the composition, SEC for Cr(III) at pH 1.68 is
1.8132.01 mg-equiv g31 [8]). The strains studies in
this work show better sorption from neutral solutions,
and, although SEC obtained for these strains is lower,
it should be taken into account that it refers not to
CGC, but to fruit bodies only treated to remove the
water-soluble fraction.

Finally, the fungal strains studied demonstrate high
exchange capacity for Methylene Blue: recalculated to
the sorbed amount ofEsherichia coliit was found to
be 1760 106, 1180 106, and 3170 106 for Ph. san-
guinea16365, G. applanatum4394, andG. applana-
tum 40390, respectively.

CONCLUSIONS

(1) Fruit bodies of the cultivated fungiPh. san-
guinea16365, G. applanatum4394, andG. applana-

tum 40390 contain up to 20% chitin3glucan complex,
the relative content of chitin and glucan in CGC being
dependent on the strain.

(2) The fungal strains studied show high sorption
capacity for Cr(III), Methylene Blue, andEsherichia
coli.
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Abstract-Sulfoethylation of the chitin3glucan complex, isolated from mycelium of the mold fungusAsper-
gillus niger, by substitution with sodiumb-chloroethylsulfonate or addition of sodium vinylsulfonate is
examined. A comparative study is made of the reactivity of the chitin3glucan complex, chitosan, and cellulose
in the both reactions. The sorption characteristics of the sulfoethylated products with respect to Cu(II) and
Cr(III) are determined.

It is known that introduction of sulfo groups in
cellulose and some other polysaccharides makes them
water-soluble. Solutions of the resulting sulfo deriva-
tives are stable in polymineral media, which is im-
portant in view of their use in metallurgy and oil pro-
duction. Also sulfo derivatives can be used as cation
exchangers and blood anticoagulants. Thus, chitin was
sulfonated to synthesize a full analog of heparin [1].

The sulfoethyl group imparts the same properties to
polysaccharides as the sulfo group, but additionally
makes the resulting ether more resistant to hydrolysis
in acid and alkaline solutions, since it is bound to the
skeleton chain of the polysaccharide by an ether bond.
It was reported also that sulfoalkyl derivatives of
polysaccharides can exhibit biological, particularly
anti-AID activity [2].

It is known [335] that sulfoethyl derivatives of
cellulose and chitosan can be obtained, having a
degree of substitution (DS) sufficiently high to make
them water-soluble. At the same time, despite the fact
that chitin3glucan complexes (CGCs) show promise
as a source of chitin (utilization of various biochemi-
cal work wastes), there is only limited information on
preparation of sulfoethyl derivatives of CGC [6]. The
fact that chitin3glucan complexes contain both chitin
and glucan fragments makes it possible to compare
the CGC reactivity with that of cellulose and chitin
in the same reactions.

Depending on an alkylating agent, sulfoalkylation
can proceed either as substitution (with haloalkylsul-
fonates) or addition (with vinylsulfonate or alkane
ÄÄÄÄÄÄÄÄÄÄÄÄ
K Deceased.

sultones). For alkylation of cellulose all the three
types of reagents were used; selection of a reagent was
governed by the length of the alkyl residue. Thus, for
synthesis of sulfomethyl and sulfoethyl cellulose
ethers haloalkylsulfonates were used [7]. Sulfoethyl
cellulose was also obtained by addition of sodium
vinylsulfonate [8] (this reaction is also known as sul-
fovinylation, despite the fact the product is a saturated
sulfoethyl ether). In the case of higher homologs al-
kane sultones were also used [9].

Study of cellulose sulfoethylation by reaction of
the first type showed that the yield increases when the
reaction is performed in a diluent [7]. Additionally,
this reduces the degradation of the macromolecules
and improves the uniformity of the substituent distri-
bution along the polysaccharide chain. Also the use of
a diluent improves the product solubility and the qual-
ity of its solutions. It was demonstrated that the best
suited diluents are branched alcohols or their mixtures
with xylene. The optimal temperature of the reaction
is 80oC from the viewpoint of competition of hydroly-
sis of sodiumb-chloroethylsulfonate (b-NaCES) and
substitution of the cellulose hydroxyls. The degree
of substitution attained in this reaction was no more
that 0.8, whereas in reaction of the second type [with
sodium vinylsulfonate (NaVS)] products were ob-
tained with SD of about 2.0.

In this work for CGC sulfoethylation we used sub-
stitution with b-NaCES and addition of NaVS.

In the case of substitution the reaction is written as

R(OH) + ClR1SO3Na + NaOH 6 R3OR1SO3Na

+ NaCl + H2O.
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Table 1. Results on substitution sulfoethylation of chitin3glucan complex in isopropanol (T = 80oC; N2; CGC:
b-NaCES : NaOH = 1 : 3 : 6)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Run no.* ³ t, h ³ DD ³ Sulfur content, %³ DS ³ S, % ³ [h]**
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ 1 ³ 3 ³ 0.63 ³ 0.04 ³ 4.8 ³ 3

2 ³ 2 ³ 3 ³ 0.87 ³ 0.05 ³ 7.0 ³ 3

3 ³ 3 ³ 3 ³ 1.27 ³ 0.08 ³ 32.7 ³ 3

4 ³ 3 ³ 3 ³ 1.66 ³ 0.11 ³ 32.0 ³ 3

5 ³ 1 ³ 0 ³ 6.20 ³ 0.50 ³ 66.0 ³ 1.2
6 ³ 2 ³ 0.05 ³ 8.00 ³ 0.64 ³ 80.0 ³ 3.0
7 ³ 3 ³ 0.15 ³ 8.90 ³ 0.75 ³ 97.0 ³ 1.7
8 ³ 3 ³ 3 ³ 7.40 ³ 0.52 ³ 99.5 ³ 3.8
9 ³ 1.5 ³ 0.87 ³ 5.32 ³ 0.35 ³ 72.5 ³ 3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* (4) Reagent was added in portions at 30-min intervals; (537) initial CGC was included with isopropanol; and (8, 9)

b-NaCES : NaOH = 1 : 1 : 3, thestarting materials were, respectively,wood cellulose and chitosan from crab shells, the reagent
was added in portions at 30-min intervals.

** Determined in 2% NaOH (for the soluble fraction).

Addition by the Michael reaction is written as

35oC
ClCH2CH2SO3Na + NaOH776 CH2=CHSO3Na

+ NaCl + H2O,

R(OH) + CH2=CHSO3Na 76 ROCH2CH2SO3Na.

Finally, addition of alkane sultones is written as

ROH + O3R2 76 R3OR2SO3Na.
\ /
SO2

In these reactions R = Cell, Chit, CGC; R1 = CH2,
C2H4; and R2 = C3H6, C4H8, C5H10.

The sulfoethylated derivatives of CGC were exam-
ined as sorbents for Cu(II) and Cr(III), and their
sorption characteristics were compared with those of
chitosan and CGC.

EXPERIMENTAL

In experiments we used CGC isolated from myceli-
um of the mold fungusAspergillius niger. The chitin
and glucan contents in the product were 81.6 and
15.6%, respectively. In the reactions we used as-iso-
lated CGC with a moisture content of 72.5%, or pre-
liminary inclusion was performed with the same al-
cohol as was then taken as a diluent.

Chitosan was prepared from crab shells by alkaline
deacetylation. The degree of deacetylation (DD) of
the product was 0.88 and the molecular mass,Mv =

1.880 105. In the work we used TsA wood cellulose
(Mv = 1.10 105). b-NaCES was recrystallized from
ethanol.

Sodium vinylsulfonate was preparad fromb-NaCES
by reaction with 28% NaOH at35oC for 1 h. In sul-
fovinylation we used both crude vinylsulfonate con-
taining NaCl and the product recrystallized from iso-
propanol or tert-butanol.

Sulfoethylation was carried out in isopropanol at
80oC under nitrogen with stirring. A calculated por-
tion of b-NaCES was introduced either as one portion
just at the beginning of the reaction or in equal por-
tions at 0.5-h intervals.

The product was filtered off, washed to remove
NaCl and residual alkali with 80% methanol, dehy-
drated with acetone, and, finally, dried at 60oC in
a vacuum drier. All the products were analyzed for
sulfur by Schoeniger. The solubility in water (S) was
determined by conductometric titration. The intrinsic
viscosity was determined in 0.5 M NaOH.

The sorption capacity of the products was deter-
mined in static experiments [10]. Sorption was per-
formed from 0.01 M copper acetate or CrCl3. The ex-
periment time was 24 h. pH was adjusted by adding
an appropriate buffer solution.

The kinetics of sulfoethylation withb-NaCES was
studied as influenced by the alkylating agent concen-
tration, procedure of its introduction, and CGC pre-
treatment procedure. The results are summarized in
Table 1. As should be expected, with increasing reac-
tion time (all other conditions being equal) the sulfur
content in sulfoethylated CGC (SECGK) and, there-
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fore, DS increase (see run nos. 133), though remaining
at a low level. Introduction ofb-NaCES in several
portions somewhat increases DS (run no. 4) as a result
of decreasing consumption of the reagent in hydroly-
sis. However, significant increase in DS was observed
only when preliminary inclusion with isopropanol
was used, providing replacement of water without
deterioration of the highly developed inner surface
of CGC. In experiment nos. 537 DS is above 0.50,
and the products become substantially water-soluble.
Alkaline conditions initiate partial deacetylation of
the chitin fraction of CGC. Although DD increases
with time in this case, it remains small (0.0530.15).
Therefore, the reaction products cannot be regarded as
polyampholytes, in contrast to CGC carboxymethyla-
tion products in which DD reached 0.2030.37 at DS
of 0.1630.81 [11].

The results obtained show that sulfoethylation
proceeds to a greater degree with cellulose; in this
case neither inclusion nor portionwise introduction of
b-NaCES is needed. With chitosan DS 0.35 was ob-
tained without inclusion, but with portionwise intro-
duction of b-NaCES. It should be pointed out that
with cellulose and chitosan higher solubility in water
is attained at lower DS as compared to CGC. Similar
result was obtained previously in carboxymethylation
of CGC [11]. Evidently, in sulfoethylation also the
substituent is nonuniformly distributed throughout the
amorphous and ordered regions of the CGC supra-
molecular structure.

Addition sulfoethylation with NaVS was studied as
influenced by the reaction medium and time and also
by the quality of the alkylating agent and pretreatment
of the starting material (Table 2). The results show
that tert-butanol is the most suited diluent for the reac-
tion. This is true for all the starting materials studied:
CGC, chitosan, and cellulose. Evidently, the reason
is that the accessibility of reaction centers of polysac-
charides increases in diluents with bulky molecules.

The figure demonstrates the kinetic curves of sul-
fovinylation with cellulose, chitosan, and CGC, ob-
tained under identical conditions without inclusion.
The degree of substitution increases with time. The
effect increases in the order CGC < chitosan < cellu-
lose. Such a difference in the reaction rate for poly-
saccharides having the same reaction centers can be
attributed to different supramolecular structure.

Purification of NaVS to remove NaCl somewhat
increases DS, but to a lesser extent than preliminary
inclusion of CGC, as in substitution sulfoethylation.
Therefore, of primary importance in these reactions is
a highly developed inner surface ofCGC. In thecase

Table 2. Addition sulfoethylation of chitin3glucan com-
plex (T = 80oC; N2; CGC : NaVS : NaOH = 1 : 6 : 3)
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
Run ³

Diluent
³ t, ³Sulfur con-³

DS
³

S, %
no.* ³ ³ h ³ tent, % ³ ³
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ

1 ³Isopropanol³ 1 ³ 1.02 ³ 0.06 ³ 5.4
2 ³" ³ 2 ³ 1.42 ³ 0.09 ³ 14.2
3 ³" ³ 3 ³ 2.13 ³ 0.14 ³ 21.5
4 ³" ³ 3 ³ 9.07 ³ 0.85 ³ 100
5 ³" ³ 3 ³ 9.67 ³ 0.95 ³ 100
6 ³tert-Butanol ³ 3 ³ 2.70 ³ 0.18 ³ 32.3
7 ³" ³ 3 ³ 3.27 ³ 0.22 ³ 35.0
8 ³Isopropanol³ 3 ³ 11.30 ³ 1.05 ³ 100
9 ³tert-Butanol ³ 3 ³ 12.08 ³ 1.21 ³ 100

10 ³Isopropanol³ 3 ³ 8.77 ³ 0.76 ³ 100
11 ³tert-Butanol ³ 3 ³ 10.19 ³ 0.98 ³ 100

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* (4) Inclusion with isopropanol; (5) CGC was included with

isopropanol,NaVS waspurified to remove NaCl; (7)NaVS
was purified to remove NaCl by treatment withtert-butanol;
(8, 9) cellulose was a starting material; and (10, 11) chitosan
was a starting material.

of addition sulfoethylation the reaction proceeds to a
greater degree, providing higher DS and totally water-
soluble products. Furthermore, in the addition NaOH
acts only as a promoter; the consumption of this re-
agent is lower, eliminating deacetylation of the chitin
fraction of CGC.

Finally, despite the fact that one more stage (prep-
aration of NaVS fromb-NaCES) is needed, addition
sulfoethylation is more preferable, as providing
uniform highly substituted water-soluble products.
Sodium vinyl sulfonate can be prepared from crude
b-NaCES (the presence of NaCl only slightly influ-
ences DS in the product). It should be pointed out also
that if preliminarily included CGC is used, the reac-
tivity of CGC, chitosan, and cellulose in thereac-
tion with NaVS is leveled.

DS

t, h
Kinetic curves of sulfovinylation of (1) CGC, (2) crab shell
chitosan, and (3) wood cellulose in isopropanol at 80oC and
polysaccharide : NaVS :NaOH = 1 : 6 : 3. (DS) Degree of
substitution and (t) time.
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Table 3. Static exchange capacity of CGC and its deriva-
tives
ÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample

³

DD

³

DS

³

pH*

³SEC, mg-equiv g31,
³ ³ ³ ³ for indicated ions
³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ ³ ³ ³ Cr3+ ³ Cu2+

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
CGC ³ 0 ³ 0 ³ 1.68 ³ 1.81 ³ 3

CANGC ³ 0.31 ³ 0 ³ 1.68 ³ 1.90 ³ 3

CANGC ³ 0.70 ³ 0 ³ 1.68 ³ 2.44 ³ 3

SECGC ³ 0 ³ 0.18 ³ 1.68 ³ 3 ³ 7.60
³ ³ ³ 6.80 ³ 3 ³ 11.90

SECGC ³ 0 ³ 0.74 ³ 1.68 ³ 1.30 ³ 10.80
³ ³ ³ 6.80 ³ 6.70 ³ 11.60

CAN ³ 0.15 ³ 0 ³ 6.80 ³ 2.20 ³ 3

CAN ³ 0.80 ³ 0 ³ 6.80 ³ 3 ³ 4.50
ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

The sorption experiments were carried out with the
iniital CGC, SECGC with DS of 0.18 and 0.74,par-
tially deacetylated CGC (CANGC), and crab chitosan.
The static exchange capacity (SEC) at various pHs is
given in Table 3. The general trends are as follows.
(1) All the sorbents studied better sorb Cu(II) than
Cr(III). (2) The metals are better sorbed from neutral
solutions than from acid solutions. (3) The greater
the amount of adsorption centers in sorbents (amino
groups in CAN and CANGC, sulfoethyl groups in
SECGC), the higher SEC, regardless of the sorption
mechanism on these groups. In the case of SECGC
the ion-exchange sorption dominates, and the contri-
bution of complexation with aminoacetyl group can-
not be higher than SEC of CGC (free primary amino
groups were not found in the CGC samples studied).
In CAN and CANGC samples bearing primary amino
groups sorption proceeds through complexation. Com-
parison of SEC obtained at pH 1.68 suggests that the
ion-exchange mechanism is more favorable for the
both cations.

CONCLUSIONS

(1) Sulfoethylation of the chitin3glucan complex,
isolated from mycelium of the mold fungusAspergil-

lius niger, by substitution with sodiumb-chloroethyl-
sulfonate or addition of sodium vinylsulfonate is
examined. The addition proceeds to a greater degree
than the substitution. The addition products demon-
strate more uniform distribution of substituents along
the chain, which provides total solubility of sulfo-
ethylated derivatives in water.

(2) In the both reactions the reactivity of the poly-
saccharides decreases in the order cellulose > chito-
san > chitin3glucan complex.

(3) Preliminary activation of CGC by inclusion
and sulfoethylation by the addition mechanism allow
preparation of highly substituted CGC derivatives.

(4) The maximal sorption of Cu(II) and Cr(III)
with sulfoethylated CGC was observed from neutral
solutions.
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Abstract-The kinetics of urethane formation was studied in relation to the stabilizer type. A series of
urethane elastomers (sealants, coatings, adhesives), derived from stabilized prepolymers and polyoxyalkylene-
polyols of various molecular weights, were developed.

In production of cold-curable urethane elastomers
[133], block copolymers of ethylene and propylene
oxides with terminal hydroxy goroups (Laprols1) are
widely used as polyether components. As compared to
any polyester analogs, polyethers ensure higher frost
and hydrolysis resistance of the composite materials.

Polyoxyalkylenepolyols readily react with toluene
diisocyanate (TDI) to form reactive oligomers, pre-
polymers, which are intermediates in production of
castable polyurethanes, sealants, corrosion-protective
coatings, adhesives, etc.

The urethane formation processes are based on
polycondensation of a polyol with the prepolymer,
yielding urethane units:

~R3OH + ~R3NCO 6 ~R3HN3C3O3R ~.
99

O I

The main urethane formation reaction is always
complicated by various side reactions somewhat dis-
torting the structure of the final polymer, i.e.,macro-
molecules of a highly elastic polyurethane consist of
segments with different thermodynamic flexibility.
[Soft] segments with weak intermolecular interaction
and low glass-transition point are formed by oligo-
meric chains, and[hard] segments consist of products
of reaction of the isocyanate group with low-molecu-
lar-weight compounds. Despite thorough drying of
the polyol, amino groupsII are formed in certain
amounts; they very rapidly react with isocyanate
groups to give urea unitsIII in the macromolecules:

~R3NCO + HOH 6 ~R3HN3C3OH 6 ~R3NH2.
99

O II
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Laprols are produced on a large-tonnage scale by the Nizhne-

kamsknefteorgsintez Joint-Stock Company.

Urea groups are also formed by reaction of the iso-
cyanate-containing prepolymer with amine-type curing
agents:

~R3NH2+~R3NCO 6 ~R3HN3C3NH3R~.
99

O III

At the same time, curing of the prepolymer can
occur by trimerization (IV ) of the terminal isocyanate
groups under the action of a catalyst:

3~R3NCO 76

8
C

N

NN

C C

~R7 7R~
oO

gmOqO
R~

Cat.
.

IV

3~R3NCO 76

8
C

N

NN

C C

~R7 7R~
oO

gmOqO
R~

Cat.
.

IV

Urethane and urea units in polymeric chains, owing
to the presence of labile hydrogen atoms, react with
isocyanate groups to form a three-dimensional cross-
linked structure containing allophane (V) and biuret
(VI ) moieties:

~R3HN3C3O3R~o
O

+ ~R3NCO

~R7N7C7O7R~go
OCqe

O

sssss

xx
xx
xx

ssssss

s
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NH7R~
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A, wt %

t, min
Fig. 1. Kinetic curves of synthesis of prepolymers from
polyethers with various additions: (A) content of NCO
groups and (t) time; the same for Figs. 2 and 3. Synthesis:
(1) with HCl, (2) with acetylacetone, and (2) from nonstabi-
lized polyether.

A, wt %

t, min
Fig. 2. Kinetic curves of synthesis of prepolymers from
various TDI samples stabilized with HCl: (1) T-65/35,
(2) T-80/20, (3) T-102T, and (4) nonstabilized TDI.

The presence of polar groups of different nature,
randomly or regularly distributed in a relatively low-
polar matrix of flexible oligomeric chains, is a specif-
ic feature of urethane elastomers, largely determining
their supramolecular structure and chemical and phys-
ical properties. Owing to these groups, all types of
urethane elastomers are characterized by fairly intense
intermolecular interactions, mainly of the hydrogen
bond type. The developed three-dimensional network
of physical cross-links in network structures supple-
ments the chemical cross-linking. The longer the
chain of the hydroxyl-containing component, the
lower the concentration of labile hydrogen atoms in
urethane groups and hence the weaker the intermolec-
ular interactions and the more flexible the polymeric
chain. High rate of chain growth in reaction of a poly-
ol with the prepolymer favors preparation of highly
elastic materials, and high cross-linking rate results
in preparation of stronger composites, up to formation
of [glassy] polyuretyhane.

The main goal in urethane formation is to preserve
the reactivity of the prepolymer and enhance its stabil-
ity in storage. The effect of acetylacetone as a stabili-
zer in reaction of an ester polyol with TDI was studied
in [4]. It is known that acetylacetone forms chelates

with many metal ions occurring in the forms of salts,
oxides, hydroxides, etc. Its reactivity toward isocya-
nates is very low; hence, in systems containing iso-
cyanates and metal ions acetylacetone will form prac-
tically exclusively metal acetylacetonates, which cata-
lyze the reaction between the NCO and OH groups
and do not promote side reactions in the course of
urethane formation.

In this work we examined for the first time the sta-
bilizing effect of readily available hydrochloric acid
on prepolymers based on polyoxyalkylenepolyols. The
polyether is prepared in the presence of a base catalyst.
Base impurities are strong catalysts of trimerization of
prepolymers (IV ), reducing their storage life and reac-
tivity and even causing gelation. Addition of acid
compounds into the reaction mixture in synthesis of
prepolymers favors neutralization of alkali and more
complete reaction between the NCO and OH groups.

EXPERIMENTAL

The polyether was placed in a vessel equipped with
a stirrer and a jacket for heating or cooling and dried
in a vacuum to a moisture content of about 0.05%;
after that, a stabilizer (0.05 wt %) was added, the
mixture was stirred for 5310 min, and TDI was added
in an amount required for preparing a prepolymer of
a specified molecular weight. Urethane formation is
exothermic; therefore, TDI was added in portions and
the reactor was cooled through the jacket, so as to
maintain the temperature at 70375oC.

The process of sealant preparation includes the
following stages: (a) preparation of a sealing paste
(paste A) by mixing a reactive oligomer (thiokol or
polyol), a filler, a catalyst, and the other additives;
(b) preparation of a curing paste (paste B) by synthe-
sis of a stabilized prepolymer from polyoxyalkylene-
polyol with addition of a hydrophobic filler if re-
quired; (c) mixing of pastes A and B directly before
application to a working surface. We used polyoxy-
alkylenepolyols of molecular weight 300035000 [TU
(Technical Specifications) 2226-023-10488057395)
and a polysulfide oligomer (brand I thiokol). As cur-
ing catalysts we used dimethylaminomethylphenols
(OM-1, OM-2, OM-3) of Agidol 51, 52, and 53
brands (TU 38-30356386) in amount of 1.533.5 wt
parts per 100 wt parts of polyol; the filler was P-803
industrial carbon [GOST (State Standard) 7885377]
in amount of 60380 wt parts per 100 wt parts of poly-
ol. The composites were tested on an RMI-250 tensile
testing machine according to GOST 7762374.
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Figure 1 shows the kinetic curves of the synthesis
of prepolymers from polyoxyalkylenepolyol of molec-
ular weight 5000 and TDI (T-80/20) in the presence
of HCl and acetylacetone and from the active poly-
ether. In reactions of TDI with active polyols, side
formation of allophanesV is possible. In storage,
these prepolymers often undergo gelation due to for-
mation of a three-dimensional cross-linked structure
through side allophane bonds:

~R3N3C3O3R~ + ~R3NCOog
OCqe

O NH3R~

76 ~R3N3C3O3R~og
OCqe

O N3R~g
Cqe

NH3R~O

.

VII

~R3N3C3O3R~ + ~R3NCOog
OCqe

O NH3R~

76 ~R3N3C3O3R~og
OCqe

O N3R~g
Cqe

NH3R~O

.

VII

By aminolysis, we detected in the prepolymer allo-
phane groups in amount of 0.531.2 wt %, which are
practically absent in the prepolymer based on stabi-
lized polyols. IR examination revealed the presence
of triisocyanurate structures in the prepolymer from
active polyethers, which results in cross-linking of
polyurethane macromolecules. In this process, the vis-
cosity increases and the content of isocyanate groups
decreases. It is known [5] that the rate of allophanate
formation considerably exceeds the rate of trimeriza-
tion of isocyanate groups. A sharp decrease in the
content of NCO groups is particularly noticeable with
the polyether of a lower molecular weight (Fig. 2,
curve 4). The brand of the TDI used does not play a
significant role.

In the case of the stabilized prepolymer, urethane
formation is characterized by occurrence of the main
reaction [reaction (1)]. The type of the stabilizer has
no significant effect on the kinetics of prepolymer
synthesis; the content of the NCO groups becomes
approximately constant within 90 min and does not
change further (Fig. 3).

A process was suggested for preparation of poly-
urethane (TU 38.3 030 098395, 38.4 030 103395,
38.4030104395, 222600201-3013487395) and thio-
urethane sealants containing a stabilized prepolymer
based on polyoxyalkylenepolyol of molecular weight
5000. The composite materials as compared to the
industrial analogs are characterized by increased
strength, elasticity, and water resistance and by good
adhesion to various substrates. The use of a catalytic

A, wt %

t, min

Fig. 3. Kinetic curves of synthesis of prepolymers in the
presence of various stabilizers: (1) diisopropyl hydrogen
phosphite, (2) diisooctyl hydrogen phosphite, and (3) phos-
phorochloridite.

curing coagent of reactive oligomers with various
functional groups allows practically complete chemi-
cal binding with simultaneous improvement of phys-
icomechanical parameters. The advantage of these
sealants is that the sealing and curing pastes are taken
in comparable amouns (ratio A : B varies from 2 : 1
to 1 : 1), which favors good mixing of the components
under industrial conditions.

The physicomechanical parameters of polyurethane
sealants determined in extended tests are listed in
Table 1. The advantages of our formulations are sim-
pler process and lower power consumption due to
decreased amount of the components and curing at
room temperature. Also, there are vast prospects for
production of colored composites.

Polyoxyalkylenepolyols of molecular weight from
500 to 6000 are commercially available. Experiments
showed (Table 2) that the best combination of elastic-
ity and strength is attained when the molecular weight
of the polyol is 300035000. With lower-molecular-
weight polyethers, denser cross-linked materials are
formed, which exhibit increased cohesion strength but
low elasticity. With the molecular weight of the poly-
ethers above 5000, the strength of the composites
decreases. Introduction of a stabilizer (0.05 wt % HCl)
into the prepolymer levels its reactivity toward poly-
ols and suppresses side reactions. Formation of ure-
thane elastomers occurs as a chain growth reaction.
When the polymer contains no allophane cross-links,
its reaction with polyol yields linear macromolecules,
which is favorable for microphase segregation; such
composites exhibit higher elasticity.

Phenol Mannich bases (PMBs), dimethylamino-
methylphenols, are widely used catalysts of reactions
of oligothiols and polyols with isocyanate-containing
prepolymers. It was found previously [6] that the
activity of these catalysts varies in parallel with their
basicity. When the amount of the catalyst is low, the
oligomers react slowly, which favors formation of a
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Table 1. Properties of polyurethane sealants
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Ratio of pastes A : B
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ 2.2 : 1.0 ³ 2.2 : 1.2 ³ 2.2 : 1.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Normal curing conditions (25oC, 7 days)

Nominal tensile strength, MPa ³ 0.9831.03 ³ 1.131.26 ³ 1.431.66
Relative elongation at break, % ³ 5003530 ³ 5103550 ³ 4003510
Adhesion to metal (at exfoliation), kN m31 ³ 3.034.7 ³ 1.532.5 ³ 0.931.2
Hardness (TIR), arb. units ³ 46352 ³ 50354 ³ 55357

Keeping in water at 80oC, 6 h; rest, 3 days

Nominal tensile strength, MPa ³ 0.931.34 ³ 1.131.28 ³ 1.431.64
Relative elongation at break, % ³ 3503420 ³ 2203260 ³ 3503370

Keeping at 100oC, 10 days

Nominal tensile strength, MPa ³ 1.331.5 ³ 1.2531.7 ³ 1.431.6
Relative elongation at break, % ³ 4403500 ³ 2103310 ³ 3003320

Extraction in water, 1 day

Degree of swelling, wt % ³ 0.06 ³ 0.14 ³ 5.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 2. Main physicomechanical characteristics of composites
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ M = 3000 ³ M = 5000
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2* ³ 3 ³ 4*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Nominal tensile strength, MPa ³ 2.632.9/2.132.2** ³ 1.231.5/Gelation³ 2.432.7/2.132.5 ³ 2.833.0/1.832.1
Relative elongation at break, % ³1303190/5503600 ³4803630/ 3 ³5303780/3503420 ³3503380/2503320
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Stabilized prepolymer.

** (Denominator) values after storage of the prepolymer for 3 months.

low-defective network, and the resulting composites
exhibit increased cohesion strength and elasticity
(Table 3).

The increased content of the catalyst favors faster
reaction of the oligomers, but the resulting network
can become defective. Furthermore, at larger amounts

Table 3. Influence of the catalyst amount on the physico-
mechanical characteristics of composites
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter

³PMB content, wt parts per
³ 100 wt parts of polyol
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ 1.5 ³ 3.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Nominal tensile strength, MPa³ 2.533.0 ³ 1.031.6
Relative elongation at ³ 3503400 ³ 2803340
break, % ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

of the catalysts formation of isocyanuratesIV , which
do not react with the polyether at room temperature,
becomes more probable. As a result, the strength and
adhesion characteristics of the product decrease.

We also examined the possibility of using Schiff
bases derived from aliphatic diamines and various
aldehydes as catalysts for curing of single-component
sealants of the polyurethane and thiourethane nature.
With aldimines it is possible to avoid a drawback
characteristic of traditional single-component urethane
systems: release of CO2 at curing of isocyanate pre-
polymers with moisture present, as a rule, in fillers.
We studied the reaction of mono- and diisocyanates
with Schiff bases and hydrolysis of Schiff bases at
various ratios of the components, curing temperatures,
and pH values of the medium. With decreasing pH the
hydrolysis of Schiff bases accelerates and the reaction
of isocyanate groups with water decelerates. Electron-
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donor substituents in aldimines accelerate with reac-
tion with isocyanates.

CONCLUSION

Addition of an acid stabilizer to a prepolymer
levels its reactivity toward a polyol or oligothiol and
suppresses side reactions in the course of urethane
formation. The use of the stabilized prepolymer opens
prospects for preparation of a wide assortment of
urethane elastomers.
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Abstract-New boric acid esters with an azomethine bond were prepared. These compounds exhibit an
efficient fungicide and heat-stabilizing effect on elastomers based on SKTV-1 rubber.

Aging and stabilization of polymers is still an
urgent problem. There is a growing interest in multi-
functional stabilizers containing in the same molecule
a number of functional groups acting by different
mechanisms [1]. It is known that organoboron com-
pounds exert a fungicide [2, 3] and heat-stabilizing
effect [436] on polymeric materials. With the aim to
develop promising fungicide additives and heat stabi-
lizers for siloxane rubber, we prepared new boric acid
esters containing azomethine groups, in view of the
fact that compounds containing C=N groups are effi-
cient heat-stabilizing agents for polysiloxanes [7].

Borates were prepared by heating of a mixture of
boric acid with pyrocatechol and hydroxy compounds
containing azomethine groups at 70380oC in benzene
with heteroazeotropic distillation of the released water.

The structure of the products was proved by IR and
1H NMR spectroscopy, mass spectrometry, and ele-
mental analysis.

The IR spectra of the compounds contain bands at
1040+10 and 1350+10 cm31 characteristic of the
symmetrical and antisymmetrical vibrations of the
B3O group and at 1090+10 and 1240+10 cm31 char-
acteristic of the symmetrical and antisymmetrical vi-
brations of the C3O group. The band at 1640+5 cm31

is due to the CH=N vibrations, and that at 1754 cm31,
to the stretching vibrations of the ester carbonyl (in
III and IV ).

The 1H NMR spectra of the compounds are given
in Table 1. The proton signals of the pyrocatechol ring
are observed at 6.20+0.04 and 5.60+0.02 ppm. The
azomethine proton gives a signal at 8.15+0.03 ppm.
The chemical shifts of protons of the substituents are
also given in Table 1. In addition, the spectra ofIII
and IV contain signals at 1.23 and 3.58 ppm, belong-

ing to the methyl and methylene protons of the ethoxy
group.

The mass spectra of the boric acid esters contain
molecular peaks (Table 1), but their intensity is rela-
tively low. The molecular peaks of all the compounds
have a close intensity. Apparently, the extent and
character of electron density delocalization in substit-
uents, affecting the stability of the compounds to elec-
tron impact, yield of molecular ions, and formation of
stable radicals, are similar in all the compounds.

The most characteristic and intense peaks in the
mass spectra of the borates are those atm/z135, 108,
92, and 65. They presumably originate from the
C6H4BO3 moiety, common for all the compounds.

All the compounds contain a strong peak atm/z65,
corresponding to the C5H5

+ ion, which can form only
by rearrangement with hydrogen transfer from one
part of the molecule to another.

The physicochemical characteristics of the com-
pounds are listed in Table 2.

The synthesized esters were added to rubber stocks
based on SKTV-1 siloxane rubber. The optimal con-
tent of the additives was 1 wt part per 100 wt parts of
rubber. With larger amounts of the additives, the
physicomechanical properties of the rubbers get
worse. The rubber stocks were prepare on rollers
using standard formulations. Boric acid esters do not
exude to the surface of siloxane rubber and do not
affect the peroxide curing of rubbers.

Rubbers with triaryl borate additives were tested
for fouling with mold fungi. The fungus resistance of
rubbers (extent of fungus growth on rubber samples)
was evaluated in a six-point scale [GOST (State
Standard) 9049375]. The results are listed in Table 3.
It is seen that the borate-containing rubbers are fouled
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Table 1. NMR and mass spectra of the synthesized compounds
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com-
³ 1H NMR spectrum,d, ppm ³ Mass spectrum
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

pound*³
CH1 ³ CH2 ³ CH3 ³ CH4 ³ CH5 ³ CH6 ³ CH7 ³ M+ ³ m/z= 135,³ m/z= 108,³ m/z= 92,³ m/z= 65,

³ ³ ³ ³ ³ ³ ³ ³ (I, %) ³ C6H4O3B ³ C6H4O2 ³ C6H4O ³ C6H5
ÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

I ³ 6.20³ 5.61³ 5.68³ 5.48³ 8.18³ ³ 6.72 ³ 365 (32)³ 79 ³ 87 ³ 93 ³ 71
II ³ 6.24³ 5.62³ 5.71³ 5.49³ 8.14³ ³ 6.78 ³ 365 (34)³ 90 ³ 92 ³ 98 ³ 69
III ³ 6.22³ 6.62³ 5.69³ 5.42³ 8.12³ 5.71³ 5.98 ³ 387 (30)³ 67 ³ 95 ³ 91 ³ 68
IV ³ 6.20³ 5.60³ 5.61³ 5.40³ 8.13³ 5.71³ 5.98 ³ 403 (29)³ 72 ³ 95 ³ 90 ³ 66

ÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
*

1cR cCH=Nc22
(3) (4)

(3) (4)

(5)
(8)

I

,

2
cR g

CH=Nc
22

(4)
II

(5) (8)

(3)

, 1cR cCH=Nc1cCOOC2H5

(3) (4)

(3) (4)

,

III

(5)

(6) (7)

(6) (7)

1cR cCH=Nc1cCOOC2H5h
OH

(4) (6) (7)IV

,

(3) (4)
(5)

(7)(6)

where R is2
ccOO
djBcOc.

Table 2. Yields, melting points, and elemental analyses of triaryl borates
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

Yield, %
³

mp, oC
³ Found, %/Calculated, % ³

Formula³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´
³ ³ ³ C ³ H ³ N ³ B ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
I ³ 90 ³ 1993195 ³ 75.76/75.67³ 4.42/4.38 ³ 3.81/3.84 ³ 2.86/2.96 ³C23H16BNO3
II ³ 86 ³ 2193220 ³ 75.78/75.67³ 4.44/4.38 ³ 3.80/3.84 ³ 2.92/2.96 ³C23H16BNO3
III ³ 77 ³ 1773178 ³ 68.19/68.21³ 4.68/4.65 ³ 3.59/3.62 ³ 2.83/2.84 ³C22H18BNO5
IV ³ 72 ³ 1553156 ³ 65.64/65.53³ 4.53/4.49 ³ 3.44/3.47 ³ 2.59/2.68 ³C22H18BNO6

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

with mold fungi to a considerably lesser extent than
the rubbers with no additives. For example, the rub-
bers with the suggested additives remained fungus-
resistant for 84 days, whereas the rubbers with no
additives are intensely fouled in this period (5 points).
Of the four examined triaryl borates, three are efficient
fungicide additives to siloxane rubbers:I , III , andIV .
CompoundII showed a weak fungicide activity. This
compound differs fromI only in position of linking
of the 2-naphthyliminomethyl group to the phenyl
ring. It may be assumed that the more rigid molecule
of II containing a substituent in theo-position of the
phenyl ring diffuses to the rubber surface considerably
more slowly, so that its surface concentration appears
to be insufficient to suppress the fungus growth.

The heat resistance of the rubbers was evaluated
from variation of their main physicomechanical prop-
erties: modulus of elasticity at 100% elongationM100,
nominal strengthP, relative elongation at breakL, and

elongation setI. The inhibiting effect of the suggested
additives was evaluated in comparison with the rubber
containing no additives. The characteristics of rubbers
at thermal aging, determined according to GOST
270375, are listed in Table 4. It is seen that the syn-
thesized triaryl borates inhibit thermal aging of rub-

Table 3. Evaluation of fungus growth on vulcanized silox-
ane rubbers in the six-point scale
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ Fouling, points, in indicated time, days
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ 28 ³ 56 ³ 84 ³ 120

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
I ³ 0 ³ 1 ³ 132 ³ 132
II ³ 0 ³ 132 ³ 2 ³ 233
III ³ 0 ³ 132 ³ 1 ³ 132
IV ³ 0 ³ 031 ³ 1 ³ 132
No additive³ 4 ³ 4 ³ 5 ³ 5

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
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Table 4. Thermal aging of vulcanized siloxane rubbers in the presence of triaryl borates
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com-

³ Before aging ³ After aging
ÃÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pound
³ M100 ³ P ³ L ³ l ³ 250oC, 5 days ³ 300oC, 1 days
ÃÄÄÄÄÄÁÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄ
³ MPa ³ % ³M100, MPa³ KP ³ KL ³ l, % ³M100, MPa³ KP ³ KL ³ l, %

ÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄ
I ³ 1.8 ³ 7.0 ³ 390 ³ 4 ³ 2.0 ³ 0.60 ³ 0.51 ³ 8 ³ 2.5 ³ 0.56 ³ 0.50 ³ 9
II ³ 2.2 ³ 6.8 ³ 330 ³ 5 ³ 3.4 ³ 0.75 ³ 0.42 ³ 7 ³ Brittle
III ³ 2.4 ³ 7.2 ³ 320 ³ 6 ³ 3.0 ³ 0.68 ³ 0.56 ³ 5 ³ 2.5 ³ 0.58 ³ 0.62 ³ 6
IV ³ 2.1 ³ 7.1 ³ 360 ³ 9 ³ 3.2 ³ 0.70 ³ 0.72 ³ 3 ³ 2.5 ³ 0.65 ³ 0.67 ³ 8
No addi-³ 2.2 ³ 5.9 ³ 240 ³ 0 ³ 4.8 ³ 0.51 ³ 0.52 ³ 5 ³ 3.8 ³ 0.44 ³ 0.50 ³ 0
tive ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄ
Note: KP = P/P0, KL = L /L0.

bers. For example, after keeping for 5 days at 250oC
the modulus of elasticity of the rubbers with the addi-
tives increases to a lesser extent (by a factor of 1.532)
than that of the rubber with no additives. This means
that in the presence of the additives the cross-linking
of the siloxane rubber occurs to a considerably lesser
extent. The loss of the rubber strength in the presence
of the additives is 10320% smaller than in their ab-
sence. At a higher temperature (300oC), the changes
in the modulus of elasticity and strength are also con-
siderably less pronounced in the rubber samples con-
taining additives (exceptII ).

CompoundIV is the most efficient heat stabilizer.
This is due to the presence of the following atoms and
groups: (1) boron atoms scavenging radicals owing to
pronounced tendency to add groups containing free
electrons; (2) nitrogen atoms capable of chain termi-
nation; (3) hydroxy groups enhancing the stabilizing
effect owing to easy reaction of phenol radicals with
peroxy radicals; and (4) ester group.

Our study showed than the synthesized triaryl
borates exert a fungicide and heat-stabilizing effect on
siloxane rubber. It is known [8] that siloxane rubber
has a poor fungus resistance, and microorganisms
accelerate degradation of rubbers.

Recently the requirements to environmental safety
of additives to elastomer formulations became more
stringent [9].

The synthesized triaryl borates meet the require-
ments imposed on fungicide additives: they are suffi-
ciently toxic for mold fungi and nontoxic for humans
(LD50 5903640 mg kg31); they are well compatible
with the rubber, do not prevent peroxide vulcaniza-
tion, do not give rise to process complications, and

enhance the heat resistance of the rubbers. With these
additives, the service life of siloxane rubbers in-
creases, and it becomes possible to use them in warm
and humid climate at elevated temperatures without
additional heat stabilizers.

CONCLUSION

New triaryl borates containing azomethine groups
were prepared. The borates are heat stabilizers for
vulcanized SKTV-1 rubbers and simultaneously pro-
tect them from fouling with mold fungi.
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Abstract-The chemical composition of organic bases from tars of stepwise semicoking of lignite was
studied. The features of distribution of organic nitrogen in a coal macromolecule and the most probable
pathways of thermal degradation of the nitrogen-containing fragments were examined.

Up to now, fossil fuel is one of the sources of
diverse nitrogen organic compounds (NOCs). Data on
structural types of organic nitrogen and its distribution
in a coal macromolecule are necessary for determining
the chemical structure of coal and recovering in maxi-
mal yield the NOCs of the given structural-group and
qualitative composition. Nitrogen organic compounds
are valuable raw materials for preparing a wide set of
pesticides, pharmaceuticals, dyes, heat-resistant fibers,
special-purpose rubbers, ion-exchange resins, flotation
agents for rare and rare-earth metals, surfactants, and
vitamins. Recovery of NOCs from coals in high yield
is hampered by the lack of detailed information on the
chemical composition of the semicoking tars, which,
in turn, does not allow scientifically substantiated
selection of the initial brown coals and optimization
of their processing.

The goals of this work were to study in detail the
chemical composition of organic bases from tars of
stepwise semicoking of lignite,1 determine the fea-
tures of distribution of organic nitrogen in the lignite
macromolecule, and reveal the most probable path-
ways of thermal degradation of the nitrogen-contain-
ing fragments.

Semicoking was performed in a retort so as to min-
imize the pyrolysis of[primary] vapor3gas products
[1]. Therefore, the major components of these prod-
ucts can be fairly reliably assigned to certain native
fragments of the organic matter of lignite (OML).
The tar was collected in three temperature ranges (oC):
(I) <350, (II) 3503450, and (III) 4503500oC, corre-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Lignite from the Near-Moscow fields was studied (Kimovsk

open pit).

sponding, according to DTA, to the maximal yield of
the tar. The tar yield (wt % based on OML) in stages
I, II, and III was 1.5, 4.9, and 3.4, respectively.

The tars were subjected to total chemical group
analysis [2]. The yield of organic bases in stages I, II,
and III, wt % based on anhydrous tar (wt % based
on OML), was 0.85 (0.013), 1.85 (0.091), and 1.17
(0.040), respectively.

The general characterization of the molecular struc-
ture of nitrogen organic compounds was based on data
of IR, UV, 1H and13C NMR spectroscopy, cryoscopy,
elemental and quantitative functional analysis, and
capillary gas3liquid chromatography (CGLC) [336].

The structural-group composition of organic bases
from tars of stepwise semicoking of Near-Moscow
lignite, calculated from the CGLC data, is listed in the
table. It is seen that the organic bases recovered in
different temperature ranges of OML degradation sig-
nificantly differ in the structural-group composition.

For example, the tars recovered in the temperature
range 3503450oC have a high content of picolines,
lutidines, ethyl-,n-propyl-, isopropyl-,n-butyl-, and
isobutylpyridines, and aliphatic and aromatic amines.
The content of pyridine, quinoline, isoquinolines,
benzoquinolines, benzoisoquinolines, indoles, carba-
zoles, hydrogenated quinolines and benzopyrroles, and
polycyclic NOCs is the highest in the tars recovered
in the range 4503550oC.

The distribution of NOCs in the coal macromole-
cule can be estimated more descriptively from the
yield of separate groups of NOCs (see table). It is
seen that the tar recovered in the second stage of
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Structural-group composition of organic bases and yield of separate groups of nitrogen-containing compounds from tars
of stepwise semicoking of lignite
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³

Group of compounds

³ Content, wt % based on whole fraction³ Yield A 0 104, wt % based on OML
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ple ³ ³ for indicated stage
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄno.
³ ³ I ³ II ³ III ³ I ³ II ³ III

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³Pyridine ³ 0.50 ³ 1.15 ³ 2.45 ³ 0.65 ³ 10.62 ³ 9.80
2 ³Picolines ³ 6.82 ³ 11.65 ³ 7.92 ³ 8.87 ³ 106.02 ³ 31.68
3 ³Lutidines ³ 8.51 ³ 13.95 ³ 9.45 ³ 11.06 ³ 126.95 ³ 37.80
4 ³Ethylpyridines ³ 0.90 ³ 1.65 ³ 0.92 ³ 1.17 ³ 15.02 ³ 3.68
5 ³C3-Pyridines ³ 7.91 ³ 9.45 ³ 6.65 ³ 10.28 ³ 86.00 ³ 26.60
6 ³>C4-Pyridines ³ 6.42 ³ 8.52 ³ 5.00 ³ 8.35 ³ 77.53 ³ 20.00
7 ³Quinolines ³ 1.95 ³ 4.65 ³ 8.45 ³ 2.54 ³ 42.32 ³ 33.80
8 ³Isoquinolines ³ 0.95 ³ 2.30 ³ 4.45 ³ 1.24 ³ 20.93 ³ 17.80
9 ³Benzoquinolines ³ 0.65 ³ 1.82 ³ 5.55 ³ 0.85 ³ 16.57 ³ 22.20

10 ³Aromatic amines ³ 1.95 ³ 2.50 ³ 1.25 ³ 2.54 ³ 22.75 ³ 5.00
11 ³Indoles ³ 2.45 ³ 4.35 ³ 6.25 ³ 3.19 ³ 39.60 ³ 25.00
12 ³Carbazoles ³ 0.65 ³ 1.50 ³ 2.85 ³ 0.85 ³ 13.65 ³ 11.40
13 ³Polycyclic NOCs ³ 0.95 ³ 2.45 ³ 5.62 ³ 1.24 ³ 22.00 ³ 22.50
14 ³Aliphatic amines ³ 1.65 ³ 1.90 ³ 0.85 ³ 2.15 ³ 17.30 ³ 3.40
15 ³Hydrogenated quinolines³ 8.90 ³ 10.50 ³ 13.45 ³ 11.57 ³ 95.60 ³ 53.80
16 ³Hydrogenated benzo-³ 9.30 ³ 12.80 ³ 15.35 ³ 12.09 ³ 116.48 ³ 61.40

³pyrroles ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

semicoking (3503450oC) is characterized by the
highest content of NOCs. The major organic bases
(contentA 0 104, wt % based on OML) are picolines
(106.02), lutidines (126.95), hydrogenated quinolines
(95.60) and benzopyrroles (116.48), propyl- (86.00)
and butylpyridines (77.53), quinolines (42.32), and
indoles (39.60).

The table shows that the fragments of the molecu-
lar (or bituminous) fraction and the periphery of the
macromolecular network of the lignite macromolecule
contain pyridine and its alkyl derivatives (methyl-,
dimethyl-, trimethyl-, ethyl-, n-propyl-, isopropyl,
n-butyl-, isobutylpyridines). Also present in small
amounts are aliphatic and aromatic amines. The mac-
romolecular network of the lignite molecule is built of
fragments of quinoline, isoquinoline, benzoquinolines,
indole, carbazole, hydrogenated quinolines amd ben-
zopyrroles, and polycyclic NOCs whose relative con-
tent in the organic bases increases with increasing
temperature of OML degradation.

The scheme of the distribution of various nitrogen-
containing fragments in the lignite macromolecule
suggests ways to optimize semicoking of lignites to
obtain tars enriched in given groups of NOCs or even
in individual components.

Since ammonia is the main nitrogen-containing
gaseous product of semicoking and, the more so,

high-temperature coking of coals, it is important to
elucidate the nature of its precursors.

To solve this problem, we calculated the structural
and energy characteristics of separate components of
organic bases. The calculation was based on data on
the lengths of the C3N bonds and on the assumption
that the bond length is inversely proportional to the
bond dissociation energy.

The structures of separate representatives of lignite
organic bases, identified in the tar, and the C3N bond
lengths are given below:
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Scheme of distribution of various nitrogen-containing fragments in a lignite macromolecule
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The bond lengths suggest that compounds1, 3, 7,
8, and10 will decompose first, and compounds436
and 9 will be more heat-resistant. Therefore, the fol-
lowing pathways of thermal degradation of compo-
nents with formation of ammonia were suggested:

8999
ggO
8
Q
S
Ngg

O

#
NH

76
[H]

2CO +5N !99NH
+

NH 376
[H]

+ CH3CH2CH2CH NH 22 ,+C4H10

8999
ggO
8
Q
S
Ngg

O

#
NH

76
[H]

2CO +5N !99NH
+

NH 376
[H]

+ CH3CH2CH2CH NH 22 ,+C4H10

ÄÄÄÄÄÄÄÄÄÄÄÄ

&%
76
[H]

NH +

(HO)

1c
e
1
SOH

+ nH2 + CH

%
76&

!88
SOH

NH

d <CH3O

2
e
!

NH
2
iCH3O OH

76

HO

2
e
!

NH
2
iOH

+ CH

CH3O

3 4

4
[H]

,

,

&%
76
[H]

NH +

(HO)

1c
e
1
SOH

+ nH2 + CH

%
76&

!88
SOH

NH

d <CH3O

2
e
!

NH
2
iCH3O OH

76

HO

2
e
!

NH
2
iOH

+ CH

CH3O

3 4

4
[H]

,

,

8
5T
8#

NH
ggORH C3

N

e
CH3

76 8QN
S
i

HO

SCH3

6 3CH4 + + NH+ CO + CH33C
cccCH + H 2n ,3

&<76&
[H] 8

5
8

N

gCH3

d
C H2

+ CO NH

<O
+

CH3

3
5

,

H3CO

8
5T
8#

NH
ggORH C3

N

e
CH3

76 8QN
S
i

HO

SCH3

6 3CH4 + + NH+ CO + CH33C
cccCH + H 2n ,3

&<76&
[H] 8

5
8

N

gCH3

d
C H2

+ CO NH

<O
+

CH3

3
5

,

H3CO

<76&[H] g
d<HO5

N

CH3

CH3

Q
S+ CH

76

[H]

889;
+ H 2n4 ,

8
Q
8
S
S9

6
N

+ CH4 + H 2O2 ,
9

9

D



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

DISTRIBUTION OF VARIUS FORMS OF ORGANIC NITROGEN 161

#8
O

NH

ggO iC H
[OH]
[H]
76

HOOC

8
NH

iC He
�

�

�

�

iH C3 �

�

�

�

76
D22

CO2 + 5iH C3

iCH
+ CH + H2n5 5

3

4 ,#8
O

NH

ggO iC H
[OH]
[H]
76

HOOC

8
NH

iC He
�

�

�

�

iH C3 �

�

�

�

76
D22

CO2 + 5iH C3

iCH
+ CH + H2n5 5

3

4 ,

888
NH

S
S QQeeggjj NNO

O
O

76

gCH gCH33

3CO + NH3

9
%
76

H C3

!
d
99NH

&
&
%
47cCccNCH3+CHcCccCH32

&toC
gCH3

idCHH C3
5

N

&
&
%
76&2HCcccCcCH3 + 2CH4 + 2NH3

9
%
76

2
gCH3

9
%
76
9
idCH3H C3

2 CHccCcCH2
cC N
gCH3.

+
[H] ccc

c c
2

3

D
.

3CHccCcCH3
c

888
NH

S
S QQeeggjj NNO

O
O

76

gCH gCH33

3CO + NH3

9
%
76

H C3

!
d
99NH

&
&
%
47cCccNCH3+CHcCccCH32

&toC
gCH3

idCHH C3
5

N

&
&
%
76&2HCcccCcCH3 + 2CH4 + 2NH3

9
%
76

2
gCH3

9
%
76
9
idCH3H C3

2 CHccCcCH2
cC N
gCH3.

+
[H] ccc

c c
2

3

D
.

3CHccCcCH3
c

ÄÄÄÄÄÄÄÄÄÄÄÄ

The lack of published data on the lengths and dis-
sociation energies of the C3N bonds in complex mole-
cules did not allow us to confirm the suggested degra-
dation pathways by calculation of the activation ener-
gy for each process,e.g., by the Moin’s method [7, 8].
However, it can be definitely concluded that the major
sources of ammonia in high-temperature coking of
lignites are structures containing pyrrole, pyrimidine,
and piperidine rings, purine bases, five- and six-
membered lactams, aliphatic and aromatic amines, and
diamines.

CONCLUSIONS

(1) The chemical composition of organic bases
from tars of stepwise semicoking of lignite from the
Near-Moscow fields was studied.

(2) The dynamics of distribution of various nitro-
gen-containing fragments in the lignite macromolecule
was elucidated, and the feasibility was demonstrated
for thermal degradation of lignites to obtain tars en-
riched in a definite set of organic bases.

(3) Possible pathways of thermal degradation of
separate organic bases with formation of ammonia
were suggested. The main sources of ammonia are
pyrrole, piperidine, pyrimidine, and lactam fragments

of the coal macromolecule, and also purine bases,
aliphatic and aromatic amines, and diamines.
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Abstract-Saturated vapor pressures of diethylarsine and triethylmethoxystannane were measured in a wide
temperature range. Thermodynamic characteristics of their vaporization and temperatures of the decomposi-
tion onset were determined.

The use of arsine in the synthesis of submicrometer
structures of gallium arsenide by organometallic gas-
phase epitaxy provides a high quality of the resulting
products. However, from the environmental view-
point, it is urgent to look for organoarsenic com-
pounds with reduced toxicity and stability. The use of
organotin compounds in the synthesis of thin-film
articles enables their contact soldering and preparation
of conductive oxide layers. Diethylarsine and triethyl-
methoxystannane are of interest in this connection,
but published data on these compounds are limited to
their spectra. Therefore, the goal of this work was to
measure the vapor pressure of these compounds and to
determine their thermal stability and thermodynamic
characteristics of their vaporization.

The experiments were carried out under static con-
ditions by a membrane method for samples containing
99.9 mol % main substance. A sample was introduced
into a membrane chamber by distillation in vacuum
using an all-glass sealed system, which was prelimi-
narily heated under evacuation with a zeolite pump to
remove moisture adsorbed on glass. Vapor pressures
were measured with an MChR-3 manometer accurate
to 0.1 mm Hg at fixed temperatures controlled by
a liquid thermostat. A silicone liquid was used for
the temperature control above 313 K and water, at
lower temperatures. The accuracy of the temperature
control in this temperature range was+0.05 K. Prior
to and after the completion of an experiment the
membrane chamber was cooled to the temperature of
liquid nitrogen, and the residual vapor pressure was
an evidence of side processes occurring in the system
on heating. Experimental vapor pressures were treated
by the least-squares method at a confidence level
of 0.95.

The temperature dependences of the experimental
saturated vapor pressures (Table 1) fit characteristic
exponential curves. They are well reproduced on heat-
ing and cooling the systems. The semilogarithmic
plots of vapor pressure against temperature are linear
within the limits of experimental errors, which in-
dicates that only vaporization processes occur in the
temperature range under study.

Table 1. Vapor pressure of diethylarsine and triethyl-
methoxystannane
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

T, K ³ P, mm Hg º T, K ³ P, mm Hg
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

Diethylarsine

281.05 ³ 23.4 º 332.05 ³ 219.0
288.45 ³ 34.0 º 337.45 ³ 265.2
294.15 ³ 45.0 º 342.55 ³ 315.4
298.25 ³ 54.2 º 346.35 ³ 368.1
305.05 ³ 73.4 º 349.95 ³ 403.3
310.35 ³ 93.0 º 353.35 ³ 445.1
316.75 ³ 121.2 º 357.85 ³ 514.0
324.25 ³ 163.8 º 362.95 ³ 602.6
328.95 ³ 195.0 º 366.35 ³ 661.8

Triethylmethoxystannane

312.45 ³ 2.8 º 375.55 ³ 53.7
320.45 ³ 4.4 º 379.65 ³ 63.1
325.65 ³ 5.9 º 388.75 ³ 87.4
333.95 ³ 9.5 º 399.25 ³ 126.4
343.25 ³ 14.4 º 405.65 ³ 155.8
351.75 ³ 20.9 º 410.85 ³ 185.2
358.65 ³ 28.1 º 421.15 ³ 254.4
358.75 ³ 28.7 º 421.45 ³ 257.2
366.15 ³ 38.3 º 435.25 ³ 373.0

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

THERMODYNAMIC CHARACTERISTICS OF VAPORIZATION OF DIETHYLARSINE 163

Table 2. Coefficients of the equation logP = 3A /T + B and Antoine’s equation lnP = 3A /(C + t) + B and enthalpies
and entropies of vaporization
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

A ³ B ³ DH0(T),* kJ mol31 ³ DS0(T),* J mol31 K31 ³ A** ³ B** ³ C**
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

Diethylarsine

1721.5+2.7 ³ 7.52+0.01 ³ 32.96+0.05 ³ 88.92+0.16 ³ 3155.3 ³ 16.08 ³ 37.176

Triethylmethoxystannane

2374+19 ³ 8.05+0.05 ³ 45.45+0.35 ³ 99.9+1.0 ³ 4027.3 ³ 16.36 ³ 49.416
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Diethylarsine: T = 2813366 K; triethylmethoxystannane:T = 3123435 K. ** Antoine’s equation.

The data on the vapor pressureP (mm Hg) were
treated by the equation logP = 3A/T + B and by the
Antoine’s equation. The calculated constants of the
equations and enthalpies and entropies of vaporization
are given in Table 2. The enthalpies of diethylarsine
and triethylmethoxystannane vaporization found by
the Antoine’s equation are 35.15 (273.15 K), 34.24
(298.15 K), and 32.49 and 49.91 (273.15 K), 48.71
(298.15 K), and 42.61, respectively.

The average molecular weights of diethylarsine and
triethylmethoxystannane, calculated using the experi-
mental pressures of unsaturated vapors of diethyl-
arsine and triethylmethoxystannane, well agree with
the weights calculated from their formulas, which
proves that monomeric molecules are present in the
vapors. The pressures of unsaturated vapors obey the
Gay3Lussac’s law within a wide temperature range.
Heating unsaturated vapors in steps of 1 K with suf-
ficient in time thermostatic control at each fixed tem-
perature allowed us to detect the temperatures of the
onset of noticeable irreversible decomposition of di-
ethylarsine (497.5 K) and triethylmethoxystannane
(493.3 K).

As the enthalpies of vaporization of triethylarsine
(38.52+0.74 kJ mol31) [1] and diethylarsine (32.96+
0.15 kJ mol31) were obtained from the data on the
vapor pressure in the same temperature range, their
difference of 5.56 kJ mol31 should be attributed to the
change in the intermolecular interaction on the re-
placement of one C2H5 group by hydrogen. In view of
the fact that the integral enthalpy of vaporization [2] is
determined by the number and energy of bonds exist-
ing in solution, we can deduceD(As.C2H53As) =

6.42 kJ mol31. This is a limiting value, as dispersion
interactions in solution were not taken into account
[3, 4]. With this value taken unchanged in liquid di-
ethylarsine, we obtainD(As3C2H5 .As) equal to
3.64 kJ mol31, which can be used to estimate the en-
thalpies of vaporization of arsenic dialkyl derivatives.

The replacement of an ethyl group in Sn(C2H5)4,
having DH0(T) = 46.6+0.6 kJ mol31 and DS0(T) =
102.4+1.7 J mol31 K31, by a methoxy group in tri-
ethylmethoxystannane reduces the enthalpy of vapori-
zation to 45.45+0.36 kJ mol31, i.e., it only slightly
affects the intermolecular interaction energy.

CONCLUSION

The obtained experimental data on the vapor pres-
sure and thermodynamic properties can be used in the
development of procedures for exhaustive purification
of substances and in the gas-phase synthesis of
semiconductor materials by decomposition of alkyl
compounds.
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Abstract-The processes are examined that occur when dilute gas mixtures are prepared by the evaporation
of a solution of impurities in an indifferent liquid solvent from the surface of a porous solid. Relationships
between the concentrations of the impurities in the liquid and gas phases are given.

A procedure for dosing small amounts of volatile
impurities in gases was suggested in [1]. This proce-
dure enhances the capabilities of the known technique
[2, 3] by increasing the surface area for the evapora-
tion on a liquid3vapor interface owing to the use of
a capillary-porous solid. The technique can be used on
a larger scale if highly volatile components are dis-
solved in an indifferent liquid solvent with a vapor
pressure lower than the vapor pressure of the impuri-
ties under study [4].

The aim of this work was to describe in more detail
the possibilities of the suggested dosing procedure.
We emphasize that this procedure can be used for the
preparation of gas mixtures of pollutants with a given
composition not only for calibration of gas sensors,
but also in modern technologies of obtaining pure
gases.

The operation of the leak device is the following.
A solution of impurities in a liquid solvent is placed
in narrow glass tube2 with a widening in its top end
filled with capillary-porous solid3 (Fig. 1). Its bottom
contacts the solution, and flat upper interface4 is
directed to the space through which a diluent gas is
continuously flowing. The diameter of the glass tube
is chosen in such a manner that the liquid does not
flow out via its open lower end. The position of
the liquid meniscus in the lower part of the tube is
detected at regular time intervals with a cathetometer.
In a conventional case the limitations in the choice of
the tube diameter prevent measuring evaporation rates
of poorly volatile liquids. The evaporation rate is
proportional to the evaporation surface, all other
factors being equal. The surface of a finely porous
solid impregnated with a liquid is the most suitable
for technical use of this property. A fine liquid film
distributed over this solid evaporates evenly with a
rate considerably higher than the rate of the liquid

transport along the pores. Therefore, the process is
almost independent of the equilibrium vapor pressures
of the components.

In a steady-state mode the evaporation from the
surface of a porous solid and from the meniscus in the
tube results in changes in the position of the liquid
level. The rate of its migration along the measuring
tube (Fig. 1) is dl /dt, where l is the capillary length
and t is the time. If the capillary cross section isS
and the liquid density isr, the weight of substance
evaporating in unit time isSr (Dl /Dt). When the space
velocity of the gaseous diluent isJp, the relative
weight concentration of theith component in the
liquid containing several components will correspond

Gas Gas

Fig. 1. Scheme of the leaking device: (1) liquid solution,
(2) transparent tube, (3) porous solid, (4) evaporation sur-
face (liquid3gas interface), (5) meniscus, and (6) gas space;
(s) effective diffusion layer and (l) capillary length (mm).
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to the concentrationXi (g/cm3) in the resulting gas:

rS(Dl/Dt)
Xi = xi ÄÄÄÄÄÄÄÄ. (1)

Jp

With regard to the dependence of the volume of the
vapor of the liquid on the absolute temperatureT, the
volume concentration of theith componentCi (vol %)
is calculated by the formula

SrTNi (Dl/Dt)
C = 8.200 103ÄÄÄÄÄÄÄÄÄÄÄ, (2)

JpSMi Ni

whereMi and Ni are the molecular weights and mole
fractions of the components of an evaporated liquid.

This relationship is similar to the relationship for
the conventional installation [1].

At a constant cross section of a porous solid under
steady-state conditions the flows of impuritiesJ and
of liquid solventJL are constant throughout the length
(the averaged cross section of the pores is constant);
hence,

J = Scu, JL = S cL uL, (3)

whereu anduL are linear migration rates of the com-
ponents.

The starting nonstationary transfer process includes
several stages, the diffusion being the limiting stage in
the liquid layer adjacent to the interface. In the steady-
state regime (operation) the transfer of an impurity
component is described by the equation of linear con-
vection3diffusion transfer in pores

§2c §c
DÄÄÄ + uÄÄÄ = 0, (4)
§y2 §y

whereD is the coefficient of impurity diffusion,C is
its concentration, andy is a coordinate.

The limiting conditions are:

C0 = C, y0 = 0 at the interface,

C = C0, y = i far from the interface. (5)

The integration of Eq. (4) with regard to (5) gives

c 3 c0
ÄÄÄÄÄÄÄ = 1 3 e3uy/D. (6)
ci

0 3 c0

The diffusion density of the flow at the inter-

y

Fig. 2. Scheme of concentration distribution in the porous
solid: (1) the impurity is more volatile than the diluent and
(2) the impurity is less volatile;c0 andcL

0 are the same for
both cases.

face y = 0

c0 3 c0
j0 = D(§c/§y)y= 0 = (c0 3 c0)u = DÄÄÄÄÄÄÄ, (7)

d

where the effective diffusion layer is

d = D /u. (8)

The time of attaining the steady-state regime is
described in detail in [5]. We estimate the critical time
of its setting t as

t ; d2/D = D /u2. (9)

The ratio between the flowsJ/JL and the sectionS
along the whole length of the porous solid are con-
stant, hence

uc 3 D(§c/§y)y = 0
J/JL = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ = c0/c0

L. (10)
ucL 3 D(§c/§y)y = 0

It is impossible to find from Eqs. (7) and (10) the
concentrations in any point and, in particular, at the
interface wherey = 0. They can be found using the
Raoult’s equations by comparing the flows in the gas
phase. Let the pressures of an impurity and solvent
vapor in the gas phase bep and pL, and p0 and pL

0

be their vapor pressures above the pure components,
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Experimental test of the procedure
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Content,0107 vol %, at indicated air

Mixture
³ flow rate, cm3 s31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ 0.5 ³ 1.0 ³ 4.0

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
10.0% HCl + 90.0% H2O*

Taken HCl ³ 14.08 ³ 7.04 ³ 3.17
Found HCl ³ 14.0 ³ 7.00 ³ 3.10
Taken H2O ³ 126 ³ 63.4 ³ 28.5
Found H2O ³ 125 ³ 63.0 ³ 29.0

10.0% NH3 + 90.0% H2O**

Taken NH3 ³ 6.16 ³ 3.06 ³ 0.37
Found NH3 ³ 6.10 ³ 3.00 ³ 0.37
Taken H2O ³ 55.44 ³ 27.94 ³ 33.3
Found H2O ³ 55.20 ³ 27.80 ³ 33.10

5.0% H2O + 95.0% C2H5OH***

Taken H2O ³ 5.76 ³ 3.88 ³ 1.44
Found H2O ³ 5.75 ³ 3.90 ³ 1.40
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

* Acidimetric determination of HCl, gravimetric determina-
tion of H2O by absorption in a calcium chloride tube.

** Acidimetric determination of NH3, determination of H2O
as in the previous case.

*** Back-titration of sodium thiosulfate with Fischer’s reagent
with starch as indicator; alcohol was not determined.

Gas

Fig. 3. Scheme of dosing unit: (1) body (polymethyl
methacrylate), (2) porous solid (caked glass crumbs),
(3) glass tube, (4, 5) elastic sealing plugs, (6) by-pass, and
(7) mixing chamber.

respectively, at a given temperature. Then in the gas

pL
0(1 3 N) pL

0(1/N 3 1)
JL/J = ÄÄÄÄÄÄÄÄÄ = ÄÄÄÄÄÄÄÄÄÄ. (11)

p0N p0

Therefore,

N = (JLp0/JpL
0 + 1)31, (12)

or, with regard to the fact that the amount of im-
purities is noticeably smaller than that of the liquid
solvent,

pL (JL p0 /JpL
0 + 1) pL(cL

0 /c0pL
0 + 1)

c0 ; ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄ. (13)
ML ML

If (c0
L p0/c0p0

L) 6 0 on condition thatp0/p0
L < cL

0/c0

(vapor pressure of the impurity is very small),c0
;

pL /ML, which corresponds to the concentration of
the pure solvent. Ifc0

L p0/c0pL
0 >> 1, c0 ; c0pL

0/p0,
i.e., the concentration of the impurity at theinterface
is lower than the starting concentration. The both
situations are illustrated in Fig. 2.

The data of experimental tests of the procedure (see
table) are taken from [5]. The drawing of the dosing
unit is shown in Fig. 3.

As seen from the given experimental data, the
dosing unit is able to operate with impurities whose
partial pressure can be both lower and higher than
the pressure of the diluent.
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Abstract-The statics and kinetics of hydrolysis of nitrosylsulfuric acid were studied at the initial sulfuric
acid concentrations in the range 60376 wt % and temperatures in the range 203100oC or 303130oC. The
results were compared with the published data.

The reactivity of nitrosylsulfuric acid (NSA) de-
pends on the degree of its hydrolysis and is deter-
mined by the concentration of nitrogen compounds
formed in the solution in the free state in the course of
hydrolysis. The NSA hydrolysis is an important in-
dustrial process, which has been little studied so far
because of experimental difficultes. Data for diluted
(60370%) sulfuric acid are lacking.

In this work, the statics of NSA hydrolysis was
studied with an SF-46 spectrophotometer. A cell with
the nitrose sample and a reference cell were main-
tained at constant temperature using a special attach-
ment in the form of a 1-mm-thick brass plate contain-
ing pockets for two cells and light-transmitting holes.
Silicone oil delivered from a UH-8 thermostat through
a heat-resistant pipe was circulated within the attach-
ment. It was found that in the concentration range 03

5% N2O3 and 57.53100% H2SO4 the Lambert3Beer
law is fulfilled. The degree of NSA hydrolysis was
calculated from the residual NSA concentration of the
nitrose sample, as determined from comparison of its
optical density with that of the nitrose sample contain-
ing 57.7 wt % of the initial sulfuric acid (assuming
100% hydrolysis of NSA).

The degrees of NSA hydrolysis are given in
Table 1, and the dependences of the hydrolysis degree
a on the initial sulfuric acid concentrationCH2SO4
at about 20oC are shown in the figure. The Shperl-
ing’s data [1] for nitroses with about 0.2% N2O3
(curve 1), the data of [2] for nitroses with 0.19%
N2O3 (curve 2), and experimental data obtained in
this study (curve3) were compared. As seen, for the
H2SO4 concentration exceeding 80% the data of [1, 2]
are similar, whereas at concentrations less than 80%
the hydrolysis degree is lower than that found in [1].
Our results are underestimated compared to [2]. The
degree of NSA hydrolysis decreases considerably as

the sulfuric acid concentration grows from 57.5 to
75 wt % (concave curve), passes through an inflection
point at 73 wt % H2SO4, and then decreases more
slowly (convex curve). Such behavior is observed
over the entire studied range of N2O3 concentrations.
The increase in the N2O3 concentration facilitates the
NSA hydrolysis. The lower the sulfuric acid concen-
tration, the wider the N2O3 concentration range corre-
sponding to a drastic growth of the hydrolysis degree.
For the H2SO4 concentrations up to 66 wt %, this
range is 030.55%. At a further increase in the N2O3
concentration, the degree of NSA hydrolysis increases
to a considerably lesser extent. At N2O3 concentra-
tions above 1.231.6% the hydrolysis degree increases
virtually linearly for temperatures within 203100oC,
depending on the decrease in the sulfuric acid con-
centration.

The experimental data obtained confirm once again
that the hot regime is efficient for operation of sulfuric

a, %

, wt %

Degreea of NSA hydrolysis vs. the initial sulfuric acid
concentrationCH2SO4

. Temperature 20oC; N2O3 concen-

tration 0.2%. (133) For comments, see text.
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Table 1. Hydrolysis of nitrosylsulfuric acid
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

N2O3 con-
³ Hydrolysis degree, %, at indicated º

N2O3 con-
³ Hydrolysis degree, %, at indicated

centration,
³ temperatureT, oC º

centration,
³ temperatureT, oC

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
% ³ 20 ³ 50 ³ 80 ³ 100 º % ³ 20 ³ 50 ³ 80 ³ 100

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
º76 wt % H2SO4 º 66 wt % H2SO4
º4.19 ³ 73.5 ³ 75.0 ³ 76.1 ³ 77.1 º 4.28 ³ 82.2 ³ 85.2 ³ 85.9 ³ 91.2

2.67 ³ 69.2 ³ 69.9 ³ 70.6 ³ 72.1 º 2.80 ³ 77.7 ³ 82.8 ³ 83.9 ³ 88.0
0.55 ³ 54.4 ³ 57.9 ³ 59.8 ³ 61.7 º 1.60 ³ 73.2 ³ 78.9 ³ 79.1 ³ 84.2
0.16 ³ 19.7 ³ 25.2 ³ 28.3 ³ 30.0 º 0.94 ³ 72.1 ³ 75.5 ³ 77.3 ³ 82.4

³ ³ ³ ³ º 0.47 ³ 48.6 ³ 51.2 ³ 54.2 ³ 56.6
º73 wt % H2SO4 º 63 wt % H2SO4
º4.22 ³ 74.3 ³ 75.1 ³ 77.8 ³ 77.9 º 5.26 ³ 88.1 ³ 89.5 ³ 90.5 ³ 91.6

1.05 ³ 71.6 ³ 74.9 ³ 76.0 ³ 77.0 º 2.62 ³ 81.9 ³ 83.2 ³ 87.3 ³ 88.6
0.80 ³ 68.6 ³ 69.9 ³ 74.8 ³ 75.0 º 1.73 ³ 77.2 ³ 83.0 ³ 84.5 ³ 85.7
0.54 ³ 60.0 ³ 62.0 ³ 62.7 ³ 65.4 º 1.12 ³ 75.4 ³ 82.3 ³ 83.8 ³ 84.9
0.37 ³ 37.6 ³ 41.1 ³ 43.6 ³ 44.8 º 0.15 ³ 53.2 ³ 54.0 ³ 57.9 ³ 59.9

º70 wt % H2SO4 º 60 wt % H2SO4
º4.22 ³ 76.1 ³ 78.5 ³ 79.7 ³ 80.2 º 4.54 ³ 92.8 ³ 92.9 ³ 97.3 ³ 98.0

1.57 ³ 71.3 ³ 77.6 ³ 77.8 ³ 79.2 º 2.67 ³ 88.0 ³ 90.6 ³ 96.0 ³ 97.0
1.29 ³ 70.9 ³ 76.5 ³ 77.7 ³ 79.2 º 1.15 ³ 81.6 ³ 90.3 ³ 91.4 ³ 93.0
0.62 ³ 66.2 ³ 68.6 ³ 69.2 ³ 70.8 º 0.69 ³ 78.6 ³ 86.5 ³ 88.1 ³ 89.2
0.40 ³ 46.2 ³ 49.7 ³ 50.9 ³ 52.4 º 0.28 ³ 76.7 ³ 85.8 ³ 87.0 ³ 88.1

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

acid system and NSA denitration. The high efficiency
of utilization of high-nitrose solution was also con-
firmed. In the process, the nitrose activity increases
not only owing to the increase in the N2O3 concentra-
tion, but also owing to the fact that the equilibrium
in the nitrose is shifted toward the products of NSA
hydrolysis.

The kinetics of NSA hydrolysis was studied on an
Impul’s KL-2 conductometer. The nitrose studied

Table 2. Rate constantsk of NSA hydrolysis
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ k, l mol31 min31, at indicatedHNSO5

T,
³ concentration, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

oC ³ 4 ³ 10 ³ 15.2
³ (1.2% N2O3) ³ (3.0% N2O3) ³ (4.5% N2O3)

ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
30 ³ 9.610 1034 ³ 5.520 1033 ³ 0.095
50 ³ 3.360 1033 ³ 1.430 1032 ³ 0.184
60 ³ 4.560 1033 ³ 1.690 1032 ³ 0.238
80 ³ 7.680 1033 ³ 3.240 1032 ³ 0.314

100 ³ 1.180 1032 ³ 5.900 1032 ³ 0.455
120 ³ 1.660 1032 ³ 7.580 1032 ³ 0.520
130 ³ 2.190 1032 ³ 9.720 1032 ³ 0.780
ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

was charged into two cells of the conductometer and
cooled to 0oC. Then, the cells were rapidly trans-
ported into a thermostat preheated to a specified tem-
perature. After that, the time and the conductometer
readings were recorded. In the course of the NSA hy-
drolysis the nitrose conductivity increased and then
remained constant after the lapse of some time. This
time was assumed as the time of complete hydrolysis.
The second cell served for measuring temperature.

The reaction of NSA hydrolysis is of the overall
second order and of the first order with respect to each
component. The rate constant was calculated by the
formula [3]

1 C20(C10 3 X1)
k = ÄÄÄÄÄÄÄÄÄÄ lnÄÄÄÄÄÄÄÄÄÄÄ,

t(C10 3 C20) C10(C20 3 X2)

where C10 and C20 are the initial concentrations of
HNSO5 and H2O (M), respectively, andX1 and X2,
the concentrations of unchanged components (M).

The experimental data treated in thet3ln [C20(C103
X1)/C10(C20 3 X2)] coordinates fall on a straight line,
which confirms the value of 2 for the overall reaction
order.
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Table 2 shows how the kinetic parameters of NSA
hydrolysis at the initial sulfuric acid concentration of
72.3 wt % change with temperature. As seen, the rate
constant of the hydrolysis increases with N2O3 con-
centration and temperature. Depending on tempera-
ture, the increase in the N2O3 concentration from 1.2
to 3.0 and 4.5% increases the rate constant by a factor
of 5.734.4 and 99336, and the increase from 3.0 to
4.5%, by a factor of 1738. At the temperature in-
creased from 30 to 50 and 130oC at the N2O3 concen-
tration of 1.2, 3.0, and 4.5% the rate constant of NSA
hydrolysis increases by a factor of 3.5 and 22.8, 2.6
and 17.6, and 1.9 and 8.2, respectively, and the tem-
perature coefficient increases from 0.57 to 1.75.

The obtained data on the statics and kinetics of
NSA hydrolysis will be useful for intensifying the
nitrose process.

CONCLUSIONS

(1) The degree of hydrolysis increases with in-
creasing temperature and N2O3 concentration in solu-
tion and with decreasing sulfuric acid concentration.

(2) The hydrolysis rate is comparable with the
rates of the other stages of the nitrose process.
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Abstract-Oxidation of hexafluoropropylene with molecular oxygen in a fixed bed of a catalyst (activated
carbon promoted with alkali metal fluorides) was studied.

Catalytic oxidation of hexafluoropropylene (HFP)
is a most promising route to hexafluoroacetone (HFA).
In known procedures oxidation is carried out using as
catalysts oxides of tin, iron, and indium [1] or fluori-
nated aluminum oxide [2], which in some cases is
activated with water (0.00130.003 mol per mole HFP
[3]). Catalytic oxidation of HFP in the presence of
palladium, platinum, rhodium, ruthenium, and iridium
deposited on activated carbon was studied in [4].

In this work we found that the oxidation of HFP
to HFA proceeds on a catalyst (activated carbon pro-
moted with alkali metal fluorides NaF, KF, CsF, or
RbF) at 503300oC and the HFP : O2 molar ratio of
1 : (0.1310.0):

Cact/MF, D

CF3CF=CF2+ 1/2 O2 777776 (CF3)2C=O. (1)

The reaction probably proceeds with intermediate
formation of a carbanion generated by reaction with
fluoride ion on the catalyst surface:

CF3CF=CF2 + F36 (CF3)2
3

C
3

F + O26 (CF3)2C=O + F3.

Appearance of COF2 in the reaction products is
due to more profound oxidation:

CF3CF=CF2 + 1.5O2 6 3COF2. (2)

Formation of 1,1,1,2,3,3,3-heptafluoropropane is
probably due to partial hydrolysis of COF2 with resid-
ual moisture on the catalyst and further addition of
hydrogen fluoride to HFP:

COF2 + H2O 6 CO2 + 2HF, (3)

CF3CF=CF2 + HF 6 CF3CFHCF3. (4)

The required catalysts were prepared using a
BAU-A brand crushed activated carbon with a particle
size of 1.532.0 mm. In the tests the content of alkali
metal fluorides was varied within 5360 wt %; in this
range the yield of HFA was almost constant. It was
found that at the content of alkali metal fluoride
smaller than 5 wt % the yield of HFA decreases,
whereas the increase to more than 60 wt % is prac-
tically unfeasible. Oxidation at temperatures higher
than 300oC and the HFP : O2 molar ratio greater than
1 : 10 causes more profound oxidation of HFP yield-
ing predominantly COF2.

The catalyst activity remains stable for 1500 h.
During this period the particle size also remains con-
stant (1.532.0 mm). At longer operation the catalysts
in question partially lose their activity because of
changes in the grain-size distribution. The conditions
of catalytic oxidation and experimental results are
listed in the table.

EXPERIMENTAL

A tubular reactor (0.3 dm3) equipped with an elec-
trical heater, a thermocouple, and pipes to supply the
initial components and O2 and remove the oxidation
products was filled with a catalyst (0.25 dm3). The
catalyst was activated carbon with 1.031.5 mm par-
ticle size, promoted with alkali metal fluorides. The
catalyst was preliminarily activated by heating in a
flow of dry nitrogen at 1803200oC for 4 h. Then the
catalyst was cooled to the required temperature and
HFP and O2 were supplied at a rate of 1.033.0 l h31

in the required molar ratio.

The gas mixture from the reactor was condensed in
a trap cooled to390oC and analyzed by gas3liquid



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001

SYNTHESIS OF HEXAFLUOROACETONE BY CATALYTIC OXIDATION 171

Catalytic oxidation of hexafluoropropylene*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Catalyst,
³

T, oC
³

HFP : O2
³ Composition of reaction product, % ³ B ³ a

³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
wt % ³ ³ molar ratio ³ HFP ³ HFA ³ COF2 ³ Freon 227 ³ %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
50 KF ³ 100 ³ 1 : 3 ³ 11.8 ³ 55.4 ³ 29.3 ³ 2.5 ³ 62.8 ³ 88.2
25 CsF ³ 220 ³ 1 : 2 ³ 13.1 ³ 48.4 ³ 36.1 ³ 2.4 ³ 55.7 ³ 86.8
30 KF ³ 180 ³ 1 : 1 ³ 7.8 ³ 51.9 ³ 37.9 ³ 2.4 ³ 56.3 ³ 92.2
10 RbF ³ 250 ³ 1 : 7 ³ 19.2 ³ 44.6 ³ 31.7 ³ 4.5 ³ 55.1 ³ 80.7

5 NaF ³ 300 ³ 1 : 10 ³ 17.5 ³ 45.2 ³ 32.5 ³ 4.8 ³ 54.7 ³ 82.4
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (B) yield of HFA based on converted HFP; (a) conversion.

chromatography. The individual components were
recovered by low-temperature fractional distillation.

The components were identified by IR and NMR
spectroscopy. The yield of HFA was 55362%, and
conversion, 90%.

CONCLUSIONS

(1) Procedure was developed for preparing hexa-
fluoroacetone by catalytic oxidation of hexafluoropro-
pylene using activated carbon promoted with alkali
metal fluorides.

(2) The main reaction is accompanied by side oxi-
dation of hexafluoropropylene to CO2 and 1,1,1,2,3,-
3,3-heptafluoropropane.
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Abstract-Differential high-temperature mass spectrometry was applied to study evaporation in sulfur-lean
melts of the systems Cu3S and Cu3Ni3S at 1500 K. Data on partial pressures and activities of melt com-
ponents were obtained.

Presently, a new autogenous technology for proc-
essing of a nickel-containing copper concentrate ob-
tained in converter matte separation is being de-
veloped and put into practice. This technology has to
produce copper with the minimum possible (for this
process) impurity content.1 The behavior of basic im-
purities (nickel and sulfur) in this process is governed
by the thermodynamic properties of the Cu3Ni3S sys-
tem at Ni content in the range 0.5350% and up to
21.0% sulfur.

Here we report the results obtained in studying
evaporation processes in sulfur-lean melts of the sys-
tem Cu3Ni3S at a temperature of 1500 K by differen-
tial high-temperature mass spectrometry.

The investigation was performed on an MS-1301
mass spectrometer which, including apparatus units
for measurements by the Knudsen effusion method
and mass-spectrometric analysis of the vapor phase,
allows experimental determination of partial vapor
pressures of melt components. In this work, the evap-
oration occurred from a double effusion cell made of
molybdenum and calibrated by the calcium fluoride
vapor pressure [1].

The set of studies of evaporation from Cu3Ni3S
melts also included investigations of evaporation from
sulfur-lean Cu3S melts and measurements of partial
vapor component pressures over the Cu2S melt. The
latter was necessary since Cu2S was used as pressure
standard in studying Cu3S and Cu3Ni3S melts.

The system Cu3S has more than once been the
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Gipronikel’ Institute, Joint-Stock Company and Severonikel’

Combine, Joint-Stock Company (Kola Mining and Smelting
Company).

object of study by various methods in varied tempera-
ture ranges [2310].

A previously described technique [10, 11] was ap-
plied to measure the partial pressures of copper and
sulfur over Cu2S (pure grade) melt in the temperature
range 135931500 K. As standard substance was used
copper of M00k brand, with partial vapor pressure at
1500 K P0

Cu = 0.364 Pa. The copper and sulfur vapor
pressures over Cu2S melt were measured in [10]. It
was found that at 1500 K the vapor over a Cu2S melt
contains only atomic copper and diatomic sulfur mole-
cules, whose partial pressures are practically constant
(0.043+0.02 and 0.15+0.02 Pa, respectively), being
in sufficiently good agreement with published data
[12314].

The temperature dependences of the partial pres-
sures (Pa) of copper and sulfur in the temperature
range 139031550 K are described by

logpCu = 12.40+0.05 3 (19 300+730)/T, (1)

Table 1. Partials pressures of copper and sulfur over Cu3S
melt at 1500 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Melt composition, at. %³ Partial pressures, Pa
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Cu ³ S ³ pCu ³ pS2
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

98.2 ³ 1.8 ³ 0.33 ³ 0.047
98.4 ³ 1.6 ³ 0.34 ³ 0.024
98.6 ³ 1.4 ³ 0.32 ³ 0.025
98.7 ³ 1.3 ³ 0.33 ³ 0.020
98.9 ³ 1.1 ³ 0.34 ³ 0.020
99.0 ³ 1.0 ³ 0.34 ³ 0.009
99.1 ³ 0.9 ³ 0.34 ³ 0.007

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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logpS2
= 10.71+0.12 3 (17 300+530)/T. (2)

A Cu2S preparation was used as pressure standard
in measuring the partial pressures of copper and sulfur
over a copper melt containing in the initial state
2.2 at. % sulfur at 1500 K. The partial pressures
measured in the course of evaporation of this sample
are presented in Table 1.

Table 1 shows that in the course of evaporation the
partial pressure of copper is virtually constant and
equal to the partial pressure over Cu2S, and the partial
pressure of sulfur falls from 0.047 to 0.007 Pa with
decreasing content of sulfur in the melt.

The dependence of the partial pressure of sulfur on
the content of sulfur in the melt at 1500 K is shown
in the figure.

Published data on the partial pressure of sulfur in
the given range of compositions and temperatures
are diverse. For example, a value of 0.001 Pa was
presented in [14]. Schuhmann and Moles obtained for
compositions in this range at a temperature of 1523 K
a partial pressure of sulfur equal to 0.025 Pa [15].

High-temperature mass spectrometry can be used
as a variety of the classical[vapor pressure method]
in determining the thermodynamic activity. The basic
equation of the methodai = pi /p

0
i gives directly theai

value as a ratio of ion currents. Sincepi = bIi T and
p0

i = bI i
0T, then

ai = Ii /I
0
i, (3)

where pi and p0
i are the partial pressures ofith com-

ponent, measured over a composition under study and
pure component, andIi and I i

0 are the respective ion
currents.

If pure copper (p0
Cu = 0.364 Pa) at the same tem-

perature is taken as the standard state of copper, then
the activity of copper in molten Cu2S and Cu3S melt
containing ca. 2 at. % S is approximately unity. If the
state of sulfur in the Cu2S melt is taken as standard,
then the activity of sulfur in a Cu3S melt containing
ca. 2 at. % S is 0.31 and falls to 0.05 with its content
in the melt decreasing to 0.09 at. % S. It is noteworthy
that, in going from melts containing ca. 30 at. % S to
melts with~2 at. % S, the activity of sulfur decreases
from 1 to 0.3 and the activity coefficient of sulfur in-
creases from 0.03 to 0.15.

The evaporation from Cu3Ni3S melts was studied
on preparations containing (at. %) copper 92.7 and
90.6, nickel 4.9 and 4.8, and sulfur 2.4 and 4.6. The
working temperature was 1500 K. The experimental
results are presented in Table 2.

, Pa

, at. %
Partial pressure of sulfurpS2

vs. contentC of sulfur in
the Cu3S melt.

Table 2 shows that the partial pressure of copper
over melts is virtually constant, as also is the content
of copper in the melt. The partial pressure of nickel
over the melt at this temperature is (0.430.5)0
1033 Pa, which is close to the detection limit of the

Table 2. Partial pressures of the components over Cu3Ni3S
melt at 1500 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Melt composition, at. %³ Partial pressure, Pa
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Cu ³ Ni ³ S ³ pCu ³ pNi 01033³ pS2ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Sample no. 1

90.4 ³ 7.5 ³ 2.1 ³ 0.320 ³ ~0.5 ³ 0.140
90.4 ³ 7.7 ³ 1.9 ³ 0.321 ³ ~0.5 ³ 0.149
90.4 ³ 7.9 ³ 1,7 ³ 0.332 ³ ~0.5 ³ 0.151
90.4 ³ 8.2 ³ 1.4 ³ 0.324 ³ ~0.5 ³ 0.156
90.3 ³ 8.5 ³ 1.2 ³ 0.339 ³ ~0.5 ³ 0.110
90.3 ³ 8.8 ³ 0.9 ³ 0.336 ³ ~0.5 ³ 0.095
89.9 ³ 9.5 ³ 0.6 ³ 0.338 ³ ~0.5 ³ 0.051
88.5 ³ 11.1 ³ 0.4 ³ 0.340 ³ ~0.5 ³ 0.020

Sample no. 2

90.5 ³ 5.0 ³ 4.5 ³ 0.355 ³ ~0.4 ³ 0.153
90.5 ³ 5.1 ³ 4.4 ³ 0.345 ³ ~0.4 ³ 0.158
90.5 ³ 5.4 ³ 4.1 ³ 0.332 ³ ~0.4 ³ 0.164
90.5 ³ 5.6 ³ 3.9 ³ 0.332 ³ ~0.4 ³ 0.163
90.4 ³ 5.9 ³ 3.7 ³ 0.340 ³ ~0.4 ³ 0.158
90.4 ³ 6.2 ³ 3.4 ³ 0.386 ³ ~0.4 ³ 0.191
90.4 ³ 6.6 ³ 3.0 ³ 0.339 ³ ~0.4 ³ 0.162
90.4 ³ 7.0 ³ 2.6 ³ 0.360 ³ ~0.4 ³ 0.178
90.4 ³ 7.5 ³ 2.1 ³ 0.309 ³ ~0.4 ³ 0.138
90.4 ³ 8.2 ³ 1.4 ³ 0.315 ³ ~0.5 ³ 0.154
90.2 ³ 9.0 ³ 0.8 ³ 0.331 ³ ~0.5 ³ 0.084
89.5 ³ 10.0 ³ 0.5 ³ 0.308 ³ ~0.5 ³ 0.046
88.6 ³ 11.1 ³ 0.3 ³ 0.330 ³ ~0.5 ³ 0.025

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
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measuring instrument. The partial pressure of sulfur
depends on the content of sulfur in the melt, with this
dependence expressed by the equation

pS2
= 30.019[S]2 + 0.12[S] 3 0.0046. (4)

The activity of copper in Cu3Ni3S melts is close to
unity with the state of copper in Cu2S (pCu in Cu2S =
0.34 Pa) as the standard state and somewhat less
than unity if its state in metallic copper (pCu in Cu =
0.364 Pa) is taken as the standard.

If the state of sulfur in Cu2S (pS2
= 0.15 Pa) is

taken to be its standard state, then the activity of
sulfur in the Cu3Ni3S melt decreases from about 1 to
0.130.2 with the content of sulfur in the melt decreas-
ing from 4.5 to 0.3 at. %. In this case, the content of
copper in the melt remains virtually constant, and that
of nickel increases from 5.0 to 11.1 at. %.
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AND CHEMICAL TECHNOLOGY

First Studies in the Field of Fixation of Atmospheric Nitrogen
in Russia (Experiments of A.I. Gorbov and V.F. Mitkevich

in 190631912)

The only sources of fixed nitrogen in the late
XIX 3early XX century were natural Chile saltpeter
(sodium nitrate) and ammonia obtained in very limited
amounts as a by-product of coal carbonization. Chile,
a relatively small state, supplied saltpeter to, in fact,
all the world’s countries. No major deposits of salt-
peter were known in any other region.

Chile saltpeter was used to manufacture nitric acid
and served as fertilizer. A steady production of nitric
acid in Russia was of interest for the Russian military.
The agriculture needed fertilizers. The agrarian re-
forms started in 1906 gave rise to higher demand for
fertilizers. For example, during the period from 1906
till 1912, the overall consumption of mineral fertili-
zers in Russia increased from 7.6 to 35.3 million
poods (1 pood = 16 kg). The use of nitric fertilizers
(Chile saltpeter) increased during the same period
from 1.0 to 3.1 million poods, i.e., more thanthree-
fold [1]. The Russian3Japanese war demonstrated that,
without domestic sources of fixed nitrogen, it is rather
difficult to supply a sufficient amount of nitric acid to
the industry of explosives.

It should be noted that, in addition to the gross
expenditure for import of saltpeter, there were other
factors stimulating the work aimed at obtaining nitric
acid directly from atmospheric nitrogen. Russia re-
ceived the whole amount of Chile saltpeter through its
western boundary and Baltic ports. In case of military
action in this region, a complete termination of salt-
peter supply would be expected, which could deprive
the armaments industry of the most important source
of raw materials.

In December 1905, an interdepartmental Commis-
sion on the Problem of Obtaining Nitric Acid by Oxi-
dation of Atmospheric Nitrogen was created at the
Chief Engineering Department of the Ministry of
Defense. The commission included staff members of
the Artillery department: professors of the Mikhailov-
skaya Artillery Academy lieutenant-general G.A. Za-
budskii (Chairman) and V.N. Ipat’ev, and colonels
A.V. Sapozhnikov and N.M. Vittorf; Naval Depart-
ment: P.P. Rubtsov andprofessor S.P. Vukolov,

Vladimir Fedorovich Mitkevich

a known specialist in explosives; Ministry of Trade
and Industry: professors N.S. Kurnakov and I.F. Shre-
der, prominent physical chemists, and professor
V.F. Mitkevich, a specialist in electrical engineering;
Chief Engineering Department: professor A.I. Gorbov,
a chemist and initiator of commission’s creation and
its secretary [2, 3]. In its first meeting on February 14,
1906, the commission stated that[the Empire has no
major deposits of saltpeter and, therefore, only manu-
facture of nitric acid from air is to be considered.]

Gorbov and Mitkevich were assigned to perform pre-
liminary experiments in this direction.

Aleksandr Ivanovich Gorbov (185931939) gra-
duated from the Natural Department of the Physico-
mathematical Faculty at St. Petersburg University in
1883. He was a pupil of A.M. Butlerov (182831886),
who created the theory of structure of organic com-
pounds, and a close friend of D.I. Mendeleev (18343
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1907). In 188331885, he worked at the University,
and in 188531894, at the chemical laboratory of the
St. Petersburg Academy of Sciences. Beginning in
1894, he taught at the Military Engineering Academy.
Gorbov was a well-educated chemist and an active
member of the Russian Physicochemical Society. His
main scientific investigations were concerned with
various problems of military technology. He also
was one of the best-known popularizers of chemical
science in the country [436]. Since 1926 and till the
end of his life he had been Editor-in-Chief ofZhurnal
Prikladnoi Khimii (Soviet Journal of Applied Chem-
istry) [7].

Vladimir Fedorovich Mitkevich (187231951), hav-
ing graduated from the Physicomathematical Faculty
of St. Petersburg University in 1895, taught electrical
engineering and physics at higher school institutions
in St. Petersburg and at the Electromechanical Depart-
ment of the Polytechnic Institute beginning in 1902.
He laid the groundwork of the course Theoretical
Foundations of Electrical Engineering. In 1906, hav-
ing backed his adjunct’s dissertation, Mitkevich was
elected a professor. During many years he held the
chair of the fundamentals of electrical engineering, in
1927, he became a corresponding member, and in
1929, a full member of the Academy of Sciences of
the USSR. Of exceptional importance are Mitkevich’s
studies concerned with the nature of electric arc, sum-
marized in the monographO vol’tovoi duge(On the
Electric Arc). In 1907, he was awarded Popov Prize
for these classical investigations [8312].

At the end of the XIX century, William Crookes,
the known English physicist and chemist, demon-
strated experimentally that strong electric discharge in
air may lead to oxidation of nitrogen to give nitric and
nitrous acids. Further experiments revealed that 43.5 g
of nitric acid per 1 kW h can be obtained in the oxi-
dation of atmospheric nitrogen [2, 3]. Later, a yield of
60375 g of HNO3 per 1 kW h was achieved. In 1906,
the first commercial installation for nitric acid produc-
tion was constructed in Norway, a country rich in
low-cost hydroelectric power. It is this method that
Gorbov and Mitkevich became interested in.

Gorbov and Mitkevich studied the conditions for
efficient production of nitrogen oxides and, in the end,
nitric acid during several years. However, already in
May 1906 the authors presented an original design of
an arc furnace for fixing atmospheric nitrogen. The
furnace design was patented in Russia, Norway, and

Germany. Experiments were first done at the Mining
Institute; later, M.A. Shatelen (186631957), the dean
of the electromechanical department of the Polytech-
nic Institute, proposed to construct a pilot installation
at the St. Petersburg Polytechnic Institute. Based on a
vast experimental evidence, the authors established
a clear dependence[...between the percentage of ni-
trogen oxide formed in burning of air under the action
of an electric arc, volume of air introduced into the
furnace during 1 h per kilowatt of electric arc power,
and grams of nitric acid into which the nitrogen
oxides can be converted...] In the authors’ opinion,
the equation had general character, being not related
to any furnace design feature [13, 14].

Gorbov and Mitkevich established the influence of
various factors on the efficiency of nitrogen fixing. In
particular, it was found that the specific yield of the
product per unit electric power expenditure decreases
with increasing total power of the furnace. The poss-
ible reason was that zones with lower temperature
appear in the furnaces, with reverse reactions occur-
ring therein. The authors noted [14] that[...it is im-
possible to apply arbitrarily high power to a given
furnace, and a power exists for this furnace of the
maximum energy efficiency.] Thus, it is necessary to
find its own optimal process regimes for each furnace
design. However,[it is important to have furnaces
with as high power as possible, this making much
simpler the monitoring of their correct operation] [14].

Eight furnaces were constructed for experiments,
differing in the arrangement of electrodes, method of
air supply, and design of condenser and combustion
chamber. Two furnaces were single-phase, and the re-
maining six, three-phase. The power of seven furnaces
was varied within 10330 kW, and the eighth, three-
phase furnace had power ranging from 60 to 220 kW.
Special apparatus developed by the authors allowed
monitoring of the process and variation of the experi-
mental conditions.

Large-scale experiments were conducted under
plant conditions at Sestroretsk, near St. Petersburg.
The NO content of gases was on the average 2.44%,
and the yield of nitric acid, 70.5 g per 1 kW h. In
1916, Gorbov and Mitkevich designed a 3000-kW
furnace, and a plant started to be constructed at Kon-
dopoga, on the northwestern bank of Lake Onega in
Karelia. The site was chosen with account of the
hydropower of River Suna flowing into Lake Onega.
In 1918, the construction of the plant was suspended.
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Gorbov and Mitkevich’s furnace: (1, 2) electrodes creating
the electric arc, (3) cylindrical furnace, (4) space for cool-
ing water, (5) electric arc, (6) cooling coil for nitrogen
oxides, (7) air inlet, (8) outlet for cooled nitrogen oxides,
(9) pipe for supply of coil-cooling water, and (10) water
outlet pipe.
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Abstract-The formation of nickel3tantalum compounds in halide fluorotantalate melts was studied at 750oC.
The mechanism of electroless tantalum plating onto nickel is considered and it is suggested that dis-
proportionation underlies the spontaneous transfer.

In electrolytic recovery of tantalum in a nickel
crucible-cathode, thenickel impurity completely passes
into the cathode deposit to form acid-resistant com-
pounds [1]. Previously [2, 3], the behavior of nickel
has been studied in salt mixtures containing 2.5 mol%
K2TaF7, commonly used in electrolysis, and it has
been found that electroless deposition of tantalum ions
to form mainly the compound Ni3Ta occurs at its sur-
face. In view of the use of nickel in apparatus for
metal-thermal production of high-capacity tantalum
powders [4], it is of interest to study the interaction
of nickel with a NaCl3K2TaF7 (14 mol %) melt hav-
ing practical importance [5].

The aim of this study was to elucidate the mech-
anism of electroless tantalum plating onto nickel from
halide melts containing K2TaF7, analyze the com-
position of nickel3tantalum intermetallic compounds
in relation to their formation conditions, and obtain
protective coatings on the nickel crucible walls direct-
ly in the process of obtaining sodium-reduced tan-
talum powders.

EXPERIMENTAL

The investigation was performed in a hermetically
sealed steel retort in helium at 750oC. As a container
for the melt served nickel or glassy carbon (SU 2000)
crucible. Sodium chloride of special-purity grade was
calcined in air at 600oC and melted in an atmos-
phere of pure helium. Potassium heptafluorotantalate
was obtained from HF solutions and dehydrated by
heating in a vacuum at 400oC. Working samples were

cut-out from rolled nickel of 99.99% purity, treated
with a mixture of HNO3, H2SO4, and CH3COOH
acids, and washed with water and alcohol. The po-
tential of the nickel plate was measured relative to
a polished tantalum rod. Fusion cakes of salt mix-
tures were analyzed on an IK 20 IR spectrophotom-
eter. X-ray patterns of the samples were taken on
a DRON-2 diffractometer with graphite monochroma-
tor (CuK

a

radiation, scan rate 2 deg min31, analysis
depth ca. 1mm). The highest peak in Figs. 1 and 2
is taken to be 100 on the relative intensity scale.
Tantalum was determined in melts by X-ray fluores-
cence analysis with a SpaRK X-ray spectrometer
(Ag anode, threshold sensitivityCth = 0.001%, rel-
ative error 5310%).

According to experimental data, the corrosion of
nickel in chloride3fluorotantalate mixtures at 750oC
was 235 g m32 h31, depending on the sample exposure
time, which contradicts the conclusions made in [6]
about high corrosion resistance of the metal in a chlo-
ride melt with 4 mol % K2TaF7. The corrosion of
nickel terminates when tantalum metal is introduced
into a melt in the form of plates or a powder. Five
intermetallic compounds exist in the Ni3Ta system:
Ni8Ta, Ni3Ta, Ni2Ta, NiTa, and NiTa2 [7]. The com-
pound Ni3Ta, possessing the minimum Gibbs energy
and having the highest growth rate constant as com-
pared with the other phases, is the most stable [8]. It
is this compound that was unambiguously identified
on 3503400-mm-thick rolled nickel in melts contain-
ing 2.5 mol % K2TaF7 in those cases when two plates,
of tantalum and nickel, were placed in the melt si-
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Fig. 1. X-ray diffraction patterns of nickel samples.
(I ) Relative intensity and (q) Bragg angle; the same for
Fig. 2. Background: 2KCl : KF (by weight) with 2.5 mol %
K2TaF7, T = 750oC. (1) 350 mm rolled metal, (2) 50 mm
foil, t = 4 h, and (3) 50 mm foil, t = 5 h. (I ) Ni3Ta,
(II ) Ni2Ta, (III ) NiTa, and (IV ) Ta.

multaneously. The compound Ni8Ta could not be de-
tected in any of the numerous experiments. The pair-
tantalum plate350-mm-thick nickel foil-was used
to obtain, at experiment duration of 4 h, coatings in
which X-ray phase analysis (XPA) revealed, in addi-
tion to Ni3Ta, two tantalum-richer intermetallic com-
pounds, Ni2Ta and NiTa2 (Fig. 1, X-ray pattern no.2).
Five hours after the beginning of an experiment, tan-
talum starts to be co-deposited together with the in-
termetallic compounds (Fig. 1, X-ray diffraction pat-
tern no. 3).

To obtain high-purity tantalum powders by the
metal-thermal method, the time of formation of a
protective coating on the nickel reactor walls should
be the minimum possible. The metal loss from rolled
tantalum about 500mm thick at 750oC in a salt
mixture NaCl3K2TaF7 (14 mol %) is approximately
380 g m32 h31 in the absence of nickel and becomes
higher for the nickel3tantalum pair. Simultaneously,
the concentration of tantalum in the melt grows. For

example, introduction of a tantalum metal powder into
the melt in amount of 5 or 10 wt % makes the tanta-
lum concentration in the melt grow from 23.1 to, re-
spectively, 24.1 or 25.4 wt % in 3 h. The rate of
formation of surface diffusion alloys-coatings marked-
ly increases since the introduction of a tantalum metal
powder into the salt mixture immediately before an
experiment rules out the possibility that the overall
rate of electroless transfer of tantalum onto nickel is
controlled by the first stage of the process-tantalum
corrosion [9]. In NaCl3K2TaF7 (14 mol %) with
0.8 wt % dissolved tantalum powder, the mass of
nickel samples increases already in the course of melt-
ing, and formation of intermetallic layers starts on
their surface. During the time of experiments, includ-
ing heating, melting, andkeeping at 750oC for 15 min,
protective layers are formed, composed, according to
XPA, of a mixture of Ni3Ta and tantalum-richer com-
pound Ni2Ta. This indicates that conditions more
favorable for formation of protective coatings are
created by the higher concentration of K2TaF7 in
the melt and introduction of tantalum into the bath in
the form of a metal powder. The maximum thickness
of the obtained coatings was about 25mm. On the
whole, the process is controlled by the dynamic equi-
librium

2Ni3Ta + [Ta] 6
4

3Ni2Ta, DG = 386.6 kJ g-at.31 Ta.
(1)

However, no NiTa2 compound or tantalum (foil
thickness 50mm) could be detected in dilute melts
with 2.5 mol % K2TaF7 by XPA. The results of an
analysis performed on an MS-46 Cameca X-ray micro-
analyzer of three samples with electroless coatings 18
to 23 mm thick demonstrate the same total content of
tantalum in the range from 51.665 to 53.706 wt %, in
agreement with XPA data. The phenomenon of elec-
troless transfer is commonly associated with the pres-
ence in the melt of two charged species of a de-
posited metal [9]. In other words, disproportionation
of tantalum ions underlies the spontaneous transfer of
tantalum onto nickel.

Several studies of the mechanism of electrochem-
ical reduction in the NaCl3KCl3K2TaF7 melt have
been reported in the literature. Lantelmeet al. [10]
demonstrated that reduction of tantalum proceeds in
a single reversible stage Ta(V) + 5e64 Ta(0). The
single-stage mechanism of tantalum discharge was
confirmed by Kuznetsov [11] and Polyakova [12], but
was identified as irreversible. The authors of [13, 14]
allow for the presence of low-charge tantalum species
in the molten mixtures and explain the formation of
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carbides of high-melting metals by the disproportiona-
tion reaction.

The electrochemical behavior of tantalum was
studied by linear and stationary voltammetry [10, 12]
in chloride melts with low K2TaF7 concentration
(0.0430.25 mol %).

Chloride-fluorotantalate melts with high K2TaF7
content were chosen by the authors of the present
study in view of the fact that salt melts with 2.5 and
14 mol % are of practical importance for obtaining
tantalum powders by electrolysis and sodium-reduc-
tion. In addition, to make the formation of surface
diffusion alloys-coatings faster, tantalum metal powder
was added, directly in the course of the experiment,
to the salt mixture before its being charged into the re-
actor, i.e., formation of low-charge compounds was
promoted. When the content of tantalum powder in-
troduced into the salt mixture prior to melting was
raised to 5 wt % and more, XPA revealed the com-
pound K2TaCl6 (Fig. 2), which points to the existence
in the melt of two kinds of charged species in com-
parable amounts.

An IR spectral study demonstrated that the dis-
sociation by the scheme

K2TaF7 6 KF + KTaF6 (2)

becomes stronger with increasing content of tantalum
metal in the chloride-fluorotantalate melt. The spec-
trum clearly shows a shift of the Ta3F absorption
band from 535 (K2TaF7) to 545 cm31 (KTaF6), which
is due to the fact that the Ta3F bond in the hexaco-
ordinate complex becomes stronger because of the de-
creasing coordination number of tantalum ions (Fig. 3).
This leads to the appearance of K+ and F3 ions in
the melt.

From the standpoint of the[autocomplex] model
of the structure of molten alkali metal halides [15],
the melting of an ionic crystal is accompanied by sym-
metry breakdown in the mutual arrangement of par-
ticles, resulting in that ion3dipole interaction is super-
imposed on the ion3ion interaction to give complexes.
The role of a complexing agent in sodium chloride
is played by the cation whose binding energy in the
complex exceeds the cation energy in the second
coordination sphere by 78 kJ mol31, i.e., complex ions
NaCl4

33 are present in the starting chloride-fluoro-
tantalate melt. The tendency of anions to form com-
plexes becomes more pronounced with their increas-
ing ionic moment and polarizability. The formal ionic
moment (1/r, A31) decreases in going from F3 to
Cl3 (0.7530.52), and the polarizability (A3) increases

Fig. 2. X-ray pattern of a frozen melt. Background:
NaCl3K2TaF7 (14 mol %) and tantalum metal (wt %):
(1) 1.0, (2) 5.0, and (3) 10.0. (I ) K2TaF7, (II ) K2TaCl6,
(III ) K3TaClF7, and (IV ) KTaF6 (14 mol %).

Fig. 3. IR spectra of potassium fluorotantalate in NaCl3
K2TaF7 melt (14 mol %). (T) Transmission and (n) wave
number. Content of Ta metal powder (wt %): (1) 1.0,
(2) 5.0, and (3) 10.0.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

182 MATYCHENKO et al.

(0.6432.96). As a result, the binding energy grows in
passing from chloride to fluoride complexes because
of a pronounced increase in their ionic momentum.
Fluoride ions gradually replace chloride ions in auto-
complexes, which leads to the appearance of free Cl3

ions in the melt. Fluoride complex compounds are
formed in mixed chloride-fluoride melts at a relative
excess of fluoride ions [16]. It is noteworthy that the
amount of fluoride ions formed by reaction (2) in salt
mixtures NaCl3K2TaF7 is negligible, compared with
the content of chloride ions in the melt. Hence, the de-
tection of just the chloride complex of a low-charge
tantalum compound, K2TaCl6, by XPA in chloride-
fluorotantalate melts with addition of up to 5 wt %
tantalum metal and more is a well-established fact.
The presence of potassium ions in the second coordi-
nation sphere of the tantalum(IV) complex K2TaCl6
cannot be accounted for in terms of the ion3ion inter-
action, since the ionic moment of K(I) is less than that
of K(I). However, from the standpoint of the ion3
dipole interaction, the potassium cation is more com-
petitive since its polarizability exceeds that of the so-
dium cation [17]:a 0 1024 is 1.012 for K(I) at 800oC
and 0.281 for Na(I). Probably, the ion3dipole inter-
action plays a key role in the case of formation of
the K2TaCl6 compound.

The chemical reaction of tantalum(IV) compound
formation can be written as follows

4K2TaF7 + Ta + 30NaCl + 2KF

6 5K2TaCl6 + 30NaF. (3)

A calculation of the Gibbs energy of reaction (3)
from reference data by the first Kireev method [18]
demonstrated that the occurrence of this reaction is
unlikely (DG298 = +853 kJ mol31). It becomes pos-
sible only in the simultaneous presence in the melt of
the pair tantalum3nickel, when intermetallic com-
pounds are formed on the nickel surface;DG =
3118 kJ mol31 for Ni3Ta and 3107.7 kJ mol31 for
Ni2Ta [8]. This conclusion is confirmed by exper-
iment: the compound K2TaCl6 (XPA data) and a shift
of the equilibrium (2) (IR spectral data) are only ob-
served on raising the content of tantalum metal powder
to more than 5 wt % in the presence of a nickel plate.
It is noteworthy that the reduction of tantalum penta-
chloride to tetrachloride TaCl4 by tantalum foil has
long been known [19].

The tantalum oxidation level was calculated using
the corrosion current densitiesi (A cm32) obtained on
shorting the external circuit of the electrodes with
small resistances [3], by the formula [20]

i = ÄÄÄÄ = KmÄ 2.680 1033,
A1000A
nKmnF3

(4)

where Km3 is the loss of Ta (g m32 h31), n is
the Ta oxidation level,F is the Faraday constant
(A h g-equiv31), and A is the atomic weight of Ta.

At a current density of 0.003 A cm32 and one-hour
Ta loss of 50 g m32 h31 in a melt with 2.5 mol %
K2TaF7, the lowest oxidation level of Ta was approx-
imately +4.

The concentration gradient of potential-determining
ions in various states of oxidation are the driving
forces of the ion transfer occurring via diffusion at
the electrodes and convection in the electrolyte bulk.
Ions of the reduced form diffuse (jred) from pure
tantalum, where their concentration is higher, toward
the alloy, where their concentration is lower, and
disturb the equilibrium ratio of ions [Ta4+]/[Ta5+] at
the alloy surface. For the equilibrium to be restored,
a reaction must occur, lowering the Ta4+ concentra-
tion at the surface of the positive nickel electrode.
Nickel reacts with tantalum to give a surface alloy

3Ni + 2Ta4+
6 Ta5+ + Ni3Ta. (5)

Ta5+ ions with higher oxidation level, formed
by reaction (5), diffuse toward the electrode made of
pure tantalum, which, in turn, disturbs the equilib-
rium ratio of tantalum ions [Ta4+]/[Ta5+] at its sur-
face, creating an excess of Ta5+ ions. The response
of the Ta/[Ta4+] system to the disturbing action of
the jox flow has the form of the tantalum dissolution
reaction to give ions of the reduced form Ta4+, after
which these ions again start their motion along the
gradient toward the alloy. Thus, the transfer process is
closed into the cycle occurring by the scheme [9].

&Ta�� 76

jred

74

jox

[Ta4+]

[Ta5+]

[Ta4+]

[Ta5+]
��&Ni3Ta&Ni

CONCLUSIONS

(1) The composition of nickel3tantalum intermetal-
lic compounds in chloride-fluorotantalate melts de-
pends on the K2TaF7 concentration in the melt,
amount of tantalum metal added to the melt, thick-
ness of the nickel substrate, and experiment duration.
In melts with high content of K2TaF7 (14 mol %),
introduction of tantalum powder in amounts of ca.
1 wt % and more leads to faster formation of protec-
tive coatings on nickel. It follows from experiments
that the nickel reactor walls are covered with Ni3Ta
and Ni2Ta compounds.
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(2) The compound K2TaCl6 was found in NaCl3
K2TaF7 melts (14 wt %) upon introduction of tanta-
lum powder in amounts of 5 wt % and more. A con-
clusion is made that the formation of surface inter-
metallic compounds is due to the disproportionation
reaction. IR spectroscopy reveals the growing share
of dissociation by scheme (2).

(3) The surface alloy is formed by reaction (5).

(4) The results of the study made it possible to
obtain directly in the course of sodium-reduction tan-
talum powders with low content of nickel impurity.
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Abstract-Basic physicochemical characteristics of aluminum trihydroxide prepared for the first time by
carbonization in the form of nordstrandite are described. Silicon-containing complexes present in the solu-
tion being carbonized act as stabilizers of the nordstrandite structure in the course of hydroxide precipitation
from aluminate solutions.

Nordstrandite, synthesized in 1956 by Robert van
Nordstrand, a known chemist, and named afterhim, is,
together with bayerite, gibbsite, and doyleite, a poly-
morphic modification of aluminum hydroxide Al(OH)3
[133]. Nordstrandite occurs in nature in eroded rocks,
in association with carbonates, and in a number of
bauxite ores [236].

A specific feature of thermal dehydration of nord-
strandite is the formation ofh-Al2O3 possessing a spe-
cial type of crystal lattice defects and exhibiting ther-
mal stability, which allows its use as a starting mate-
rial in production of supports of catalysts for dehydra-
tion, isomerization, reforming, and some other catalyt-
ic processes [6, 7].

Synthesizing artificial nordstrandite involves cer-
tain technological difficulties. It can be obtained from
X-ray-amorphous aluminum hydroxide by keeping
([aging]) it in the presence of chelate-forming agents
(ethylenediamine, ethylene glycol) under the condi-
tions in which bayerite would be produced in the ab-
sence of these reagents. Also, nordstrandite mixed
with bayerite can be obtained in reaction of aqueous
solutions of aluminum with ammonium hydroxide,
with subsequent many-day keeping at pH 7.5313.0
[7, 8]. The complexity and long duration of synthesis
hinder large-tonnage production of nordstrandite by
conventional methods and restrain its practical use.

Nordstrandite described in this communication was
for the first time obtained by carbonization from alu-
minate solutions produced in manufacture of alumi-
na. The mechanism of the carbonization process is
not completely clear despite numerous investigations.
The reaction of aluminate solutions with carbon diox-

ide onsets at pH > 13 because of the excess of alkali
in solution. Then, on introducing CO2 into the solu-
tion, the pH decreases. With account of the modern
concepts, the occurring reactions can be represented as

CO2 + 2OH3 = CO3
23 + H2O, (1)

[Al(OH)4]3 + H3O+ = AlOOH + 3H2O, (2)

AlOOH + OH3 + H2O = [Al(OH)4]3, (3)

[Al(OH)4]3 = Al(OH)3 + OH3, (4)

CO2 + 2H2O = H3O+ + HCO3
3, (5)

2AlOOH + 2(Na, K)+ + 2HCO3
3

= (Na, K)2O . Al2O3 . 2CO2 . 2H2O. (6)

In processing aluminum-containing raw materials
into alumina and other products, aluminum hydroxide
is prepared in such a way that it should be obtained
in the form of gibbsite. In addition, bayerite, pseudo-
boehmite, hydroaluminocarbonates of alkali metals
(HAC), and X-ray-amorphous modification of these
materials can be obtained under certain carbonization
conditions [1]. Theoretical prerequisites for obtaining
nordstrandite by carbonization of aluminate solutions
had existed before [9], but have not been confirmed
by practice.

The carbonization conditions were chosen in view
of the specific features of nordstrandite formation
in nature. A condition favoring nordstrandite forma-
tion is, as a rule, decomposition of basalt by weak-
ly alkaline solutions via the compounds aluminohy-
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Table 1. Effect of aluminate solution decomposition conditions on the chemical and phase composition of the precipitate
[Composition of the starting solution (g dm33): R2Ot 91.5, R2Oc 74.8, Al2O3 84.5, SiO2 1.46]
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Carbonization³ Content in solution ³ Content in precipitate ³

conditions ³ obtained, g dm33 ³ obtained, g dm33 ³ Main phases
ÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄ´
T, oC ³ t, h ³R2Ot ³R2Oc³ Al2O3 ³ SiO2 ³NaHCO3³ Al2O3 ³ Fe2O3 ³ SiO2 ³R2O³

in the precipitate

ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
50 ³ 5.5 ³ 92.5³ 88.4³ 0.21 ³0.026³ 11.1 ³ 63.4 ³ 0.03 ³ 1.50³0.91³Bayerite
50 ³ 8.5 ³ 93.5³ 84.5³ 3 ³0.005³ 23.6 ³ 62.9 ³ 0.04 ³ 1.60³1.17³Bayerite, gibbsite
70 ³ 2.0 ³ 93.0³ 87.1³ 3 ³0.010³ 16.0 ³ 63.2 ³ 0.03 ³ 1.78³1.62³Bayerite, HAC
70 ³ 4.5 ³ 92.8³ 88.3³ 0.05 ³0.025³ 12.1 ³ 63.4 ³ 0.03 ³ 1.85³1.28³Bayerite, gibbsite, HAC
70 ³ 6.0 ³ 92.4³ 92.4³ 0.56 ³0.042³ 0 ³ 62.0 ³ 0.03 ³ 1.60³0.97³Nordstrandite
80 ³ 2.5 ³ 93.1³ 83.8³ 3 ³0.005³ 25.3 ³ 60.3 ³ 0.03 ³ 1.40³1.32³Gibbsite, nordstrandite, HAC
80 ³ 2.5 ³ 93.0³ 87.9³ 0.01 ³0.025³ 13.7 ³ 63.1 ³ 0.01 ³ 1.76³1.46³Gibbsite, bayerite, HAC
80 ³ 4.0 ³ 93.1³ 84.4³ 3 ³0.004³ 23.6 ³ 63.3 ³ 0.03 ³ 1.89³1.32³Gibbsite, HAC

ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

drocalcite CaO. Al2O3 . 2CO2 . 5H2O or dawsonite
(Na, K)2O . Al2O3 . 2CO2 . 2H2O. Since nordstrandite
is mainly formed in the presence of silicon-contain-
ing mineral compounds, aluminate solutions with in-
creased, with respect to that in alumina production
solutions, content of silicon were subjected to carbon-
ization.

Nondesiliconized aluminate solutions produced in
leaching of nepheline cake were used in experiments
[10]. The carbonization was done with diluted carbon
dioxide (16325% CO2) to pH 11.0311.3. The formed
solid phases and filtrates were separated on a Schott
filter, with the precipitates washed with water at
30oC and analyzed for the content of main component
gravimetrically and by the volumetric and photomet-
ric methods. The concentration of the[carbonate al-
kali] (R2Ocb) in aluminate solutions, stoichiometri-
cally proportional to the amount of CO3

23 ions pres-
ent in solution, was calculated in terms of sodium ox-
ide as the difference between the[total] (R2Ot) and
[caustic] (R2Oc) alkalis. The total and caustic alkalis
were determined using titration by conventional tech-
niques adopted in the alumina industry.

The granulometric composition of the obtained pha-
ses was determined with a SILAS laser granulometer.
Crystal-optical measurements and microphotography
were done with a COMIBAX microscope. The phase
composition of the precipitates was determined by
X-ray phase analysis and IR spectroscopy. X-ray pat-
terns were taken on a Philips automated powder dif-
fractometer with CuK

a

radiation and graphite mono-
chromator. IR spectra were obtained with a Perkin3
Elmer spectrometer in the wave number range 4003
3800 cm31. Samples for measurements were prepared
by compaction of pellets with KBr. The solution pH
was determined with an EV-74 ion meter.

The results obtained in carbonization of nondesil-
iconized aluminate solutions are presented in Table 1.

It follows from the data in Table 1 that a number of
conditions is to be met for aluminum hydroxide to be
formed as nordstrandite, including a temperature of
60375oC and presence of a silica-containing phase in
a solution being carbonized. In all probability, it is sil-
ica that stabilizes nordstrandite in the course of car-
bonization in a transition from metastable to crystal-
line phases. In the absence of silica in a solution be-
ing carbonized, all other conditions being the same,
there occurs precipitation of the following phases
conventional for the alumina production: gibbsite,
bayerite, or aluminocarbonates of alkali metals [1].

Crystal-optical studies demonstrated the presence
of finely crystalline aggregates of nearly radial-beam
structure (Fig. 1). Inside the aggregates, there are
point inclusions of the silicate phase. Nordstrandite
has the following refractive indices of the crystalline
phase:a = 1.582(1),b = 1.582(1),g = 1.586(1).

Fig. 1. Micrograph of nordstrandite sample obtained by
carbonization of an aluminate solution.
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Table 2. Comparative table of interplanar spacings and relative line intensities for nordstrandite
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Nordstrandite ³ Number of reference in ASTM file
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄsynthesized by ³

carbonization ³ 24-6-97 ³ 15-141-96 ³ 12-401-96 ³ 18-31-96
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

d, A ³ I, rel. units³ d, A ³ I, rel. units³ d, A ³ I, rel. units³ d, A ³ I, rel. units³ d, A ³ I, rel. units
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

4.794 ³ 100 ³ 4.790 ³ 100 ³ 4.789 ³ 100 ³ 4.790 ³ 100 ³ 4.790 ³ 100
4.332 ³ 23 ³ 4.320 ³ 25 ³ 4.322 ³ 12 ³ 4.330 ³ 20 ³ 4.330 ³ 25
4.220 ³ 11 ³ 4.210 ³ 18 ³ 4.207 ³ 10 ³ 4.200 ³ 15 ³ 4.220 ³ 25
4.171 ³ 17 ³ 4.160 ³ 12 ³ 4.156 ³ 8 ³ 4.150 ³ 13 ³ 4.160 ³ 20
3.891 ³ 8 ³ 3.890 ³ 12 ³ 3.887 ³ 4 ³ 3.890 ³ 7 ³ 3.896 ³ 15
3.611 ³ 8 ³ 3.610 ³ 8 ³ 3.600 ³ 4 ³ 3.600 ³ 7 ³ 3.601 ³ 10
3.425 ³ 6 ³ 3.430 ³ 6 ³ 3.429 ³ 4 ³ 3 ³ 3 ³ 3.446 ³ 10
3.038 ³ 7 ³ 3.030 ³ 4 ³ 3.022 ³ 2 ³ 3 ³ 3 ³ 3.022 ³ 15
2.988 ³ 5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
2.853 ³ 2 ³ 2.848 ³ 4 ³ 2.850 ³ 2 ³ 3 ³ 3 ³ 2.867 ³ 5
2.766 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
2.702 ³ 1 ³ 2.710 ³ 2 ³ 2.704 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3
2.699 ³ 2 ³ 3 ³ 3 ³ 2.663 ³ 1 ³ 3 ³ 3 ³ 3 ³ 3
2.501 ³ 3 ³ 2.501 ³ 2 ³ 2.497 ³ 1 ³ 3 ³ 3 ³ 3 ³ 3
2.485 ³ 6 ³ 2.480 ³ 12 ³ 2.480 ³ 4 ³ 3 ³ 3 ³ 2.481 ³ 15
2.458 ³ 12 ³ 2.455 ³ 8 ³ 2.450 ³ 2 ³ 3 ³ 3 ³ 2.454 ³ 10
2.392 ³ 31 ³ 2.393 ³ 25 ³ 2.392 ³ 10 ³ 2.390 ³ 15 ³ 2.393 ³ 35
2.270 ³ 29 ³ 2.271 ³ 30 ³ 2.263 ³ 16 ³ 2.260 ³ 15 ³ 2.265 ³ 35
2.225 ³ 6 ³ 2.217 ³ 4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
2.074 ³ 2 ³ 2.074 ³ 4 ³ 2.074 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3
2.040 ³ 8 ³ 3 ³ 3 ³ 2.033 ³ 1 ³ 3 ³ 3 ³ 3 ³ 3
2.017 ³ 28 ³ 2.016 ³ 25 ³ 2.016 ³ 8 ³ 2.010 ³ 11 ³ 2.015 ³ 30
2.000 ³ 5 ³ 1.991 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.945 ³ 2 ³ 1.945 ³ 6 ³ 1.943 ³ 1 ³ 3 ³ 3 ³ 3 ³ 3
1.918 ³ 4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.903 ³ 23 ³ 1.902 ³ 20 ³ 1.901 ³ 8 ³ 1.898 ³ 11 ³ 1.904 ³ 20
1.888 ³ 6 ³ 3 ³ 3 ³ 1.880 ³ 1 ³ 3 ³ 3 ³ 3 ³ 3
1.804 ³ 4 ³ 1.804 ³ 4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.786 ³ 18 ³ 1.784 ³ 14 ³ 1.781 ³ 6 ³ 3 ³ 3 ³ 3 ³ 3
1.771 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.720 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.702 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.671 ³ 3 ³ 1.668 ³ 4 ³ 1.672 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3
1.652 ³ 3 ³ 1.653 ³ 4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.599 ³ 4 ³ 1.598 ³ 6 ³ 1.595 ³ 2 ³ 3 ³ 3 ³ 1.595 ³ 10
1.572 ³ 4 ³ 1.572 ³ 4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.551 ³ 6 ³ 1.547 ³ 6 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3
1.516 ³ 7 ³ 3 ³ 3 ³ 1.513 ³ 4 ³ 3 ³ 3 ³ 1.513 ³ 10
1.478 ³ 6 ³ 3 ³ 3 ³ 1.477 ³ 4 ³ 3 ³ 3 ³ 1.478 ³ 10
1.441 ³ 15 ³ 3 ³ 3 ³ 1.439 ³ 4 ³ 3 ³ 3 ³ 1.440 ³ 20
1.430 ³ 7 ³ 3 ³ 3 ³ 1.427 ³ 2 ³ 3 ³ 3 ³ 1.431 ³ 5
1.402 ³ 2 ³ 3 ³ 3 ³ 1.404 ³ 2 ³ 3 ³ 3 ³ 1.403 ³ 10
1.386 ³ 1 ³ 3 ³ 3 ³ 1.404 ³ 2 ³ 3 ³ 3 ³ 1.403 ³ 10
1.356 ³ 2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

An IR spectrum of nordstrandite obtained by car-
bonization of a nondesiliconized solution is shown in
Fig. 2. In the positions of the main bands, thespec-
trum is close to the spectra of both the natural mineral

[2, 3] and synthetic nordstrandite samples prepared by
other methods [7, 8]. The spectrum shows high inten-
sity of stretching vibrations of OH3 groups in water
molecules (330033700 cm31), deformation vibrations
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Fig. 2. IR spectrum of nordstrandite obtained by carbon-
ization of an aluminate solution. (T) Transmission and
(n) wave number.

of OH3 groups (70031100 cm31) and vibrations of
the Al3O group (around 500 cm31).

An X-ray phase analysis of samples obtained by
carbonization revealed virtual coincidence of the in-
terplanar spacings and relative intensities of the ob-
tained nordstrandite with the respective reference pa-
rameters in the ASTM file (Table 2).

The granulometric composition of nordstrandite
was as follows:

dav, mm N, %

036 1.033.5
+6312 0.734.9

+12316 3.636.1
+16324 36.7344.7
+24332 25.8330.9
+32348 15.4329.7
+48 1.332.6

The average particle diameter is 24.6mm. A spe-
cific feature of the obtained nordstrandite is that it has
a monogranulometric composition and 80395% of the
material is constituted by particles 16348 mm in size.

The porous structure of aluminum oxide prepared
from nordstrandite produced by carbonization was stud-
ied by mercury porosimetry. A nordstrandite sample
was heated at 550oC for 6 h. The measurements were
done on a mercury porosimetric setup comprising
high- and low-pressure porosimeters [11].

It follows from the obtained integral porogram,
plotted in the coordinates pore volume3logarithm of
equivalent pore radius (Fig. 3), that mesopores are
predominant in the material under study. This is in
agreement with the data of [6]. The high values of
the average pore volume (0.6030.67 cm3 g31), ob-
tained in [7], were not observed in aluminum oxides
prepared from nordstrandite.

Fig 3. Integral porogram of aluminum oxide obtained by
nordstrandite calcination at 550oC. (Vsp) Specific pore
volume and (r) equivalent pore radius.

CONCLUSIONS

(1) Nordstrandite was for the first time synthesized
by carbonization and its basic characteristics are de-
scribed. No significant difference in physicochemical
properties between this kind of nordstrandite and that
obtained by the conventional techniques was revealed.

(2) The experimentally confirmed possibility of
obtaining nordstrandite by carbonization allows a sub-
stantial reduction in the price of the product and there-
by expands the range of its practical use.
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Abstract-A viscometric study was made of the polymorphous transformation of micelles in an aqueous so-
lution of cetyltrimethylammonium bromide in the presence of NaBr and sodium methylbenzenesulfonate.
The effects of temperature and nature and concentration of additives on the second critical micelle con-
centration were studied. The thermodynamic characteristics of the micellar transition are estimated.

It is well known that inorganic electrolytes and
polar organic compounds have a considerable effect
on the physicochemical characteristics of aqueous
solutions of ionic surfactants. Most clearly this effect
is reflected in the viscosity of a micellar solution [1].
It has been demonstrated experimentally that small
spherical micelles formed at the first critical micelle
concentration (CMC1) may transform into cylindrical
micelles with increasing surfactant concentration or as
a result of addition of polar compounds. Such a trans-
formation results in higher viscosity of the so-
lution and changes other thermodynamic character-
istics. The use of certain organic electrolytes, such as
benzenesulfonates, salicylates, etc., as additives to
an aqueous surfactant solution allows preparation of
highly viscous fluids, semisolid pastes, or gels. This
phenomenon is widely used in pharmaceutical, food,
and cosmetics industries, environmental protection,
etc. Therefore, studying the indicated polymorphism
is of considerable practical importance.

The asymmetrization of spherical micelles and
the viscoelastic properties of aqueous solutions of
cetyltrimethylammonium bromide (CTAB) in the pres-
ence of various additives have been studied extensive-
ly [2313]. However, systems with low additive con-
centrations were considered in most of these works.
Data on the thermodynamic characteristics of such
systems are very scarce.

In this communication, we report the effects of
the CTAB concentration and temperature on the poly-
morphism in dilute aqueous solutions of CTAB at rel-
atively high NaBr concentrations (0.2 and 0.4 M) and
in the presence of an organic additive, sodium methyl-
benzenesulfonate (NaMBS). The activation energy of
viscous flow is estimated.

EXPERIMENTAL

As a surfactant we used CTAB (analytically pure
grade) multiply recrystallized from a mixture oface-
tone and methanol (19 : 1). As the criterion of high
quality served the absence of a minimum in the sur-
face tension isotherm.

Sodium bromide andp-methylbenzenesulfonate
(both of analytically pure grade) were used without
further purification.

The viscosities at 30, 35, 40, 45, and 50oC were
measured by capillary viscometry with an Ubbelohde
viscometer on an experimental setup described
in [14]. The dynamic viscosityh (Pa s) was deter-
mined from the outflow time of water and the solu-
tions, using reference data on the viscosity of water.

Fig. 1. Dynamic viscosityh of CTAB micellar solutions
vs. the CTABconcentrationCCTAB 0 103 in the presence
of various additives. Additive (M): (1) 0.2 NaBr, (2) 0.4
NaBr, and (3) 0.025 NaMBS. Temperature (oC): (1) 30,
(2) 40, and (3) 50.
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Table 1. Viscosity of aqueous salt solutions of CTAB
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Dynamic viscosityh (Pa s) and relative viscosityhr at indicated temperature,oC
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 30 ³ 35 ³ 40 ³ 45 ³ 50
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ h 0 103 ³ hr ³ h 0 103 ³ hr ³ h 0 103 ³ hr ³ h 0 103 ³ hr ³ h 0 103 ³ hr

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
0.2 M NaBr

1.17 ³ 0.8134³ 1.02 ³ 0.7266³ 1.01 ³ 0.6660³ 1.02 ³ 0.6020 ³ 1.01 ³ 0.5523 ³ 1.01
2.74 ³ 0.8294³ 1.04 ³ 0.7338³ 1.02 ³ 0.6725³ 1.03 ³ 0.6020 ³ 1.01 ³ 0.5523 ³ 1.01
5.05 ³ 0.8693³ 1.09 ³ 0.7554³ 1.05 ³ 0.6790³ 1.04 ³ 0.6079 ³ 1.02 ³ .05523 ³ 1.01
7.60 ³ 0.9410³ 1.18 ³ 0.7841³ 1.09 ³ 0.6855³ 1.05 ³ 0.6079 ³ 1.02 ³ 0.5577 ³ 1.02

10.26 ³ 1.0128³ 1.27 ³ 0.8417³ 1.17 ³ 0.7117³ 1.09 ³ 0.6258 ³ 1.05 ³ 0.5577 ³ 1.02
15.25 ³ 1.2361³ 1.55 ³ 0.9424³ 1.31 ³ 0.7574³ 1.16 ³ 0.6616 ³ 1.11 ³ 0.5741 ³ 1.05
20.49 ³ 1.5705³ 1.97 ³ 1.1161³ 1.53 ³ 0.8161³ 1.25 ³ 0.6870 ³ 1.15 ³ 0.5944 ³ 1.09
30.12 ³ 2.2677³ 2.84 ³ 1.4509³ 2.02 ³ 1.0141³ 1.55 ³ 0.7780 ³ 1.31 ³ 0.6514 ³ 1.15
40.25 ³ 3.5185³ 4.41 ³ 2.0012³ 2.79 ³ 1.2829³ 1.97 ³ 0.8972 ³ 1.51 ³ 0.6769 ³ 1.24
50.26 ³ 5.8436³ 7.08 ³ 2.8631³ 3.98 ³ 1.6300³ 2.50 ³ 1.0619 ³ 1.78 ³ 0.7446 ³ 1.36

100.0 ³ 54.356³ 68.2 ³ 16.000³ 22.2 ³ 6.1391³ 9.40 ³ 2.9441 ³ 4.94 ³ 1.4933 ³ 2.73

0.4 M NaBr

0.500³ 0.8055³ 1.01 ³ 0.7266³ 1.01 ³ 0.6594³ 1.01 ³ 0.6020 ³ 1.01 ³ 0.5523 ³ 1.01
1.00 ³ 0.8134³ 1.02 ³ 0.7338³ 1.02 ³ 0.6594³ 1.01 ³ 0.6020 ³ 1.01 ³ 0.5523 ³ 1.01
2.00 ³ 0.8533³ 1.07 ³ 0.7482³ 1.04 ³ 0.6725³ 1.03 ³ 0.6139 ³ 1.03 ³ 0.5577 ³ 1.02
4.00 ³ 0.9603³ 1.20 ³ 0.8245³ 1.15 ³ 0.7209³ 1.10 ³ 0.6358 ³ 1.07 ³ 0.5715 ³ 1.05
6.00 ³ 1.1186³ 1.40 ³ 0.9440³ 1.31 ³ 0.7868³ 1.21 ³ 0.6779 ³ 1.14 ³ 0.5920 ³ 1.08

10.0 ³ 1.5703³ 1.97 ³ 1.1897³ 1.65 ³ 0.9393³ 1.44 ³ 0.7706 ³ 1.29 ³ 0.6479 ³ 1.19
20.0 ³ 4.4000³ 5.52 ³ 2.5908³ 3.60 ³ 1.6876³ 2.58 ³ 1.1424 ³ 1.92 ³ 0.8503 ³ 1.56
30.0 ³ 11.221 ³ 14.1 ³ 5.4616³ 7.59 ³ 3.0285³ 4.64 ³ 1.7782 ³ 2.98 ³ 1.1829 ³ 2.16

0.25 M NaMBS

0.75 ³ 0.9809³ 1.23 ³ 0.7985³ 1.11 ³ 0.6725³ 1.03 ³ 0.6139 ³ 1.03 ³ 0.5632 ³ 1.03
1.00 ³ 1.0687³ 1.34 ³ 0.8561³ 1.19 ³ 0.6986³ 1.07 ³ 0.6258 ³ 1.05 ³ 0.5687 ³ 1.04
1.25 ³ 1.1803³ 1.48 ³ 0.9208³ 1.28 ³ 0.7508³ 1.15 ³ 0.6437 ³ 1.08 ³ 0.5715 ³ 1.05
1.60 ³ 1.2580³ 1.58 ³ 0.9857³ 1.37 ³ 0.7937³ 1.22 ³ 0.6810 ³ 1.14 ³ 0.6104 ³ 1.12
2.00 ³ 1.6518³ 2.07 ³ 1.2895³ 1.79 ³ 0.9630³ 1.47 ³ 0.7423 ³ 1.25 ³ 0.6514 ³ 1.19
2.50 ³ 2.4952³ 3.13 ³ 1.8188³ 2.53 ³ 1.2317³ 1.89 ³ 0.8843 ³ 1.48 ³ 0.7258 ³ 1.33
3.38 ³ 4.9444³ 6.20 ³ 2.8990³ 4.03 ³ 1.6866³ 2.58 ³ 1.1490 ³ 1.93 ³ 0.8822 ³ 1.61
4.00 ³ 8.7085³ 10.92 ³ 4.2735³ 5.94 ³ 2.2186³ 3.40 ³ 1.4061 ³ 2.36 ³ 1.0192 ³ 1.86
5.15 ³ 14.648 ³ 18.37 ³ 6.0417³ 8.40 ³ 3.1283³ 4.79 ³ 1.8956 ³ 3.18 ³ 1.2964 ³ 2.37
7.64 ³ 35.390 ³ 44.38 ³ 12.748 ³ 17.72 ³ 6.1456³ 9.41 ³ 3.5157 ³ 5.90 ³ 2.1764 ³ 3.98

10.0 ³ 59.717 ³ 74.88 ³ 23.517 ³ 32.69 ³ 11.089 ³ 16.98 ³ 5.8115 ³ 9.75 ³ 3.2732 ³ 5.99
ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

The densities of the tested fluids were measured pyc-
nometrically.

The CMC1 of CTAB in aqueous salt solutions was
determined from the dependence of the surface tension
on the surfactant concentration at a fixed tempera-
ture by the drop volume method [15]. In the measure-
ments, the temperature was controlled to within 0.1oC.
Doubly distilled water was used for solution prepara-
tion.

The dynamic viscosityh in water3CTAB3salt ter-
nary systems, measured at various CTAB concentra-

tions and temperatures, is given in Table 1 and Fig. 1.
Table 1 also includes the relative viscosityhr de-
termined as the ratio of the outflow times of a solu-
tion tested and water.

The resulting dependences are broken straight lines
consisting of two portions, which is consistent with
the results reported in [16, 17]. The break point cor-
responds to the second critical micelle concentration
CMC2. CMC2 values are given in Table 2 along with
CMC1 data obtained previously [15]. The results show
that the viscosity gradually grows with the con-
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Table 2. CMC1 and CMC2 in CTAB aqueous salt solutions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ CMC2 0 103, M ³ CMC1 0 105, M
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electrolyte, M ³ at indicated temperature,oC
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ 30 ³ 35 ³ 40 ³ 45 ³ 50

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
0.2 M NaBr ³ 3.75 ³ 5.40 ³ 9.00 ³ 11.50 ³ 13.50 ³ 1.71 ³ 1.79 ³ 1.86 ³ 1.93 ³ 2.00
0.4 M NaBr ³ 1.50 ³ 2.50 ³ 3.10 ³ 4.00 ³ 5.50 ³ 0.66 ³ 0.73 ³ 0.80 ³ 0.88 ³ 0.95
0.025 M NaMBS ³ 0.40 ³ 0.65 ³ 0.90 ³ 1.10 ³ 1.25 ³ 10.0 ³ 11.3 ³ 12.5 ³ 13.9 ³ 15.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

centration incresing above CMC1. Evidently, the shape
of micelles is not changed between CMC1 and CMC2.
Above CMC2 the viscosity increases more rapidly
with concentration.

Figure 1 illustrates the effects of the nature and
concentration of additives on the sphere3cylinder
micellar transition. It is seen that at 50oC the CTAB
concentration at which transition occurs in 0.025 M
NaMBS is lower than that for 0.4 and 0.2 M NaBr.

In micellar solutions, CMC2 increases with tem-
perature at a constant electrolyte concentration and
decreases with increasing electrolyte concentration at
constant temperature (Table 2). It is known that the
temperature effect is about the same in the absence of
additives [18]. Addition of NaMBS favors formation
of cylindrical CTAB micelles at lower salt concentra-
tion as compared with the other salts. All these facts
indicate that the nature and concentration of the ad-
ditives play an important role in the asymmetrization
of spherical CTAB micelles.

The mechanism of the electrolyte effect on the
shape of micelles of ionic surfactants is associated to
a considerable extent with the salting-out effect lead-

Fig. 2. Arrhenius plots for determining the enthalpy of
activation. (h) Viscosity and (T) temperature. Solution
composition: (1) H2O + 1.170 1033 M CTAB + 0.2 M
NaBr, (2) H2O + 40 1033 M CTAB + 0.4 M NaBr, and
(3) H2O + 20 1033 M CTAB + 0.025 M NaMBS.

ing to closer packing of polar groups on a cylindrical
micelle surface, which cannot be realized on a spher-
ical surface [19].

According to Eyring’s theory [20], the viscosity
h is related to temperatureT by

h = 77
NAh

V
exp 77

RT
DG#
�
�

�
�
, (1)

whereDG# is the Gibbs activation energy of viscous
flow in the solution (J mol31), V is the molar volume
(m3 mol31), h is the dynamic viscosity of the solution
(Pa s), T is temperature (K),NA is the Avogadro
number,h is the Planck constant, andR is the gas
constant.

The molar volume of surfactant in the equilibrium
micellar solution, V, can be calculated by

V = 7777777777 ,
(100r 3 W)/M0 + W/M
cc

100 (2)

whereW is the surfactant concentration (g/100 ml so-
lution), M0 andM are the molecular weights of water
and surfactant, respectively, andr is the density of
the micellar solution (g cm33).

Using Eq. (1) and taking into account that the stan-
dard enthalpyDH#, entropyDS#, and Gibbs energy
DG# of viscous flow activation are related byDG# =
DH# 3 TDS#, we can write

h = 77
DH

,
#NAh

V
�
�

�
�

3DS
R

exp 77 exp 77�
�

�
�

#
�
�

�
�RT

h = exp 77 ,�
�
DH #

RT
�
�
(3)

A = 77 exp 77 ,�
�

�
�

NAh
V

�
�
3DS#

R
�
� ln h = ln A + 77 .DH #

RT
(4)

The dependence lnh = f (1/T) is expressed graph-
ically as a straight line intersecting the ordinate axis.
Examples of the Arrhenius plots for our experimental
data (Table 1) are given in Fig. 2. The slope of the
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Table 3. Thermodynamic characteristics of aqueous CTAB solutions in the presence of NaBr and NaMBS
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ DG# (J mol31) at indicated temperature,oC ³ ³
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³CCTAB 0 103, M³ ³ DH#, kJ mol31 ³ DS#, J K31 mol31

³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0.2 M NaBr

5.05 ³ 9265 ³ 9107 ³ 8946 ³ 8786 ³ 8626 ³ 19.00 ³ 32.10
7.60 ³ 9400 ³ 9209 ³ 9020 ³ 8826 ³ 8634 ³ 21.00 ³ 38.26

10.3 ³ 9620 ³ 9374 ³ 9128 ³ 8883 ³ 8637 ³ 24.50 ³ 49.08
15.3 ³ 10016 ³ 9686 ³ 9357 ³ 9025 ³ 8700 ³ 30.00 ³ 65.91
20.5 ³ 10614 ³ 10140 ³ 9661 ³ 9185 ³ 8710 ³ 39.50 ³ 95.27
30.1 ³ 11510 ³ 10865 ³ 10215 ³ 9568 ³ 8921 ³ 50.75 ³ 129.42
40.3 ³ 12600 ³ 11700 ³ 10813 ³ 9930 ³ 9044 ³ 66.25 ³ 176.95
50.3 ³ 13840 ³ 12690 ³ 11542 ³ 10394 ³ 9245 ³ 83.50 ³ 229.75

100 ³ 19420 ³ 17310 ³ 15200 ³ 13086 ³ 10975 ³ 147.50 ³ 422.42

0.4 M NaBr

1.00 ³ 9084 ³ 8978 ³ 8873 ³ 8767 ³ 8661 ³ 15.50 ³ 21.16
2.00 ³ 9200 ³ 9067 ³ 8934 ³ 8802 ³ 8670 ³ 17.25 ³ 26.55
4.00 ³ 9501 ³ 9307 ³ 9114 ³ 8920 ³ 8726 ³ 21.25 ³ 38.75
6.00 ³ 9890 ³ 9625 ³ 9360 ³ 9095 ³ 8830 ³ 26.00 ³ 53.13

10.0 ³ 10702 ³ 10280 ³ 9860 ³ 9440 ³ 9018 ³ 36.25 ³ 84.26
20.0 ³ 13116 ³ 12280 ³ 11446 ³ 10610 ³ 9776 ³ 63.75 ³ 166.98
30.0 ³ 15565 ³ 14300 ³ 13030 ³ 11760 ³ 10490 ³ 92.50 ³ 253.74

0.025 M NaMBS

1.60 ³ 10150 ³ 9805 ³ 9460 ³ 9115 ³ 8775 ³ 31.00 ³ 68.77
2.00 ³ 10850 ³ 10385 ³ 9920 ³ 9455 ³ 8990 ³ 39.00 ³ 92.85
2.50 ³ 11857 ³ 11220 ³ 10583 ³ 9945 ³ 9310 ³ 50.50 ³ 127.45
3.40 ³ 13480 ³ 12526 ³ 11573 ³ 10620 ³ 9667 ³ 71.25 ³ 190.54
4.00 ³ 14825 ³ 13605 ³ 12386 ³ 11166 ³ 9950 ³ 88.75 ³ 243.82
5.15 ³ 16020 ³ 14655 ³ 13290 ³ 11925 ³ 10560 ³ 98.75 ³ 272.86
7.64 ³ 18310 ³ 16695 ³ 15080 ³ 13460 ³ 11847 ³ 116.25 ³ 323.03

10.0 ³ 19796 ³ 18123 ³ 16450 ³ 14780 ³ 13105 ³ 121.25 ³ 334.61
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

straight line givesDH#, and thenDS# is determined
to be (DH# 3 DG#)/T.

The activation energyDG# of viscous flow in
aqueous-salt CTAB solutions at 30350oC, calculated
by Eq. (1) using the experimental values ofh andr,
and alsoDH# andDS#, are given in Table 3. The re-
sults show thatDG# decreases with increasing tem-
perature at constant CTAB concentration; the enthalpy
and entropy of activation are practically independent
of temperature. At constant temperature,DG#, DH#,
and DS# grow with increasing CTAB concentration.
At constant CTAB concentration and constant tem-
perature,DG#, DH#, and DS# grow with increasing
NaBr concentration. At constant CTAB concentration
and any temperature from the experimental range,DG#,
DH#, andDS# are higher in aqueous NaMBS solutions,
compared with the values in the presence of NaBr,
indicating the significance of the counterion nature.

CONCLUSIONS

(1) The second critical micelle concentration was
determined at 30350oC in micellar aqueous solu-
tions of cetyltrimethylammonium bromide in the pres-
ence of sodium bromide and methylbenzenesulfo-
nate.

(2) The activation energy of viscous flow of the in-
vestigated aqueous solutions was estimated. The high
positiveDS# compensates for the high enthalpy of
activation DH#.
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Abstract-Exchange of lithium, sodium, and potassium cations for hydrogen ions in oxohydroxide matrices
of niobium(V), with alkali metal to niobium ratio of 1, was studied potentiometricaly. The possibility is con-
sidered of predicting the content of various singly charged cations in the case of their simultaneous presence
in a complex hydrated oxide based on niobium(V).

Inorganic materials based on metaniobates of alkali
metals possess specific electrical and optical proper-
ties, which enables their wide use in various fields
of technology [1, 2]. However, the presence of impu-
rity phases and deviations from a prescribed composi-
tion impairs the quality of the produced articles. In
solid phase synthesis of metaniobates of alkali metals
[234], low degree of homogenization gives rise to dif-
ficulties in obtaining a monophase product. The phys-
icochemical properties of complex oxides of niobi-
um and an alkali metal are substantially improved by
creating alcoholate-based precursors and their sub-
sequent hydrolysis [2, 537] and also direct reaction
between hydroxides in aqueoussolutions [8]. The qual-
ity of the obtained product depends on the composi-
tion and formation conditions of solid phases contain-
ing niobium(V) and an alkali metal.

To develop efficient approaches to manufacture
of high-quality materials based on complex oxides,
a knowledge is necessary of the formation conditions
and composition of compounds obtained in aqueous
solutions and thermodynamic characteristics of pro-
cesses involving these compounds. The behavior of
oxohydroxide forms of niobium(V) in aqueous elec-
trolyte solutions is still a matter of discussion. Niobi-
um(V), possessing high ionic potential, exhibits a strong
tendency toward hydrolysis to give various oxygen-
and hydroxide-containing complexes, including poly-
nuclear complexes [9320]. The compounds formed
in the process can act as inorganic ion-exchangers.
The authors of [12, 21] pointed to the formation of
oxide compounds containing niobium(V) and an alkali
metal in aqueous solutions; however, these data give
no way of making an unambiguous conclusion about
processes of solid phase formation.

The aim of this study was to analyze processes of
competitive exchange of singly charged cations in
oxohydroxide matrices of niobium(V).

EXPERIMENTAL

The processes of cation exchange were studied in
aqueous chloride solutions. The electrolyte was chosen
in view of the fact that chloride ions are characterized
by a weak tendency toward association with poly-
valent metals in the pH range studied (3312) [17, 20],
ruling out any influence of the anion background.
In studying the exchange of alkali metal cations pres-
ent in solution with the solid phase, a difficulty is
encountered in monitoring the variation of their con-
centration. The most convenient and appropriate is
an analysis of the exchange of an alkali metal cat-
ion for hydrogen ion. Therefore, the study was based
on an analysis of curves of potentiometric titration of
hydrated lithium, sodium, and potassium niobates
with a 0.1 M solution of hydrochloric acid at constant
ionic strengthm of a solution containing chloride of
the respective alkali metal.

The starting hydrated amorphous lithium and sodi-
um niobates of composition Li3NbO4 . 3.5H2O and
Na6Nb4O13 . 11.4H2O, and also water-soluble crystal-
line potassium niobate of composition K8Nb6O19 . 9H2O
were synthesized using freshly precipitated niobium(V)
hydroxide. In preparing niobium(V) hydroxide [22],
in the first stage, ammonium niobate was precipitated
by gradually adding a hot acid fluoride solution of
niobium (CNb(V) = 1.13,CF3 = 7.26 g-ion l31) to a con-
centrated solution of ammonia, taken in about 130%
excess with respect to the stoichiometry, to pH > 9
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Fig. 1. PH value vs.CH+/CNb(V) ratio. Initial conditions;
temperature 20oC; (a) LiCl solution,CNb(V) = 6.20 1032 M,
COH3/CNb(V) = 0.96; (b) NaCl solution, CNb(V) =

5.60 1032 M, COH3/CNb(V) = 0.52; (c) KCl solution,
CNb(V) = 4.90 1032 M, COH3/CNb(V) = 2.62. Ionic
strength, m: (1) 0.1, (2) 0.2, (3) 0.4, and (4) 0.8.

with continuous stirring. After filtration, the obtained
precipitate was[washed] to remove fluoride ions by
triple repulpation in a 5% solution of ammonia. In
the second stage, ammonium cations were exchange
for hydrogen ions by adding hydrochloric acid to
pH 4. The absence of ammonium ions was judged
from IR spectra of a sample, taken on a UR-20 spec-
trophotometer. The sample was prepared in the form
of a pellet with KBr. The thus obtained freshly pre-
cipitated niobium(V) hydroxide was repulped in
a 0.531.0 M chloride solution of an alkali cation at
pH ~12313. After that, the solid phase was filtered
off, washed with alcohol, and dried in air.

To prevent the possible hydrolysis, weighed por-
tions of the starting samples were repulped in an al-
kaline solution with a prescribedCOH3 /CNb(V) ratio
and then titration with HCl solution was carried out.
The pH values were measured to within+0.02 on
an I-130 ion meter with an ESL-43-07 or ESL-63-07
glass electrode in a thermostated (+0.25oC) cell with
continuous stirring.

Solid phases to be studied were isolated upon re-
pulpation of the starting hydrated lithium, sodium,
or potassium niobates in 0.230.4 M lithium, sodium,
or potassium solutions, respectively, at pH values cor-
responding to the equivalence points found in poten-
tiometric titration. The solutions were prepared from
the above salts of chemically pure or special-purity
grades in distilled water. The obtained suspensions
were kept with stirring for 0.5 h. Further, the forming
precipitates were filtered off with a vacuum filter,
washed with alcohol on the filter, and dried in air.
The content of alkali metal in hydrated and calcined
at 700oC niobate samples taken from aqueous sus-
pensions was determined by atomic-emission spectro-
photometry with induction-coupled plasma and gravi-
metrically. The phase composition of compounds
obtained upon thermal treatment was analyzed on
a DRON-2 diffractometer with graphite monochroma-
tor (CuK

a

radiation, counter velocity 2 deg min31).
The total exchange capacityG0 of a sample and the con-
tent of alkali metal cations,GM, and hydrogen ions,
GH, in the solid phase were determined by comparing
potentiometric data with the results of chemical and
X-ray phase analyses with an accuracy of 3%.

Figures 1a31c present the equilibrium pH values of
the solution in relation to the ratio of concentrations
of the acid introduced in titration and niobium(V).
The first equivalence point atCH+/CNb(V) ratios of 1,
0.5, and 2.5 (Figs. 1a, 1b, and 1c, respectively) is due
to neutralization of free hydroxide ions insolution.
The ratio of the content of alkali metal ions to that of
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.

Fig. 2. X-ray diffraction patterns of lithium, sodium, and potassium niobate samples isolated from aqueous suspensions.
(I) Intensity and (q) Bragg angle. All the samples except crystalline K8Nb6O19 . 9H2O were calcined at 700oC. (a) (1) Li3NbO4
and (2) K8Nb6O19 0 9H2O; (b) (1) LiNbO3 and (2) NaNbO3; (c) (1) LiNb3O8, (2) Na2Nb4O11, and (3) K4NbO17.

niobium(V) in the niobate under study corresponds to
the value in the starting sample. Further titration leads
to the formation of, first, a hydrated metaniobate of
the alkali metal M with M/Nb(V) = 1 (CH+/CNb(V) = 3,
1, or 3; Figs. 1a, 1b, or 1c, respectively) and then ni-
obium(V) hydroxide. Chemical and X-ray phase anal-
yses of the solid phases formed confirmed the results
of potentiometric measurements (Table 1; Figs. 2a
and 2b).

Raising the ionic strengthm of the solution
(Figs. 1a31c), and, correspondingly, making higher
the concentration of alkali metal ions in it, shifts
the existence range of niobates to lower pH values and
may strongly hinder the hydroxide formation. With
the concentration of alkali metal in the solution raised
substantially (CM+ > 0.8 g-ion l31), two titration waves
are observed instead of a single wave corresponding
to niobium(V) hydroxide formation. The equivalence
point of the first wave indicates the formation of ni-
obates with the following alkali metal ion to niobi-
um(V) ratios: Li : Nb = 1 : 3, Na : Nb = 1 : 2, K : Nb =
2 : 3. The results of chemical and X-ray phase analyses

(Table 1; Fig. 2c)correlate well with the potentiomet-
ric data and indicate the formation of hydrated com-
pounds of composition LiNb3O8, Na2Nb4O11, and
K4Nb6O17, respectively, which are transformed into
niobium(V) hydroxide upon further titration.

Table 1. Composition of alkali metal niobates isolated
from aqueous suspensions
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Composition, wt %, of a sample
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄSolid ³ air-dry ³ calcined
ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄphase

³ M2O ³ Nb2O5 ³ H2O ³ M2O ³Nb2O5
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
Li3NbO4 ³ 19.6 ³ 55.2 ³ 26.1 ³ 26.9 ³ 72.7
Na6Nb4O13 ³ 19.3 ³ 57.6 ³ 22.3 ³ 25.3 ³ 75.9
K8Nb6O19 ³ 25.8 ³ 54.2 ³ 19.7 ³ 32.4 ³ 67.6
LiNbO3 ³ 7.6 ³ 68.8 ³ 23.7 ³ 10.1 ³ 89.7
NaNbO3 ³ 15.6 ³ 65.2 ³ 19.6 ³ 18.6 ³ 81.2
LiNb3O8 ³ 3.1 ³ 78.4 ³ 18.3 ³ 3.4 ³ 96.8
Na2Nb4O11 ³ 8.8 ³ 73.6 ³ 17.8 ³ 10.8 ³ 88.7
K4Nb6O17 ³ 16.5 ³ 68.9 ³ 14.9 ³ 19.5 ³ 80.8
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
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Table 2. log Kp
t , DH0, andDS0 values for ion exchange

processes
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Equilibrium ³ T, ³ log Kp
t ³ DH 0, ³ DS0,

³ oC ³ ³ kJ mol31 ³ J mol31 K31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
LiR + H+ 64 ³ 20 ³ 4.18 ³ 319.5 ³ 13.4
HR + Li+ ³ 30 ³ 4.07 ³ ³

³ 60 ³ 3.77 ³ ³
³ ³ ³ ³NaR + H+ 64 ³ 25 ³ 5.31 ³ 12.2 ³ 142.7

HR + Na+ ³ 40 ³ 5.42 ³ ³
³ 60 ³ 5.54 ³ ³
³ ³ ³ ³KR + H+ 64 ³ 20 ³ 6.28 ³ 17.6 ³ 180.1

HR + K+ ³ 30 ³ 6.39 ³ ³
³ 60 ³ 6.65 ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Potentiometric studies revealed a rather wide range
of hydrogen ionconcentrations at which there exist hy-
drated forms of lithium, sodium, and potassium meta-
niobates with alkali metal ion to niobium(V) ratio of 1.

The formation of the disordered structure of the ni-
obium(V) amorphous matrix via hydrogen bonds gives
rise to high mobility of solution ions within the ma-
trix and their free access to the solid phase, which
results in that the process of heterogeneous cation
exchange has bulk nature.

The ion exchange of alkali metal cations for hydro-
gen ions in hydratedmetaniobate can be represented as

MR + H+ 64 HR + M+, (1)

where R is the oxohydroxide matrix of niobium(V).

In the case when two solid phases are formed si-
multaneously, the constant of ion exchange by scheme
(1) will be only controlled by the ratio of alkali metal
ion and hydrogen ion activities in solution. Then, at
constant ionic strength of the solution and equilibrium
conditions, constant pH values would be expected at
different degrees of exchange. Analysis of the ob-
tained experimental data suggests that the cation ex-
change by scheme (1) involves only a single solid
phase having the form of a hydrated oxohydroxide
matrix of niobium(V) in which alkali metal cations
are gradually replaced by hydrogen ions.

The content of alkali metal cations (MR) and hy-
drogen ions (HR) in the solid phase can be repre-
sented as a fraction of the total exchange capacity of
the metaniobate sample. SinceGM + GH = G

0, then
NM = GM /G0 andNH = GH/G0. Then the expression for
the cation exchange constant has the form

Kp = ÄÄÄÄÄ
NH aM+

NM aH+
.

At the same time, the apparent cation exchange
constant, found from experimental data, is given by

KH = ÄÄÄÄÄÄ
NH [M+]
NM aH+

.

Analysis of the results of potentiometric titration
(Figs. 1a31c) shows that, despitem = const,KH has
no constant value and its logarithm depends linearly
on the degree of exchange of alkali metal cations for
hydrogen ions. Since

log KH = log Kp 3 log f M+ , (2)

the logKp value must also linearly depend onGH/G0

at constant activity coefficient of the alkali metal in
solution, fM+. The possible reason for such a depen-
dence is the gradual change in the activity of cations
in the solid phase from the value corresponding to
a hydrate metaniobate of alkali metal to that charac-
teristic of niobium(V) hydroxide. The true value of
the thermodynamic constantKp

t can be determined
from the expression [23]

log Kp
t = {

}

1

0

log Kpd(GH/G0).

With account of the linear dependence of logKp on
GH/G0, the logKp

t value will correspond to logKp
at 50% substitution, i.e. atGH = GM. Substitution in-
to (2) of the activity coefficient of alkali metal in
solution yields

log KH = log Kp
t + ÄÄÄÄÄÄÄÄ

Az2H
-
m

1 + aBH
-
m

, (3)

log KH = log [M+] + pH,

where the solution pH corresponds to a value at 50%
exchange of alkali metal cations for hydrogen ions in
the oxohydroxide matrix of niobium(V).

The dependence of logKH on the ionic strength of
the solution is linear in the coordinates of Eq. (3).
An extrapolation of this dependence tom = 0 gave
the corresponding values of the logarithm of the ther-
modynamic constant at various temperatures andGH =
GM (Table 2).

The Kp
t values for exchange of alkali metal cations

for hydrogen ions in hydrated metaniobates of sodium
and potassium grow with increasing temperature,
which shifts the existence region of niobium(V) hy-
droxide to higher pH values. In a similar exchange
of cations in hydrated lithium metaniobate, theKp

t

value decreases with increasing temperature and the
existence region of niobium(V) hydroxide is shifted
to lower pH.
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The thermodynamic exchange constant is deter-
mined from

DG0 = 32.3RTlog Kp
t , (4)

whereDG0 is the change in the free Gibbs energy in
ion exchange by scheme (1) and in the accompanying
sorption and desorption of the solvent and dissolved
electrolyte.

Substitution ofDG0 = DH 0
3 TDS0 into expression

(4) gives

log Kp
t = ÄÄÄ

DS0

2.3R
3 ÄÄÄ
DH0

2.3R
Ä
1
T

. (5)

An analysis of the dependence of logKp
t on 1/T

in the coordinates of Eq. (5) allowed a calculation of
changes in the enthalpy,DH 0, and entropy,DS0, in
heterogeneous cation exchange (Table 2).

As it can be seen from Table 2, the affinity of
the alkali metal cation for the oxohydroxide matrix of
niobium(V) grows in order K+ < Na+ < Li+. Decreas-
ing ion radius and increasing size of the hydration
shell favor firmer capture of cations into the solid
phase. The course of the heterogeneous exchange pro-
cess is presumably primarily determined by the dif-
ference between the degrees of hydration of the ex-
changing ions in the solid phase and in solution.

The parameter characterizing the degree of hydra-
tion of an alkali metal is the ratio between the radius of
the hydrated ion,rh, and the crystallographic radiusrc.
Linear dependences ofDH 0 and DS0 on the degree
of hydration of the cation being exchanged were ob-
tained using therh and rc values reported in [24, 25].
The destruction of the hydration shell in the course of
sorption and the change in the coordination of bonds
within the solid phase determine theDH 0 and DS0

values. The change in entropy is the stronger, the low-
er the degree of hydration of the exchanged ion.

The results obtained in studying the heterogeneous
cation exchange in oxohydroxides matrices of niobi-
um(V) allow a choice of conditions under which hy-
drated compounds are formed with alkali metal cation
to niobium(V) content ratio of 1 and high degree of
homogenization with respect to singly charged cations.
The isolation of the solid phase of this composition
from aqueous suspensions with subsequent thermal
treatment yields monophase metaniobate of alkali met-
al. On the basis of the investigations performed, a meth-
od was developed for synthesizing lithium metanio-
bate of stoichiometric composition in aqueous solu-
tions [26, 27].

In synthesizing metaniobate, it is sometimes nec-
essary to introduce simultaneously two or more cat-

ions of alkali metals into the oxohydroxide matrix of
the solid phase. An important factor in this case is
the relationship determining the exchange of several
ions. Since the reactions

M1R + H+ 64 HR + M1
+,

M2R + H+ 64 HR + M2
+

are characterized by the constants

Kp
(1) = ÄÄÄÄÄ

GH[M 1
+]

GM1
aH+

and Kp
(2) = ÄÄÄÄÄ

GH[M 2
+]

GM2
aH+

,

Kp
(132) = ÄÄÄÄÄÄ

GM2
[M1

+]

GM1
[M2

+]
= ÄÄÄ

Kp
(1)

Kp
(2)

corresponds to the constant of ion exchange by
the scheme

M1R + M2
+ 64 M2R + M1

+.

In the general case of a heterogeneous exchange
process involvingn singly charged cations

G = Kp
(i 3m)ÄÄÄÄ

[M m
+ ]

[M i
+]
Gi ,

wherem # i. With account taken of the fact thatG1 +
G2 + ... + Gn = G

0, it can be written

Kp
(i 31)ÄÄÄÄ

[M m
+ ]

[M i
+]
Gi + _ + Gi + _ + Kp

(i 3n)ÄÄÄÄ
[M n

+ ]

[M i
+]
Gi = G0.

Therefore, the following expression is valid for
calculating the solid phase composition

G = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄG

1 + S

m= n

m= 1,
m# i

Kp
(i 3m) ÄÄÄÄ

[M m
+ ]

[M i
+]

,

wherei is the ion being exchanged andn is the num-
ber of ions involved in the exchange.

Thus, the obtained results make it possible to prog-
nosticate the conditions necessary for synthesizing
a solid phase containing various alkali metals in a pre-
scribed ratio.

CONCLUSIONS

(1) The concentration and temperature limits of
existence of hydrated lithium, sodium, and potassium
metaniobates were determined. The thermodynamic
characteristics of the heterogeneous exchange of al-
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kali metal cations in these compounds for hydrogen
ions were calculated.

(2) It is established that the affinity of alkali metal
cations for the oxohydroxide matrix of niobium(V)
grows in the order K+ < Na+ < Li+ with increasing
degree of their hydration.

(3) The possibility of synthesizing monophase
metaniobates of alkali metals of prescribed composi-
tion in aqueous solutions is demonstrated.

(4) A model is proposed for calculating the con-
tent of various singly charged cations in their simul-
taneous incorporation into a complex niobium(V)-based
hydrated oxide.
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Abstract-A method was developed for analyzing volatile phehols in gaseous media by means of piezoelec-
tric crystal sensors. The efficiency of the modifiers applied to the piezoelectric-crystal surface to improve
the sensitivity and selectivity of analysis of toxic compounds was assessed. The choice of the conditions under
which phenols are analyzed (nature and flow rate of carrier gas, mass of modifier film) is substantiated.

Monitoring of the atmosphere and air in the work-
ing area of industrial enterprises makes wide use
of sensors of varied nature [133]. The subjects of
the most active recent investigations have been mass-
change-sensitive sensors with changing frequency of
quartz crystal oscillations, operating on surface or
volume acoustic waves [439]. Such sensors are easily
incorporated into computer-based data acquisition and
processing systems; they have low inertia and are
suitable for remote detection of toxic compounds.
The selectivity of the sensors is improved by their
surface modification with sensitive sorbents of varied
nature or specific biopolymers, as well as by incor-
poration into neutral polymers of compounds capable
of reacting selectively with toxicants being analyzed.
Among the most widely distributed organic toxicants
to be monitored in air are phenol and its derivatives.
The maximum permissible concentration (MPC) of vol-
atile phenols in air in working areas is 5 mg m33 [10].

The aim of this study was to assess the efficiency
of various modifiers for piezoelectric crystal sensors
(PECSs) and to develop a method for analyzing vol-
atile phenols in air.

EXPERIMENTAL

Our studies were carried out on a setup compris-
ing [11, 12] (Fig. 1) probe injection (1a) and gas
mixture preparation (1b) units, detection cell2, quartz-
crystal oscillation excitation circuit3, gas meter4,
and data acquisition and processing unit5.

The analysis was carried out as follows. The gas
mixture containing a compound to be analyzed was
injected into a flow of dried carrier gas supplied
from a gas cylinder and passed through the detection
cell. The instrument was calibrated using standard
gas mixtures prepared by passing carrier gas through
a thermostated diffusion cell containing the compound
to be analyzed. The carrier gas flow rate was measured
with float rotameters. The passed volume of the gas
was monitored with a rotary gas meter accurate with-
in 0.0001 m3.

The detection cell can incorporate 1312 mass-
sensitive AT-cut-off PECSs with a resonance oscilla-
tion frequency of 839 MHz, operating on the volume
acoustic wave principle. The changes in the oscilla-
tion frequency of thePECS arerecorded with a fre-
quency meter or is transmitted with a 12-channel an-
alog-digital converter to a Pentium 166 PC.

As analytical signal serves the changeD f in the
oscillation frequency ofPECS during sorption of
a compound of interest with modifier films applied
to the sensor surface. Both the mass of the film coat-
ings applied and the mass of the compound sorbed by
the PECS surface were determined using the Sauerbrey
equation [13]

Df = 32.30 106 f0
2Dm/S.

Here,D f is the change in the resonance oscillation
frequency of thePECS owing to film application
( f0 3 ff) or sorption of the compound being analyzed
( ff 3 fa), Hz; f0 is the resonance (basic) oscillation
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Fig. 1. Schematic of the setup for analyzing toxicants
in air.

Fig. 2. Sensitivity A of phenol analysis using modified
PECS as influenced by thecarrier gas flow rateVc-g.
Modifier: (1) PMS-100, (2) BES, (3) TBPE, (4) TCEP,
(5) PEGP, (6) MEA, (7) PEG-2000, and (8) PVP.

frequency of thePECS, MHz;Dm is the mass of
the coating applied or the sorbate in the film, g; andS
is the PECSsurface area, cm2.

The PECS were modified with low- and high-mo-
lecular-weight compounds (analytically pure) which
can be conventionallyclassified into three groups [14]:
(i) nonpolar saturated compounds (polymethylsiloxane
liquid PMS-100, polymethylphenylsiloxane PMPS);
(ii) polar compounds with locally concentrated neg-
ative charges,p bonds, and lone electron pairs at N
and O atoms [1,2,3-tris(2-cyanoethoxy)propane TCEP,
polyvinylpyrrolidone PVP, polyethylene glycol phthal-
ate PEGP, polyethylene glycol adipate P-400, bis(2-
ethylhexyl) sebacate BEC,pentaerythritol tetrabenzoate
TBPE, polyphenyl ether PPE]; and (iii) polar com-
pounds with surface-localized positive and negative
charges (polyethylene glycols PEG-2000, PEG-3000;
monoethanolamine MEA; polyvinyl alcohol PVA).

Using a microsyringe, 0.233.0 ml of the solution of
the modifier with a concentration of 10 mg ml31 was
applied to the PECS surface. The solvents were dou-
ble-distilled water, acetone (pure), ethanol (chemical-
ly pure), and dimethylformamide (chemically pure).
The film was dried in a desiccator to constant weight
at T = 65oC. After sorption of a compound being ana-
lyzed, the film was regenerated by passing pure carrier
gas (argon, extra pure) through the detection cell.

The choice of the PECS modifier was based not
only on the sorption properties of the coating but also
on its elasticity ensuring adequate transfer of the sig-
nal from the piezoelectric crystal sensor. The effi-
ciency of the modifiers was assessed using to the data
obtained: sensitivityA calculated as the ratio between
the change in the oscillation frequency of thePECS,
D f, and the concentration of the aromatic compound;
dynamic sorption capacity (SC), i. e., sensitivity per
unit mass of a modifier film; and the half-sorption and
half-desorption timest1/2 and t 1̀/2, respectively.

The carrier gas flow rate was chosen on the basis
of the rates of external and internal diffusion of vola-
tile phenols to the PECS filmsurface and the sorp-
tion rate, taking into account the fact that at high
rates of the carrier gas the pressure on thePECS in-
creases and, therefore, the experimental error grows.
The only optimal flow rate of the carrier gas was
(3.534.0)0 1035 m3 s31 for virtually all the modifiers
(Fig. 2). The only exception is the MEA-based coat-
ing for which sorption is almost instantaneous, and
the PECS sensitivity is the greatest at arate of 6.50
1035 m3 s31. An inert gas as carrier gas improves
the kinetic parameters of analysis (the time of a single
measurement decreases by 15 min relative to that in
previous analyses in air [15, 16]).

The sensitivity of analyzing phenols in air, using
sensors with coatings of varied nature, depends on
the film modifier mass affecting the concentration of
active functional groups on its surface. Therefore,
the optimal mass of the film is estimated at (mg): 4.5
for low-molecular-weight MEA; 10313 for linear poly-
mers PMS-100, TCEP, PEG-2000, PEF-3000, P-400;
and 17320 for high-molecular-weight polymers PEGP,
PVP, and PPE. Adecrease in the modifier film mass
to 3 mg and below impairs the film surface, which
substantially decreases the sensitivity and reproduc-
ibility of the results of phenol determination.

The analytical response of PECS is governed both
by the structure of a compound analyzed and the na-
ture of modifier (Table 1). With increasing number
of active functional groups in the phenol molecule,
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Table 1. Efficiency of determining phenol and vanillin using PECS
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Modifier
³

D f, Hz
³ A, ³ SC, ³ t1/2 ³ t 1̀/2 ³

Dma, mg³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ Hz m3 g31

³ Hz m3 g31 mg31
³ min ³

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Phenol

³ ³ ³ ³ ³ ³PMS-100 ³ 130 ³ 140 ³ 39 ³ 0.45 ³ 1.50 ³ 0.15
PEG-2000 ³ 3840 ³ 4030 ³ 408 ³ 0.02 ³ 0.45 ³ 4.26
PEG-3000 ³ 3900 ³ 2400 ³ 235 ³ 0.17 ³ 0.23 ³ 4.50
P-400 ³ 1600 ³ 1080 ³ 114 ³ 0.20 ³ 0.25 ³ 1.77
TBPE ³ 2780 ³ 2100 ³ 184 ³ 0.07 ³ 0.10 ³ 3.09
PEGP ³ 7320 ³ 6900 ³ 535 ³ 2.50 ³ 1.70 ³ 8.13
PVP ³ 5900 ³ 7800 ³ 650 ³ 0.30 ³ 1.25 ³ 6.75
MEA ³ 2980 ³ 1840 ³ 441 ³ 0.40 ³ 0.75 ³ 3.42
BES ³ 3080 ³ 3120 ³ 135 ³ 0.03 ³ 0.32 ³ 3.53
PPE ³ 1400 ³ 3080 ³ 263 ³ 0.83 ³ 2.00 ³ 1.59
PMPS ³ 1330 ³ 1500 ³ 111 ³ 1.67 ³ 4.50 ³ 1.52
PVA ³ 2200 ³ 3540 ³ 170 ³ 1.48 ³ 3.08 ³ 2.24

Vanillin
³ ³ ³ ³ ³ ³PVP ³ 500 ³ 18980 ³ 2116 ³ 0.94 ³ 2.05 ³ 0.52

MEA ³ 300 ³ 1500 ³ 514 ³ 2.28 ³ 3.12 ³ 0.35
PEG-2000 ³ 190 ³ 4900 ³ 572 ³ 0.45 ³ 0.98 ³ 0.22
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

both the sensitivity of analysisA and the sorption3
desorption time grow. The sensitivity of determining
all the phenols studied is at a maximum for PECS
modified with polyols and polylactams. The sensi-
tivity A increases in the series of polyols as follows:
P-400 < PEG-3000 < PVA < PEG-2000 < PEGP. For
coatings with high sensitivity, the sorption3desorption
time is typically greater. The exception are substrates
based on polyethylene glycols, capable of efficient
rapid sorption and desorption of phenols. High sorp-
tion activity of the films based on PEG-2000 (com-
pared to PEG-3000) can be accounted for by the in-
crease in the flexibility of the polymer chain because
of the smaller number of functional groups.

The sorption3desorption kinetic parameters are de-
termined by the nature and amount of the functional
groups in the polymer molecule. For example, hy-
droxy groups in the PVA molecule, bound by intra-
molecular hydrogen bonds, sterically hinder sorp-
tion of phenol and prolong the sorption3desorption
cycle, and bulky aromatic radicals in the PEGP mol-
ecule substantially retard sorption of phenols owing to
the shielding of the ester oxygen atoms. The set of
sorption and kinetic characteristics is optimal for PVP-
based coatings which exhibit the maximal sensitivity
and rate of sorption and desorption of phenols. The
efficiency of the PVP-based coatings is due not only
to the active centers present in its molecule but also
to its arrangement favoring phenol sorption. Piezo-
electric crystal sensors modified with PVP and PEGP
can be recommended for monitoring of phenol in air
at the working areas, in particular, for automated mon-
itoring.

The kinetics of sorption of phenol on modifier
films obtained by solvent evaporation were studied
by IR spectroscopy [the spectra were recorded on an

Fig. 3. IR spectra of TCEP-based modifiers with sorbed
phenol in the region of the stretching vibrations of (a) ni-
trile and (b) ether groups. (I ) Transmission and (n) wave
number. Film: (1) before phenol sorption and (237) after
exposure to phenol vapor for 1, 2, 3, 5, 7, and 10 min,
respectively.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

202 ERMOLAEVA et al.

Table 2. Sorption3desorption efficiency of phenol on films modified with chemical reagents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Modifier, wt %
³

D f, Hz
³ A, ³ t1/2 ³ t 1̀/2 ³

Dma, mg³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ Hz m3 g31

³ min ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
TCEP + 4-AP, 2 ³ 4140 ³ 3750 ³ 0.07 ³ 0.33 ³ 4.60
TCEP + FeCl3 . 6H2O, 2 ³ 3300 ³ 4300 ³ 0.08 ³ 1.08 ³ 3.90
PVP + 4-AP: ³ ³ ³ ³ ³

2 ³ 18200 ³ 22160 ³ 0.53 ³ 2.00 ³ 20.16
5 ³ 48360 ³ 70900 ³ 0.83 ³ 3 ³ 53.69

10 ³ 53600 ³ 63060 ³ 0.92 ³ 3 ³ 61.59
PVP + AP, 2 ³ 6650 ³ 8070 ³ 0.05 ³ 3 ³ 7.39
PEG-2000 + 4-AP: ³ ³ ³ ³ ³

2 ³ 18300 ³ 15550 ³ 0.08 ³ 2.5 ³ 21.02
5 ³ 21670 ³ 18850 ³ 0.50 ³ 3 ³ 24.90

PEG-3000 + 4-AP, 5 ³ 11750 ³ 7140 ³ 0.03 ³ 0.58 ³ 13.49
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

IKS-40 spectrophotometer (CaF2 cell) after exposing
the coatings to phenol vapor for 133, 5, 7, and 10 min.
A comparison of the IR spectra showed that the sub-
stances being analyzed are sorbed by the TCEP-based
film via hydrogen bonding with nitrile (Fig. 3a) and
ether (Fig. 3b) groups of the modifier

CH3ÄCH2ÄCÄOÄCH2ÄCH2ÄC=N.
h

f

OÄCH2ÄCH2ÄC=N

OÄCH2ÄCH2ÄC=N
CH3ÄCH2ÄCÄOÄCH2ÄCH2ÄC=N.
h

f

OÄCH2ÄCH2ÄC=N

OÄCH2ÄCH2ÄC=N

The interaction is intensified on increasing the ex-
posure time: the bands corresponding to the stretch-
ing vibrations of the nitrile (2252 cm31) and ether
(1179 cm31) groups grow in intensity and broaden.
Sorption of phenols by the support based on P-400

[ÄOC2H4ÄOÄCÄC2H4ÄCÄ]n
p
O
p
O

[ÄOC2H4ÄOÄCÄC2H4ÄCÄ]n
p
O
p
O

initially involves interaction with only carbonyl oxy-
gen atom (already after 3-min exposure) and then
with the carbonyl (1609 cm31) and ester (1160 cm31)
oxygen atoms. This is accompanied by broadening of
the bands of the stretching vibrations of the functional
groups and their shift to lower frequencies. Thus,

all the reactive functional groups of the modifiers
participate in hydrogen bonding during phenol sorp-
tion. The order in which functional groups interact
with phenol depends not only on the reactivity of
the complexing atoms, but also on the easiness of
access to a group of interest.

To increase the sensitivity, thePECS supports were
modified with chemical reagents that reacted quan-
titatively and selectively with phenols: 4-aminoanti-
pyrine (4-AP), FeCl3 . 6H2O [15], and amidopyrine
(AP) (Table 2). The maximal growth of the sensitiv-
ity observed in sorption of phenol by films contain-
ing up to 5 wt % 4-AP is accounted for by the forma-
tion of strong complexes between the reagent and
phenol. Further increase of the 4-AP concentration
decreases the sorption activity of the modifier owing
to the growth of the film weight and mutual shielding
of the functional group. Phenol desorption by the car-
rier gas is hindered as well, andPECS regeneration
requires that heated air should be used or the mod-
ified sensor kept in a thermostat at 65oC. With pi-
ezoelectric crystal sensors coated with impregnated
polymers (PEG-2000 with 4-AP, 5 wt % PVP with
4-AP, 5 wt %) it is possible to determine phenol in
air of the working area in amounts of 0.3 and0.08

Fig. 4. Reproducibility of the response of PECS in repeated sorption3desorption cycles with phenols on modifier films.
(A) Sensitivity and (t) time. Film: (a)PEG, (b) PEG + 4-AP (5 wt %), and (c) PEGP.Figures at curvescorrespond to the sorp-
tion3desorption cycle no.
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Table 3. Selectivity coefficients* in determining organic compounds, using PECS modified with (1) TCEP and (2) PVP
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com-
³ The selectivity coefficientKA/B
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pound ³ phenol ³ o-Cresol ³ p-Cresol ³ vanillin ³ TCP
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄB
³ 1 ³ 2 ³ 1 ³ 2 ³ 1 ³ 2 ³ 1 ³ 2 ³ 1 ³ 2

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Phenol ³ ³ 0.3 ³ 2.0 ³ 1.2 ³ 2.5 ³ 8.3 ³ 2.2 ³ 99.0 ³ 0.8
o-Cresol ³ 3.2 ³ 0.5 ³ ³ 3.8 ³ 1.3 ³ 26.7 ³ 1.2 ³ 319.5 ³ 0.4
p-Cresol ³ 1.0 ³ 0.4 ³ 0.3 ³ 0.8 ³ ³ 7.0 ³ 1.0 ³ 84.5 ³ 0.3
Vanillin ³ 0.1 ³ 0.5 ³ 0.04 ³ 1.0 ³ 0.2 ³ 1.0 ³ ³ 12.0 ³ 0.4
TCP ³ 0.01 ³ 1.3 ³ 0.003 ³ 2.3 ³ 0.02 ³ 3.0 ³ 0.1 ³ 2.7 ³
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* KA/B = DmACB/(DmBCA), whereDmA andDmB are the masses of the compounds sorbed andCA andCB are their concentrations.

MPC, respectively. However, inexhaustive desorption
(<90 %) reduces the service life ofPECS and makes
necessary additional calibration at regular intervals
(Fig. 4).

When PECS is used in serial analysis, stable anal-
ytical response is important. After the first sorption3
desorption cycle for phenol, all the coatings studied
exhibit hysteresis depending on the nature and mass
of the modifier film (Fig. 4). This is due to the struc-
tural changes in the film during its formation, as well
as to the partial irreversibility of the sorption process.
Repeatedly used PECSs modified with individual poly-
mers (Figs. 4a, 4b) exhibit stable analytical signal
(more than 10 sorption3desorption cycles for one film).
The hysteresis is the most pronounced for films based
on polyethylene glycol phthalate with its rigid poly-
mer chain.

Piezoelectric crystal sensors modified with both
individual polymers (PVP, PEG-2000, PEGP) and
films containing specific reagents are characterized by
low selectivity and are primarily intended for group
analysis of volatile phenols in the presence of non-
polar substances (benzene, naphthalene, etc.). Com-
parison of the selectivity coefficients in determining
individual phenols in gas mixtures (Table 3) suggests
suitability of TCEP-based coatings for determining
chlorophenols (2,4,6-trichlorophenol, TCP) and ar-
omatic aldehydes in the presence of phenol and its
alkyl derivatives, and phenol in the presence of certain
ortho isomers. The gas mixture components can
be separately analyzed using multisensor systems
comprising a group of sensors arranged in the detec-
tion cell. This approach was described in detail for
a set of nonspecific sensors employed in water mon-
itoring [18].

We developed a procedure for determining volatile
phenols in air, using PECS modified with a film based

on polyvinylpyrrolidone and 4-AP (5 wt % solu-
tion in acetone) suitable for detecting phenols in
0.40 mg m33 concentration (carrier-gas flow rate
3.70 1035 m3 s31). Each analytical run, including
PECS regeneration, is complete within 10315 min.
The procedure based on the use ofPECS, proposed
in this work, compares favorably with the standard
gas-chromatographic method [19] in simplicity, eco-
nomic efficiency, and promptness. It can be used for
determining phenols in remote or autonomous, includ-
ing automated, regimes, which is of special impor-
tance for the environmental monitoring.

CONCLUSIONS

(1) The conditions for determining phenols using
piezoelectric crystal sensors modified with macromo-
lecular compounds of different nature were elucidated.
The optimal experimental conditions are the carrier-
gas flow rate of (3.534.0)0 1035 m3 s31 and the mod-
ifier film mass of 10313 mg.

(2) The efficiency of the modifiers was estimated
by the piezoelectric-crystal microweighing. The most
efficient coatings for piezoelectric crystal sensors em-
ployed for analyzing phenol in air are those based on
polyols and polylactams. The kinetics of phenol sorp-
tion on various modifiers was studied by IR spec-
troscopy.

(3) A procedure was developed for determining vol-
atile phenols by means of a modified piezoelectric-crys-
tal sensor for which the detection limit is 0.40 mg m33.
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Abstract-The effect of walnut shell treatment with solutions of inorganic salts prior to carbonization on
the yield and properties of the obtained activated carbon was studied. The possibility of controlling the pore
structure of the products in thermal treatment is demonstrated.

Recently, interest has again aroused in carbon sor-
bents prepared from fruit kernels and shells of various
nuts [135]. This is due to their having much lower
cost, compared with the traditional precursors (syn-
thetic polymers and coals) used to produce activated
carbons (ACs). However, a search for ways to in-
crease the yield of the resulting product and to im-
prove the structural-sorption characteristics of ACs
prepared from fruit-kernel raw materials and, in par-
ticular, walnut shells (WS) is still urgent [6].

It has been noted [7310] that, to improve ACs prop-
erties, make higher the yield, and obtain a more de-
veloped pore structure, the initial cellulose materials
are treated with solutions of inorganic salts, which
play the role of fire retardants and catalysts for car-
bonization and dehydration, ensuring a high yield of
the products.

The character of WS dehydration in carbonization
strongly affects all stages of ACs preparation. For
example, intensifying the dehydration makes higher
the ACs yield and hinders formation of resinous sub-
stances produced in cellulose degradation reactions
competing with dehydration [7]. The choice of ap-
propriate additives and dehydration conditions limit-
ing the side processes resulting in carbon loss is
an important problem in AC preparation. For example,
the conventional thermal treatment of WSs (carboniza-
tion with subsequent activation) fails to yield high-
quality AC for some reasons [11, 12].

Firstly, precursor is a macroporous material (the
volume of macropores in the carbonization product is
about 95% of the total pore volume. At the same time,
to prepare highly porous ACs, it is necessary that

the carbonization product should have some initial
microporosity [9]. Secondly, WSs containing poorly
structured components (lignin, hemicellulose, pectin,
and proteins), and also mineral impurities, are car-
bonized to give a large amount of an amorphous
coke residue impeding the evolution of pyrolysis
gases. As a result, the forming[imperfect] carbon
skeleton is contaminated with an amorphous coke
residue.

Mineral impurities present in the initial WSs affect
adversely the AC quality [9]. Mainly represented by
carbonates, chlorides, sulfates, and nitrates of alkali
and alkaline-earth metals, the impurities, on the one
hand, make lower the onset temperature of carboniza-
tion, and, on the other, facilitate degradation of poly-
meric chains in cellulose, being catalysts for carbon
oxidation.

At the same time, preliminary treatment of cellulose
materials with phosphate-containing solutions in-
creases the yield of raw carbon [7, 10]. In this case,
three-substituted esters may be formed, along with
one- and two-substituted esters, owing to the cross-
linking of cellulose fragments [13]. Undoubtedly, the
cross-linked fragments in the modified cellulose ma-
terial subjected to pyrolysis strongly affect the struc-
ture and properties of raw carbon and ACs produced
from this material.

The presence in cellulose-containing materials of
phosphate groups, efficient catalysts of both intra- and
intermolecular dehydration, accelerates these processes
and makes slower the rate of the competing depoly-
merization reaction [7], which affects the yield and
properties of carbonized residues. This concept sub-
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Table 1. Effect of chemical modification of WSs on
properties of carbonization product and ACs
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Carbonization ³ Activation
ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Modifier,
³

yield,
³ pore ³

yield,
³ pore

wt %
³ ³ volume, ³ ³ volume,
³

%
³ cm3 g31 ³

%
³ cm3 g31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Initial WS ³ 27.9 ³ 0.05 ³ 5.17³ 0.23
H3PO4 ³ 32.3 ³ 0.12 ³ 24.3 ³ 0.33
(NH4)3PO4, 5³ 32.3 ³ 0.12 ³ 22.1 ³ 0.45
(NH4)2HPO4: ³ ³ ³ ³

5 ³ 34.2 ³ 0.16 ³ 22.2 ³ 0.41
15 ³ 35.6 ³ 0.13 ³ 20.1 ³ 0.44

NH4H2PO4: ³ ³ ³ ³
5 ³ 33.4 ³ 0.08 ³ 22.4 ³ 0.39

15 ³ 31.2 ³ 0.11 ³ 18.4 ³ 0.43
Na3B4O7 + ³ 34.9 ³ 0.1 ³ 26.7 ³ 0.33
(NH4)2HPO4: ³ ³ ³ ³

5 ³ ³ ³ ³
15 ³ 41.7 ³ 0.14 ³ 25.5 ³ 0.34

Na2B4O7 + ³ 34.9 ³ 0.11 ³ 26.7 ³ 0.33
H3BO3, 5 ³ ³ ³ ³
NH4Cl ³ 34.5 ³ 0.06 ³ 23.4 ³ 0.43
(NH4)2SO4 ³ 33.4 ³ 0.03 ³ 27.7 ³ 0.24
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Note: The AC parameters correspond to 90 min of activation.

stantiates the necessity for preliminary treatment of
cellulose raw materials (i.e., for WS modification).

In this connection, the aim of this study was to
analyze how impregnation (modification) of the initial
WS with solutions of inorganic salts affects the yield
and pore structure of carbonized products and activated
carbons.

EXPERIMENTAL

As raw material served WSs. The method of shell
preparation was described in [6]. The initial WS was
impregnated with concentrated solutions of inorganic
salts (chlorides, phosphates, sulfates, borates, or mix-
tures of these) so that the modifier content in the sam-
ples was 5315 wt % (in terms of dry residue). After
being separated from the solution, the nutshell was
dried at 110oC.

The modified WS was subjected to thermolysis in
argon at 800oC for 1 h on an installation described in
[6]. To obtain AC samples with combustion loss from
6 to 50%, the thermolysis products were activated
with steam at 750oC for varied time.

The mass changeX (%) and yieldR (%) of sam-
ples after each stage of thermal treatment, as well as
the sorption volume of the poresVs (cm3 g31) with re-
spect to benzene, were estimated. The pore structure
parameters of the materials-the micropore volume
Vmi (cm3 g31); volume of sorbing poresVt (cm3 g31),
found from the isotherm of nitrogen adsorption at
P/P0 = 0.95; and the specific surfacearea SBET
(m2 g31), measured in different stages of thermo-
lysis-were determined from sorption isotherms of
carbon dioxide and nitrogen at 0oC and3196oC, re-
spectively. The obtained isotherms were processed
using modern methods of the adsorption theory
[14, 15].

As noted in [16], the type and amount of intro-
duced salt affect the thermal degradation of cellulose.
The amount of salt required for WS modification
is considerably lower than that commonly used for
chemical activation [9]. This enables estimation of
the true contribution of the salt additive and makes
unnecessary washing of the final product.

The influence exerted by the nature of anion, salt
concentration, and degree of exchange of the protons
of phosphoric acid for ammonium ions on the yield
and pore volume of ACs was studied. The results ob-
tained are listed in Table 1. It can be seen that mod-
ification strongly affects the properties of the carbon-
ization products and AC. In particular, the AC yield
increases from 5.2% (unmodified WS) to 18.4327.7%
(modified samples). The activated carbons prepared
from preliminarily modified WS possess higher pore
volume than those prepared from unmodified WS
(0.23 and 0.2430.45 cm3 g31, respectively).

An estimate of the influence exerted by the amount
of introduced salt (for the example of ammonium
hydro- and dihydrophosphates) showed that AC sam-
ples prepared from WS with 5% of salts have the
highest yield (22.2%) and the largest pore volume
(Vs ; 0.3930.45 cm3 g31). For AC samples syn-
thesized from WS with 15% ammonium phosphate,
the yield is 18320% and the pore volume, about
0.44 cm3 g31. It should be noted that the optimal
concentration of ammonium orthophosphate in WS is
5%. Further increase in the amount of salt does not
virtually affect the AC yield and pore volume.

It was found with various ammonium salts (chlo-
ride, sulfate, and phosphate) that the highest yield
(27.7%) is observed for an AC sample prepared from
WS modified with ammonium sulfate, and the largest
pore volume (0.45 cm3 g31), for that prepared from
WS preliminarily impregnated with ammonium ortho-
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Table 2. Yield and parameters of pore structure of the carbonization products and ACs
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Parameter ³Carbonization product³ AC º Parameter ³Carbonization product³ AC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
R, % ³ 35.6 ³ 20.1 º Vmi (CO2), cm3 g31 ³ 0.26 ³ 0.27³ ³ º ³ ³
Vs, cm3 g31 ³ 0.12 ³ 0.44 º Vt (N2), cm3 g31 ³ 0.03 ³ 0.47³ ³ º ³ ³
Vmi (N2), cm3 g31 ³ 0.03 ³ 0.42 º SBET (N2), m2 g31 ³ 50 ³ 850
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

phosphate. The yield and the pore volume for an AC
sample prepared from WS impregnated with ammo-
nium chloride solution are 23.4% and 0.43 cm3 g31.

The influence exerted by the degree of proton ex-
change in H3PO4 for ammonium ions was analyzed
for samples modified with 5% solutions of (NH4)3PO4,
(NH4)2HPO4, (NH4)H2PO4, and H3PO4 to reveal
the following tendency: the highest yield (24.3%)
is observed for an AC sample based on phosphoric
acid-impregnated WS and the largest pore volume
(0.45 cm3 g31) for that prepared from WS impregnated
with ammonium orthophosphate.

Borax taken alone and that with addition of boric
acid or ammonium hydrophosphate give AC samples
in 25.5326.7% yield. For these AC samples, as well
as for the AC samples synthesized from WS modified
with ammonium phosphate, the highest yield corre-
sponds to 5 wt % modifier. The pore volume in the
ACs prepared from WS impregnated with borates is
about 0.33 cm3 g31.

The treatment of WS with ammonium chloride,
ammonium phosphate, boric acid, or its salts leads
to a substantially larger pore volume in carbonized
and activated materials, with the AC yield increasing
nearly 2-fold.

Data on the formation and development of the pore
structure in carbonized products and ACs were ob-
tained from the results of an adsorption experiment.
The figure shows, as an example, the nitrogen ad-
sorption isotherms taken on carbonized samples and
ACs prepared from WS containing 5 wt % ammonium
hydrophosphate. The estimated yieldsR (%) and cal-
culated pore structure parameters are listed in Table 2.
For the carbonization product obtained from WS
treated with ammonium hydrophosphate, the adsorp-
tion isotherm shows low slope and small adsorption
of nitrogen over a wide range of pressures (curve1
in the figure). This indicates that only a microporosity
is present in the carbonized sample (Table 2), which
is confirmed by the fact that the volume of sorbing
pores Vt and that of microporesVmi (N2) coincide.
As seen from the data on CO2 sorption, this sample

has a considerable volume of narrow micropores
Vmi (CO2).

The adsorption of nitrogen on AC prepared from
WS pretreated with phosphates is 15 times that for
the product of carbonization (curve2 in the figure).
As in the case of the carbonization products, these
samples are characterized by low slope of the iso-
therms, which is typical of microporosity. The fact
that the volumeVt of sorption pores and that of mi-
croporesVmi (N2) (Table 2) coincide also confirms
the absence of mesoporosity in the prepared ACs.

Activation of a carbonized sample prepared from
WS treated with ammonium hydrophosphate to 44%
combustion loss (Table 2) leads to larger micropore
volume determined from nitrogen sorption, whereas
the pore volume found from CO2 sorption does not
virtually change. This suggests the formation of
coarse micropores, which is confirmed by changes in
the specific surface area and pore volume (Table 2).
As a result of activation,SBET increases 17-fold and
Vs grows from 0.12 to 0.44 cm3 g31.

Thus, among all the salt additives used for prelim-
inary impregnation of WSs, the highest AC yield is en-
sured by borates and ammonium sulfate, and the larg-
est pore volume, by phosphates and ammonium chlo-
ride. Modification of WS with phosphates allows pre-
paration of ACs with developed pore structure and

Isotherms of nitrogen adsorption on thermolysis products
prepared from WS modified with ammonium hydrophos-
phate. (A) Adsorption and (P/P0) relative pressure.
(1) Carbonization product and (2) AC with a 44% com-
bustion loss.
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makes it possible to control the pore structure of
the thermolysis products (i.e., to synthesize micro-
porous sorbents).

CONCLUSION

Modification of walnut shell with inorganic salts
prior to carbonization raises the yield of activated
carbon and allows control of its structural-sorption
characteristics. The activated carbons obtained in this
process have reasonable operation characteristics.
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Abstract-The results obtained in a study of the electrochemical separation of multicomponent tin-based
alloys in salt melts are presented. The influence exerted by electrolysis conditions on the discharge at the aux-
iliary electrode of a number of metals accompanying lead and tin was determined.

Manufacture and purification of non-ferrous metals
from polymetallic raw materials yield a great amount
of polymetallic alloys [1, 2]. The qualitative and
quantitative compositions of such alloys vary widely,
depending both on the composition of starting raw
materials and on the method of their processing. For
example, purification of tin by vacuum refining yields
alloys of the following composition (wt %): tin 30340,
bismuth up to 10, antimony up to 536, copper up to
335, silver up to 0.130.2, arsenic up to 0.331.5, iron
up to 0.130.3, and lead the rest. The known methods
for separation of such alloys into components are
rather labor-consuming, involve large amounts of re-
circulated products, and are characterized by low re-
covery of the metals [2]. Silver and gold, accompany-
ing non-ferrous metals, are, as a rule, distributed
among the processing products and lost with them. It
has been shown [234] that electrolysis in salt solu-
tions, ensuring concentration of noble metals at the
cathode, is an efficient method for processing alloys
of this kind. A considerable progress in separation
of multicomponent alloys by electrolysis in melts
can be made with an auxiliary electrode hindering
transfer of metals with more positive electrode po-
tential from anode to cathode, thus favoring a higher
degree of separation into components. This com-
munication presents the results obtained in studying
the electrochemical separation of tin-based multicom-
ponent alloys in high-temperature electrochemical re-
actors of various kinds, including those with a porous
electrode.

EXPERIMENTAL

A schematic of the electrochemical reactor for sep-
aration of multicomponent alloys is shown in Fig. 1.

The experiments were done at current loads of 50 to
200 A. The developed electrolyzer design allows work
in two modes: with and without auxiliary electrode
mounted between the anode and cathode. Figure 1
shows an electrolyzer variant with an auxiliary elec-
trode. A vessel1 of arbitrary shape, made of an elec-
trically conducting material and lined with graphite
from inside, serves as cathode and receiver of metal
deposited onto the cathode. Inside, this vessel contains
a vessel2 for anodic metal. The base of the anodic
vessel2 is made of a porous dielectric material3.
The porosity of this material is chosen so as to rule
out mechanical seepage of the anodic metal. Common-

Fig. 1. Schematic of an electrochemical reactor for separa-
tion of tin-containing multicomponent alloys: (1) vessel for
electrolyte and cathodic metal, (2) vessel for anodic metal,
(3) porous diaphragm, (4) electric heaters, (5) external
casing with heat insulation, and (6) auxiliary electrode.
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Table 1. Half-wave potentialsE of the cathodic reduction of non-ferrous metal ions in zinc chloride3based salt melts
at 450oC
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Mn+
³

E, V
³ RT/ nF, V º

Mn+
³

E, V
³ RT/ nF, V

³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ¶ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ ³ experiment ³ calculation º ³ ³ experiment ³ calculation

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
31.5 mol % ZnCl2368.5 mol % KCl º 46.0 mol % ZnCl2319.5 mol % NaCl 334.5 mol % KCl

º³Pb2+ ³ 1.15 ³ 0.035 ³ 0.031 º Pb2+ ³ 1.52 ³ 0.029 ³ 0.031
Sn2+ ³ 3 ³ 3 ³ 0.031 º Sn2+ ³ 1.48 ³ 0.030 ³ 0.031
Cu2+ ³ 1.08 ³ 0.030 ³ 0.031 º Cu2+ ³ 1.32 ³ 0.034 ³ 0.031
Ag+ ³ 0.94 ³ 0.060 ³ 0.062 º Ag+ ³ 1.23 ³ 0.052 ³ 0.062
Sb3+ ³ 0.81 ³ 3 ³ 0.021 º Sb3+ ³ 1.20 ³ 0.019 ³ 0.021
Bi3+ ³ 0.77 ³ 0.019 ³ 0.021 º Bi3+ ³ 1.03 ³ 0.022 ³ 0.021
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

ly, heat-resistant silica fabrics of various brands are
used as porous diaphragm. Owing to the surface ten-
sion forces, the molten metal is contained within
the anodic vessel and comes into contact with molten
electrolyte through the pores. On passing a direct cur-
rent, the metal dissolves at the anode and, after being
transferred through the electrolyte layer, is deposited
onto the cathode.

As molten electrolyte served salt mixtures based
on zinc chloride. Zinc chloride and mixtures on its
basis occupy a distinctive position among molten
salts. They have low melting point and allow work in
the interval 2303550oC. Zinc has more negative po-
tential, compared with many non-ferrous metals, and,
therefore, its compounds may be present in the elec-
trolyte mixture, taking no part in the mass exchange
between the electrodes. In molten state, zinc chloride
forms associates of the type (3Zn3Cl3)n, decomposing
in the presence of weakly polarizing cations of alkali
metals. The decomposition to give [ZnCl4]

23 anions is
the stronger, the larger the cation of an alkali metal
[7]. These anions can coordinate in the outer sphere
cations of many non-ferrous metals, thus exerting in-
fluence on their discharge potential, and stabilize com-
pounds with lower oxidation level. In addition, it has
been established [8] that the electrical conductivity of
mixtures based on zinc chloride also depends on the
cation composition. Mixtures of this kind tend to
segregate, with salts of heavy metals (e.g., lead) ac-
cumulated in the lower layers of the melt [9]. Thus,
by controlling the composition of the electrolyte mix-
tures based on zinc chloride, one can change in a de-
sirable direction the degree of metal separation, re-
sistance of the electrolysis bath, and, consequently,
the specific power consumption.

Table 1 lists the potentials of cathodic reduction
half-waves for some non-ferrous metals relative to

a chlorine reference electrode in molten zinc chloride3

based electrolyte mixtures.

Current3voltage measurements were carried out in
potentiodynamic mode on glassy carbon electrodes
at potential sweep rate of 2 mV s31. It can be seen
from the presented data that, in the mixtures under
study, lead and tin have more negative potentials rel-
ative to such metals as copper, silver, antimony, and
bismuth. Consequently, a lead3tin alloy must be de-
posited at the cathode in electrochemical separation of
tin-based polymetallic alloys in the molten mixtures of
the indicated composition, with metals having more
positive potential-antimony, bismuth, silver, and
copper-concentrated at the anode. The discharge3

ionization potentials of metals have different values
in mixtures of different compositions. In the ternary
mixture, they are shifted to a more negative range.
The order of ion discharge at the cathode is preserved,
but the difference between the reduction potentials
of some metals, e.g., lead and copper, lead and silver,
etc., increases. This is apparently due to the nature
of interaction between these ions and electrolyte com-
ponents, which is poorly understood. It follows from
the obtained data (Table 1) that, in mixtures ensuring
a greater difference between the discharge3ionization
potentials of lead and tin ions and those of accompa-
nying metal ions with more positive potential (cop-
per, silver, antimony, bismuth), these latter must pass
into the salt phase in lesser amount. This must be
promoted, to a certain extent, by the reducing action
of lead and tin on cations of the above metals that
have passed into the salt phase

2Mn+ + nPb0(Sn0) 6 nPb2+(Sn2+) + 2M0, (1)

where Mn+ = Ag+, Sb3+, Bi3+, and Cu2+.
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Table 2. Amount of accompanying elements passing into the salt phase in anodic dissolution of a multicomponent
alloy containing (wt %): Pb 35.8, Ag 16.8, Cu 1.20, Bi 0.24, Sn 22.5, and Zn the rest
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electrolysis ³ ³ Concentration of metalsº Electrolysis ³ ³ Concentration of metals
conditions ³ Melt- ³ in the salt phase, wt %º conditions ³ Melt- ³ in the salt phase, wt %

ÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ×ÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
i 01033, ³

Q, A h
³

elec-
³

Cu
³

Ag
³

Bi
º i 01033, ³

Q, A h
³

elec-
³

Cu
³

Ag
³

Bi
A m32 ³ ³

trolyte
³ ³ ³ º A m32 ³ ³

trolyte
³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
10.0 ³ 18 ³Binary ³ 0.0017³ 0.0026³ 0.0038º 8.0 ³ 35 ³Binary ³ 0.179 ³ 0.035 ³ 0.0060

³ 18 ³Ternary³ 0.0012³ 0.0020³ 0.0033º ³ 35 ³Ternary³ 0.151 ³ 0.026 ³ 0.0052
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

The investigations performed confirm this conclu-
sion. Indeed, a lower degree of dissolution of electro-
positive components is observed in anodic polariza-
tion of polymetallic alloys in a ternary electrolyte
(Table 2).

This fact is very important in those cases when
the purified metal or alloy is obtained at the cathode.
In this connection, a three-component mixture of zinc,
sodium, and potassium chlorides, containing lead
chloride for ensuring mass exchange between the elec-
trodes, was used as molten electrolyte. In order to
achieve more complete recovery of lead and tin by
shifting the potential of the anodic alloy to more
negative values, no tin chloride was introduced into
the mixture. Owing to the close values of the electrode
potentials of lead and tin, this component inevitably
appears in the electrolyte on passing direct current. In
the course of electrolysis, a certain component ratio
is attained in the electrolyte, reflecting the mass ex-
change between the electrodes with account of changes
in the alloy composition at the anode. The change in
the concentrations of lead and tin chlorides in the
course of electrolysis is presented in Fig. 2.

It can be seen from Fig. 2 that tin chloride is ac-
cumulated in the course of electrolysis. In the course
of lead and tin recovery from the anodic alloy, the con-
centration of lead chloride in the electrolyte decreases.
It was noticed that the concentration of zinc chloride
changes somewhat only in the initial stage of elec-
trolysis and remains virtually unchanged afterwards.

An alloy containing (wt %): Pb 39.6, Sn 50.1,
Bi 7.5, Sb 2.2, Ag 0.12, and In 0.073 was subjected
to electrochemical separation. The amount of metal
charged into the anode chamber was 14.2 kg, and
the electrolyte mass, 71 kg. The electrolysis was con-
ducted at 400+ 10oC, current of 50 A (current den-
sity of 0.125 A cm32), and average voltage drop of
2.5 V. As the anodic alloy gradually dissolved, its
additional amounts (3 kg per 24 h) were introduced

into the anode chamber. The quantity of electricity
passed through the electrolyzer was 17 050 A h, and
the total amount of alloy charged into the anode
chamber, 53 kg. After passing 15 225 A h of elec-
tricity, the addition of the alloy into the anode cham-
ber was terminated and additional amounts of lead
and tin were recovered at the cathode. As a result,
an alloy of the following composition was obtained at
the anode (wt %): Pb 1.4, Sn 6.2, Bi 65.7, Sb 24.2,
In not detected.

A typical dependence of the composition at theelec-
trodes on the quantity of passed electricity is pres-
ented in Fig. 3. The dashed line denotes the instant
when additional charging of the starting alloy into
the anode chamber was terminated. In the initial stage
of electrolysis, dissolution of metals having the most
negative electrode potentials (In, Pb, Sn) was ob-
served. This is indicated by the manner in which
the content of lead and tin in alloys at the electrodes
changes. With recovery of lead from the anodic alloy,

Fig. 2. ConcentrationCi of (1) lead and (2) tin in elec-
trolyte vs. the quantityQ of passed electricity.I = 60 A,
j = 1500 A m32, T = 400oC.
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Fig. 3. (a) Anodic and (b) cathodic compositionCi vs.
the quantity Q of passed electricity. (1) Lead, (2) tin,
(3) bismuth, (4) antimony, and (5) silver. I = 60 A,
j = 1500 A m32, U = 3 V, T = 400oC.

Fig. 4. Alloy compositionCi at the auxiliary electrode vs.
the total voltage dropU across the electrolyzer.Q = 10 A h,
T = 400oC. (1) Lead, (2) antimony, (3) silver, (4) bismuth,
and (5) copper.

the concentration of tin in it grows. The alloy ac-
quires a more positive potential, which favors simul-
taneous dissolution of lead and tin. Beginning in this
instant of time (after passing 4000 A h of electricity

in the given case), the content of both lead and tin
in the anodic alloy starts to decrease, this occurring
faster after the charging of additional amounts of the
starting alloy is terminated. After passing 9350 A h
of electricity, the concentration of indium in the anod-
ic alloy was not higher than 501033%; further, vir-
tually no indium was detected. Since the starting melt
contained no tin ions, mainly lead was deposited at
the cathode in the initial stage of electrolysis, and
lead3tin alloy, in later stages, with accumulation of
tin in the electrolyte. The concentration of silver in
the cathodic alloy was not higher than 50 1033%,
and that of Bi, 20 1032% during the entire course of
electrolysis.

Generalization of the results of electrochemical
separation of lead3tin alloys of varied composition
demonstrates that at 95% recovery of Pb and Sn at the
cathode, theanodic alloy contains 92395% of the initial
amount of Ag, 98399% of Bi, and 93396% of Sb.

If the anodic dissolution of the obtained alloy, en-
riched with Ag, Sb, and Bi, is continued, the concen-
tration of Pb in it can be reduced to 0.04%, and that of
Sn, to 0.01%. In doing so, the concentration of Ag
decreases from 1.3 to 0.2% and an antimony3bismuth
alloy containing up to 70% Bi remains at the anode.

In order to diminish the transfer of metals with
more positive potential (Ag, Bi, Sb) from the anode to
the cathode, electrolysis was studied in reactors with
a porous auxiliary electrode made of graphitized car-
bon and placed between the anode and cathode.

It has been found [5, 6] that such an electrode
hinders transfer of metals with more positive potential
from the anode to the cathode. For example, the con-
centration of Ag in the cathodic metal was 50 1033%
without the auxiliary electrode, whereas the use of
a porous auxiliary electrode made it possible to reduce
this concentration to 10 1033% under the same elec-
trolysis conditions. The concentration of Sb and Bi
decreased from 20 1033% to 10 1033%. The condi-
tions of metal discharge on a porous auxiliary elec-
trode of this kind were analyzed in detail in [5, 6].
It was shown that the discharge of metal ions at
the porous electrode depends on the voltage drop
across the electrolyzer, being only observed in those
cases when the voltage drop across the porous elec-
trode is greater than, or equal to, the decomposition
voltage of a metal salt in a given molten electrolyte.
In this connection, it is of practical interest to study
how the composition of the alloy deposited at the aux-
iliary electrode depends on the total voltage drop
across the electrolyzer. It follows from the data in
Fig. 4 that the at small voltage drops and, conse-
quently, at low electrode current densities the alloy
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deposited at the auxiliary electrode contains a greater
amount of metals with more positive potential (cop-
per, bismuth, antimony, silver) and a lesser amount
of lead. The main component of the alloy is tin.

The observed dependence is in qualitative agree-
ment with the conclusions of [5, 6] and also with the
general pattern of the cathodic deposition of impurity
metals in refining of non-ferrous metals in salt melts
[10], according to which their contentNi in the ca-
thodic alloy is proportional to the electrode current
density j

Ni = Kg (Ci / j
i 3n), (2)

whereKg is the mass-transfer constant,Ci is the im-
purity concentration in the salt phase, andn = 0.531.0,
depending on the electrolysis mode.

The porous auxiliary electrode markedly diminishes
the transfer of impurity metals with more positive
potential from the anode to the cathode at small volt-
age drops across the electrolyzer, which are, however,
sufficient for their discharge.

CONCLUSIONS

(1) A method was developed for electrochemical
separation of tin-based multicomponent alloys, ensur-
ing high recovery of pure lead and tin at the cathode,
with 92395% of the initial amount of silver, 98399%
of bismuth, and 93396% of antimony remaining at
the anode. The variation of the alloy composition at
the electrodes with electrolysis time was determined.

(2) In order to diminish the transfer of accompany-
ing impurity metals from the anode to the cathode,

an electrolysis scheme is proposed with a porous aux-
iliary electrode made of graphitized carbon. The effect
of electrolysis conditions on the recovery efficiency
of metals accompanying lead and tin at the auxiliary
electrode was determined.
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Abstract-The kinetics of electrodeposition of nickel3chromium alloys from chromium(III) sulfate electrolytes
containing succinic and malonic acids was studied. The effect exerted by the electrolysis mode and the pH of
the electrolyte on the composition and quality of the obtained coatings was investigated. The possibility of
obtaining protective and decorative nickel3chromium coatings containing 20355% chromium is established.

In electroplating, chromium is deposited from chro-
mic acid electrolytes [133]. However, this technique
of obtaining chromium coatings has a number of es-
sential drawbacks: very high toxicity of electrolytes,
low cathode current efficiency by chromium (CECr ;

10315%), low electrochemical equivalent, and low
throwing power [4]. To improve the process of chro-
mium plating, modified electrolytes have been created
on the basis of chromium(VI), and also new electro-
lytes containing chromium(III) have been developed
[537]. Chromium(III)-based electrolytes are promis-
ing: they are harmless, their electrochemical equivalent
is twice that in chromic acid solutions, and the current
efficiency by chromium is greater (up to 40%) [8].
However, these electrolytes have not found wide ap-
plication to the present day, which is in the first place
associated with their instability caused by strong ten-
dency of chromium toward complexation. The com-
position of chromium(III) complexes depends on a
number of factors: chromium(III) concentration, tem-
perature, nature of ligands, pH, etc. [9]. For example,
on being dissolved in water, violet chromium(III) sul-
fate forms hexaaqua cations [Cr(H2O)6]

3+ [10] which
are hydrolyzed to give [Cr(OH)(H2O)5]

2+ in concen-
trated solutions and [Cr(OH)2(H2O)4]

+ in dilute solu-
tions [11]. The hydrolysis is accelerated on heating,
and the solution becomes blue-green at 40345oC, and
green [green chromium(III) sulfate, GCS] at 80390oC
[8]. The conversion of violet chromium(III) sulfate to
GCS is accompanied by a shift of the peaks in their
absorption spectra froml1 = 407 andl2 = 570 nm to
l1 = 4243425 andl2 = 5903592 nm, respectively
(l1 and l2 are the wavelengths of the absorption
peaks), which confirms the occurrence of complexa-
tion [12].

It was shown in [9, 11] that GCS forms polynu-
clear anion complexes in moderately diluted and con-
centrated solutions. In these complexes Cr3+ ions are
bound by hydroxo or oxo bridging groups and by
SO4

23 ions. The number of ligands in the complexes
depends on the GCS concentration and the solution
pH. The violet modification is converted to GCS
on sufficiently fast heating (within several minutes),
and the reverse transition is very slow (virtually
occurring within a year) and involves transformation
of bridging hydroxo groups into water molecules,
and oxo groups into OH3-ions. This is accompanied
by a gradual shift of the absorption peaks to shorter
wave-lengths.

Chromium is known to bedifficultly deposited from
violet solutions [4] and deposited with very low cur-
rent efficiency (CECr 537%) from GCS solutions.
The best results (with CECr of up to 40%) have been
achieved in chromium plating from solutions obtained
by [aging] of GCS (keeping at 20325oC for 203
25 days). The thus obtained chromium(III) sulfate was
named [modified] GCS [4]. Unlike the violet and
green solutions, modified GCS is rather stable: it re-
tains its composition for along time (within 6 months),
as indicated by spectral measurements. The absorption
peaks (l1 = 415 andl2 = 582 nm) occupy an inter-
mediate position between the peaks for the violet so-
lution and GCS [12].

However, chromium plating from solutions of mod-
ified GCS has an essential drawback: CECr decreases
with increasing electrolysis durationtel and cathode
current densityDc. It was found by thermography [13]
that the electrolyte temperature in the near-cathode lay-
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er increases to 50oC and more, astel andDc increase.
This is accompanied by fast conversion of modified
GCS to GCS, which does not allow thick chromium
coatings (more than 40 microns) to be obtained.

The use of pulsed current makes it possible to slow
down the formation of GCS and to increase the thick-
ness of chromium coatings to 50mm [14].

Recently, new electrolytes based on chromium(III)
salts have been developed, allowing the thickness
of chromium coatings to be considerably increased
(to 300 mm) and yielding hard chromium coatings
[15]. However, despite this apparent progress, new
chromium plating electrolytes have not found wide
application.

In some cases, coatings with alloys of chromium
and iron-group metals, e.g., nickel, can serve as an al-
ternative to the coatings obtained from chromium(III)
compounds [16, 17]. Solutions for depositing Ni3Cr
alloy coatings are prepared from nickel plating elec-
trolytes by addition of chromium(III) salts [3]. It is
impossible to obtain Ni3Cr coatings using an electro-
lyte with chromic acid.

Nickel plating electrolytes are stable, and nickel is
deposited with high current efficiency. Acid electro-
lytes for nickel plating have found the widest applica-
tion. The deposition from these electrolytes involves
two conjugated processes at the cathode: discharge of
nickel(II) and discharge ofhydrogen ions. Thedecrease
in the concentration of the latter in the course of elec-
trolysis results in a higher pH in the near-cathode layer
(pHs) and leads to the formation of nickel hydroxide
and its basic compounds, which, being incorporated
into the cathode precipitate, make higher the defec-
tiveness of its crystallinestructure. To stabilize the pHs
and obtain coatings with improved physicochemical
properties, buffer components are introduced into
nickel plating electrolytes, boric acid being the most
widely used additive [3,18]. However, it only exerts a
buffer effect in a narrow pH range (536). The acid can-
not be used as a buffer component in the electrolytes
for deposition of Ni3Cr alloys, since chromium hy-
droxide is formed at much lower pH than nickel hy-
droxide (the solubilityproducts SPNi(OH)2

and SPCr(OH)3
are 3.20 1036 and 6.30 10331, respectively). More
effective buffer components for plating of both nickel
and Ni3Cr alloys are aminoacetic acid [19] and oxo-
and dicarboxylic acids: tartaric H2Tart, citric H3Cit,
malonic H2Mal, succinic H2Suc, glutaric H2Glut, etc.
[18, 20, 21].

Aqua complexes [Ni(H2O)6]SO4, i.e. outer-orbital
4sp3d2 octahedral ions, are formed in aqueous solu-
tions of nickel(II) sulfate [9]. The introduction of oxo-

and dicarboxylic acids into a nickel(II) sulfate solution
is accompanied by complexation, which is confirmed
by absorption spectra [20]. For example, the complex
[NiH2Cit]+ is formed with citric acid. It has been
found that the stability of the forming complexes with
respect to a ligand decreases in the order: Tart23 >
Cit33 > Glut23 > Suc23 > Mal23.

These results are in agreement with published data
[22]. For example, in the series of acids H2Mal3H3Cit3
H2Tart the least stable complex is formed with malonic
acid (Ki = 7.30 1035), and the most stable, with tartaric
acid (Ki = 3.801036). The same buffer additives have
been recommended for deposition of Ni3Cr alloys.
For example, to obtain mirror-bright Ni3Cr coatings
up to 3mm thick with chromium content of 10316%,
aminoacetic acid is introduced into the sulfate elec-
trolyte [19].

A preliminary study has shown that nickel3chro-
mium coatings can be obtained from sulfate electro-
lytes (based on modified GCS) containing both suc-
cinic [23] and malonic acids as buffer and complexing
additives. In the present study, we continued investiga-
tion of the electrodeposition of Ni3Cr alloys from
sulfate electrolytes containing succinic and malonic
acids.

EXPERIMENTAL

For the electrodeposition of Ni3Cr alloys we pre-
pared a solution containing a brightener and nickel and
chromium sulfates (modified GCS) (M): NiSO4 0 7H2O
1.0, Cr2(SO4)3 0.5; butyne-1,4-diol 1.5 ml l31. From
this solution we obtained electrolytes containing suc-
cinic and malonic acids (M): electrolyte I H2Suc 0.5,
electrolyte II H2Mal 0.1, and electrolyte III H2Mal 0.5.
For comparative studies we prepared electrolyte IV for
chromium plating (0.5 M modified GCS and 0.2 M
monoethanolamine) and electrolyte V for nickel plat-
ing (1.5 M NiSO4, 30 g l31 H3BO3, and 1.5 ml l31

butyne-1,4-diol).

The current efficiency by the alloy (CEal) was de-
termined gravimetrically using a copper coulometer,
with accounttaken of the alloy composition. The nick-
el content of the alloy was determined spectrophotom-
etrically with dimethylglyoxime, and that of chromi-
um, by the persulfate-silver method. The cathodic po-
larization was studied potentiodynamically (4 mV s31)
on a P-5827 M potentiostat with a KSP self-recording
potentiometer. All the potentials are given relative
to a silver chloride electrode which served as a ref-
erence; platinum was used as an auxiliary electrode.
Partial polarization curves were obtained by decompo-
sition of the overall experimental curves on the basis
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E, V

Fig. 1. Cathodic polarization curves obtained in deposition
of nickel3chromium alloys from electrolytes with (1, 2) suc-
cinic and (3, 4) malonic acids at 50oC. Dc Current density
and E potential; the same for Fig. 2. pH: (1, 3, 4) 1.0,
(2) 1.5. H2Mal concentration (M): (3) 0.1, (4) 0.5.
(1a31d) Partial polarization curves of H2, Cr2+, Ni0, and
Cr0 formation.

of data on the current efficiencies by hydrogen, nickel,
and chromium. The quality of the cathode deposits
was judged from the outward appearance of the coat-
ings; their reflectivity was studied with an FM-58 P
photometer, and the morphology, with an MIM-7
microscope.

Analysis of the partial polarization curves derived
from the overall curve of Ni3Cr alloy deposition from
electrolyte I with succinic acid (Fig. 1) shows that
chromium(III) is reduced to chromium(II) (E0

Cr3+/Cr2+ =
30.41 V) simultaneously with the formation of hydro-
gen (E0

H+/ H0 = 0 V), nickel (E0
Ni2+/ Ni0 = 30.25 V), and

chromium (E0
Cr3+/Cr0 = 30.71 V). The rate of the last

process (curve1b) exceeds that of nickel deposition
(curve1c). One of the reasons why nickel formation is
hindered is the adsorption of colloid surface-active
Cr(OH)3 on active sites of the cathode. The forma-

tion of chromium(III) hydroxide becomes possible at
pHs 2.9, a value that can bereached during the elec-
trolysis [24].

With pH increasing from 1 to 1.5, the polarization
curve shifts to the negative region, e.g., by 0.15 V
at Dc = 15 A dm32 (Fig. 1, curve2), which is ac-
companied by a decrease in the rate of hydrogen for-
mation (Table 1). In the process, CEal grows from 20
to 36%. The rate of nickel formation increases in-
significantly (by a factor of~1.2). Mention should be
made of a decrease in the rate of the formation of
Cr(II) ions. For example, atDc = 25 A dm32 the par-
tial current density of chromium(II) ion formations
decreases from 6.57 to 5.73 A dm32. Simultaneously,
the partial current density of chromium formation in-
creases from 1.05 to 2.91 A dm32, i.e., almost by
a factor of three, and the alloy is enriched with chro-
mium (from 32 to 51%).

It follows from these data that chromium(II) ions
are formed at stronger polarization than chromium
ions. It may be assumed that the process Cr3+ +
3e 6 Cr0 is more probable, compared with Cr3+

6

Cr2+
6 Cr0. A similar conclusion was made in [25].

Studies of the mechanism of chromium deposition from
ammonium chromic alum have shown that the joint
reduction of Cr3+ and Cr2+ ions to the metal is only
possible when the fraction of Cr2+ ions in solution is
no less than 50% of the total chromium (III) concen-
tration in the electrolyte, which is impossible under
the actual electrolysis conditions.

When pH exceeds 1.5, the rate of chromium depo-
sition and CEal decrease, the quality of the coatings
is impaired, the coatings become dull, and burning
appears along the cathode contour.

With Dc increasing to above 20 A dm32, the rate
of chromium formation decreases (Table 1) and the al-
loy is enriched with nickel. Making the electrolysis
duration longer has a similar effect. For example,

Table 1. Partial current densities of hydrogen, chromium(II), nickel, and chromium formation atT = 50oC
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Dc,

³ iH2 ³ iCr2+ ³ iNi0 ³ iCr0

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

A dm32 ³ A dm32, at electrolyte pH
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ 1.0 ³ 1.5 ³ 1.0 ³ 1.5 ³ 1.0 ³ 1.5 ³ 1.0 ³ 1.5

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
5 ³ 3.12 ³ 3.03 ³ 1.23 ³ 0.97 ³ 0.61 ³ 0.66 ³ 0.04 ³ 0.34

10 ³ 6.15 ³ 5.12 ³ 2.25 ³ 2.04 ³ 1.32 ³ 1.62 ³ 0.28 ³ 1.22
15 ³ 8.44 ³ 6.64 ³ 3.56 ³ 2.92 ³ 2.04 ³ 2.63 ³ 0.96 ³ 2.81
20 ³ 11.86 ³ 9.13 ³ 4.69 ³ 4.43 ³ 2.43 ³ 3.31 ³ 1.02 ³ 3.13
25 ³ 14.67 ³ 12.21 ³ 6.57 ³ 5.73 ³ 2.71 ³ 4.15 ³ 1.05 ³ 2.91

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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with tel increasing from 20 to 30 min, the content
of chromium in the alloy decreases by approximately
20%. The hindrance to chromium deposition is due to
a rise in pHs with increasingtel, and it becomes more
pronounced with growingDc. With increasing pHs,
not only chromium(III) hydroxide is formed, but also
the ionic composition of theelectrolyte changes, which
is accompanied by an increase in the concentration of
green chromium(III) complexes whose reduction pro-
ceeds at higher cathode polarization [8].

It is evident from Fig. 1 that the overall polariza-
tion curves of Ni3Cr alloy deposition from electro-
lytes with malonic acid lie at more positive potentials
(Fig. 1, curves3 and 4) than those for an electrolyte
with succinic acid (curves1 and2). This is apparently
due to the lower stability of nickel complexes with
H2Mal.

Comparison ofE3i curves for electrolytes II and III
shows that the alloy is deposited with greater polariza-
tion from the electrolyte with higher H2Mal concen-
tration (curve4), which is attributable to the complex-
ation involving not only nickel, but also chromium.

The overall polarization curve of joint deposi-
tion of nickel and chromium at room temperature lies
between the curves of chromium deposition from elec-
trolyte IV (Fig. 2, curve2) and nickel deposition from
electrolyte V (Fig. 2, curve1).

The pH of electrolyte noticeably affects the posi-
tion of the overallE3D curves. It is seen from Fig. 2
that the polarization curves are shifted to the negative

E, V

Fig. 2. Cathodic polarization curves of deposition of
(1, 1`) nickel, (2, 2`) chromium, and (3, 3`) nickel3chro-
mium alloy from sulfate electrolytes with H2Mal (0.5 M)
at 25oC. pH: (133) 1.0 and (1`33`) 1.5.

region with pH increasing from 1 to 1.5. For example,
at Dc = 15 A dm32 the shift of the potential in electro-
lyte IV is 0.18 V (curve2`), and that in electrolyte V,
0.12 V (curve 1`).

Comparison of curves3 (Fig. 2) and4 (Fig. 1)
shows that, with temperature increasing from 25 to
50oC, the polarization of alloy deposition decreases,
which is obviously due to an increase in the overvolt-
age of hydrogen evolution and higher solubility of
chromium(III) hydroxide.

Table 2. Nickel contentCNi of the alloy, CEal, thicknessd, and outward appearance of coatings deposited from sulfate
electrolytes with H2Mal at T=50oC, tel = 20 min
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

pH
³ Dc , ³ CEal ³ CNi ³

d, º
pH

³ Dc , ³ CEal ³ CNi ³
d,³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ º ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´

³ A dm32
³ % ³ mm º ³ A dm32

³ % ³ mm

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Electrolyte II º Electrolyte III

º0.7 ³ 5 ³ 5.1 ³ 60.1 ³ 1.2 (L) º 0.7 ³ 5 ³ 1.2 ³ 44.8 ³ 0.2 (L)
³ 10 ³ 10.2 ³ 63.0 ³ 4.5 (L) º ³ 10 ³ 2.6 ³ 46.3 ³ 1.2 (L)
³ 20 ³ 13.7 ³ 68.2 ³ 11.3 (SL) º ³ 20 ³ 3.5 ³ 50.5 ³ 3.1 (L)
³ 30 ³ 15.6 ³ 72.3 ³ 12.1 (D) º ³ 30 ³ 4.3 ³ 60.2 ³ 5.2 (SL)³ ³ ³ ³ º ³ ³ ³ ³

1.0 ³ 5 ³ 6.4 ³ 61.2 ³ 1.5 (SL) º 1.0 ³ 5 ³ 1.5 ³ 49.1 ³ 0.5 (L)
³ 10 ³ 13.7 ³ 63.8 ³ 5.6 (D) º ³ 10 ³ 3.0 ³ 52.8 ³ 2.5 (L)
³ 20 ³ 21.1 ³ 69.9 ³ 17.2 (D) º ³ 20 ³ 3.9 ³ 56.4 ³ 3.3 (SL)
³ 30 ³ 22.3 ³ 73.1 ³ 25.5 (D) º ³ 30 ³ 4.6 ³ 58.1 ³ 5.8 (SL)³ ³ ³ ³ º ³ ³ ³ ³

1.5 ³ 5 ³ 14.1 ³ 66.5 ³ 2.9 (SL) º 1.5 ³ 5 ³ 3.1 ³ 50.3 ³ 0.6 (L)
³ 10 ³ 16.7 ³ 72.2 ³ 6.8 (D) º ³ 10 ³ 6.3 ³ 54.4 ³ 2.8 (SL)
³ 20 ³ 21.7 ³ 76.4 ³ 17.7 (D) º ³ 20 ³ 7.4 ³ 58.1 ³ 8.1 (D)
³ ³ ³ ³ º ³ 30 ³ 9.8 ³ 60.2 ³ 14.2 (D)

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Note: L lustrous, SL semilustrous, D dull.
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The effect of the electrolysis modes on the nickel
content of an alloy, CEal, and thickness and quality
of coatings is illustrated in Table 2. It is evident that
CEal does not exceed 22% at the maximum thickness
of 25 mm, and the deposited coatings are dull. Mirror-
bright coatings have a thickness of 436 mm. With in-
creasingDc, the current efficiency by the alloy grows
for both the electrolytes, CEal being higher in all elec-
trolysis modes for the electrolyte with lower H2Mal
concentration. Electrolyte III has a widerDc range for
obtaining bright coatings, but in this case the deposit
has smaller thickness.

CONCLUSIONS

(1) It was found that joint electrodeposition of
chromium and nickel is possible from electrolytes
containing nickel and chromium sulfates [modified
green chromium(III) sulfate] and succinic or malonic
acid as buffer and complexing additives.

(2) Analysis of the partial curves shows that chro-
mium(II) ions are formed in electrolysis; however, they
do not exert any significant influence on the formation
of metallic chromium, the process Cr3+ + 3e 6 Cr0

being, therefore, more probable.

(3) Sulfate electrolytes with succinic and malonic
acids were developed for depositing protective and
decorative nickel3chromium alloy coatings (203
55% Cr) atDc 5320 A dm32, T = 50oC, and pH 131.5;
the current efficiency by the alloy is 20335%.
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Abstract-Oxidation of phenylhydrazine by atmospheric oxygen in aqueous solution, its catalytic breakdown
in the presence of Aktilen A carbon fiber, and electrochemical decomposition on a polarized carbon fiber were
studied. Formation of various organic products of phenylhydrazine breakdown, remaining in solution after
oxidation with air and catalytic decomposition on a carbon fiber, was studied by spectroscopy and chroma-
tography. Feasibility of electrochemical decomposition on a carbon fiber for wastewater treatment to remove
hydrazine derivatives was examined.

Hydrazine derivatives are a class of organic com-
pounds widely used in various industries and in
pharmacology. Hydrazines being highly toxic, various
methods are used to remove hydrazine derivatives
from wastewater. These methods are predominantly
based on decomposition of the hydrazine group by
various oxidants, such as chlorine, ozone, and ox-
ygen [1].

At present, a process for oxidative decomposition
of hydrazines on the electrode surface is being devel-
oped. However, the data on this process are scarce and
mainly concern the mechanism of oxidation of hy-
drazine and its low-molecular-weight derivatives on
a charged surface. Data on electrochemical oxida-
tion of complex aromatic hydrazine derivatives are
lacking.

In most works, the electrodes are built of various
carbon materials, especially carbon fibers with excel-
lent kinetic properties in sorption and electrochem-
ical processes, ensured by the mobility of fibrils in
the fiber structure [2, 3]. These fibrous carbon ma-
terials are used as matrices for preparing modified
electrodes catalytically active with respect to hy-
drazine decomposition. Their surface is modified
with noble metals [437] or metal complexes [8]. In all
the cases, the electrolysis of hydrazine solution at con-
trolled oxidation potential causes electrolytic oxida-
tion of hydrazine to nitrogen. As shown in the above
papers, no electrolytic oxidation of hydrazine is ob-
served in the case of unmodified fibrous carbon elec-

trodes in the range of potentials extending up to
the potential of oxygen evolution from water.

It should be noted that data on electrochemical de-
composition of hydrazine and its organic derivatives
on unmodified fibrous carbon electrodes are almost
lacking. As found in [9], electrolytic oxidation of
phenylhydrazine on the surface of unmodified pyro-
graphite yields benzene, nitrogen, and a number of
complex organic compounds. Since carbon materials
are suitable for hydrazine oxidation, investigating the
electrochemical oxidation of more complex hydrazine
derivatives on a carbon fiber for their removal from
wastewater is of practical importance.

Published data [10, 11] indicate that hydrazines are
unstable in aqueous solutions; they are oxidized by
atmospheric oxygen and decompose in the presence of
various catalysts. Hence, electrochemical oxidation of
hydrazine derivatives in real wastewater on fibrous
carbon electrodes will be accompanied by the above
processes.

In this study, we analyzed the interaction of phen-
ylhydrazine with the surface of a carbon electrode
charged from an external electric current source and
the feasibility of electrochemical decomposition on
fibrous carbon electrodes for wastewater treatment to
remove phenylhydrazine.

EXPERIMENTAL

In this study, we used Aktilen A brand carbon fiber
with specific surface areaSsp 1000 m2 g31 and average
pore radiusrav 2.5 nm.
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Fig. 1. UV spectra of a phenylhydrazine solution: (1) initial,
(2) after contact with atmospheric oxygen, and (3) after
contact with carbon fiber. (l) Wavelength; the same for
Fig. 6. Phenylhydrazine concentrationC0 7 0 1033 M;
the same for Figs. 2, 436.

Phenylhydrazine was prepared from crystalline
phenylhydrazine hydrochloride [12]. Phenylhydrazine
hydrochloride (200 g) was treated with a 30% solution
of sodium hydroxide (100 ml), and phenylhydrazine
was extracted with two 50-ml portions of benzene.
The benzene extract was dried over potassium hy-
droxide and the solvent was removed on a rotary evap-
orator. Phenylhydrazine was purified by distillation
in a vacuum; fraction with bp 120oC/12 mm Hg was
collected.

The supporting electrolyte was a 0.1 N solution of
chemically pure grade Na2SO4; the initial solutions of
phenylhydrazine (0.2 M) were prepared in this elec-
trolyte solution.

The electrochemical tests were carried out using
a P-5827-M potentiostat and a three-electrode cell with
cathode and anode volumes separated by an MB-2 bi-
polar membrane. The experimental procedure is pres-
ented elsewhere [13].

The spectral characteristics of the products of
phenylhydrazine decomposition were registered on
a Hitachi-220A spectrophotometer with the supporting
electrolyte as reference. A chromatographic analysis
of the products was performed on a Shimadzu LC 9A
chromatograph equipped with a 2500 4.6-mm Zorbax
C18 column (ODS). Gradient elution was carried out
with the concentration of isopropanol in the eluent
varied between 0 and 100% in a single separation run;

the elution rate was 0.6 ml min31. A UV detector was
used; the analysis time was 1 h.

As seen from published data, the decomposition of
hydrazine on the surface of a charged fibrous carbon
electrode proceeds simultaneously with the oxidation
of hydrazines by atmospheric oxygen and their cat-
alytic oxidation on the fibrous carbon surface. Thus,
to assess the feasibility of using carbon fibers as elec-
trodes for electrolytic oxidation of phenylhydrazine it
is necessary to elucidate the role of the above pro-
cesses in the phenylhydrazine decomposition.

It is known that the oxidation of hydrazine deriv-
atives involves formation of a diimide intermediate
[14, 15]. The typical reaction is as follows:

1ÄNHÄNH2 6c[O]

1ÄNÍNH + H2O.1ÄNHÄNH2 6c[O]

1ÄNÍNH + H2O. (1)

This phenyldiimide can participate in several re-
actions yielding various oxidation products, such as
benzene and nitrogen (main products) and hydrazoben-
zene, azobenzene, etc. [16]. Moreover, it was found
that phenyldiimide radical participates in the radical
dimerization yielding dimerI by the following reac-
tion [9, 17]:
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To elucidate the contribution of each reaction pro-
ceeding in phenylhydrazine solutions, we studied
freshly prepared model solutions and phenylhydrazine
solutions after their contact with air for 135 days.
After contact with air, the model solution acquired
an intense yellow-brown color, and a crystalline
brown precipitate was formed and accumulated . This
is probably due to the formation of productI by reac-
tion (2).

The resultingsolution was filtered, and a significant
decrease in the phenylhydrazine concentration was
found. The UV spectra (Fig. 1) show that the intensity
of the peak atl 272 nm, typical of phenylhydrazine,
significantly decreases for solution brought in contact
with air as compared with the freshly prepared solu-
tion. This result is confirmed by a chromatographic
analysis of phenylhydrazine solutions, indicating that
the concentration of phenylhydrazine in solution sig-
nificantly decreases after its contact with air; moreover,
additional peaks are observed in the chromatogram
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(Fig. 2). One of these peaks was assigned to benzene,
which was confirmed by the chromatogram of a ref-
erence benzene sample registered under the same con-
ditions. Two other peaks belong to unidentified com-
pounds. The decrease in the concentration of phenyl-
hydrazine, evaluated from the peak areas, is 70%.
The main pathway of phenylhydrazine consumption
during contact of its solutions with air is probably
precipitation of compoundI .

Our data show that, after the oxidation of solu-
tions with initial phenylhydrazine concentration of
300 mg l31, the residual content of phenylhydrazine in
solution is as high as 36 mg l31, which significantly
exceeds the maximal permissible concentration (MPC),
0.01 mg l31.

Thus, oxidation of phenylhydrazine solutions by
air is characterized by insufficient conversion of
phenylhydrazine, formation of significant amounts of
compoundI , and intense coloring of the solution.

Decomposition of hydrazine and its derivatives in
the presence of catalysts proceeds more readily as
compared with oxidation by air [18]. Published data
show that hydrazine decomposes faster in the presence
of such catalytically active materials asd metals [19],
modified carbons [20, 21], and carbon fibers [22]. We
studied the decomposition of phenylhydrazine in the
presence of Aktilen A carbon fiber. The decrease in
the concentration of phenylhydrazine is predominantly
observed during its sorption on the fiber surface
(Fig. 1). It should be noted that this process is ac-
companied by significant gas evolution associated
with partial degradation of phenylhydrazine on the
fiber, which is catalytically active in the phenyl-
hydrazine oxidation. The gas evolution observed is
probably due to catalytic decomposition of phenyl-
hydrazine, which, by analogy with the case of hydra-
zine [18], can be described by the following equations:

2PhÄNHNH2 + [O] 6 2PhÄNH2 + N2 + H2O, (3)

PhÄNHNH2 + [O] 6 C6H6 + N2 + H2O. (4)

The chromatographic data (Fig. 2) show that, after
5-h contact with carbon fiber, the decrease in the phen-
ylhydrazine concentration in solutions, calculated
from the areas of the chromatographic peaks, reaches
70%. The decrease in the phenylhydrazine concentra-
tion after solution contact with carbon fiber for 4 days
reaches 90%. All the chromatograms exhibit peaks be-
longing to various oxidationproducts. The main oxida-
tion product is benzene. It should be noted that the
content of these products in solution remains almost
constant even after 4-day contact with carbon fiber.

Fig. 2. Chromatograms of phenylhydrazine solution:
(1) initial, (2) after contact with atmospheric oxygen for
5 days, and after contact with carbon fiber for (3) 5 h and
(4) 5 days. (t) Time; the same for Figs. 335.

Fig. 3. Shift of the potential of Aktilen A fiber from
the initial value upon addition of phenylhydrazine to 0.1 N
Na2SO4 solution. (E) Potential. Phenylhydrazine concentra-
tion C0 (mM): (1) 1, (2) 5, and (3) 7.

Our experimental data suggest that the decomposi-
tion of phenylhydrazine in solution in the presence
of carbon fiber yields predominantly nitrogen and
organic oxidation products, which are retained in solu-
tion and on the fiber surface. Thus, the catalytic de-
composition of phenylhydrazine on the carbon fiber
surface is unsuitable for wastewater treatment to re-
move phenylhydrazine. Although the catalytic conver-
sion of phenylhydrazine is rather high, it takes too
long time.

During our experiments on catalytic oxidation of
phenylhydrazine on a fibrous carbon electrode with
controlled potential, we found that the stationary elec-
trode potential strongly shifts toward the cathodic
region upon addition of phenylhydrazine to the solu-
tion (Fig. 3).
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Fig. 4. Anodic currentI on (1, 2) platinum gauze electrode
and (335) Aktilen A fibrous carbon electrode in (1) 0.1 N
Na2SO4 solution and (235) phenylhydrazine solutions.
PotentialE (V): (1, 2, 4) +0.25, (3) +0.15, and (5) +0.40.

Fig. 5. Chromatograms of phenylhydrazine solutions:
(1) initial and (234) that after contact with Aktilen A car-
bon fiber at various polarization potentials. PotentialE (V):
(2) +0.15, (3) +0.40, and (4) +0.60.

Fig. 6. UV spectra of (1) initial phenylhydrazine solution
and (234) that after its contact with Aktilen A carbon fiber.
Potential E (V): (2) +0.15, (3) +0.25, and (4) +0.40.

To study the effect of the carbon fiber potential on
the oxidation efficiency, we measured the depen-
dences of the current of anodic oxidation of phen-
ylhydrazine carbon fiber surface at potentials of
+0.15, +0.25, +0.40 (Fig. 4, curves335), and +0.60 V.
All the curves have the same shape. Upon addition
of phenylhydrazine the current first sharply increases
and then decreases, which suggests intensive oxida-
tion of phenylhydrazine on the charged fiber surface
in the initial period. Then the oxidation current
gradually decreases, which is due to the decrease in
the phenylhydrazine concentration in solution, and
reaches a certain constant value corresponding to the
current of the Faraday reaction on the carbon fiber
surface in the electrolyte solution in the absence of
phenylhydrazine. This indicates that the decomposi-
tion of phenylhydrazine is practically complete at all
the potentials studied.

With increasing potential of the carbon electrode,
the initial current jump increases, i.e., the reaction
rate depends on the polarization potential: the higher
the polarization potential, the shorter the time in which
the Faraday reaction current is attained.

It should be noted that the contribution from elec-
trochemical decomposition of phenylhydrazine on
the platinum current lead is insignificant. The currents
of phenylhydrazine oxidation on the platinum elec-
trode (Fig. 4, curve2) are significantly smaller than
the total reaction current and thus the entire effect
of electrocatalytic oxidation is due to the carbon fiber
activity [23].

A chromatographic analysis of phenylhydrazine so-
lutions brought in contact with polarized carbon fiber
(Fig. 5) showed that the composition and content of
the products of electrochemical oxidation of phen-
ylhydrazine correlate with the electrode potential. As
seen from the chromatogram of the phenylhydrazine
solution after contact with the fibrous electrode at
E +0.15 V, nearly 1% of phenylhydrazine is retained
in solution along with various oxidation products
(peaks a3c, peak b is assigned to benzene). Some
of the oxidation products are colored, probably of
aromatic nature, with a system of conjugated bonds
requiring additional identification. The presence of
the colored compound is manifested in the UV spectra
of solutions as the band atl 328 nm (Fig. 6).

At increased polarization potential of the carbon
electrode, removal of the oxidation products from
the solution is almost complete. The phenylhydrazine
solutions obtained after oxidation atE +0.40 and
+0.60 V are colorless; the oxidation of phenylhydra-
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zine at these potentials is accompanied by vigorous
gas evolution. The chromatograms of the resulting
solutions are similar and contain peaks belonging
to traces of organic compounds. Thus, the electro-
chemical decomposition of phenylhydrazine is almost
complete even at +0.40 V. Our experimental results
suggest that the unmodified carbon fiber is also active
in electrochemical oxidation of phenylhydrazine and
provides its almost complete decomposition and re-
moval from solution.

Thus, the electrochemical decomposition of phenyl-
hydrazine involves two simultaneous processes: ox-
idation of phenylhydrazine on the catalytic centers
of carbon fibers and electrochemical oxidation in
contact with the charged fiber surface. This sug-
gests that the electrochemical decomposition of phen-
ylhydrazine on the carbon fiber is an electrocatalytic
process.

However, it should be noted that in some papers
low activity of carbon fibers in the oxidation of hy-
drazine derivatives was observed, and it was recom-
mended to modify the electrode surface to improve
the oxidation efficiency [20323].

CONCLUSIONS

(1) Even unmodified carbon fiber exhibits high
electrocatalytic activity in electrochemical oxidation
of phenylhydrazine and ensures its almost complete
decomposition and removal from solution.

(2) The method of electrochemical decomposition
can be recommended for wastewater treatment to re-
move phenylhydrazine, because the oxidationproceeds
at low potentials and no additional contaminants are
formed; as a result, phenylhydrazine is decomposed
into environmentally safe products.
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Abstract-The possibility of using a two-layer coating consisting of a tin sublayer and a lead layer for
protection of copper current leads of negative electrodes in lead batteries was studied. The processes occur-
ring on reflowing of the tin coating were investigated. The dependence of the protective characteristics of
the tin coating on the heat treatment mode was shown to have extrema.

High per-unit-weight electrical characteristics and
improved current distribution being of special im-
portance for high-power lead-acid batteries, the cut-
ting-through current leads of their negative electrodes
are made of copper [133].

The use of copper current leads is due to the lower
specific density of copper and its higher electrical
conductivity, compared with that of lead, and also to
the fact that copper has sufficient mechanical strength
and is easily processed.

However, copper current leads can partially dis-
solve in sulfuric acid solutions, which is accompanied
by oxygen depolarization. The subsequent electro-
deposition of copper onto the paste surface in the neg-
ative electrode results in stronger gas evolution
and self-discharge, lower capacity of the negative
electrode, and lower efficiency of the charging
current.

From the thermodynamic point of view, almost any
quantity of copper ions in solution is sufficient for
copper deposition onto lead surface. The minimum
equilibrium concentration of copper in solution,aCu2+,
at which this process begins, is 10323 mol dm33 as de-
termined from the equation

aCu2+ = exp[nF(EPb 3 ECu
0 )/RT]. (1)

Here n is the number of electrons involved in
the reaction,F is the Faraday number,R is the gas
constant,T is temperature,EPb is the potential of
the lead electrode, andECu

0 is the standard potential
of copper.

It is evident that there is no safe concentration of
copper in solution, and, therefore, we can consider
only its critical or practically insignificant level. It
was shown in [4] that gas evolution is considerably
enhanced at copper concentrations of about 4.80

1034 moldm33. Therefore, copper current leads should
be protected with a coating from coming in contact
with the electrolyte. The working conditions (strongly
corrosive medium and cathodic-anodic polarization)
impose very stringent requirements on the quality and
stability of such a coating.

At present, electrodes with copper current lead
protected by a galvanic lead coating are used in high-
power lead-acid batteries [133]. The passivation of
lead makes it stable in solutions of sulfuric acid, and,
thus, continuous lead coatings are expected to have
high protective characteristics. However, under con-
ditions of cathodic-anodic polarization, typical of
the operation of lead batteries, the surface of a lead
coating is gradually loosened through Pb64 PbSO4
transitions associated with considerable changes in the
volume and morphology of the electrode material,
giving rise to pores in the originally almost pore-free
coatings. Simultaneously, the adhesion of the coating
may deteriorate. This results in stronger self-dis-
charge and gas evolution because of the lower over-
voltage of hydrogen evolution on copper, compared
with that on lead.

The protective properties of the lead coating can be
improved by depositing a sublayer [3, 5]. In the pres-
ent study, we analyzed the possibility of using a tin
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sublayer deposited from a chloride-fluoride electro-
lyte [6].

The microstructure of electroplated coatings was
studied by electron microscopy and X-ray microanal-
ysis on a JEOL JSM-840A scanning electron micro-
scope (Japan). When compiling X-ray images, we used
a LINK ANALYTICAL AN10/85S energy-dispersion
analyzer (UK). As samples were used 50 5-mm plates
cut from middle parts of larger copper laminas with
electrolytic coatings. Micrographs were taken at
the same magnification of 2000. The mapped surface
area was 50 103

mm2.

The corrosion resistance of the coatings was studied
in a sulfuric acid solution with density of 1.100 g cm33.
The corrosion resistance was judged from the outward
appearance of the coatings and from changes in their
weight upon testing. After the tests, we determined
the porosity of the coatings, and also the strength of
coating adhesion to the copper base, by the method
of marking a grid of scratches. The content of copper
and tin in sulfuric acid solutions was determined by
the atomic absorption method.

As shown by a microstructural study, electroplated
tin coatings have a coarsely crystalline structure and
are porous at layer thickness less than 25mm. That is
why we made an attempt to improve the protective
properties of porous coatings by their reflowing.

To study the dependence of the structure of elec-
troplated coatings on the reflowing duration, we used
samples in the form of 1050 750 0.2 mm copper
laminas with tin layer 5mm thick. The samples were
placed in a muffle furnace heated to 250oC and kept
at this temperature for 5, 10, 20, 30, 45, and 60 s.
A microstructural study demonstrated that a tin coat-
ing, subjected to reflowing for 10 s is uneven. With
increasing duration of reflowing, the surface relief is
smoothed out. Apparently, in the beginning of heat-
ing, a thin layer of tin covers copper at the bottom of
through pores. On further heating, the thickness of
the layer decreases with simultaneous relief leveling,
to the point of formation of a mirror-like surface. For
example, a tin coating subjected to reflowing for 30 s
is a finegrained deposit.

Corrosion tests performed for three days demon-
strated that the tin coating is completely absent on
a sample not subjected to heat treatment. A sample
heat-treated for 10 s retained a tin layer without vis-
ible imperfections. After 20 s of heat treatment, the tin
layer on the sample was lost to a considerable extent,
especially in those parts where tin had brighttint. Tin
heat-treated for 45 s was almost completely dissolved.

Thus, with the duration of reflowing increasing to
30 s, on the one hand, the porosity of a tin coating
becomes lower and, on the other, its corrosion is ac-
celerated. The dependence of the protective charac-
teristics of a tin coating on the duration of heat treat-
ment shows an extremum, which points to the occur-
rence of at least two processes oppositely affecting
the corrosion resistance of a tin layer on copper. In
the absence of reflowing, tin has a certain through
porosity, which ensures a contact of copper with solu-
tion. Therefore a copper3tin contact corrosion pair
arises, in which tin is the anode, and copper, the cath-
ode. Since a high hydrogen overvoltage is character-
istic of tin, its corrosion takes place mainly with ox-
ygen depolarization and depends on the rate of oxygen
supply to the tin surface.

The rate of tin corrosion in a 0.1 N solution of sul-
furic acid in the presence and absence of oxygen is
600 and 1003150 g m32 day31, respectively [6]. Tak-
ing into account the known fact that tin corrosion
occurs with oxygen depolarization, we can approx-
imately calculate the corrosion rateVcor in battery acid
(density 1.280 g cm33). The weight of tin dissolved
in a time t is given by

MSn = KjSnSt. (2)

Here K is the electrochemical equivalent,jSn is
the current density of tin dissolution, andS is the sur-
face area of the electrode.

Under steady-state conditions

jSn = jO2
, (3)

jO2
= 4FDO2

CO2
d
31. (4)

Here jO2
is the current density of oxygen reduc-

tion, DO2
and CO2

are the diffusion coefficient and
the concentration of dissolved oxygen, respectively,
and d is the diffusion layer width. Then

MSn = KjO2
St = 4KFDO2

CO2
Std31, (5)

Vcor = MSn/ St = 4KFDO2
CO2

d
31. (6)

Substitution of K = 2.1 g A31 h31, F =
96500 C mol31, DO2

= 2.50 1035 cm2 c31, CO2
=

6.501037 mol cm33, d = 1032 cm, S = 104 cm2,
and t = 24 h [7] givesVcor equal to 327 g m32 day31.
The corrosion rate must be much lower under real
conditions, when 20mm of lead, strongly hindering
oxygen transfer, is deposited onto the tin sublayer.
However, under the conditions when tin is in contact
with a more noble metal (copper), which in addition
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Fig. 1. Microstructure of surface layers of tin-plated sam-
ples subjected to reflowing for varied time. Reflowing
duration (s): (a) 10 and (b) 30.

has hydrogen overvoltage much lower than that in tin,
the mechanism of tin depolarization changes and
the rate of its corrosion increases. This increase is also
promoted by loosening of the lead layer in charging3

discharge cycling of the battery. Thus, the absence of
pores in the tin coating is a necessary condition for
achieving its high protective properties. Therefore,
reflowing of the tin sublayer is a necessary stage.

However, the reflowing of tin involves processes at
the tin3copper interface, which strongly affect the
protective characteristics of the tin coating. The dis-
tribution of copper and tin in the protective coatings
on copper bases was determined by X-ray microanal-
ysis. An analysis of such a distribution for a 5-mm-
thick tin layer subjected to reflowing at 250oC for
10 s revealed the existence of a 2.533.0-mm-thick
copper3tin transition layer on the copper side. A low-
melting h-phase (Cu6Sn5) is formed at the tin3copper
interface in the initial stage of tin reflowing as a re-
sult of copper dissolution in liquid tin. With increas-
ing duration of reflowing, the thickness of the layer of
intermetallic compounds grows noticeably. Raising
the reflowing temperature also favors an increase in
the thickness of this layer. Thus, the interaction of
copper with molten tin results in the formation and
growth of a layer of intermetallic compounds. This
complicated process includes a reaction between cop-
per and tin and the subsequent propagation of acicular
crystals of intermetallic compounds across the thick-
ness of the tin layer. It was found that the inter-
metallic compounds grow at a maximum rate within
the first 5 s of reflowing. The intermetallic compounds
of copper and tin are always of the cathodic nature
with respect to tin, and, therefore, their emergence on
the surface of the tin coating accelerates tin corrosion.

The microstructure of tin-plated samples subjected
to reflowing in various modes is shown in Fig. 1.
The structure of a coating subjected to reflowing in
the optimum regime (10 s) has an appearance char-

acteristic of electroplated tin-without acicular crys-
tals (Fig. 1a). An X-ray analysis demonstrated the
absence of copper on the surface. A coating subjected
to reflowing for 30 s (Fig. 1b) has a structure of tin
whose spherical crystals are pierced by acicular crys-
tals of intermetallic compounds. An X-ray analysis
demonstrated the presence of copper over the entire
field under study. It is the presence of intermetallic
compounds on the surface of such a coating that is
responsible for its low corrosion resistance. The whole
set of our experimental data confirms once more that
the absence of copper in the surface layers of a non-
porous coating is the condition for the high corrosion
resistance of a tin coating on copper.

It follows from the aforesaid that an increase in
the duration of reflowing of a tin sublayer may impair
its protective characteristics, and, therefore, the choice
of the duration of reflowing of the tin sublayer is one
of key factors in preparing a two-layer coating.

To study the possibility of using a tin coating as
a sublayer in lead-plating of copper current leads, we
studied the corrosion resistance of the two-layer coat-
ing. The copper bases protected by a two-layer coating
(a tin sublayer and a lead layer) were subjected to cor-
rosion tests in sulfuric acid (density 1.100 g cm33)
for 8 months. Samples with lead coating were used as
reference. The results of the corrosion tests are pres-
ented in the table.

It may be safely suggested on the basis of these
data that the processes occurring in a two-layer coat-
ing with tin sublayer, placed in a sulfuric acid solu-
tion, have the following mechanism. A coating with-
out tin sublayer (sample no. 1) had good adhesion to
the copper base after 5 months of tests, but the content
of copper in solution was 145 mg l31, which points to
rather poor protective characteristics of the coating.
The accumulation of copper in solution results from
the fact that the surface of lead is covered with a sul-
fate layer precluding contact deposition of copper
from the solution.

The lead coating on a sublayer of tin not subjected
to reflowing (sample no. 2), flaked away from the
copper base after 5 months of tests. In this case,
the content of copper in solution was 45 mg l31, which
points to better protective properties of two-layer coat-
ing as compared with the coating without tin sub-
layer. However, the decrease in the content of copper
in solution was accompanied by high content of tin
(1286 mg l31). The initial weight of the tin sublayer
and the concentration of tin in solution were used to
determine that approximately 70380% of the tin sub-
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Results of corrosion tests of copper bases protected by two-layer coatings with tin sublayers
ÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³

Outward appearance of a coating

³ Content in solution, mg l31

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ t,* s ³

after 5 months
³ copper ³ tin

³ ³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ ³ in 5 months³ in 8 months³ in 5 months³in 8 months

ÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Pb coating

1 ³ 3 ³ Coating uniform, without visible traces of ³ 145 ³ 283 ³ 0 ³ 0
³ ³ copper. Adhesion to base firm ³ ³ ³ ³

Sn3Pb coating

2 ³ 3 ³ Coating dark. Copper base visible to unaided³ 45 ³ 209 ³ 1286 ³ 1986
³ ³ eye. Strong flaking of the coating, adhesion³ ³ ³ ³
³ ³ to base poor ³ ³ ³ ³

3 ³ 10 ³ Minor flaking, adhesion to base ³ 5.6 ³ 24.8 ³ <3 ³ 60.3
³ ³ satisfactory ³ ³ ³ ³

4 ³ 20 ³ Coating dark and scaly. Separate copper ³ 6.5 ³ 39.8 ³ 1156 ³ 1272
³ ³ points visible. Strong flaking of the coating,³ ³ ³ ³
³ ³ adhesion to base unsatisfactory ³ ³ ³ ³

ÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
*
t is the duration of reflowing.

layer was dissolved in 5 months. Thus, on the one
hand, tin protects copper from dissolution by the pro-
tection mechanism and, on the other, the high dissolu-
tion rate of tin not subjected to reflowing results in
the loss of the coating adhesion to the base, with
the resulting strong flaking, higher contact resistance,
and uncovering of the copper base. An X-ray micro-
analysis of the copper base surface under a flaked
away lead coating and of the surface of this coating
from the copper base side for sample no. 2 demon-
strated that, without reflowing, tin was almost com-
pletely dissolved at the copper3tin interface, as in-
dicated by the absence of tin on the copper base
surface. At the same time, the inner surface of the
flaked-off lead coating consists of tin. These data
indicate that in the case in question the corrosion
of the two-layer coating is accompanied by a local
(crevice) dissolution of the tin sublayer from the cop-
per side. This mechanism of tin dissolution is re-
sponsible for the loss of adhesion of the protective
layer to the copper base.

The lead coating deposited onto a sublayer of tin
subjected to the optimal reflowing (sample no. 3, re-
flowing time 10 s) exhibited good adhesion to the
base. After five months, the copper content in solution
was 5.6 mg l31, and that of tin, less than 3 mg l31. All
these facts point to a rather high corrosion resistance
of tin subjected to the optimal reflowing. In this case,
the corrosion of tin is accompanied by oxygen de-

polarization resulting from the high overvoltage of
hydrogen evolution on tin under the conditions when
the oxygen flow toward the tin surface is hindered by
the lead layer. If a continuous layer of tin is disrupted
either through the appearance of through pores (tin not
subjected to reflowing) or because of the emergence
of intermetallic compounds on its outer surface (on
exceeding the permissible reflowing time), the mech-
anism of tin depolarization will change. Since copper
and the intermetallic compounds have low overvoltage
of hydrogen evolution, the oxidation of tin will occur
with hydrogen depolarization, with the rate of hydro-
gen flow not limited by the layer of lead sulfate. All
these factors will make higher the corrosion rate of
the tin sublayer.

The lead coating deposited on a sublayer of tin
subjected to reflowing in a non-optimal regime (sam-
ple no. 4, reflowing time 20 s) exhibited unsatisfac-
tory adhesion to the base and strong flaking. The con-
tent of copper in sulfuric acid solution after five
months was 6.5 mg l31, and that of tin, 1156 mg l31,
which corresponds to dissolution of 65370% of the tin
sublayer. The aforesaid suggests that the increase in
the reflowing time, resulting in disruption of a con-
tinuous tin sublayer through emergence of interme-
tallic compounds on the surface, makes higher the rate
of its dissolution and, hence, leads to loss of adhesion
of the protective coating to the copper base. An X-ray
microanalysis demonstrated that the surface of the cop-
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per base under the flaked-off coating contains 50360%
copper, and the inner side of the flaked-off coating
consists of tin. The coatings with tin sublayer sub-
jected to reflowing for 30, 45, and 60 s had similar
characteristics. The data of corrosion tests performed
during the subsequent three months confirmed this
mechanism of the behavior of a two-layer coating
with tin sublayer in sulfuric acid solutions.

Thus, our data demonstrate the exceptional im-
portance of observing the regime of tin sublayer re-
flowing.

CONCLUSIONS

(1) A tin coating on a copper base, deposited from
a chloride-fluoride electrolyte, is porous and shows
rather poor anticorrosive characteristics. The fact that
these characteristic are impaired in comparison with
the corrosion rate of a compact tin is due to the ac-
celerating effect of a Cu/H2SO4/Sn contact pair, in
which copper is cathode, on the corrosion rate.

(2) The range of heat treatment duration providing
high-quality coatings was established. It was shown
that making the reflowing longer results in a decrease
in the corrosion resistance of a tin coating.

(3) Non-observance of the optimum regime of sub-
layer reflowing in fabricating a two-layer coating

results in a considerable dissolution of the sublayer
and loss of adhesion of the main lead layer to the cop-
per base.
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Abstract-The catalytic properties of the Fe2O33Li2O system in ammonia oxidation were studied in the high-
temperature region. The influence of the phase composition of the system on the physicochemical and catalytic
properties of the catalysts were revealed. The catalytic properties of lithium ferrite, which is the most active
and selective component of the Fe2O33Li2O system, were studied. The mechanism of lithium ferrite deac-
tivation at 1273 K is considered.

Catalytic oxidation of ammonia to nitrogen(II)
oxide is the basic reaction for industrial production of
nitric acid [1]. Owing to the high cost, deficiency, and
irrecoverable loss of industrial catalysts (platinum,
rhodium, and palladium alloys) in technological pro-
cesses, a search for new efficient non-platinum cat-
alysts (NPC) is urgent. Iron(III) oxide is a promising
support for NPC, used industrially as a component in
the second stage of a combined system for ammonia
oxidation [1, 2]. To preserve the high activity and
selectivity with respect to nitrogen(II) oxide and to en-
hance the thermal and chemical resistance of iron(III)
oxide, various modifying additives are used, and metal
oxides in particular [136]. The available data on cat-
alysts for ammonia oxidation are empirical, because
the modern theory of catalysis allows no unambiguous
prediction of a set of properties for catalysts with
various compositions, preparation procedures, and
chemical prehistories. Accumulation of data on the

catalytic properties of the systems is of practical and
theoretical interest for the development of scientif-
ically substantiated methods for creating catalysts
with prescribed properties.

Lithium oxide (Li2O) is used as modifying additive
to iron oxide3containing catalysts, but the system
Fe2O33Li2O has not been studied in a wide composi-
tion range [1, 3, 536]. The present work is concerned
with the catalytic and physicochemical properties of
the Fe2O33Li2O system in ammonia oxidation.

The catalyst was prepared by thermal decomposi-
tion in air of ferric nitrate hydrate Fe(NO3)3 . 9H2O
and lithium nitrate hydrate Li(NO3) . 3H2O (both
analytically pure) mixed in a calculated ratio [7].
An X-ray phase analysis was performed on a URS-50I
diffractometer in FeK

a

-radiation. The phase composi-
tion of the Fe2O33Li2O catalytic system is presented
in Table 1.

Table 1. Phase composition of the Fe2O33Li2O catalytic system
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CLi2O
, wt %

³
Phase composition

³ Properties of system components
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ crystal structure ³ unit cell parametera, nm

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0 ³ a-Fe2O3 ³ Trigonal a-Al2O3 ³ 0.5430

033.5 ³ a-Fe2O3+a-Li 0.5Fe2.5O4 ³ 3 ³ 3

3.6 ³ a-Li 0.5Fe2.5O4 ³ Cubic MgAl2O4 ³ 0.8330
3.7315.7 ³ a-Li 0.5Fe2.5O4+a-LiFeO2 ³ 3 ³ 3

15.8 ³ a-LiFeO2 ³ Cubic NaCl ³ 0.4156
15.9348.2 ³ a-LiFeO2+ Li5FeO4 ³ 3 ³ 3

48.3 ³ Li5FeO4 ³ Rhombic Na2O ³ 0.9218
48.4399.9 ³ Li5FeO4+ Li2O ³ 3 ³ 3

100.0 ³ Li2O ³ Cubic antifluorite CaF2 ³ 0.4628
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Properties of the Fe2O33Li2O catalytic system
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
CLi2O

, ³ Ssp, ³ SNO, % ³ X 0 1033, ³ Y, º CLi2O
, ³ Ssp, ³ SNO, % ³ X 0 1033, ³ Y,³ ³ ³ ³ º ³ ³ ³ ³

wt % ³ m2 g31 ³(t = 6.7701032 s)³m3 h31 m32³ rel. % º wt % ³ m2 g31 ³(t = 6.7701032 s)³m3 h31 m32³ rel. %
ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

0 ³ 5.9 ³ 94.7 ³ 6.50 ³ 0.30 º ³ ³ ³ ³
2.0 ³ 6.4 ³ 95.0 ³ 7.05 ³ 0.26 º ³ ³ ³ ³
3.0 ³ 6.8 ³ 95.3 ³ 7.49 ³ 0.24 º ³ ³ ³ ³
3.6 ³ 7.1 ³ 95.5 ³ 7.82 ³ 0.21 º ³ ³ ³ ³
4.0 ³ 6.9 ³ 92.9 ³ 7.60 ³ 0.23 º ³ ³ ³ ³
5.0 ³ 6.6 ³ 85.5 ³ 7.27 ³ 0.25 º ³ ³ ³ ³
6.0 ³ 6.3 ³ 78.6 ³ 6.94 ³ 0.27 º ³ ³ ³ ³
8.0 ³ 5.7 ³ 70.2 ³ 6.28 ³ 0.40 º ³ ³ ³ ³

10.0 ³ 5.0 ³ 62.9 ³ 5.50 ³ 0.55 º ³ ³ ³ ³
13.0 ³ 4.2 ³ 55.7 ³ 4.63 ³ 0.75 º ³ ³ ³ ³
15.0 ³ 3.6 ³ 52.0 ³ 3.97 ³ 0.91 º ³ ³ ³ ³
15.8 ³ 3.5 ³ 51.0 ³ 3.86 ³ 0.93 º ³ ³ ³ ³
18.0 ³ 3.1 ³ 42.1 ³ 3.42 ³ 1.02 º ³ ³ ³ ³
20.0 ³ 2.9 ³ 37.7 ³ 3.19 ³ 1.10 º ³ ³ ³ ³
25.0 ³ 2.5 ³ 30.2 ³ 2.75 ³ 1.22 º ³ ³ ³ ³

³ ³ ³ ³ º 30.0 ³ 2.2 ³ 24.3 ³ 2.42 ³ 1.33
³ ³ ³ ³ º 35.0 ³ 1.9 ³ 19.1 ³ 2.09 ³ 1.41
³ ³ ³ ³ º 40.0 ³ 1.7 ³ 15.5 ³ 1.87 ³ 1.48
³ ³ ³ ³ º 45.0 ³ 1.6 ³ 12.2 ³ 1.76 ³ 1.50
³ ³ ³ ³ º 48.3 ³ 1.5 ³ 11.2 ³ 1.65 ³ 1.53
³ ³ ³ ³ º 50.0 ³ 1.4 ³ 9.2 ³ 1.54 ³ 1.55
³ ³ ³ ³ º 53.0 ³ 1.3 ³ 6.8 ³ 1.43 ³ 1.58
³ ³ ³ ³ º 56.0 ³ 1.2 ³ 5.5 ³ 1.32 ³ 1.64
³ ³ ³ ³ º 60.0 ³ 1.0 ³ 3.8 ³ 1.10 ³ 1.71
³ ³ ³ ³ º 65.0 ³ 0.9 ³ 2.6 ³ 0.99 ³ 1.73
³ ³ ³ ³ º 70.0 ³ 0.8 ³ 1.9 ³ 0.88 ³ 1.78
³ ³ ³ ³ º 80.0 ³ 0.6 ³ 1.1 ³ 0.67 ³ 1.87
³ ³ ³ ³ º 90.0 ³ 0.5 ³ 0.7 ³ 0.55 ³ 1.92
³ ³ ³ ³ º 100.0 ³ 0.4 ³ 0.4 ³ 0.44 ³ 1.97

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
Note: X is the limiting AAM load, Y is ammonia breakthrough under the critical process conditions, andSNO is selectivity

by NO.

The specific surface areaSsp of the catalysts was
measured by low-temperature adsorption of nitrogen
and calculated by the BET equation (Table 2).

The catalyst selectivity by NO was determined
on a flow-through installation with a quartz reactor
2 0 1032 m in diameter [8]. The catalyst bed (4312)0
1032 m in height was composed of (20 3) 0 1033-m
granules; the ammonia concentration in the ammonia3
air mixture (AAM) was about 10 vol %; the time
of contact was 6.770 1032 s, and the optimal pres-
sure, according to previously obtained data [4], was
0.101 MPa. The test temperature corresponded to
the maximum selectivity of a single-component iron
oxide catalyst (1053 K) [7]. The compositions of
the products of ammonia oxidation and thermal de-
composition of nitrogen(II) oxide on the catalysts
were determined by chromatographic analysis of the

Fig. 1. Catalyst selectivitySNO vs. composition of the
Fe2O33Li2O system.

gas mixture for NH3, O2, N2, NO, and N2O before and
after catalyst introduction, as in [9]. The sensitivity
of analysis was (in 1033 vol %): 3.0 for NH3, 3.5 for
NO, and 5.0 for O2, N2, and N2O.

The limiting AAM load was determined by a pro-
cedure [3] consisting in that the catalyst is loaded to
a critical state (dying), with the heat balance of a cat-
alyst disturbed when the reaction passes from the dif-
fusion to the kinetic region.

The results obtained in studying the catalytic prop-
erties of the Fe2O33Li2O system are presented in
the Fig. 1 and Table 2.

Only two nitrogen compounds, N2 and NO, were
found among the reaction products of ammonia oxida-
tion on the catalysts studied; under conditions far
from critical no ammonia[breakthrough] occurred.
Thus, the overall conversion of the initial substance
is 100% and the only variable parameter of the cat-
alytic process is the ratio between nitrogen(II) oxide
and molecular nitrogen, i.e., the selectivity by NO
(or by nitrogen). Thermal dissociation of NO may
diminish the observed selectivity by nitrogen(II) oxide:

2NO = N2 + O2. (1)

Experimental data on the degree of thermal dis-
sociation of nitrogen(II) oxide on the catalysts of
the system studied are presented in Table 3.
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At the testing temperature and the optimal time of
contact (6.770 1032 s), nitrogen(II) oxide undergoes
thermal dissociation in trace amounts (Li2O and a mix-
ture of Li5FeO4 with Li2O) to 1.2% (on Li0.5Fe2.5O4).
The thermal dissociation of NO on lithium oxide does
not virtually occur. At higher reagent flow velocities,
i.e., with the time of contact decreasing to 1.20 1033 s
(critical conditions of catalyst dying), no thermal dis-
sociation of nitrogen(II) oxide occurs, which is con-
sistent with data on other NPC catalysts for ammonia
oxidation [1, 10].

At lithium oxide concentrations of up to 3.6%,
iron(III) oxide with a structure ofa-Fe2O3 hematite
(reflections with interplanar spacings of 0.3680,
0.2690, 0.2510, 0.2204, 0.1844, 0.1693, 0.1482,
and 0.1452 nm) coexists with lithium ferrite
a-Li0.5Fe2.5O4 (main reflections with interplanar spac-
ings of 0.589, 0.478, 0.374, 0.340, 0.2946, 0.2769,
0.2514, 0.2084, 0.1703, 0.1605, 0.1474, 0.1273,
0.1204, and 0.1115 nm) as a binary mixture. At
the stoichiometric ratio Li2O : Fe2O3 = 1 : 5 (3.6 wt %
Li2O) lithium ferrite is formed with a structure of
the Fe3+[Li +

0.5Fe3+
1.5]O4 inverted spinel. The specific

surface area oflithium ferrite (7.1 m2 g31) slightly
exceeds that of iron(III) oxide (5.9 m2 g31). The selec-
tivity of lithium ferrite by nitrogen(II) oxide is 95.5,
i.e., exceeds the similar characteristic fora-Fe2O3
(94.7%). When the concentration of lithium ferrite,
possessing the higher selectivity and specific surface
area, is raised, the selectivity of catalysts of the
a-Fe2O33a-Li0.5Fe2.5O4 system grows.

In the lithium oxide concentration range 3.7315.7%,
the ferrite phasea-Li 0.5Fe2.5O4 coexists with the
a-modification of lithium metaferritea-LiFeO2 (main
reflections with interplanar spacings of 0.239, 0.2073,
0.1467, 0.1252, 0.1200, 0.1089, 0.0925, 0.0845,
0.0640, and 0.0657 nm) as a binary mixture. The se-
lectivity and the specific surface area oflithium meta-
ferrite (51.0% and 3.5 m2 g31) are considerably lower
than the similar characteristics fora-Li0.5Fe2.5O4.
The increase in the concentration of the low-active
phase of lithium metaferrite in thea-Li 0.5Fe2.5O43
a-LiFeO2 system leads to an abrupt monotonic de-
crease in the selectivity of catalysts by nitrogen(II)
oxide.

X-ray phase analysis shows that, at lithium oxide
concentrations of 15.9348.2%, lithium metaferrite
a-LiFeO2 coexists with the Li5FeO4 phase as a binary
mixture. Li5FeO4 ranks far belowa-LiFeO2, and
especiallya-Li0.5Fe2.5O4, in selectivity and specific
surface area(11.2% and 1.5 m2 g31). Raising the
concentration of the low-active Li5FeO4 phase in

Table 3. Degree of NO decomposition on Fe2O33Li2O
catalysts at 1053 K [Gas mixture composition (vol %):
9.5 NO, 71.3 N2, 4.6 O2, and 14.6 H2O (vapor) (t =
6.770 1032)]
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
CLi2O

, wt % ³ Phase composition ³ g,* %
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

0 ³ a-Fe2O3 ³ 1.0
2.0 ³ a-Fe2O3+a-Li 0.5Fe2.5O4 ³ 1.1
3.6 ³ a-Li 0.5Fe2.5O4 ³ 1.2

10.0 ³ a-Li 0.5Fe2.5O4+a-LiFeO2 ³ 0.7
15.8 ³ a-LiFeO2 ³ 0.5
35.0 ³ a-LiFeO2+ Li5FeO4 ³ 0.2
48.3 ³ Li5FeO4 ³ 0.1
70.0 ³ Li5FeO4+ Li2O ³ <0.1

100.0 ³ Li2O ³ <<0.1**

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Degree of NO decomposition.

** Virtually absent.

the a-LiFeO23Li5FeO4 system drastically decreases
the selectivity of catalysts by NO.

At lithium oxide concentrations exceeding 48.3%,
Li5FeO4 coexists with the phase of lithium oxide as
a mixture of two compounds. The selectivity and
the specific surface area oflithium oxide (0.4% and
0.4 m2 g31) are lower than those of Li5FeO4 and all
other system components. Raising the lithium oxide
concentration in the Li5FeO43Li2O system leads to
a monotonic decrease in the selectivity of catalysts by
nitrogen(II) oxide. Thus, the selectivity of the system
depends on its composition, in particular, on the ratio
of phases in the two-component catalyst.

In the Fe2O33Li2O catalytic system, the only
component of practical interest is lithium ferrite
a-Li 0.5Fe2.5O4, the most active and selective com-
pound surpassing evena-Fe2O3 in its character-
istics. The other system components are low-active
(a-LiFeO2 and Li5FeO4) or virtually inactive (Li2O).

The high-temperature oxidation of ammonia on cat-
alysts occurs by two parallel reactions [1, 11]:

4NH3 + 5O2 = 4NO + 6H2O, (2)

4NH3 + 3O2 = 2N2 + 6H2O. (3)

The redox mechanism of the reactions [11] is re-
sponsible for the correlation between the selectivity
and strength of binding of chemisorbed oxygen to the
catalysts [12]. The measure of the strength of oxygen
binding to the catalyst is the heat of its chemisorption
[11, 12]. For catalysts of certain nature (metals and
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Fig. 2. Selectivity SNO of lithium ferrite vs. operation
time t. The linear velocity of AAM flow is 0.8 m s31

(operation conditions). Temperature (K): (1) 1073, (2) 1173,
and (3) 1273.

metal oxides) there exists an optimal energy of oxy-
gen binding to the compound surface, ensuring the
maximum selectivity by nitrogen(II) oxide [11314].
The deviation of the binding energy from the optimal
value impairs the NO selectivity and improves the se-
lectivity by N2. The binding energies of the sur-
face oxygen to the individual components of the cat-
alytic system in the oxidized state were determined
from the temperature dependence of the pressure of
oxygen in thermodynamic equilibrium with the sur-
face oxygen of the compounds [15] (kJ mol31 O2):
a-Fe2O3 143.5,a-Li0.5Fe2.5O4 138.2,a-LiFeO2 179.8,
Li5FeO4 224.3, and Li2O 242.5.

For hematite and lithium ferrite, the energies of
oxygen binding to the surface are close and the selec-
tivities differ only slightly. The energy of oxygen
binding to the surface ofa-LiFeO2, and especially to
the Li5FeO4 and Li2O surfaces, much exceeds that for
a-Fe2O3 and lithium ferrite. The product of stronger
ammonia oxidation (i.e., nitrogen(II) oxide) is formed
with breaking of a greater number of oxygen3catalyst
bonds, compared with molecular nitrogen. This means
that the selectivity by NO decreases with increasing
binding energy of adsorbed oxygen [11, 13, 14], and
it is this phenomenon that is observed fora-LiFeO2,
Li5FeO4, and Li2O.

The limiting ammonia load grows with increasing
specific surface area of the catalyst: it is the highest
for lithium ferrite [7.820103 m3 NH3 h31 m32] and the
lowest for lithium oxide (0.440 103 m3 NH3 h31 m32]
(Table 2). The limiting load for iron(III) oxide (6.500
103 m3 NH3 h31 m32] is slightly lower than that for
lithium ferrite. This parameter depends on the rate of
the chemical reaction on the surface, which is, in turn,
determined by the chemical composition of the cat-
alyst. Under the critical process conditions (t =
1.20 1033 s), no decomposition of nitrogen(II) oxide
by pathway (1) is observed, but part of unreacted
ammonia is found after the catalyst (breakthrough)
(Table 2). With increasing specific surface area of

the catalysts, the ammonia breakthrough decreases,
which is consistent with the higher activity of such
catalysts. The ammonia breakthrough is the highest
for lithium oxide (1.97%) and the lowest for lithium
ferrite (0.21%). In this respect,a-Fe2O3 is close to
lithium ferrite (0.30%), their specific surface areas
differing insignificantly.

The kinetic characteristics of the reaction on lithi-
um ferrite, which is the most active and selective
component of the Fe2O33Li2O system, were deter-
mined using the[burning] and [dying] temperatures
of a lithium ferrite pellet, i.e., the temperatures at
the critical points. The reaction rate was calculated
by the method in which the temperature limits of
the external diffusion region were determined using
the [dying] of a catalyst pellet on lowering the
AAM temperature [16]. The temperature of the cat-
alyst surface was measured with a TPP-2 thermo-
couple inserted into the pellet from the side of AAM
flow. A layer of lithium ferrite granules (2.033.0)0
1033 m in size was placed between the pellet and
the reactor walls to eliminate the heat loss. The ki-
netic parameters of the process were calculated by
the Buben equation [17] solved for two reaction
rates at a constant oxygen concentration. The equation
has the form

(1 + a) 1 + (m 3 1)Ä 3 Ä 1 3 Ä = 0,g g
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b
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(4)

a = T/ T0 3 1, b = QbC0 /(aT0), e = RT0 /E,

where m is the reaction order by ammonia,T is the
catalyst surface temperature at the critical point (K),
T0 is the AAM temperature,C0 is the ammonia con-
centration in the flow,a andb are the mass- and heat-
transfer coefficients,Q is the heat effect of the reac-
tion, and E is its activation energy.

The coefficientsa and b were calculated from
the known equations [18].

The kinetic parameters of ammonia oxidation on
lithium ferrite are as follows: temperature of catalyst
[burning,] 527 K; ammonia concentration in AAM,
10 vol %; activation energy of the reaction,
9.54 kJ mol31 NH3; reaction order by ammonia, 0.19;
and catalyst selectivity by NO (at 1053 K), 95.5%.

A study of the dependence of catalyst selectivity on
operation time confirmed the high stability of lithium
ferrite at 107331173 K (Fig. 2).

The selectivity of lithium ferrite at 1073 and
1173 K decreases by 0.4 and 0.7%, respectively, after
160 h of operation. The iron(III) oxide selectivity at
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1073 K decreases by 3.5% after the same period of
time [7]. With the process temperature raised to
1273 K, lithium ferrite undergoes deactivation under
the influence of the elevated temperature and the re-
action medium: the catalyst selectivity after 160 h of
operation decreases by 3.5%. To elucidate the deac-
tivation mechanism, the chemical and phase composi-
tion of the catalyst were studied along with its struc-
ture. X-ray diffraction patterns of the surface layer of
a catalyst that operated at 1273 K contain lithium fer-
rite reflections and reflections with interplanar spac-
ings of 0.485, 0.297, 0.253, 0.242, 0.2101, 0.1712,
0.1614, and 0.1485 nm, characteristic of magnetite
Fe3O4 [19]. This conclusion is confirmed by IR spec-
tral data. The IR spectra of the surface layer of a cat-
alyst after operation contain the magnetite absorption
peaks at 407, 427, 480, 557, 673, and 980 cm31 [20].
Magnetite suppresses the catalyst selectivity, i.e., it is
the low-active phase [7] (the magnetite selectivity at
1073 K is 7%). The intensity of the phase transforma-
tions occurring in the catalyst grows with increasing
reaction temperature, as shown by X-ray diffraction
analysis and IR spectroscopy. The increase in the con-
centration of the low-active phase with growing tem-
perature results in a more abrupt decrease in the cat-
alyst selectivity. In addition, the catalyst operated at
1273 K contains a new, relatively low-active phase-
a-modification of lithium metaferritea-LiFeO2. The
selectivity ofa-LiFeO2 at 1053 K is 51%. The appear-
ance of the new, low-active phases of magnetite and
a-LiFeO2 at elevated temperatures is associated with
the redox mechanism of ammonia oxidation [1, 5, 11]
and is in good agreement with the results of thermo-
dynamic calculations [21]. According to these data
the high probability of lithium ferrite transformation
at T > 1273 K (P02

= 0.021 MPa, air) by the reaction

6Li0.5Fe2.5O4 = 3LiFeO2 + 4Fe3O4 + O2 (5)

results in the formation of new phases, found in ex-
perimental studies. Similar transformations during
heat treatment of lithium ferrite were observed in [22].

Under the influence of high temperature, the cat-
alyst recrystallizes, with the specific surface area
decreasing (Table 4). After 160 h of operation the
size of lithium ferrite granules increases from 200 to
340 nm. The reaction conditions being far from crit-
ical, i.e., the reaction being limited by ammonia dif-
fusion toward the catalyst surface, the specific sur-
face area does not exert decisive influence on the se-
lectivity of lithium ferrite [1, 3, 6]. This means that
the drop in selectivity at 1273 K is mainly due to
phase and chemical transformations of the catalyst.
Under the critical conditions of the reaction (cat-

Table 4. Changes in selected structural and catalytic
properties of lithium ferritea-Li 0.5Fe2.5O4 during operation
at 1273 K
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Ssp,
³ Root-mean-square³ Limiting load by

t, h ³ ³ granule size, ³ammonia, A01033,
³m2g31

³ nm ³ m3 h31 m32

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
4 ³ 6.8 ³ 200 ³ 7.49

40 ³ 6.6 ³ 207 ³ 7.27
60 ³ 6.4 ³ 218 ³ 7.05
80 ³ 5.8 ³ 240 ³ 6.39

100 ³ 4.9 ³ 265 ³ 5.40
140 ³ 3.3 ³ 308 ³ 3.63
160 ³ 2.7 ³ 340 ³ 2.97
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

alyst dying) the activity of lithium ferrite decreases
and the limiting load falls from 7.490 103 to
2.970 103 m3 NH3 h31 m32) as a result of recrystal-
lization and a decrease in the specific surface area of
the catalyst.

Thus, a set of chemical and phase transformations
of the catalyst, yielding low-active and low-selective
components (Fe3O4 and a-LiFeO2) with rearranged
structure is the reason for lithium ferrite deactivation.
In the temperature range 107331173 K, lithium ferrite
is a highly selective and stable catalyst for ammonia
oxidation.

CONCLUSIONS

(1) The catalytic properties of the Fe2O3Li2O sys-
tem in ammonia oxidation were studied in the com-
ponent concentration range 03100 wt %.

(2) The catalytic properties of the individual com-
ponents (a-Fe2O3, Li2O, a-Li0.5Fe2.5O4, a-LiFeO2,
and Li5FeO4) of the system were determined.

(3) The influence of the phase composition of
the system on the physicochemical and catalytic prop-
erties of the catalysts, including the activity and se-
lectivity by nitrogen(II) oxide, was revealed. The ac-
tivity and the selectivity of the system depends on
composition and, in particular, on the ratio of the
amount ofa-Fe2O3 phase to that of thea-Li 0.5Fe2.5O4
phase of a two-component catalyst. The same is true
for the Li0.5Fe2.5O4 and a-LiFeO2, a-LiFeO2 and
Li5FeO4, and Li5FeO4 and Li2O phases.

(4) The process parameters were determined on
the ferrite catalyst, which is the most active and selec-
tive component of the Fe2O33Li2O system.
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(5) A set of chemical and phase transformations of
the Li0.5Fe2.5O4 catalyst, resulting in the formation of
low-active and low-selective components (Fe3O4 and
a-LiFeO2) with rearranged structure, is responsible for
the deactivation of lithium ferrite at 1273 K.

(6) The obtained data on the catalytic properties
of the Fe2O33Li2O system can be used in developing
highly efficient modified catalysts for ammonia ox-
idation.
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Abstract-The acid and catalytic properties of high-silica zeolites of ZSM-5 type, modified with alkaline-
earth metal cations in pyrolysis of straight-run naphtha, were studied.

Until recently, lower C23C4 olefins, which are
important raw materials for petroleum chemical pro-
cesses, have been prepared predominantly by pyrolysis
of various hydrocarbons at high temperatures (8003
850oC). Further intensification of the process by im-
proving the design of tubular furnace pyrocoils or
using more rigorous conditions is largely hindered by
the chemical features of the process and technological
factors. Therefore, pyrolysis of hydrocarbons in the
presence of catalysts [136], allowing preparation of
lower olefins at lower temperatures and with higher
selectivity, is rather promising.

Although numerous oxide catalysts for pyrolysis of
hydrocarbons are known, search for highly efficient
systems for preparing C23C4 olefins is still urgent.

Extensive studies of thermal pyrolysis and pyrolysis
in the presence of oxide catalysts have shown that
these processes are largely similar. It has been found
that the catalyst does not affect the pathway of hy-
drocarbon pyrolysis, which predominantly proceeds
by the heterogeneous3homogeneous radical-chain
mechanism, and only makes higher the concentration
of free radicals in the system [4]. However, only few
reports are known of the use of zeolite catalysts for
hydrocarbon pyrolysis [7, 8]. In this work, we studied
the acid and catalytic properties of high-silica zeolites
(HSZs) of ZSM-5 type, modified with alkaline-earth
metal (AEM) cations in pyrolysis of straight-run
naphtha.

The initial HSZs with silicate modulus of 30 were
prepared by hydrothermal synthesis from alkaline
aluminosilicates [9]. The zeolites were impregnated
with AEM cations using appropriate metal nitrate so-
lutions, and the resulting catalysts were dried at 110
and calcined at 600oC for 8 h. The content of AEM

cations (Mn+) in HSZ was 1 wt % in terms of metal.
The catalytic properties of zeolite-containing catalysts
were studied on a flow-type setup in the 5003700oC
range under atmospheric pressure at space velocity
of 3 h31. The reagents and pyrolysis products were
analyzed by gas chromatography [10]. As initial hy-
drocarbon raw material served straight-run naphtha
(Surgut Gas Processing Plant) of the following com-
position, wt %: 56.89 paraffinic, 32.76 naphthenic,
and 8.54 aromatic hydrocarbons.

The acid properties of catalysts were studied by
thermal desorption of ammonia. A catalyst sample
(0.7 g) was placed in a quartz reactor, the reactor was
purged with helium (130 cm3 min31) at 600oC for
2 h and then cooled to 100oC, and the sample was
saturated with ammonia. The thermal desorption of
ammonia was carried out on heating at a rate of
10 deg min31 to 650oC [11].

The curve of thermal desorption from HSZ-30 ex-
hibits two forms of ammonia desorption: low-tem-
perature form I with a peak atTmax 203oC, typical
predominantly of Lewis acid centers, namely, co-
ordination-unsaturated aluminum cations in H-HSZ-5,
and high-temperature form II withTmax 400oC cor-
responding to stronger Brønsted centers, namely, hy-
drogen ions of the bridging hydroxy groups in HSZ
(Fig. 1, curve 1).

Incorporation of AEM cations into HSZ affects
the strength and concentration of the acid centers in
zeolite-containing catalysts. Modification of H-HSZ-
30 with strontium and barium cations shifts their low-
temperature forms I to higher temperatures:Tmax
213 and 212oC, respectively (Fig. 1, curves4, 5).
At the same time, modification of HSZ-30 with
any AEM cation strongly shiftsTmax of the high-
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Fig. 1. Thermal desorption of ammonia from the HSZ sur-
face as influenced by temperature. (I ) Intensity and
(T) temperature. Catalysts: (1) HSZ, (2) Mg-HSZ, (3) Ca-
HSZ, (4) Sr-HSZ, and (5) Ba-HSZ; the same for Fig. 2.

temperature form II to lower temperatures, i.e., it
strongly decreases the acidity of the corresponding
centers. The greatest shift inTmax of the high-tempera-
ture form II to lower temperatures (335 and 350oC)
is observed for HSZ modified with magnesium and
barium, respectively (Fig. 1, curves2 and5). Modifi-
cation of HSZ-30 with magnesium and barium cations
significantly decreases their total acidity to 610 and
525 mmol g31, respectively (Table 1) with respect to
unmodified H-HSZ-30 (754mmol g31). It should be
noted that the concentration of the Lewis acid centers

in the modified zeolite catalysts is 1.832.5 times
greater than the concentration of the Brønsted acid
centers, except in Ba-HSZ having close concentrations
of the Lewis and Brønsted acid centers: 296 and
229 mmol g31, respectively. The common feature of
all the zeolite-containing catalysts is that the ad-
dition of the AEM cations affects predominantly the
strongly acidic Brønsted centers and causes their
weakening, which is especially typical of Mg- and
Ba-HSZs.

A study of the pyrolysis of straight-run naphtha,
using zeolite catalysts modified with AEM cations,
revealed a correlation between their acid and catalytic
properties. In the 5003650oC range, the conversion
of straight-run naphtha on HSZ-30 reaches 86390%,
which is three times the thermal conversion ofnaphtha
on quartz powder in the same temperature range. With
the temperature increasing from 500 to 650oC, the
selectivity of formation of C23C4 olefins increases to
become 27% (11.95 and 10.52% ethylene and propyl-
ene, respectively), whereas the relative yield of aro-
matic hydrocarbons is 39.58% at 650oC.

Modification of HSZs with AEM cations lowers
the total yield of pyrolysis products, with the rel-
ative yield of lower olefins increasing to 54.06%
(Table 2, Fig. 2). With the temperature increasing
from 550 to 700oC, the conversion and yield of C23C4
alkenes grow for all the samples in question. The ef-

Table 1. Acid properties of HSZs modified with AEM cations
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Tmax, oC ³ Concentration of acid centers,mmol g31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ form I ³ form II ³ form I ³ form II ³ total

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
HSZ ³ 203 ³ 400 ³ 477 ³ 276 ³ 753
Mg-HSZ ³ 189 ³ 375 ³ 415 ³ 196 ³ 611
Ca-HSZ ³ 169 ³ 370 ³ 668 ³ 230 ³ 898
Sr-HSZ ³ 213 ³ 355 ³ 528 ³ 252 ³ 780
Ba-HSZ ³ 212 ³ 350 ³ 296 ³ 229 ³ 525
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Composition of the products of straight-run naphtha pyrolysis in the presence of HSZs modified with various
AEM cations
ÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³
Conversion,

³ Yield based on initial naphtha³ Content, %
³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄSample
³

T, oC
³ % ³ gas ³ alkenes C23C4 ³ arenes³ alkenes in the gas phase³ arenes in catalyzate

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
HSZ ³ 700 ³ 88 ³ 58.49 ³ 26.01 ³ 35.81 ³ 44.46 ³ 86.29
Mg-HSZ ³ 700 ³ 81 ³ 66.61 ³ 44.08 ³ 19.39 ³ 66.17 ³ 58.07

³ 750 ³ 89 ³ 70.4 ³ 45.81 ³ 24.41 ³ 65.06 ³ 92.59
Ca-HSZ ³ 700 ³ 83 ³ 61.27 ³ 40.26 ³ 28.15 ³ 65.7 ³ 72.68
Sr-HSZ ³ 700 ³ 77 ³ 59.86 ³ 40.41 ³ 21.50 ³ 67.5 ³ 53.31
Ba-HSZ ³ 700 ³ 83 ³ 67.41 ³ 48.74 ³ 21.87 ³ 72.32 ³ 67.11
ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 2. Yield S of (a) C23C4 alkenes and (b) arenes in conversion of straight-run naphtha. (T) Temperature.

fect of modification on the product composition is
the most pronounced at lower temperatures of straight-
run naphtha pyrolysis. Addition of Mg, Ca, and Ba
to the zeolite increases the gas liberation from 58.5
(H-HSZ) to 67.4% (Ba-HSZ), with the content of al-
kenes simultaneously increasing from 44.5 to 72.3%.
Addition of 1% strontium(II) to H-HSZ decreases
the conversion of straight-run naphtha from 88 to
77 wt %. As compared with the initial H-HSZ, the gas
evolution on the Sr-HSZ sample remains almost the
same, whereas the content of alkenes in the gas phase
increases from 44.5 to 67.5%.

Modification of HSZs with AEM cations by im-
pregnation with solutions of the respective metal
nitrates with subsequent calcination at 600oC leads to
absorption and deposition of AEM cations in the HSZ
pores and channels, decreasing the effective channel
diameter, changing the diffusion and absorption char-
acteristics, and lowering the activity and acidity of
modified zeolite catalysts [12]. Modification of zeo-
lites with AEM cations decreases not only the amount
of the strongly acidic Brønsted centers (Table 1), but
also the ratio between the Lewis and Brønsted acid
centers, which affects the activity and selectivity of
the catalysts. Dehydroxylation of the surface of zeo-
lite-containing catalysts in the course of high-tem-
peratures catalytic pyrolysis makes higher the con-
centration of the Lewis acid centers and Al3+ cations
that escaped from the zeolite skeleton to form acid3
base pairs Al+O3, which can activate hydrogen and
saturated hydrocarbons yielding hydrocarbon radicals
(the stage of heterogeneous generation of hydrocar-
bon radical). Then, during pyrolysis the hydrocarbon
radical weakly bound to the surface passes into the
bulk and the reaction proceeds in the homogeneous
phase by the radical-chain mechanism [13, 14].

CONCLUSION

Modification of ZSM-5 high-silica zeolite with
alkaline-earth metal cations increases the yield of

lower C23C4 olefins in pyrolysis of straight-run naph-
tha. High-silica zeolites modified with magnesium
and barium cations exhibit the highest selectivity with
respect to lower olefins in conversion of straightrun
naphtha, which correlates with their acid properties.
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Catalytic Activity of Homogeneous Mixtures of Metal Chelates
of Polyfluorinated b-Keto Esters with Tertiary Amines

in Urethane Formation

M. S. Fedoseev and T. S. Vshivkova

Institute of Technical Chemistry, Ural Division, Russian Academy of Sciences, Perm, Russia

Received August 1, 2000

Abstract-A series of Cu(II), Co(II), Mn(II), Fe(III), and La(III) chelates with unsymmetrical fluorinated
b-keto esters, taken separately and in mixtures with tertiary amines, were tested as catalysts in urethane
formation and in synthesis of network elastomers.

Homogeneous catalysis in the liquid phase is wide-
ly used to effect oligomerization and dimerization of
olefins, polymerization of acrylates anda-oximes, and
oxidation, hydroxylation, and hydrogenation of olig-
omers. As for synthesis of polyurethanes, data on ho-
mogeneous catalysis of this process are much less ex-
tensive as compared, e.g., with those for synthesis of
olefin oligomers. At the same time, significant rise in
the industrial production of polyurethane materials by
reactive injection molding (RIM) is impossible with-
out using homogeneous catalytic systems. The process
is based on the pseudo-prepolymer principle of formu-
lating monomer3oligomer compositions to provide re-
liable compatibility of the reactants with active cata-
lysts and fast curing of the mixture after molding.

The following catalysts are used in RIM processes:
dibutyltin dilaurate, 1-methyl-3,5-diethylphenyl-2,4-
and 2,6-diamines, 2,3-dimethyl-3,4,5,6-tetrahydropy-
rimidine, and their molecular complexes [1].

Studies of the newest RIM formulations show that
the catalysts employed, such as dibutyltin dilaurate
and tertiary amines, facilitate thermal oxidative de-
gradation of the polymer [1]. Therefore, search for
new catalytic systems free of these drawbacks is an
urgent problem.

Previous studies of polyfluorinated copperb-dike-
tonates have shown [2] that these compounds not only
exhibit catalytic activity but also improve the struc-
tural organization of elastomers owing to donor3ac-
ceptor interaction with the polymer matrix. As a re-
sult, the properties of the materials become stable
upon aging.

It is interesting to use this valuable property of
fluorinated chelates in development of catalytic sys-

tems for RIM formulations. However, fluorinated cop-
per chelates are less catalytically active than the ex-
isting catalysts [2], and the required curing rate can-
not be ensured without adding cocatalysts with a syn-
ergistic effect. As such cocatalysts we chose tertiary
amines whose synergistic effect on the catalysts is
well known [3].

Here we report on a study of homogeneous catalysis
with mixtures of Cu(II), Co(II), Mn(II), Fe(III), and
La(III) chelates of fluorinatedb-keto esters with an
oligomeric tertiary amine, Lapromol-294.

Lapromol-294, a product of reaction of methyloxi-
rane with ethylenediamine, has terminal functional
hydroxy groups and is a reactive component of poly-
urethane compounds (chain-lengthening agent).
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HO3HC3H2C
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SN3CH23CH23NQSCH23CH3OH

CH23CH3OH
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The rate constants of the reaction of phenyl iso-
cyanate withn-butanol in cyclohexanone at 40oC in
the presence of metal chelates of fluorinatedb-keto
esters (0.05 M) of the general formula
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cR cR
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iiiin
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`

are listed in Table 1. It is seen that all the chelates
tested are homogeneous catalysts of urethane forma-
tion. Their catalytic activity increases in the order
Co < Cu < La < Mn < Fe.
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As seen from Table 2, addition of Lapromol-294
produces a pronounced synergistic effect. To under-
stand its mechanism, special studies are required.
The significant acceleration of urethane formation is
probably due to the formation of molecular complexes
of the fluorinated chelates with Lapromol-294:
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The interaction of the fluorinated chelates with

Lapromol is manifested in the IR spectra as changes in
the carbonyl absorption bands at 1640 and 1610 cm31

and as a shift of the band of the Lapromol hydroxy
groups at 3300 cm31 because of the formation of a
hydrogen bond with the oxygen atom of the alkoxy
group in the coordinatedb-keto ester anion.

Then we examined the influence of the homogene-
ous catalysts studied in the model reaction on the pro-
cessing and physicomechanical properties of castable
network polyurethanes.

The network polyurethanes were prepared and
tested as described in [2]. Additionally, 20 wt % La-
promol-294 was added. The processing and physico-
mechanical properties of the stocks and catalytically
cured elastomers are listed in Table 3.

It is seen that the examined catalyst mixtures sub-
stantially accelerate the polyurethane formation, which
allows them to be recommended for production of
polyurethane articles by the RIM process. It should
also be noted that the polyurethanes exhibit highly
stable properties in thermal aging.

Thus, Cu(II), Fe(III), Mn(II), Co(II), and La(III)
chelates with florinatedb-keto esters are homogene-
ous catalysts of urethane formation; their catalytic
action is considerably enhanced in the presence of
the synergistic additive Lapromol-294.

Table 1. Calculated and experimental rate constants of
the reaction of phenyl isocyanate withn-butanol at 40oC in
the presence of fluorinated chelates (homogeneous liquid,
R = C4H9)
ÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Che-
³ ³ ³ ³K 0 1034, l mol31 s31

³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
late ³ R` ³ M ³ n ³ exper- ³ calcu-
no. ³ ³ ³ ³ iment ³ lation
ÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

1 ³ OCH3 ³ Cu ³ 2 ³ 7.2 ³ 6.8
2 ³ OC2H5 ³ Cu ³ 2 ³ 7.0 ³ 7.0
3 ³ OC2H5 ³ Fe ³ 3 ³ 12 ³ 3

4 ³ OC2H5 ³ Mn ³ 2 ³ 10 ³ 3

5 ³ OC2H5 ³ Co ³ 2 ³ 6.5 ³ 3

6 ³ OC2H5 ³ La ³ 3 ³ 8.0 ³ 3

ÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 2. Synergistic catalysis of the reaction of phenyl
isocyanate with n-butanol in cyclohexanone at 40oC
(catalyst concentration 0.5 mol %)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Catalyst ³ Mutual ³ K 0 1034,
³ solubility ³ l mol31 s31

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 3 ³ 0.39

Lapromol-294 ³ Complete in mixed³ 4.0
³ formulation ³

Lapromol-294 +³ ³
chelate: ³ ³

no. 1 ³ Complete ³ 62
no. 3 ³ " ³ 85
no. 4 ³ " ³ 75
no. 5 ³ " ³ 56
no. 6 ³ " ³ 72

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Technological properties of polyurethane elas-
tomers
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ t ³
t

³ Tensile strength
³ ³ ³ at 25oC, MPa
ÃÄÄÄÄÁÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Catalyst ³ ³ after ³ after aging
³ min ³ curing ³ at 100oC
³ ³ ³ for 10 days

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 45 ³ 600 ³ 4.5 ³ 3.4

Lapromol-294 ³ 20 ³ 60 ³ 45 ³ 42
Chelate: ³ ³ ³ ³

no. 3 ³ 15 ³ 10 ³ 48 ³ 45
no. 4 ³ 10 ³ 5 ³ 46 ³ 44
no. 5 ³ 12 ³ 7 ³ 50 ³ 46
no. 6 ³ 17 ³ 14 ³ 44 ³ 42
no. 7 ³ 15 ³ 12 ³ 42 ³ 42

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
Note: (t) Working life at 25oC and (t) curing time at 60oC.
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EXPERIMENTAL

Chelates of Cu(II), Fe(III), Mn(II), Co(II), and
La(III) with fluorinated b-keto esters were prepared
at the Institute of Organic Synthesis, Ural Division,
Russian Academy of Sciences, by the procedures de-
scribed in [436]. The procedures for calculating and
determining experimentally the rate constant of the
reaction of phenyl isocyanate withn-butanol and
preparing network polyurethanes were described in [2].

CONCLUSIONS

(1) A series of Cu(II), Fe(III), Mn(II), Co(II), and
La(III) chelates with fluorinatedb-keto esters were
studied as catalysts of urethane formation (both taken
separately and as mixtures with amine oligomer Lapro-
mol-294). All the chelates exhibit catalytic activity,
which is enhanced in the presence of Lapromol-294.

(2) The catalytic mixtures are active in synthesis
of network polyurethanes. The processing and physi-
comechanical properties of the resulting castable poly-
urethanes were determined. These materials are highly
stable in aging.
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Abstract-A new procedure is proposed for vapor-phase gas-chromatographic determination of the solubility
of partly soluble volatile compounds in liquids. The method is based on successive pneumatic sampling to
take small and equal portions of the equilibrium gas from the gas-liquid system containing an excess of
the volatile component forming the second liquid phase. The gas-chromatographic determination of this
component in the samples of the equilibrium gas makes it possible to find the slope of the isotherm describing
the distribution of the substance between the liquid and gas phases near the saturation point, estimate the
nonlinear portion of the isotherm, and calculate the substance content in the saturated solution.

Data on the solubility of volatile substances that
are partly soluble and extremely poorly soluble in
aqueous media are required to control the content of
toxic impurities in industrial waste and in natural and
drinking water. The shape of the distribution isotherm
and, in particular, the interval of linearity and devia-
tion from it in the region close to saturation are of
interest for studying the thermodynamic properties of
solutions and gas-liquid equilibrium in binary and
more complex systems.

In the reference literature, data on the solubility of
volatile compounds are scarce [1]. This is caused, on
the one hand, by the reduced demand for such data
and, on the other, by the lack of reliable methods for
determining the solubility of volatile substances with
an error of 0.1 wt% and less. At the same time, the
development of sanitary-chemical and environmental
monitoring requires reliable information on the con-
tent of volatile noxious impurities in dilute aqueous
solutions at a level of 1033% and less, e.g., traces of
aromatic and halogen-containing hydrocarbons in
natural, drinking, and tap water.A priori calculation
allows only approximate estimation of the content of
volatile organic substances in saturated solutions.

Traditional methods for determining the solubility
of partly or poorly soluble substances usually include
measuring the maximal solubility of a volatile sub-
stance in a homogeneous solution; the excess soluble
substance gives a second liquid phase. Such a state

of the system is characterized by the practically con-
stant concentration of the volatile component in the
gas phase over the solution, independent of its amount
in the liquid.

The content of the volatile substance in thesaturated
homogeneous solution is measured after thorough sep-
aration of two liquid phases. Fairly complex proce-
dures using various devices are required for this pur-
pose [2]. Their main drawback is the difficulty and
sometimes impossibility of preparing and sampling
a saturated homogeneous solution because of the for-
mation of a supersaturated solution or an emulsion
and evaporation of volatile components: it is very
difficult to attain saturation of both phases without
phase separation.

Substantial progress in determining the solubility
of volatile substances in liquids is associated with
the use of vapor-phase gas-chromatographic analysis
(VPA) [3, 4]. This method includes measuring the con-
tent of volatile substances in the condensed phase by
gas chromatography of the equilibrium gas phase. In
this method, not a solution being studied but the va-
por phase equilibrated with this solution at given tem-
perature is introduced into the gas-chromatographic
column. The vapor-phase analysis procedure is best
adapted to analysis of a volatile component of a con-
densed matrix. One of the first publications on quan-
titative VPA is devoted to determining the solubility
of hydrocarbons in water [5].
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C `max
L Cmax

L

Fig. 1. Solubility of volatile substances in liquids, meas-
ured by VPA of a series of solutions with substance con-
centrations close to the saturation limit. (CG) Concentration
of volatile substance in the equilibrium gas; (m0/VL) sub-
stance concentration in the liquid phase. (A) Region of
unsaturated homogeneous solutions and (B) region of phase
separation of the liquid solution.

The use of VPA in measuring the solubility of vol-
atile substances in liquids is based on the pattern
of distribution of the solution components between
the condensed and gas phases. The concentration de-
pendence of the partial pressure of the volatile com-
ponents of the liquid phase is described by the activity
coefficients.

In dilute solutions with concentrations of volatile
substances less than 0.01 wt %, the activity coef-
ficient gi

i is practically constant [4, 6] and coin-
cides with the activity coefficient for infinitely dilute
solution:

g i
i = lim g i .

xi 6 0
(1)

In this case, Henry’s law is fulfilled

Pi = Hi xi . (2)

According to this law the partial pressurePi of
the ith component over the solution is the product of
its mole fractionxi in the solution and Henry’s con-
stantHi related to the saturated vapor pressure of this
componentPi

0 by

Hi = Pi
0gi
i. (3)

At gi ; gi
i = const the system is characterized by

a linear isotherm of distribution of theith component
between the liquid and gas phases. In such cases,
the numerical value of the distribution coefficient

K = CL/CG, (4)

equal to the ratio of the equilibrium weight concen-
trations of the substance in the liquid (CL) and gas
(CG) phases, is practically independent ofxi .

In real solutions, at concentrations of volatile sub-
stances exceeding 0.1 wt %, the activity coefficient
is usually a function of the mole fraction of the sub-
stance in the solution, i.e.,gi = f (xi ), and the system
is characterized by a nonlinear distribution isotherm,
with K depending onxi .

In the region of liquid phase separation, the partial
pressure of theith component is independent of its
amount in the system. In this case, the distribution
isotherm is a straight line parallel to the concentra-
tion axis.

Based on such relations, the vapor-phase method
for determining the solubility of the volatile sub-
stances was proposed as far back as the early 1980s
[6]. The method involved preparation of a series of
aqueous solutions with varied, and close to the satura-
tion limit, concentrations of the components to be de-
termined. The distribution isothermCG = f (CL) was
derived from the data on the content of the component
studied in the gas phase. The maximal solubility of
the substance in the solution was determined by linear
extrapolation of the sloping and horizontal sections of
the isotherm, as shown in Fig. 1. The abscissa of the
intersection point of these straight lines was taken as
the maximal solubility of the substance. The method
was tested by determining the solubility of chlorinated
aromatic and saturated hydrocarbons in water.

Along with evident advantages, this method has
a major constraint consisting in that it assumes a line-
ar isotherm within the entire range of concentrations
of unsaturated solutions up to the solubility limit. In
other words, the method is based on the assumption
that the activity coefficient is constant in the entire
range of homogeneous solutions. When deviations of
the isotherm from the linearity become substantial,
the differences between the actual (CL

max) and apparent
extrapolated (CL̀

max) values (Fig. 1) may exceed the
permissible value.

Another disadvantage of the above method is that it
is labor-consuming, since it is necessary to prepare
a great number of solution samples with the concen-
trations of volatiles less than 0.0130.1 wt %.

We can avoid these difficulties by successively tak-
ing small and equal portions of the equilibrium gas
from the gas3liquid system containing an excess of
the volatile substance (i.e., in the case when a second
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liquid phase exists). In the VPA method with pneu-
matic sample dosing into a chromatograph [7, 8], it is
possible to take from the vessel containing the mass
mG of a volatile substance strictly specified mass frac-
tions

mg
i /mG = ( p` 3 p)/p` (5)

(mg
i is the weight of the substance sampled from the

gas phase) and to vary them in a wide range by chang-
ing the pressures in the thermostated vessel with the
solution studied,p`, and in the chromatograph evapo-
rator, p.

Repeated vapor-phase dosing of the samples into
the chromatograph with a strictly fixed pressure jump
from p` to p gives a series of chromatograms shown
schematically in Fig. 2. Therange of the phase separa-
tion of the liquid (even if it is not found visually) is
characterized by chromatograms with constant height
and area of peaks (sectionI ) and, hence, constant
weight of the substance taken. As the volatile sub-
stance is removed from the heterogeneous system, its
amount decreases until the second liquid phase disap-
pears, or, in other words, until the nonvariant equilib-
rium transforms into a monovariant one. This instant
corresponds to the last chromatogram with the max-
imal peak height. Further vapor sampling decreases
the concentration of the volatile substance in the solu-
tion, and the chromatograms of the equal portions of
the equilibrium gas have the form of a series of peaks
with decreasing height (sectionsII andIII ). The range
of the constant ratios of peak heights (or areas) in
the chromatograms of successive portions of the gas
phase (sectionIII ) corresponds to the linear part of
the distribution isotherm or to the region of infinite
dilution, in which the distribution coefficientK is
practically independent of the solute concentration.
The range of the nonlinear isotherm (sectionII ) is
characterized by variable, and lower than unity, ratio
of masses of the substance sampled from the system.

It should be noted that, in accordance with the fea-
tures of VPA with pneumatic sampling [7, 8], the ratio
of the gas (VG) to liquid (VL) phase volumes

r = VG/VL (6)

in the vessel is the fundamental parameter determining
the conditions of the experiment. The conditions for
the use of the method with tolerable error can be ex-
pressed by the inequality

K < r < ( p`/p). (7)

These simple criteria allow, within the scope of
the above method, determination of the boundaries of
each portion of the distribution isotherm in the case

Fig. 2. Successive dosing of the equilibrium vapor
into a chromatograph from a liquid3gas system with phase
separation of the liquid phase: (B) detector signal and
(C) successive dosing of the liquid phase. (I ) Region of
phase separation of the liquid phase,AG

n+ 1/AG
n = const;

(II ) nonlinear portion of the distribution isotherm,
AG

n+ 1/AG
n < 1; and (III ) linear portion of the distribution

isotherm, AG
n+ 1/AG

n = 1. (AG) Area of the chromatogram
peak; (n) chromatogram ordinal number. Each vertical line
is the amplitude of the detector signal or the peak height in
the chromatogram.

of partly or poorly soluble volatile liquids with
the distribution coefficient not exceeding several tens.

The thus obtained data can be used to calculate
the substance solubility. One of the possible, and
the simplest calculation procedures is as follows. In
the case of a known saturated vapor pressureP0 of
the pure substance whose solubility is measured its
concentration in the saturated solutionCL

0 can be cal-
culated by the equation

CL
0 = _______77 ,

m0 3 mg 3 m0

VL

n

(8)

where m0 is the mass of the substance introduced
into the system before sampling,mg is the calcu-
lated mass of the substance in the gas phase over
the saturated solution, andmg

n is found from VPA as
the mass of the substance forming the second liquid
phase and removed from the system in the first por-
tion of the distribution isotherm (Fig. 2).

mg is calculated with regard to the saturated vapor
pressure of the volatile substance at the experiment
temperature by the formula following from the fun-
damental gas equation of state:

mg = M,________P0awVG

RT
(9)

where R is the universal gas constant,M is the mo-
lecular mass of the volatile substance whose solubility
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Fig. 3. Scheme of a device for pneumatic dosing of vapor
phase samples into the chromatograph: (1) glass vessel;
(2) elastic rubber plug; (3) screw chuck sealing and themo-
statically controlling the glass vessel; (4) rubber gasket;
(5) steel needle with a side outlet; (6) two-positioned six-
way gas cock; (7) standard manometer; (8) evaporator of
the gas chromatograph; and (9) chromatographic column.
(I) Producing elevated pressure in the vessel with a sample
and (II ) dosing the gas phase into the chromatograph.

is measured, andaw is the coefficient reflecting
the solubility of water in the organic phase.

When this solubility can be neglected,aw = 1. In
other cases,aw can be calculated by the formula

aw = ÄÄ = ÄÄ
Pì

Pi
0 AG

0

AG`` (10)

from the saturated vapor pressure over pure (dry) or-
ganic substance,Pi

0, which is determined as the peak
areaAG

0 in the chromatogram and that over the water-
saturated organic phase,Pì `, also found as the peak
areaAG̀̀ in the chromatogram obtained under standard
conditions.

The mass of the second organic phase can be cal-
culated as the sum of masses of the volatile substance,
mg̀, sampled in each ofn dosings into the chromato-
graph in the first portion of the distribution isotherm:

= Smg.
n

1
mg

n i (11)

Sincemg̀/mg is the fraction of the substance sam-
pled from the gas phase in each dosing of the sat-
urated vapor into the chromatograph, we can write, in
accordance with Eq. (5),

(12)mg = mg n = mgÄÄÄÄ n.n i
p` 3 p

p`

Then

CL = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ .0
m0 3 mg{1 3 n[( p` 3 p)/p` ]}

VG
(13)

The condition for attaining the maximal accuracy
of measurements is

(m0 + mg) >> mg.n (14)

The inequality

nÄÄÄÄ < ÄÄÄ ,
p` 3 p

p`
DCL

0

CL
0 (15)

which relates the analysis conditions to the relative
error of CL

0 measurements, can serve as the criterion
of the fulfillment of inequality (14). In practice, this
condition is attained when no more than 335 sam-
plings are performed on the horizontal portion of
the distribution isotherm. In this case, the error of
substance solubility measurement is determined by
the procedure and the accuracy of introducing the mass
m0 and may be no worse than several percents.

EXPERIMENTAL

Measurements were performed on a Tsvet-500M
chromatograph with a flame-ionization detector and
a 2000 0.4-cm glass column packed with 10%
OV-101 as a stationary phase on Chromosorb W-AW
(0.1630.2 mm). The temperatures of the column, evap-
orator, and detector were 60, 120, and 180oC, re-
spectively. The carrier gas flow rate in the chroma-
tographic column was 20 ml min31, the detector signal
was recorded by a TZ-4620 recording potentiometer
and processed using Multikhrom package for Windows
B.1.38 (IBM-486).

The equilibrium gas phase was dosed into the chro-
matographic column pneumatically by a special attach-
ment for vapor-phase dosing of samples [8] heated
to 150oC (Fig. 3). This attachment is installed on
the evaporator of a standard chromatograph and pro-
vides introduction of a known volume (0.532.0 ml) of
a gas phase from a vessel (in which the equilibrium
is reached) into a chromatographic column through
a short (537 cm) hot line.

Aqueous solutions with a given microcontent of
benzene, toluene, chlorobenzene, chlorodibromome-
thane, dichlorobromomethane, 1,1-dichloroethane, and
1,2-dichloropropane were prepared using precisely
weighed samples of the respective chemically pure
grade substances under conditions excluding their
loss.

The analysis procedure was as follows. Into a 15-ml
standard vessel1 for medical preparations ([penicil-
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lin]) was introduced 335 ml of water preliminarily
checked for the absence of volatile organic substances.
The vessel was plugged with elastic rubber plug2 and
hermetically sealed in a screw chuck3. To avoid sorp-
tion, the surface of the rubber stopper was protected
with a Teflon film or aluminum foil. Then, 2310 ml
(accurate sample) of aromatic or halogenated hydrocar-
bon were introduced into the vessel with preliminarily
calibrated Hamilton glass microsyringe by puncturing
the rubber plug with the syringe needle. The vessel
with the water sample was kept at 20, 25, and 30oC
for 15 min with intermittent agitation of the liquid to
reach the equilibrium. The sample temperature was
controlled by water flow through screw chuck nipples
3 from a liquid thermostat. Then, the vessel with the
sample in the temperature-controlled screw chuck was
punctured with the needle5 of a batcher through
the elastic rubber plug to a length of 5310 mm so that
the needle end was in the gas phase. At this time, the
cock6 should be in positionI, when the pressurep` in
the vessel exceeds the pressurep in the chromato-
graphic column. In this case, the standard manometer
7 shows the pressure of the carrier gas in the chro-
matograph evaporator8. By reversing the cock in posi-
tion II , the gas space of the vessel1 is connected with
the chromatograph evaporator8. In this position, the
sample of the equilibrium gas passes in pulsed mode
into the chromatographic column owing to the pres-
sure difference. At this time, manometer7 shows the
pressurep` in the auxiliary line. After a chromatogram
was recorded, the stopcock6 was returned to position
I. The repeated dosing of the equilibrium gas into
the chromatographic column was performed by revers-
ing the cock6 to positionII . The pneumatic dosing of
the gas into the chromatograph and the methods of
the quantitative vapor-phase analysis were described
in detail in [3, 7, 8].

The possibility of measuring the solubility of vol-
atile substances in liquids by the above-described meth-
od was checked with aqueous solutions of the simplest
aromatic and halogenated hydrocarbons. The choice of
these compounds was governed by the availability of
reliable reference data on their solubility in water and
also by their high volatility and low VPA detection
limit in solution (103631038%).

The measurement procedure is illustrated by an ex-
ample of repeated pneumatic sampling of the equilib-
rium gas from a vessel with saturated aqueous solu-
tion of benzene with a minor (~1 mg) excess of pure
benzene forming the second liquid phase. Data in
Table 1 shows that the first eight chromatograms re-
flect the phase separation portion of the distribution
isotherm, the ratio of the peak areasAG

n+ 1/AG
n being

Table 1. Area of benzene peak on chromatograms in
successive sampling of the equilibrium vapor from
the three-phase system aqueous solution of benzene3

benzene3argon
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Chroma-³ Peak area³ AG

n+ 1 ³ Number of phases in
togram³ AG, ³ ÄÄÄÄ ³ the system and region of
no. n ³ mV s31 ³ AG

n
³ the distribution isotherm

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 9078 ³ 0.999³Three-phase system with
2 ³ 9073 ³ 0.999³liquid phase separation;
3 ³ 9069 ³ 0.998³horizontal portion of
4 ³ 9053 ³ 1.001³the isotherm
5 ³ 9065 ³ 0.999³
6 ³ 9053 ³ 0.999³
7 ³ 9040 ³ 0.998³
8 ³ 9019 ³ 0.983³³ ³ ³
9 ³ 8866 ³ 0.975³Two-phase system with

10 ³ 8644 ³ 0.965³homogeneous liquid;
11 ³ 8342 ³ 0.955³nonlinear portion of
12 ³ 7963 ³ 0.943³the isotherm³ ³ ³
13 ³ 7506 ³ 0.947³Two-phase system;
14 ³ 7111 ³ 0.947³linear portion of
15 ³ 6737 ³ 0.946³the isotherm
16 ³ 6373 ³ 0.945³
17 ³ 6023 ³ 0.945³
18 ³ 5691 ³ 0.944³
19 ³ 5375 ³ 0.949³
20 ³ 5101 ³ 0.947³
21 ³ 4833 ³ ³

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

virtually unity. This isotherm portion is completed by
a peak with the area of 9019mV s31. Then, the system
becomes two-phase (the liquid becomes homogeneous),
and the portion of a nonlinear isotherm starts, which
is completed with the 12th chromatogram with peak
area of 7963mV s31, giving way to the linear portion
of the distribution isotherm. It should be noted that
the upper limit of concentrations bounding the linear
portion of the isotherm is only 15% less than the con-
centration of the maximal benzene solubility in water.

Similar series of chromatograms for toluene, chloro-
benzene, 1,1-dichloroethane, and 1,2-dichloropropane
allowed calculation of the solubility of these com-
pounds in water. Data of Tables 2 and 3 show that
our method provides acceptable accuracy in measur-
ing the solubility of such volatile substances. Devia-
tions from the reference data obtained by traditional
methods [6, 9] do not exceed 10% and are within the
error limits for the methods compared. However, dif-
ferences between the results of the vapor phase ex-
trapolation method [6] and our vapor-phase analysis
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Table 2. Solubility of aromatic hydrocarbons in water
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Sub-
³

T,
³ Solubility,* g l31 ³

Deviation
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´

stance
³

oC
³ a ³ b ³

(b3a)/b, %

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Benzene³ 20 ³ 1.75 ³ 1.65+ 0.09 ³ 6.0

³ 25 ³ 1.80 ³ 1.77+ 0.09 ³ 1.7
³ 30 ³ 1.95 ³ 1.98+ 0.11 ³ 1.5
³ ³ ³ ³

Toluene³ 20 ³ 0.45 ³ 0.42+ 0.03 ³ 7.1
³ 25 ³ 0.50 ³ 0.55+ 0.025³ 9.0
³ 30 ³ 0.57 ³ 0.63+ 0.03 ³ 9.5

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Solubility: (a) data of [2] and (b) measured by VPA method.

Table 3. Solubility of halogenated hydrocarbons in water
at 30oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Sub-

³ Solubility,** g l31 ³ Deviation
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÂÄÄÄÄ

stance*
³ reference data ³experimental³ ³
ÃÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ´ ³
³ a ³ b ³ c ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄ
CDBM ³ 3 ³ 1.05+ 0.04 ³ 1.35+ 0.06 ³ 3 ³ 22.2
DCBM ³ 3 ³ 3.03+ 0.15 ³ 3.65+ 0.14 ³ 3 ³ 16.9
1,1-DCE³ 5.00³ 4.83+ 0.18 ³ 5.50+ 0.32 ³ 9.1³ 12.2
1,2-DCP³ 2.70³ 2.42+ 0.25 ³ 2.95+ 0.12 ³ 8.5³ 18.0
CB ³ 0.49³ 0.47+ 0.03 ³ 0.52+ 0.03 ³ 5.8³ 9.6
ÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄ
* (CDBM) chlorodibromomethane, (DCBM) dichlorobromo-

methane, (1,1-DCE) 1,1-dichloroethane, (1,2-DCP) 1,2-di-
chloropropane, and (CB) chlorobenzene.

** Solubility: (a) traditional methods [6, 9], (b) vapor-phase
extrapolation [3]; (c) measured by VPA with repeated sam-
pling of vapor from the same vessel.

with manifold sampling of the equilibrium vapor from
the same vessel (Table 3) are somewhat greater. These
deviations are systematical and probably associated

with the above-noted features of the extrapolation cal-
culation of the maximal solubility of volatile sub-
stances in liquids, which can give underestimated
results.

CONCLUSION

The method was developed for determining the sol-
ubility of volatile substances, based on the principles
and technique of vapor-phase gas-chromatographic
analysis with repeated pneumatic sampling of the equi-
librium vapor from the system and its dosing into
a chromatographic column. Within the 0.1310 g l31

concentration range, the error of this method does not
exceed 10%.
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Abstract-The diffusion, osmotic, and electroosmotic permeabilities of MGA-100 andOPM-K mem-
branes in aniline- and morpholine-containing aqueous solutions were studied in the concentration range
0.4312.5 kg m33 at 20345oC. The behavior of the permeabilities with solution concentration and tempera-
ture is analyzed and accounted for.

In [133] were presented results obtained in study-
ing by the methods of reverse osmosis and electro-
osmofiltration the purification of wastewater produced
at plants manufacturing chemicals-additives for poly-
meric materials. As objects of study served aniline-
and morpholine-containing kinds of wastewater (both
model and real) and polymeric reverse-osmosis mem-
branes MGA-100 and OPM-K. It was shown that
the baromembrane methods are promising for waste-
water purification.

The present communication reports the results ob-
tained in studying the diffusion, osmotic, and elec-
troosmotic permeabilities to aniline and morpholine of
reverse-osmosis membranes MGA-100 and OPM-K.

These data are necessary for analyzing transport
phenomena and performing engineering calculations
of membrane processes [435].

EXPERIMENTAL

A schematic of the experimental setup for studying
the diffusion, osmotic, and electroosmotic permeabili-
ties is presented in the figure.

The setup comprises a thermostated cellI3II , mea-
suring capillary1, vessels for the starting (2, 3) and
spent (4, 5) solutions, and a dc power source6.

The main unit of the setup is theI3II cell. It con-
sists of two chambers,I and II , separated by a mem-
brane 7 under study.

In analyzing the diffusion and osmotic permeabili-
ties, a membrane is pressed between grids8 made
of acrylic resin in order to prevent its bending under

the action of hydrostatic pressure and temperature
stresses.

In studying the electroosmotic permeability, the
membrane is fixed between chambersI and II in an-
other way. A membrane under study is placed on
a piece of Whatman paper, in its turn laid on the po-

Schematic of the experimental setup. For explanations see
the text.
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rous electrode (cathode)10. The membrane, Whatman
paper, and the porous electrode are pressed between
the acrylic resin grids. In addition, one more porous
electrode (anode)11 is placed in chamberI.

The solution in chamberI is stirred by means of
its continuous circulation effected by a centrifugal
pump12, and that in chamberII , by a magnetic stirrer
13. The necessary solution temperature in the cell
chambers is maintained by heat-exchangers14 in
the cell chambers, through which water from thermo-
stat 15 is circulated. The temperature in chambersI
and II is monitored with Chromel-Copel thermo-
couples 16 connected to a potentiometer17. Constant
temperature within the chambers is maintained au-
tomatically. The volume of the cell chambers is
0.601033 m3, and the working area of the membranes,
2.2750 1033 m2. Chambers I and II are made of
acrylic resin.

The diffusion and osmotic permeabilities were stud-
ied as follows. Preliminarily, a membrane to be stud-
ied was inspected and placed in a vessel with regular-
ly renewed distilled water for 24 h and then used to
assemble a measuring cell (figure). ChamberI was
filled with a solution of certain concentration, and
chamberII , with distilled water. To attain steady dif-
fusion and osmotic flows, the solutions were kept in
the chambers for a long time (11313 h) and then dis-
charged. After that the cell chambers were washed
with distilled water for 15 min. Then the chambers
were filled as in the preceding experiment: chamber
I, with a solution of the same concentration, and cham-
ber II , with distilled water. The content of the cham-
bers was sampled through spent-solution vessels4 and
5 and replenished through the starting-solution cham-
bers 2 and 3. Further, an experiment was performed
to determine the diffusion and osmotic permeabilities.
The experiment duration was 3 h.

The amount of water that passed across the mem-
brane and the intensity of its osmotic transfer into
chamberI were determined from the decrease in vol-
ume in the measuring capillary1. The amount of sol-
ute that passed across the membrane in the direction
opposite to that of the osmotic transport as a result of
diffusion was determined after an experiment was
complete and the solutions were discharged into spent
solution vessels4 and 5. The content of solutes in
the samples was determined by photocolorimetry for
aniline and by titrimetry for morpholine.

The coefficients of diffusionPd (m2 s31) and os-
motic Pos (m5 kg31 s31) permeabilities were calculated
under assumption of independent flows of solute and
solvent (water) across the membrane by the formulas

Pd = ÄÄÄÄÄÄÄÄÄ
C2V2X

(C1 3 C2)St
, (1)

Pos = ÄÄÄÄÄÄÄÄÄ
DVX

(C1 3 C2)St
, (2)

whereV1 andV2 are volumes of chambersI andII (m3);
C1 and C2 are the concentrations of diffusate in, re-
spectively, chambersI and II at the final instant of
time (kg m3); DV is the amount of solvent transferred
across the membrane (m2); S is the membrane surface
area (m2); X is the membrane thickness (m); andt is
the experiment duration (s).

The electroosmotic permeability was determined as
follows. The cell was assembled and preliminary
operations were performed: the chambers were filled
with working solution and the solution allowed to stay
until a steady state was attained, chambersI and II
were washed with distilled water and again filled with
the working solution, and a necessary temperature re-
gime was estallished. After that, first a trial and then
the main experiments were carried out. For this pur-
pose, a voltage was applied to the electrodes and a nec-
essary current density was set. In view of the intensive
solvent transfer, the duration of the preliminary and
main experiments was 30 min. The amount of solvent
(water) that passed across the membrane and the in-
tensity of its electroosmotic transfer into chamberII
were determined from the increase in volume,DV,
in the measuring capillary1.

The electroosmotic permeability coefficientPeos
(m3 A31 s31) was calculated by the formula

Peos = ÄÄÄDV
Sit

, (3)

where i is the current density (A m32).

Tables 1 and 2 give the coefficients of diffusion
and osmotic permeabilities of MGA-100 and OPM-K
membranes in relation to the concentrations and tem-
peratures of aqueous aniline and morpholine solutions.
It follows from the presented data that the diffusion
permeability to aniline changes with its concentration
in solution in opposite directions for the MGA100 and
OPM-K membranes: for the former, the diffusion per-
meability first grows with increasing concentration,
passes through a maximum, and then starts to fall,
whereas for the latter it first falls, passes through
a minimum, and then starts to grow.

The dependences of the permeability on the mor-
pholine concentration in solution are more complex,
but also antibate for the MGA-100 and OPM-K mem-
branes.

Let us analyze the behavior of the diffusion perme-
ability with the solution concentration in more detail.
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Table 1. Diffusion permeability coefficients in relation to the solution concentration and temperature
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Aqueous ³ Type of ³
Cst, kg m33

³ Pd 0 1010 (m2 s31) at indicated temperature,oC
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄsolution ³ membrane ³ ³ 20 ³ 25 ³ 32 ³ 45

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Morpholine ³ OPM-K ³ 0.6 ³ 0.57 ³ 0.66 ³ 0.91 ³ 1.84

³ ³ 0.9 ³ 0.53 ³ 0.625 ³ 0.78 ³ 1.57
³ ³ 2.18 ³ 0.36 ³ 0.475 ³ 0.63 ³ 1.31
³ ³ 3.27 ³ 0.33 ³ 0.53 ³ 0.73 ³ 1.68
³ ³ 8.28 ³ 0.37 ³ 0.55 ³ 0.83 ³ 1.7
³ ³ 12.0 ³ 0.33 ³ 0.52 ³ 0.75 ³ 1.65
³ MGA-100 ³ 0.6 ³ 0.77 ³ 1.29 ³ 1.68 ³ 3.3
³ ³ 0.9 ³ 0.82 ³ 1.34 ³ 1.83 ³ 4.2
³ ³ 2.18 ³ 0.935 ³ 1.35 ³ 2.24 ³ 4.66
³ ³ 3.27 ³ 0.911 ³ 1.23 ³ 2.06 ³ 4.26
³ ³ 8.28 ³ 1.015 ³ 1.47 ³ 2.1 ³ 4.6
³ ³ 12.0 ³ 1.2 ³ 1.7 ³ 2.42 ³ 5.52

Aniline ³ OPM-K ³ 0.5 ³ 1.72 ³ 2.1 ³ 2.9 ³ 4.0
³ ³ 1.22 ³ 1.65 ³ 1.88 ³ 2.56 ³ 3.55
³ ³ 2.7 ³ 1.35 ³ 1.63 ³ 2.0 ³ 2.55
³ ³ 5.67 ³ 1.39 ³ 1.74 ³ 2.06 ³ 2.63
³ ³ 9.85 ³ 1.45 ³ 1.87 ³ 2.25 ³ 2.9
³ ³ 12.5 ³ 1.49 ³ 2.01 ³ 2.3 ³ 3.18
³ MGA-100 ³ 0.42 ³ 1.57 ³ 2.3 ³ 2.9 ³ 6.0
³ ³ 1.17 ³ 1.68 ³ 2.43 ³ 3.0 ³ 6.25
³ ³ 4.93 ³ 1.67 ³ 2.31 ³ 3.0 ³ 6.08
³ ³ 9.2 ³ 1.56 ³ 2.14 ³ 2.85 ³ 4.86
³ ³ 12.5 ³ 1.49 ³ 2.0 ³ 2.4 ³ 4.5

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

It is known that the diffusion permeability depends on
quite a number of factors: types of membranes and so-
lutions [6]; nature of interaction between the solute
and membrane, solvent and membrane [7]; etc. When
passing across the membrane, the solute may diffuse
both through the pore space filled with the solution
and through amorphous regions of a swollen mem-
brane. With increasing concentration of the solutions
under study, molecules of aniline or morpholine, be-
ing incorporated into the matrix of celluloseace-
tate membrane, probably plasticize it [8310], with
the result that the diffusion permeability coefficient
grows with increasing solute content of the solutions
in the low-concentration range (Table 1).

Simultaneously with membrane plasticization, there
possibly occurs the process of narrowing and even
complete volume filling of pores, caused by solute
sorption onto the membrane [11]. With this phenom-
enon dominating, the diffusion permeability coeffi-
cient decreases (Table 1).

However, for solutions of morpholine in water,
the process of membrane[loosening] probably domi-
nates, with the result that the diffusion permeability
increases in this case (Table 1).

As mentioned above, the runs of the dependences
of the diffusion permeability coefficients are the op-
posite for the OPM-K and MGA-100 membranes.

In addition, the diffusion permeability is somewhat
lower for OPM-K membranes, compared with those
of the MGA100 type. Apparently, the magnitude and
the type of dependence of the diffusion permeability
on the solution concentration are mainly affected by
the membrane nature and the radius distribution of
pores in the selective layer of membranes. Unfortu-
nately, published data on the pore characteristics of
reverse-osmosis polyamide membranes are extremely
scarce and mostly unspecific [12, 13].

Sorption factors probably predominate for OPM-K
membranes at low concentrations. With increasing
solution concentration, the pore space decreases, as
also does the diffusion permeability. With the solution
concentration solution increasing further, the solute
penetrates into the polymer matrix and the diffusion
permeability coefficient starts to increase. However,
for morpholine solutions, the diffusion permeability
coefficient reaches a maximum after a certain increase
and then (with the concentration growing futher) again
falls, if only slightly (Table 1). This is probably due
to the overall dehydration of the membrane.
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Table 2. Osmotic permeability coefficients in relation to the solution concentration and temperature
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Temperature,oC
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Aqueous ³ Type of ³ 20 ³ 25 ³ 32 ³ 45
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄsolution
³

membrane
³ Cst, ³Posm0 1014,³ Cst, ³Posm0 1014,³ Cst, ³Posm0 1014,³ Cst, ³Posm0 1014,

³ ³ kg m33 ³ m5 s31 kg31 ³ kg m33 ³ m5 s31 kg31 ³ kg m33 ³ m5 s31 kg31 ³ kg m33 ³m5 s31 kg31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Morpholine³ OPM-K ³ 0.49 ³ 33.7 ³ 0.456³ 51.5 ³ 0.565³ 62.5 ³ 0.481³ 209.0

³ ³ 1.05 ³ 26.8 ³ 1.145³ 28.4 ³ 1.062³ 36.5 ³ 1.107³ 63.1
³ ³ 2.42 ³ 16.79 ³ 2.28 ³ 19.1 ³ 2.14 ³ 24.2 ³ 1.94 ³ 55.83
³ ³ 5.097³ 15.1 ³ 5.0 ³ 20.2 ³ 5.0 ³ 22.6 ³ 4.44 ³ 28.5
³ ³ 8.85 ³ 13.0 ³ 8.56 ³ 16.7 ³ 8.1 ³ 18.1 ³ 8.12 ³ 22.9
³ ³ 13.1 ³ 10.3 ³ 13.1 ³ 12.2 ³ 13.04 ³ 13.7 ³ 13.08 ³ 17.0
³ MGA-100 ³ 0.44 ³ 6.0 ³ 0.39 ³ 15.3 ³ 0.364³ 23.1 ³ 0.35 ³ 58.0
³ ³ 1.175³ 3.9 ³ 1.018³ 8.0 ³ 1.044³ 11.6 ³ 1.018³ 22.4
³ ³ 2.0 ³ 3.2 ³ 1.94 ³ 5.88 ³ 1.847³ 8.4 ³ 1.92 ³ 13.74
³ ³ 4.5 ³ 2.77 ³ 4.36 ³ 4.97 ³ 4.27 ³ 5.7 ³ 4.1 ³ 6.87
³ ³ 8.15 ³ 2.26 ³ 8.05 ³ 3.6 ³ 8.15 ³ 4.45 ³ 8.25 ³ 5.5
³ ³ 12.5 ³ 1.7 ³ 12.5 ³ 2.15 ³ 12.9 ³ 2.92 ³ 11.6 ³ 3.62

Aniline ³ OPM-K ³ 0.7 ³ 19.7 ³ 0.655³ 82.4 ³ 0.85 ³ 130.1 ³ 0.975³ 215.3
³ ³ 1.375³ 13.5 ³ 1.075³ 62.05 ³ 1.375³ 98.4 ³ 1.45 ³ 182.9
³ ³ 2.15 ³ 7.97 ³ 2.23 ³ 42.7 ³ 2.25 ³ 78.9 ³ 2.4 ³ 150.1
³ ³ 5.2 ³ 3.81 ³ 5.5 ³ 24.7 ³ 5.2 ³ 28.1 ³ 5.4 ³ 67.1
³ ³ 10.0 ³ 2.18 ³ 10.63 ³ 14.0 ³ 10.0 ³ 18.9 ³ 10.25 ³ 39.4
³ ³ 13.0 ³ 1.48 ³ 12.6 ³ 3.4 ³ 13.05 ³ 5.86 ³ 12.2 ³ 30.1
³ MGA-100 ³ 0.625³ 4.37 ³ 0.625³ 5.54 ³ 0.58 ³ 6.89 ³ 0.54 ³ 9.048
³ ³ 2.75 ³ 1.2 ³ 2.43 ³ 1.5 ³ 2.65 ³ 2.3 ³ 2.59 ³ 4.91
³ ³ 6.35 ³ 0.672 ³ 6.3 ³ 0.83 ³ 6.2 ³ 1.35 ³ 6.3 ³ 4.58
³ ³ 9.8 ³ 0.615 ³ 9.76 ³ 0.78 ³ 9.7 ³ 1.0 ³ 9.93 ³ 4.45
³ ³ 12.5 ³ 0.6 ³ 12.5 ³ 0.765 ³ 12.5 ³ 0.905 ³ 12.5 ³ 4.42

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

In addition to the already mentioned reasons for
a change in the diffusion permeability coefficients,
there presumably are also other factors affecting this
parameter: nonlinear concentration dependence of the
distribution coefficients of the solute [11], possibility
of associate formation, membrane charge, etc. With
increasing temperature, the diffusion permeability al-
ways grows for the investigated types of membranes
(Table 1), in agreement with the commonly accepted
concepts [8].

Let us consider the behavior of the osmotic perme-
ability of membranes. Table 2 presents the osmotic
permeability coefficient in relation to the solution
concentration and temperature. It can be seen that
the osmotic permeability of OPM-K membranes much
exceeds that of MGA-100 membranes. This is prob-
ably due to differences in the nature of the membrane
materials, their structural characteristics, and sign of
charge on the membranes.

With increasing solution concentration, the sorp-
tion of solutes by membranes leads to their dehydra-
tion, to changes in their porous structure (because of

membrane swelling and pore narrowing), and, as a re-
sult, to a dramatic decrease in osmotic permeability
(Table 2). A similar pattern has been observed instudy-
ing the osmotic permeability of heterogeneous and
homogeneous ion-exchange membranes [14, 15].

With increasing temperature, the osmotic perme-
ability of the membranes grows (Table 2). This is in
agreement with the commonly accepted concepts con-
cerning the effect of temperature on the coefficients
of water diffusion in polymers [8].

To conclude, it should be noted that the coefficients
of osmotic permeability to aniline and morpholine
solutions of the reverse-osmosis membranes studied
are rather low, which also agrees with the commonly
accepted concept of a rather low osmotic pressure
of aqueous solutions of low-molecular organic sub-
stances [6].

Table 3 presents the electroosmotic permeability
coefficients in relation to solution concentration and
temperature. It follows from Table 3 that the electro-
osmotic permeability coefficients depend on the type
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Table 3. Electroosmotic permeability coefficients in relation to the solution concentration and temperature
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Temperature,oC
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Aqueous ³ Type of ³ 20 ³ 25 ³ 32 ³ 45
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄsolution
³

membrane
³ Cst, ³ Peos0 108, ³ Cst, ³ Peos0 108, ³ Cst, ³ Peos0 108, ³ Cst, ³Peos0 108,

³ ³ kg m33 ³ m3 A31 s31 ³ kg m33 ³ m3 A31 s31 ³ kg m33 ³ m3 A31 s31 ³ kg m33 ³m3 A31 s31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Morpholine³ OPM-K ³ 0.45 ³ 9.98 ³ 0.45 ³ 9.2 ³ 0.45 ³ 8.0 ³ 0.45 ³ 5.8

³ ³ 1.05 ³ 9.53 ³ 1.0 ³ 8.7 ³ 0.99 ³ 7.35 ³ 1.0 ³ 5.5
³ ³ 2.22 ³ 8.4 ³ 2.15 ³ 7.75 ³ 2.2 ³ 6.2 ³ 2.2 ³ 4.75
³ ³ 4.35 ³ 6.25 ³ 4.3 ³ 5.65 ³ 4.35 ³ 4.75 ³ 4.3 ³ 3.6
³ ³ 8.3 ³ 4.28 ³ 8.25 ³ 3.8 ³ 8.3 ³ 3.0 ³ 8.3 ³ 2.23
³ ³ 10.7 ³ 3.25 ³ 10.75 ³ 2.85 ³ 10.75 ³ 2.25 ³ 10.6 ³ 1.75
³ ³ 12.5 ³ 2.63 ³ 12.4 ³ 2.4 ³ 12.5 ³ 2.0 ³ 12.5 ³ 1.37
³ MGA-100 ³ 0.74 ³ 3.41 ³ 0.8 ³ 3.27 ³ 0.8 ³ 2.97 ³ 0.7 ³ 2.6
³ ³ 1.5 ³ 3.35 ³ 1.4 ³ 3.22 ³ 1.5 ³ 2.93 ³ 1.5 ³ 2.56
³ ³ 2.5 ³ 3.3 ³ 2.5 ³ 3.16 ³ 2.5 ³ 2.87 ³ 2.4 ³ 2.51
³ ³ 5.0 ³ 3.2 ³ 5.2 ³ 3.06 ³ 5.0 ³ 2.82 ³ 5.0 ³ 2.45
³ ³ 8.56 ³ 3.14 ³ 8.6 ³ 2.95 ³ 8.6 ³ 2.75 ³ 8.6 ³ 2.39
³ ³ 13.0 ³ 3.05 ³ 13.0 ³ 2.88 ³ 13.1 ³ 2.67 ³ 13.2 ³ 2.32

Aniline ³ OPM-K ³ 0.38 ³ 7.25 ³ 0.39 ³ 7.15 ³ 0.4 ³ 6.93 ³ 0.4 ³ 6.5
³ ³ 1.13 ³ 6.98 ³ 1.03 ³ 6.85 ³ 1.04 ³ 6.62 ³ 1.04 ³ 6.3
³ ³ 2.0 ³ 6.7 ³ 1.96 ³ 6.6 ³ 1.96 ³ 6.46 ³ 1.96 ³ 6.15
³ ³ 4.0 ³ 6.34 ³ 4.0 ³ 6.26 ³ 4.0 ³ 6.1 ³ 4.0 ³ 5.8
³ ³ 10.68 ³ 5.16 ³ 10.7 ³ 5.06 ³ 10.7 ³ 4.88 ³ 10.7 ³ 4.88
³ ³ 12.6 ³ 4.96 ³ 12.6 ³ 4.84 ³ 12.6 ³ 4.64 ³ 12.6 ³ 4.64
³ MGA-100 ³ 0.4 ³ 4.54 ³ 0.4 ³ 4.32 ³ 0.4 ³ 4.02 ³ 0.4 ³ 3.47
³ ³ 0.74 ³ 4.51 ³ 0.74 ³ 4.28 ³ 0.74 ³ 3.98 ³ 0.74 ³ 3.45
³ ³ 2.58 ³ 4.47 ³ 2.58 ³ 4.22 ³ 2.58 ³ 3.92 ³ 2.58 ³ 3.38
³ ³ 4.8 ³ 4.43 ³ 4.8 ³ 4.18 ³ 4.8 ³ 3.87 ³ 4.8 ³ 3.3
³ ³ 7.4 ³ 4.38 ³ 7.4 ³ 4.4 ³ 7.4 ³ 3.82 ³ 7.4 ³ 3.24
³ ³ 11.4 ³ 4.33 ³ 11.4 ³ 4.09 ³ 11.4 ³ 3.76 ³ 11.4 ³ 3.18

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

of membrane (being higher for the OPM-K membrane,
compared with MGA-100) and solution concentration
(also falling with increasing concentration).

It is known [14, 16] that the electroosmotic flow
of liquids depends on a number of factors, the most
important of which are the solution viscosity, ion hy-
drability, nature of membrane matrix, its moisture con-
tent, degree of homogeneity, adsorption capacity, etc.

With increasing concentration of the solutions,
their viscosity and electrical conductivity increase
somewhat. Consequently, the electroosmotic perme-
ability coefficient must decrease with increasing solu-
tion concentration. This is confirmed by the investi-
gation performed (Table 3).

With increasing temperature, the viscosity of the so-
lutions decreases somewhat, but their electrical con-
ductivity grows to a greater extent. This suggests that

the behavior of the electroosmotic permeability with
temperature may vary. In the case in question, the key
factor is, probably, the fast rise in electrical conductiv-
ity with increasing temperature, which leads to a sub-
stantial decrease in electroosmotic permeability with
increasing solution temperature (Table 3).

As shown by experimental studies (Table 3), the
electroosmotic permeability coefficient is independent
of current density for the systems studied. The ex-
periments were mainly performed at a current density
of 13.5 A m32, and, in part, at 20oC and current den-
sities of 8.8 and 19.8 A m32.

The difference between the electroosmotic perme-
ability coefficients of the MGA-100 and OPM-K
membranes is presumably due to the difference in
the nature of the membrane materials, in their poros-
ities, charge, etc.
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CONCLUSIONS

(1) The diffusion, osmotic, and electroosmotic
permeabilities of MGA-100 and OPM-K membranes
strongly depend on the nature of solute and its con-
centration and temperature.

(2) The diffusion permeability of MGA-100 mem-
branes exceeds that ofOPM-K membranes. The depen-
dences of the diffusion permeabilities on the concen-
tration of aniline ormorpholine are rather complex and
show opposite kinds of behavior for these membranes.

(3) The osmotic permeability of MGA-100 mem-
branes much exceeds that of OPM-K membranes. For
all kinds of membranes and solutions studied, the os-
motic permeability decreases dramatically with in-
creasing solution concentration.

(4) Over a wide range of concentrations studied
the electroosmotic permeability of MGA-100 mem-
branes is lower than that of OPM-K membranes. With
increasing concentration, the electroosmotic perme-
ability falls.

(5) With increasing temperature, the diffusion and
osmotic permeabilities increase, and the electroos-
motic permeability falls.
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Abstract-The possibility of using natural carbonate-containing tripoli for water deironing was studied.
Factors are considered determining the efficiency of tripoli in Fe(III) absorption.

Siliceous rocks constituted by various finely dis-
perse opal-crystobalite formations (opokas, diatomites,
tripolis) occur in nature either in pure form or with
varied content of an associated component-most
frequently of the carbonate-clay type [1]. The content
of calcium carbonate in rocks of this kind is 0360%,
and that of clay, 0315%, for different deposits.

In contrast to purely siliceous rocks, which are
raw materials serving for various purposes and having
their traditional areas of application (e.g., in manufac-
ture of construction cement [1, 2]), carbonate-clay
materials have not found wide use.

Large deposits of carbonate tripoli have been dis-
covered in many regions of Belarus, Lithuania, and
Russia. In this connection, it is of current interest
to reveal the possibility of their use in the national
economy.

With account of the ability of the carbonate com-
ponent to absorb ions of heavy and non-ferrous me-
tals from aqueous solutions [3311], carbonate tripolis
show ecological promise.

Compared with carbonates, carbonate-containing
silicas are characterized by more developed porous
structure and lower solubility [12], and also by ability
to form strong granules [10], and, therefore, their use
in water purification seems to be more promising than
that of carbonates.

Previously, the high efficiency of carbonate-con-
taining tripolis in recovery of a number of heavy metal
ions: Cr(III), Pb(II), Zn(II), and Cu(II), has been de-
monstrated [9, 10]. The present communication re-
ports the results obtained in studying their efficiency
in deironing. A search for new high-efficiency ma-

terials for deironing of ground water and wastewater
is an important task [13].

EXPERIMENTAL

The experiments were done with a tripoli contain-
ing 43.5% calcium carbonate, with its aqueous extract
characterized by pH 8.6.1 A representative sample of
a natural carbonate tripoli and four its thermal modi-
fications obtained by calcination in air at 500, 600,
700, and 800oC (designated as tripoli-500, tripoli-600,
etc.) were used in the study.

The absorption of Fe(III) ions under static condi-
tions from 0.00130.1 N nitrate solutions with pH
1.732.3 was studied at 15320oC at liquor ratioM =
1 : 125 [M = s : l, where s denotes the mass of solid
sorbent (g), and l, the volume of liquid phase (ml)].

The experimental procedure was as follows: 25 ml
of a solution was poured over 0.2 g of sorbent
(0.0930.25-mm fraction) and the mixture was kept for
1 day with periodic stirring. In studying the kinetics
of the process, the experimental technique was sim-
ilar, but the time of contact between the solution and
the solid phase was varied between 10 min and sev-
eral days. The solution was separated from the solid
phase and the residual content of iron in the filtered
solution was determined by complexometric titration
or atomic-absorption spectrometry.

The solid phase was washed with water, dried in
air, and subjected to X-ray phase analysis (DRON-2.0
diffractometer, CuK

a

radiation).

The variation of the solution pH during sorption
was monitored with an EV-74 ion meter.
ÄÄÄÄÄÄÄÄÄÄ
1 Stal’noe deposit, Mogilev oblast, Belarus.
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Fig. 1. Curves of Fe(III) ion absorption by natural trip-
oli and its thermal modifications. (A) Absorption and (C0)
initial concentration ofFe(NO3)3 solutions. (1) Starting
tripoli, (2) tripoli-500, (3) tripoli-600, (4) tripoli-700, and
(5) tripoli-800.

The experiments on deironing of real ground water
under dynamic conditions were performed as de-
scribed below.

Curves of Fe(III) ion absorption from Fe(NO3)3 of
varied concentration by a carbonate-containing tri-
poli not subjected to thermal treatment and by sam-
ples calcined for 2 h at temperatures in the range
from 500 to 800oC are shown in Fig. 1. It can be
seen that the maximum amount of absorbed Fe(III)
AFe is 7.5 mg-equiv g31 [tripoli-800, CFe(NO3)3

=
1031 g-equiv l31].

The absorption curves plotted in the coordinates
AFe3C0 {Fe(NO3)3}

[C0 {Fe(NO3)3}
is the initial concentra-

tion of the iron(III) nitrate solution] for some of
the samples pass through a maximum atC0 {Fe(NO3)3}

=
1031 g-equiv l31, the most pronounced for the sam-
ple not subjected to thermal treatment.

According to published data [538, 14], calcium
carbonate absorbs cations of doubly charged metals
from acid and neutral solutions through formation of
less soluble M(II) carbonates or hydrocarbonates.
Carbonates of triply charged metal ions [Fe(III),
Al(III)] cannot be obtained in aqueous solutions be-
cause of their hydrolytic decomposition [15]. When
brought in contact with carbonates, these metals form
hydroxides by the reaction

Fe(NO3)3 + CaCO3 + HOH

6 Fe(OH)3 + CO2 + Ca(NO3)2. (1)

According to reference data, the pH of the onset of
iron hydroxide precipitation depends on the Fe(III)

concentration, being equal to 1.5 and 2.3 for solu-
tions with concentrations of, respectively, 0.03 and
3 g-equiv l31 [16]. Complete deironing of solutions
of concentration 0.15 g-equiv l31 with a calcium car-
bonate sorbent is observed at equilibrium solution
pH 3.5 [14]. In deironing of solution with Fe(III) con-
centrations in the range (5.4343.0)01033 g-equiv l31

with calcite, complete precipitation of iron hydroxide
was observed in [17] at equilibrium solution pH ex-
ceeding 7.

The results obtained in deironing of aqueous solu-
tions with the use of carbonate tripolis (Fig. 1,
Table 1) also indicate that the amount of absorbed
iron(III) and also the peak in theAFe3C0 {Fe(NO3)3}

curves (Fig. 1) correlate with how pH varies in
the system under study. Table 1 lists the concentra-
tions and pH values of the starting and equilibrium
(brought in contact with the sorbent) Fe(NO3)3 solu-
tions, and also the calculated degree of purification to
remove iron(III) from solutions of various concentra-
tions.

It can be seen from Table 1 that the pH of
iron nitrate solutions with concentration lower than
1031 g-equiv l31 (Fig. 1, region before the peak in
the curve) is 1.8632.34 before the contact with the sor-
bent. After purification, i.e. after bringing the solu-
tion in contact with carbonate tripoli, the pH values
increase to become 1.9311.04. The degree of purifi-
cation of such solutions to remove iron(III) is very
high, but, nevertheless, it approaches 100% only in
those cases when the pH of the equilibrium iron(III)
solution exceeds 7, in agreement with the results of
[17].

The pH of iron(III) nitrate solutions with concen-
trations exceeding 1031 g-equiv l31 (Fig. 1, region
after the peak in theAFe3C0 {Fe(NO3)3}

curve) is 1.73
1.8 before and 1.631.8 after sorption. The absorp-
tion of iron(III) from these solutions is not accompa-
nied by any significant change in pH. The extent of
iron hydroxide precipitation in this region decreases,
which is the reason for the appearance of the peak in
the absorption curve.

For calcined tripoli modifications, the peak in
theAFe3C0 {Fe(NO3)3}

curve is less pronounced. Accord-
ing to previously obtained data [9], thermal treatment
of a carbonate tripoli in the range 5003800oC does
not change significantly its phase composition, but is
accompanied by a decrease in the intensity of calcite
peaks. The alkaline properties of the tripoli are not
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Table 1. Results of analysis of iron(III) nitrate solutions before and after contact with a carbonate-containing tripoli
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial Fe(III) ³ pH of ³ Residual Fe(III) ³ pH ³
Fe(III) sorption,

³ Degree
concentration ³ the starting³ concentration ³ after ³ ³ of solution

C10103, g-equiv l31 ³ solution ³ C2 0 102, g-equiv l31 ³ sorption ³
mg-equiv g31

³ purification, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Starting tripoli

1.0 ³ 2.34 ³ 0 ³ 7.03 ³ 1.25 ³ 100.0
5.0 ³ 1.93 ³ 1.3 ³ 3.35 ³ 4.53 ³ 72.4
7.5 ³ 1.86 ³ 2.4 ³ 1.89 ³ 6.28 ³ 66.9

10.0 ³ 1.82 ³ 4.9 ³ 1.78 ³ 6.35 ³ 50.8
20.0 ³ 1.70 ³ 18.7 ³ 1.64 ³ 1.63 ³ 6.5

Tripoli-500

1.0 ³ 2.34 ³ 0 ³ 7.32 ³ 1.25 ³ 100.0
5.0 ³ 1.93 ³ 2.0 ³ 3.05 ³ 3.75 ³ 60.0
7.5 ³ 1.86 ³ 3.2 ³ 1.85 ³ 5.38 ³ 57.3

10.0 ³ 1.82 ³ 6.8 ³ 1.76 ³ 6.06 ³ 32.5
20.0 ³ 1.70 ³ 14.8 ³ 1.63 ³ 6.50 ³ 26.0

Tripoli-600

1.0 ³ 2.34 ³ 0 ³ 7.20 ³ 1.25 ³ 100.0
5.0 ³ 1.93 ³ 1.8 ³ 3.68 ³ 4.03 ³ 64.4
7.5 ³ 1.86 ³ 3.6 ³ 1.90 ³ 4.79 ³ 51.1

10.0 ³ 1.82 ³ 4.9 ³ 1.80 ³ 6.44 ³ 51.5
20.0 ³ 1.70 ³ 15.2 ³ 1.71 ³ 6.00 ³ 24.0

Tripoli-700

1.0 ³ 2.34 ³ 0 ³ 9.58 ³ 1.25 ³ 100.0
5.0 ³ 1.93 ³ 2.0 ³ 4.68 ³ 3.25 ³ 60.0
7.5 ³ 1.86 ³ 3.5 ³ 1.96 ³ 5.03 ³ 53.6

10.0 ³ 1.82 ³ 5.6 ³ 1.81 ³ 5.56 ³ 44.5
20.0 ³ 1.70 ³ 14.5 ³ 1.64 ³ 6.88 ³ 27.5

Tripoli-800

1.0 ³ 2.34 ³ 0 ³ 11.04 ³ 1.25 ³ 100.0
5.0 ³ 1.93 ³ 0.8 ³ 5.15 ³ 5.31 ³ 85.0
7.5 ³ 1.86 ³ 3.5 ³ 1.96 ³ 5.03 ³ 53.6

10.0 ³ 1.82 ³ 4.1 ³ 1.81 ³ 7.38 ³ 59.0
20.0 ³ 1.70 ³ 14.6 ³ 1.64 ³ 6.75 ³ 27.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

changed significantly in the process. Table 2 lists
the pH values of an aqueous extract and solubilities
of carbonate tripoli before and after thermal treat-
ment. It can be seen that the pH of the aqueous extract
is three units higher for tripoli-800, compared with
the starting carbonate tripoli, being equal to 11.99.
The solubility of the carbonate-containing tripoli [cal-
cium(II) content in solution] also grows. The thermal
treatment is accompanied by partial decomposition of
calcite to give a more soluble and more alkaline com-
ponent-calcium oxide, and by an increase in the pH
of the aqueous extract. The increase in the sorbent alka-
linity levels out the peak in the absorption curves.

Table 2. Solubility in water and pH value of an aqueous
extract of a carbonate tripoli before and after thermal
treatment; pH of starting distilled water 5.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Parameter
³ Starting ³ Tripoli- ³ Tripoli-
³ tripoli ³ 500 ³ 800

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
pH of aqueous ³ 8.05 ³ 8.22 ³ 11.99
extract ³ ³ ³³ ³ ³
Ca(II) concentration ³ 1.1 ³ 1.6 ³ 10.7
in aqueous extract, ³ ³ ³
mg-equiv l31 ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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Fig. 2. pH of equilibrium solution vs. ratio of the tripoli
mass to the volume of the starting aqueous solution.
(M ) Liquor ratio. pH of the starting solution: (1) 2.6,
(2) 3.5, (3) 4.6, (4) 6.5, and (5) 7.5.

Fig. 3. Slopea of pHeq31/M straight lines vs. the pH0 of
the starting solution.

Thus, it is clear that the efficiency of iron(III) ab-
sorption from aqueous solutions by natural carbonate-
containing tripoli is governed by the pH of equilib-
rium solution, pHeq. This parameter is, in turn,
a function of the pH of the starting solution and

Table 3. Physicochemical characteristics of artesian water
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic ³ Average value
³ of parameter

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Chromaticity ³ <20
pH ³ 8.0
Chloride ions, mg l31 ³ 9.2
Sulfate ions, mg l31 ³ 15.1
NH4

+, mg l31 ³ 0.52
Nitrate ions, mg l31 ³ 4.7
Nitrite ions, mg l31 ³ Trace
Total iron, mg l31 ³ 3.65
Mn(II), mg l31 ³ 0.01
Fe(II), mg l31 ³ 3.31
Oxidizability by permanganate ions,³ 5.35
mg l31 ³
Alkalinity, mg-equiv l31 ³ 4.35
Temperature,oC ³ 9.2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

the liquor ratio used in purification, equal to the ratio
of the solid sorbent mass to the volume of a solution
being purified.

To determine the relationship between these param-
eters, the variation of the pH value in the system trip-
oli3water was studied in a wide range of s : l ratios
and pH0 values. A weighed portion of a sample was
placed in distilled water with different pH0 values
adjusted using nitric acid or sodium hydroxide, kept
for 1 day, and then the pH of the equilibrium liquid
phase was determined. The obtained results are pres-
ented in Fig. 2 in the form of a set of pHeq31/M curves
for solutions with different pH0 values. As it can be
seen from the figure, the value pHeq > 7, necessary for
complete purification to remove iron(III), is achieved
for Fe(NO3)3 solutions with pH0 in the range from 2.6
to 3.5 at 1/M of 150037000. For less acid solutions,

this value is 20000 and more.

The initial portions of the pHeq31/M curves (Fig. 2)
are approximated by a straight line with small stan-
dard deviation and are described by equations calcu-
lated by the least-squares method. All the approximat-
ed curves converge to a single point with sufficient
accuracy. Hence follows that the existing system of
five equations describing the dependence of pHeq on
1/M at different pH0 values can be combined into
a single equation by determining the relationship be-
tween the slope of an experimental curve and the pH0
value (Fig. 3). The data in Fig. 3 indicate the exis-
tence of a linear relation between tana and pH0 in
the pH0 range 3.537.5, expressed by the equation

tana = 3(331.372 3 4.1627pH0) 0 1035. (2)

Thus, the relationship between pHeq, pH0, and li-
quor ratio M = s : l for solutions with pH falling
within the above interval can be expressed as a linear
equation

pHeq = 7.98 3 (31.372 3 4.1627pH0) 0 1035M. (3)

Relation (3) can be used to evaluate fast the effi-
ciency of carbonate-containing materials in purifica-
tion of real solutions. For example, at a weighed
tripoli portion of 1 kg and prescribed pH0 6, the solu-
tion volumeVl (l) that can be neutralized to pH 7 can
be readily calculated using Eq. (3):

ccccccccccccc cccc

7.98

(31.37 3 4.16 pH0) 0 1035T
cc

3 pHeq
=Vl = 6.50 105. (4)

Equation (3) and its variations can also be helpful
in evaluating the efficiency of a material in water pu-
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Table 4. Efficiency of Fetot removal
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Rate of ³ Content of iron at ³ º Rate of ³ Content of iron at ³

water ³ column outlet, mg l31 ³ Charge bedº water ³ column outlet, mg l31 ³ Charge bed
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ º ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´

filtration, ³ without ³ with simpli- ³ height, cm º filtration, ³ without ³ with simpli- ³ height, cm
m h31

³ aeration ³ fied aeration³ º m h31
³ aeration ³ fied aeration³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
3.8 ³ 0.48 ³ 0.11 ³ 60 º 10 ³ 2.07 ³ 1.51 ³ 22

10.5 ³ 1.10 ³ 0.23 ³ 60 º 10 ³ 1.73 ³ 1.14 ³ 34
16.0 ³ 1.35 ³ 1.02 ³ 60 º 10 ³ 1.22 ³ 0.97 ³ 47
20.0 ³ 1.72 ³ 1.34 ³ 60 º 10 ³ 0.51 ³ 0.28 ³ 63
28.0 ³ 2.31 ³ 1.72 ³ 60 º ³ ³ ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

rification under dynamic conditions. In doing so, ac-
count should be taken of the kinetics of attainment
of acid-base equilibria under dynamic conditions and
the physical form of a sorbent.

The efficiency of carbonate-containing tripoli in
deironing was confirmed in purification of artesian
water.1 The physicochemical characteristics of the wa-
ter are presented in Table 3. It can be seen that, for
this water source, the content of iron ions exceeds
manyfold the maximum permissible concentration
(MPC) of 0.3 mg l31.

As indicated by chemical analysis data, iron is
present in the water of this source mainly in the form
of Fe(II). According to published data, deironing is
the most efficient in solutions of triply charged iron.
The oxidation process Fe(II)6 Fe(III) occurs in
air under the action of atmospheric oxygen. Under
the dynamic purification conditions, the process of
saturation with oxygen of the solutions being pu-
rified is frequently intensified by additional aera-
tion [13].

Water purification was performed in dynamic fil-
tration mode with simplified aeration [13] on a col-
umn charged with granulated tripoli (column diameter
35 mm, charge bed height 6003650 mm, grain di-
ameter 3 mm at 3-mm length). To obtain a granu-
lated form of the sorbent, a humid mixture of car-
bonate tripoli with 10% addition of bentonite clay
as binder was formed in an FP-015 granulator into
cylindrical grains dried in air and then calcined at
650oC.

As it can be seen from the data in Table 4, water
is purified to remove iron ions to the MPC standard.
The rate of filtration is 10312 m h31 at sorbent bed
height in the column of no less than 60370 cm.
ÄÄÄÄÄÄÄÄÄÄ
1 Strumen’ water intake (Pinsk).

CONCLUSIONS

(1) Carbonate-containing tripoli exhibit high ef-
ficiency in Fe(III) removal from aqueous solutions
and are of interest as promising material for deironing
of ground water and wastewater.

(2) Deironing is the most efficient under condi-
tions when the relation between the tripoli mass and
the starting solution volume ensures a pH value of
the equilibrium solution higher than 7. The tripoli
capacity with respect to iron reaches in this case
the maximum value of 7.5 mg-equiv l31.
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Abstract-The mineralization of the products of detoxification (neutralization) of yperite3lewisite mixture
by electrochemical oxidation was studied. A procedure for separation of potassium salts and arsenic com-
pounds by electrocoagulation was developed. A possibility of using the resulting potassium salts as fertilizers
for agriculture was discussed.

Russia’s stock of chemical warfare includes nerve
gases (sarin, soman, and VX) and blister gases [ype-
rite, lewisite, yperite3lewisite mixtures (YLMs)]. The
universally adopted concept of their disposal en-
visages two stages. In the first stage, war gases are
neutralized to give reaction masses unsuitable for
further use for military purposes. The second stage
involves combustion or processing of the reaction
mass into a commercial product.

The procedures for chemical detoxification of
blister gases are rather well developed and tested at
pilot plants; they can be used for practical purposes.
It has been found that the detoxification products, ex-
cluding arsenic compounds, belong to compounds of
hazard grade III [1].

It has been proposed to utilize the reaction masses
by combustion. However, an analysis of the ap-
proaches to the development of processes based on
the combustion of reaction masses showed that their
realization results in the formation of large amounts of
environmentally hazardous wastes [2]. This, in turn,
caused counteraction of environmentalists and the
public. In addition, the combustion of the reaction
masses is highly expensive: the construction cost of
gas-cleaning systems reaches 30% of the total ex-
penditure [3].

The aim of this study was to develop a procedure
for enviromentally safe conversion of detoxification

products of YLMs into mineral fertilizers for agricul-
ture and arsenic compounds serving as secondary raw
materials for the reprocessing indusrtry.

As the object of study served a process solution
from detoxification of YLM obtained by its alkaline
treatment in the presence of monoethanolamine.1

The process solution from YLM detoxification (so-
called neutralizate) is a turbid brown-green liquid with
black flakes.

The organic components of 300 ml of the YLM
neutralizate were mineralized using a universal labora-
tory pilot setup (Fig. 1).

The electrolyzer parameters were as follows: operat-
ing volume 100 ml, anode (graphite) surface area
300 cm2, voltage 6 V, and anodic current density
0.01 A cm32. The electrocoagulator parameters were
as follows: operating volume 300 ml, surface area of
aluminum electrodes 1040 cm2, ac current density
0.01 A cm32, and voltage 6 V.

The electrolysis process and the composition and
amount of organic products were monitored by high-
resolution 1H NMR spectroscopy [4].

The 1H NMR spectra were recorded on a WP80SY
NMR spectrometer (Bruker, Germany) under the stan-
dard conditions with compensation of1H signals from
ÄÄÄÄÄÄÄÄÄÄÄ
1 State Institute of Organic Synthesis Technology (Shikhany,

Saratov oblast, Russia).
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Fig. 1. Flow sheet of the laboratory setup for recovery of
neutralizates of war gases: (1) mixer, (2) diaphragmless
electrolyzer, (3) dosing pump, (4) settling filter, (5) vessel,
(6) neutralizer, (7) CO2 absorber, (8) electrocoagulator,
(9) settling filter, and (10) crystallizer.

Fig. 2. 1H NMR spectrum of the organic phase of YLM
neutralizate at pH > 12. (d) Chemical shift; the same for
Figs. 3 and 4. ({1}, { 2}) Signals obtained with spin3spin
decoupling.

residual water, which were used as internal reference
in determining the chemical shifts (d = 5.00 ppm at
pH > 2).

The arsenic content in the solutions was determined
on an AAS-5100 Zeeman atomic-absorption spectrom-
eter (Perkin3Elmer, US).

During electrolysis, the composition of the gas
phase was determined on an MM8-80 mass spectrom-

eter (VG, UK). Samples for mass-spectrometric anal-
ysis were withdrawn from the gas phase of the mixer
(Fig. 1). Before the experiments, the reactor was
purged with argon.

The total content of salts and organic substances
in the solutions was determined gravimetrically from
the weight of the dry residue after extraction separa-
tion of organic and inorganic fractions from the solid
phase with chloroform.

The contents of sulfates, chlorides, nitrates, and
carbonates in the YLM neutralizate and products of
its processing were determined by the procedures
described in [5, 6].

The pH in aqueous solutions was monitored with
Lachema universal indicator paper (Czech Republic).
The pH of 1H2O and2H2O solutions was determined
on an I-155 pH meter (Armenia). Potassium chloride,
potassium hydroxide, nitric acid, and chloroform used
in the experiments were of chemically pure grade.

From data presented in [1], the main products of
alkaline detoxification of yperite, a YLM component,
in the presence of monoethanolamine areN-(2-hy-
droxyethyl)thiomorpholine and monoethanolamine
hydrochloride [Eq. (1)]. The main products of alkaline
detoxification of lewisite [7], a YLM component, are
acetylene, sodium arsenate, and sodium chloride
[Eq. (2)]:

S(C2H4Cl)2 + 2H2NC2H4OH

= [S=C4H8=NHC2H4OH]Cl + [HOC2H4NH2]Cl, (1)

CICH=CHAsCI2 + 4NaOH

= CH=CH + NaAsO2 + 3NaCI + 2H2O. (2)

Thus, N-(2-hydroxyethyl)thiomorphine, monoeth-
anolamine, sodium chloride, and sodium arsenate
would be expected to be the main components of
YLM neutralizate.

The 1H NMR spectrum of the organic phase of
YLM neutralizate, extracted with chloroform, contains
three multiplets atd 4.0, 3.0, and 1.5 ppm (Fig. 2).

The multplets at 4.0 and 3.0 ppm can be assigned
to protons of free monoethanolamine(Fig. 3c) and
N-(2-hydroxyethyl)thiomorpholine. In addition, 1H
signals from S3CH2 groups of the thiomorpholine
fragment may appear at 3.0 ppm [8].

The position of the1H NMR signals of N3NH2
groups of the thiomorpholine fragment can be pre-
dicted by comparing the1H NMR spectral char-
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acteristics of the organic fraction of the YLM neutral-
izate with those of the morpholine derivative 2-meth-
ylene-N-hydroxyethylmorpholine, for which the1H
signals of the N3CH2 groups are observed at 2.5 ppm
[9]. In passing from morpholine to thiomorpholine, it
is quite reasonable that the1H signals of thiomorphol-
ine are shifted upfield by 0.330.4 ppm owing to the
lower electronegativity of sulfur in comparison with
oxygen. The additional upfield shift of the1H signals
of the N3CH2 groups of thiomorpholine by approx-
imately 0.7 ppm can be attributed to the effect of
the unshared electron pair of nitrogen atom, as was
observed for festuclavine [10].

Thus, the multiplet at 1.5 ppm can be assigned to
protons of the N3CH2 group of N-(2-hydroxyethyl)-
thiomorpholine. The spin3spin coupling of all the three
multiplets observed in the1H NMR spectrum (Fig. 2)
confirms this suggestion.

The fact that the main organic product of YLM neu-
tralization is a thiomorpholine derivative is addition-
ally confirmed by the1H NMR titration of the neutral-
izate (Figs. 3a, 3b), indicating a downfield shift of all
the signals of the spectrum in passing from alkaline to
acid medium. A similar shift is observed for the1H
NMR signals of monoethanolamine (Figs. 3c, 3d).
The pH ranges of the shift observed for the neutral-
izate and monoethanolamine are the same (pK 7.2),
which is characteristic of the conversion of mono-
ethanolamine andN-(2-hydroxyethyl)thiomorpholine
into the corresponding hydrochlorides.

With account of the accumulated experience on de-
gradation of some toxins and pollutants [8, 11313],
we selected electrolysis as the most universal and ef-
ficient technique and the method of electrocoagulation
with the use of soluble aluminum electrodes, since
arsenic salts that are formed in electrocoagulation as
stable aluminum arsenates difficultly soluble in water.

The YLM neutralizate was subjected to electrolysis
in the presence of potassium hydroxide on the labora-
tory pilot setup described above. The relation between
the components of the starting reaction mixture to be
used in electrolysis was evaluated using overall chem-
ical equations (3) and (4) from the neutralizate com-
position, assuming that the electrolysis of organic
components proceeds to complete mineralization with
conversion of organic nitrogen into molecular form.

2C6H13ONS + 28KOH + 20.5 O2
= 12K2CO3 + 2K2SO3 + N2 + 27H2O, (3)

2H2NC2H4OH + 8KOH + 6.5O2 = 4K2CO3 + N2 + 11H2O.
(4)

Fig. 3. 1H NMR spectra of (a, b) the organic phase of YLM
neutralizate and (c, d) monoethanolamine. pH: (a, c) 12
and (b, d) 5.5.

Fig. 4. 1H NMR spectra of YLM neutralizate, taken during
electrolysis. Neutralizate: (a) initial, (b) after 8 h, and
(c) after 20 h of electrolysis. (1) Protons of organic com-
pounds of neutralizate, (2) formate proton, and (3) protons
of the methyl group of acetate. The1H signal of maleic
acid used as internal reference is marked with an asteric.

Monitoring of the electrolysis of YLM neutralizate
by the 1H NMR (Fig. 4) showed that the intensities
of all the signals decrease simultaneously and1H
signals of acetate and formate appear. Analysis of
the dynamics of consumption of the organic fraction
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Fig. 5. Dynamics of variation of the content of organic
components during electrolysis of YLM neutralizate.
(C) Component concentration and (t) time. (1) Organic
phase of neutralizate, (2) formate, and (3) acetate.

and accumulation of acetate and formate (Fig. 5) sug-
gests exhaustive degradation of the organic fraction of
YLM neutralizate during electrolysis. The relatively
low content of acetate and formate in the reaction
mixture during electrolysis indicates that these com-
ponents are intermediates.

Comparison of the composition of YLM neutral-
izate before and after complete electrolysis (Table 1)
confirms that the organic phase is for the most part
mineralized to carbonates and sulfates. The relative-
ly low content of nitrates in the electrolyzate (0.9
against calculated 9.7 g l31) suggests oxidation of
organic nitrogen to the elemental state.

An analysis of the composition of the gas phase
during electrolysis of a YLM neutralizate (Table 2)
showed that the main components of the gas evolved

Table 1. Composition of YLM neutralizate during processing
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component

³ Concentration, g l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ initial ³after elec-³ final
³neutralizate³ trolysis ³ product

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Organic substances³ 56.2 ³ <0.2 ³ <0.2
Inorganic substances³ 146.0 ³ 557.0 ³ 954.0
Acetate ³ <0.5 ³ 6.6 ³ 4.3
Arsenic ³ 14.1 ³ 2.2 ³ 0.0004
Chlorides ³ 36.6 ³ 28.4 ³ 30.3
Nitrates ³ 0.0 ³ 0.9 ³ 324.0
Sulfates ³ 2.6 ³ 13.7 ³ 15.4
Carbonates ³ 28.3 ³ 157.5 ³ 157.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

during electrolysis are oxygen and nitrogen. The rel-
atively high content of nitrogen in the gas phase con-
firms the conclusion that organic nitrogen is oxidized
to elemental nitrogen.

The content of carbon oxides in the gas phase is
relatively low, which can be attributed to their ab-
sorption by alkaline medium to give potassium and
sodium carbonates.

In addition, the content of arsenic in the neutralizate
decreases during electrolysis from 14.1 to 2.2 g l31

(Table 1). Further purification of the electrolyzate to
remove arsenic salts by electrocoagulation is impos-
sible, because the medium is alkaline owing to a high
content of sodium and potassium carbonates (Table 1).
To decrease the arsenic concentration in the solution,
the reaction mixture should be neutralized. The elec-
trolyzate was neutralized with concentrated nitric acid
to produce potassium nitrate as a target product.
The resulting mixture was subjected to electrocoagula-
tion, which decreased the arsenic content to 0.4 mg l31

(Table 1).

The precipitates obtained after filtration of the reac-
tion masses formed in electrolysis and electrocoagula-
tion were combined, dried to constant weight, and
weighed. The arsenic content was determined. As a
result, 6.6 g of dry substance containing 67% arsenic
was obtained from 300 ml of the initial neutralizate.

The purified electrolyzate and the solution of po-
tassium carbonate, produced in the stage of treatment
with HNO3, were combined and evaporated with sub-
sequent drying of the precipitate to constant weight
(Table 1). As a result, 286 g of the salt product was
obtained from 300 ml of the initial neutralizate. The
composition of the product was as follows (wt %):
potassium 40.6, sodium 4.2, carbonate 16.4, nitrate
34.0, chloride 3.2, and sulfate 1.6. The content of
potassium and sodium was evaluated from the amount

Table 2. Composition of gas phase during electrolysis of
YLM neutralizate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Content (vol %)

Component
³ after indicated time, h
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ 0 ³ 1.0 ³ 4.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Hydrogen ³ 0.004 ³ 11.90 ³ 14.10
Oxygen ³ 5.700 ³ 17.10 ³ 18.86
Nitrogen ³ 37.300 ³ 42.90 ³ 64.10
Carbon dioxide ³ 0.040 ³ 0.04 ³ 0.05
Argon ³ 56.900 ³ 28.60 ³ 2.83
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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of sodium and potassium hydroxides used in neutral-
ization and mineralization.

Thus, the possibility of complete YLM mineraliza-
tion was demonstrated. The process includes two main
stages: (i) detoxification of war gases with alkali in
the presence of monoethanolamine or a mixture of
monoethanolamine with ethylene glycol and (ii) min-
eralization of the organic products of YLM detoxifica-
tion by wet electrolytic combustion in the presence
of alkalis with the use of electrocoagulation for
purifying the reaction masses to remove arsenic and
its salts.

As mentioned above, the first stage (stage of chem-
ical weapon disposal proper) has been developed,
tested on a semicommercial scale, and is ready to
use [1].

In this work, we showed experimentally that, with
potassium hydroxide used in all stages of the pro-
cess, mineralization of the YLM neutralizate gives
mixtures of potassium carbonates and nitrates with
admixture of chlorides and sulfates.

Arsenic compounds contained in wastes formed in
processing of YLM detoxification products are a mix-
ture of metallic arsenic and aluminum arsenates with
mechanical impurities. The amount of these waste
products with arsenic content of 67% is 22% of the
total amount of processed YLM. This conglomerate is
a powder-like substance suitable for prolonged storage,
transportation, and use as a raw material in industry,
medicine, and agriculture.

Gases evolved in electrolysis of YLM detoxifica-
tion products mostly contain oxygen and nitrogen,
with relatively low content of hydrogen and without
admixture of noxious components. They are not fire-
and explosion-hazardous since the ratios of oxygen
and hydrogen concentrations are far from those cor-
responding to the detonating mixture.

The main product of YLM neutralizate processing
(potassium salts) was analyzed for the content of
arsenic salts, which are enviromentally detrimental
impurities in the case when this product is used as
fertilizer in agriculture. The content of arsenic com-
pounds (in terms of arsenic) in the final product of
war gase processing is 0.4 mg per 1 kg of the product
(Table 1), which is 5 times lessthan the maximum per-
missible concentration of arsenic in soil [7]. This
means that the use of the final product as potassium
fertilizer in agriculture will be enviromentally safe.

Further inprovement of the procedure of processing
of YLM detoxification products could be aimed at re-

ducing the expenditure of electrical energy and re-
agents (acids and alkalis). A promising approach to
decreasing this expenditure is complex chemical bio-
logical processing of YLM detoxification products,
including separation of the reaction mass formed in
detoxification into organic and inorganic fractions,
conversion of the residual organic substances in the
inorganic fraction to mineral fertilizers by wet com-
bustion, and biological utilization of the organicfrac-
tion with the use of microbes.

CONCLUSIONS

(1) Electrolysis of the products of alkaline detox-
ification of yprite-lewisite mixture in the presence of
potassium hydroxide in a diaphragmless electrolyzer
results in complete mineralization of the organic frac-
tion of the neutralizate to potassium carbonates with
admixture of chlorides and sulfates and partial reduc-
tion of arsenic to the elementary state. The waste
gases formed are mixtures of nitrogen and oxygen
with minor admixture of hydrogen.

(2) The use of electrocoagulation after treatment of
the reaction mass with HNO3 allows decontamination
of potassium salts to remove arsenic and its com-
pounds to a residual content below the maximum
permissible concentration for soil, which makes pos-
sible their use as fertilizers in agriculture. The ex-
pected yield of potassium salts in mineralization is
approximately 15 per ton of yperite3lewisite mixture.
In this case, the yield of arsenic-containing wastes
does not exceed0.3.

ACKNOWLEDGMENTS

This work was supported by the subprogram[New
Methods in Bioengineering] of the Federal Scientific
and Technical Program[Research and Development
in Priority Branches of Science and Technology
for Civil Purposes,] project [Biotechnology of En-
vironment Protection Against Anthropogenic Con-
taminants.]

REFERENCES

1. Luganskii, I.N., Sheluchenko, V.V., Krotovich, I.N.,
et al., Ross. Khim. Zh., 1994, vol. 38, no. 2, pp. 34336.

2. Shantrokha, A.V., Gormai, V.V., Gusarova, N.K.,
et al., Ross. Khim. Zh., 1994, vol. 38, no. 2, pp. 23325.

3. Dmitriev, V.N., Zh. Vses. Khim. O3va, 1988, vol. 33,
no. 5, pp. 5863588.

4. Krivdin, L.B., Chekareva, T.G., Sakharovskii, V.G.,
et al., Zh. Anal. Khim., 1981, vol. 36, no. 2,
pp. 3573363.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

264 SAKHAROVSKII et al.

5. Lur’e, Yu.Yu. and Rybnikova, A.I.,Khimicheskii
analiz proizvodstvennykh stochnykh vod(Chemical
Analysis of Industrial Wastewater), Moscow: Khi-
miya, 1974.

6. Reznikov, A.A., Mulikovskaya, E.P., and Soko-
lov, I.Yu., Metody analiza prirodnykh vod(Methods
of Analysis of Natural Waters), Moscow: Nedra,
1970.

7. Umyarov, I.F., Kuznetsov, B.A., Krotovich, I.N.,
et al., Ross. Khim. Zh., 1993, vol. 37, no. 3, pp. 25329.

8. Boronin, A.M., Sakharovskii, V.G., Starovoitov, I.I.,

et al., Prikl. Biokhim. Mikrobiol., 1996, vol. 32, no. 1,
pp. 61368.

9. Shostakovskii, M.F., Atavin, A.S., Dmitrieva, Z.T.,
et al., Zh. Org. Khim., 1968, vol. 4, no. 7,
pp. 130131302.

10. Sakharovskii, V.G. and Kozlovskii, A.G.,Zh. Strukt.
Khim., 1983, vol. 24, no. 1, pp. 1003105.

11. RF Patent no. 2 117 507.
12. Boronin, A.M., Sakharovskii, V.G., Kashparov, K.I.,

et al., Prikl. Biokhim. Mikrobiol., 1996, vol. 32, no. 3,
pp. 2113218.

13. RF Patent no. 2 023 670.



1070-4272/01/7402-0265 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 2,2001, pp. 2653269. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 2,2001,
pp. 2603264.
Original Russian Text CopyrightC 2001 by Grachek, Shunkevich, Popova.

ENVIRONMENTAL PROBLEMS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

OF CHEMISTRY AND TECHNOLOGY

Flocculating Efficiency of Polyelectrolytes
Prepared from Wastes of Nitron Fiber Production

V. I. Grachek, A. A. Shunkevich, and O. P. Popova

Institute of Physical and Organic Chemistry, Belarussian National Academy of Sciences, Minsk, Belarus

Received December 18, 1998; in final form, August 1999

Abstract-Water-soluble cationic, amphoteric, and anionic polyelectrolytes were prepared from wastes of
the Nitron fiber production. The extent to which the polyelectrolytes reduce the turbidity, content of petroleum
products, and chemical oxygen demand was studied as a function of polyelectrolyte type and its concentration.

The cationic and anionic polyelectrolytes are wide-
ly used to intensify the separation of natural dispersed
matter and decontamination of industrial wastewater
[133]. In these processes, both separate polyelectro-
lytes of certain ionic type and their mixtures are
used. Data on the acceleration of sedimentation with
a flocculant mixture were reported in [4]. Amphoteric
polyelectrolytes containing both cationic and anionic
functional groups are the most promising for decon-
tamination of aqueous solutions to remove suspended
particles.

It is known [537] that derivatives of polyacrylam-
ide are commonly used for wastewater decontamina-
tion. The flocculating efficiency of these reagents is
mainly due to their ionic functional groups.

The aim of this study was to synthesize water-solu-
ble polyelectrolytes with different charges of func-
tional groups from wastes of production and reproces-
sing of acrylic polymers and analyze their flocculating
characteristics. The wastes from Nitron fiber produc-
tion (WNF)1 containing 92.5% acrylonitrile were used
as a raw material.

EXPERIMENTAL

In the experiments, we used an anionic polyelectro-
lyte prepared by alkaline hydrolysis of wet wastes from
Nitron-C and Nitron-D fiber [8] production. Cationic
polyelectrolyte was prepared by amination of WNF
with ethylenediamine [9]. The amphoteric polyelectro-
lyte was prepared by two-stage synthesis. In the first
stage, the fiber was aminated with ethylenediamine to
ÄÄÄÄÄÄÄÄÄÄ
1 Polimir Production Association, Novopolotsk.

reach an ion-exchange capacity of 436 mg-equiv g31.
This product was hydrolyzed with 5% NaOH at 100oC
for 233 h until a uniform mixture was formed.

In IR spectrum of amphoteric polyelectrolyte,
a broad band at 3350 cm31 due to the N3H stretch-
ing vibrations appears instead of the nitrile band at
2240 cm31. The spectrum also contains a strong ab-
sorption band at 1650 cm31 due to C=O stretching vi-
brations and bands at 1550 and 1400 cm31 associated
with the symmetrical and antisymmetrical vibrations
of the hydroxy groups.

The polyelectrolyte samples prepared by us were
purified to remove oligomeric impurities and con-
verted to the required form, and their exchange capac-
ity was determined.

The exchange capacity of carboxy groups of the an-
ionic flocculants was determined as follows. A com-
mercial flocculant sample was acidified with 1 M HCl
to pH 2. Under these conditions the polyelectrolyte
was precipitated. This precipitate was washed with ten
20-ml portions of 0.1 M HCl and then with distilled
water to pH 3. The washed precipitate was dissolved
by treating it with 0.1 NaOH to pH 5. The resulting
solution was acidified with 0.1 M HCl to reprecipitate
the polyelectrolyte. The precipitate formed was washed
to pH 333.5 and dried at 85+ 5oC. A weighed sam-
ple of polyelectrolyte (503100 mg) was dissolved in
water and titrated potentiometrically with 0.1 N NaOH
with stirring. pH value was monitored with a I-130 M
ionometer. The exchange capacity of the polyelectro-
lyte was calculated from the titrant volume at the in-
flection point in the titration curve.
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Table 1. Characteristics of flocculants
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Polyelec-³ Main functional ³ SEC,*

trolyte ³ groups ³ mg-equiv g31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Anionic ³ ³COOH, 8.83

³ ³
³

[3CH23CH3]n[3CH23CH3]m
CONH2
g

CONa
g

³
³ ³Cationic ³ ³amino
³ ³groups, 8.4
³

[3CH23CH3]n

CH23CH2
gg

HN N
eeiC
g

³
³ ³
³ ³
³ ³
³ ³Ampho- ³ ³COOH, 4.5

teric ³ ³amino
³ ³groups, 3.2
³

[3C2H3CH3]n [3CH23CH3]m

COONH2
g

COONa
g

[3C2H3CH3]p

CH23CH23NH2
g

NH
g

C=O
g

³
³ ³
³ ³
³ ³
³ ³
³ ³
³ ³
³ ³ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

* (SEC) Static exchange capacity.

Prior to determining the exchange capacity of
the cationic polyelectrolyte, an aqueous solution of
the commercial product was passed through a hollow-
fiber filtering unit to remove impurities with molecular
weight higher than 20000. This purification procedure
was performed at continuous washing with distilled
water for 8 h to neutral reaction of the eluate. The con-
centration of the cationic polyelectrolyte in the eluate
was determined gravimetrically. The exchange capac-
ity of amino groups was calculated from the inflection
point in the curve of the potentiometric titration of
a weighed polyelectrolyte sample with 0.1 M HCl.

A commercial amphoteric polyelectrolyte contain-
ing Na-carboxylate groups and free amino groups
was acidified with 0.1 M HCl to pH 232.1 and pre-
cipitated with a tenfold excess of acetone. The pre-
cipitate was kept in acetone for 15 min, filtered off,
twice washed with acetone, and then dissolved in
the minimal volume of distilled water. The polyelec-
trolyte obtained was again precipitated with acetone,
dried in a vacuum to constant weight, and its 2 wt %
aqueous solution was prepared. A 25-ml portion of
this solution was titrated potentiometrically with
0.1 M NaOH. The amount of 0.1 M NaOH spent for
reaction with a sum of amino groups combined with
HCl and carboxy groups was determined from the in-
flection point in the curve of potentiometric titration.
Separate determination of the amino groups associated
with HCl molecules was carried out mercurimetrically
[10]. The content of the carboxy groups in the ampho-

teric polyelectrolyte was calculated as the difference
between the total amount of the functional groups
and the amount of the amino groups.

The content of the functional groups in the anionic,
cationic, and amphoteric polyelectrolytes is given in
Table 1.

The flocculating efficiency of polyelectrolytes pre-
pared by us was tested both with a model kaolin sus-
pension in distilled water and with industrial waste-
water. In these experiments, flocculant was introduced
in combination with Al2(SO4)3 as coagulant.

The flocculating efficiency of the polyelectrolytes
was measured in a volumetric cylinder (50 cm3) as
the velocity of motion of the visible boundary be-
tween the columns of the calrified liquid and concen-
trated aqueous-kaolin suspension. In these experi-
ments, we used the kaolin fraction with size no less
than 0.1 mm [GOST (State Standard) 21285]. In all
experiments, the kaolin concentration in the suspen-
sion was 4 wt %. The samples were taken at a depth
of 3 cm below the surface of the liquid and their op-
tical density was measured on a KFK-2 photocolori-
meter at 490 nm.

The flocculating efficiency of polyelectrolytes un-
der consideration was also tested with industrial waste-
water from the Naftan Production Association, Novo-
polotsk. In these experiments, the tested polyelectro-
lytes and commercial Al2(SO4)3 were used as floc-
culants and coagulant, respectively. The degree of
water decontamination was determined from its opti-
cal density at 440 nm. The chemical oxygen demand
(COD) and the content of petroleum products was
determined too. These tests were carried out as fol-
lows. A wastewater sample was poured into a 100-ml
volumetric cylinder, and the flocculant and coagulant
were added. This mixture was stirred for 30 s and
allowed to stand for 60 min.Water samples were
taken at a depth of 5 cm below the liquid surface, and
their optical density was measured with a KFK-2
photocolorimeter. We also determined the chemical
oxygen demand (COD) by the technique reported in
[11] and the content of petroleum product with
a Flyuorat-02 liquid analyzer.

In the first stage, the flocculating efficiency was
studied as influenced by the type and concentration
of a flocculant.

The curves of sedimentation of a kaolin suspen-
sion in the presence of anionic and amphoteric poly-
electrolytes are given in Fig. 1. These curves show
that the rate of sedimentation of the suspension de-
pends on the type of polyelectrolyte and its concen-
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Fig. 1. Degree of clarification of the aqueous-kaolin sus-
pensiona vs. the sedimentation timet. Type and concen-
tration (mg l31) of polyelectrolyte: amphoteric, (1) 10,
(2) 15, and (3) 20; cationic, (4) 10, (5) 15, and (6) 20;
(7) with no flocculant.

tration. Introduction of polyelectrolyte considerably
increases the rate of sedimentation as compared with
the system without flocculant. These curves also show
that the cationic polyelectrolyte increases both the floc-
culation rate and the degree of clarification to a con-
siderably larger extent than the amphoteric flocculant
does. Introduction of anionic polyelectrolyte stabi-
lizes the aque-on ous-kaolin suspension. We found that
even an amount of the anionic polyelectrolyte as small
as 5 mg l31 stabilizes the aqueous-kaolin suspension
to some extent and, as a result, decelerates the sedi-
mentation. With increasing polyelectrolyte concentra-
tion, the suspension is further stabilized and the sed-
imentation stops.

Figure 2 shows the optical density of the aqueous-
kaolin suspension as influenced by varied amounts
of the cationic and amphoteric polyelectrolytes pre-
pared by us and the commercial cationic flocculant
VA-2. As seen from these results, the polyelectrolytes
prepared by us provide the most efficient clarification
at a concentration of 15320 mg l31. According to [12],
at these concentrations the globules of the flocculant
macromolecules have the largest size and, therefore,
provide the most efficient aggregation of particles of
the aqueous-kaolin suspension. With the polyelectro-
lyte concentration increasing further, the flocculating
efficiency decreases somewhat. Figure 2 shows that at
polyelectrolyte content higher than 10 mg l31 the poly-
electrolyte synthesized by us becomes more efficient,
whereas at low concentration of polyelectrolyte (53

10 mg l31) the flocculating efficiency of VA-2 floc-

Fig. 2. Clarification of the aqueous-kaolin suspension vs.
the polyelectrolyte concentrationC. (D) Optical density;
the same for Figs. 3, 4. Polyelectrolyte: (1) cationic, (2)
amphoteric, and (3) commercial VA-2.

culant slightly exceeds that of the cationic polyelec-
trolyte prepared in this work.

Since the optimal flocculant concentrationCfl re-
quired to clarity industrial wastewater may differ from
that for the model aqueous-kaolin suspension, we stud-
ied the clarification of wastewater from the Naftan
Production Association as influenced by the flocculant
concentration. In these experiments, the flocculant
was added in combination with a coagulant, because
fast flocculation only occurred under these conditions.

Figure 3 shows that settling of the suspension for
1 h after simultaneous introduction of an flocculant
and coagulant into the wastewater ensures an accept-
able degree of clarification. Therefore, in further ex-
periments, the flocculating efficiency of the polyelec-
trolytes was determined after settling of the suspension
for 1 h after simultaneous introduction of the polyelec-
trolyte and coagulant.

Figure 4 shows the effect exerted by the concentra-
tion of the synthesized polyelectrolytes on the clari-
fication of wastewater from the Naftan Production
Association. According to these results, with increas-
ing polyelectrolyte concentration, their flocculating ef-
ficiency first increases and then, after passing through
a maximum, starts to decrease somewhat. These clar-
ification curves are similar to those for the case of
clarification of the aqueous-kaolin suspension (Fig. 2).
The only difference is that in the clarification of waste-
water the anionic polyelectrolyte in combination with
the coagulant shows a slight flocculating effect.
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Fig. 3 Dependence of water clarification on the settling
time t. Coagulant concentration 100 mg l31, polyelectro-
lyte concentration 20 mg l31. Polyelectrolyte: (1) cationic,
(2) amphoteric, and (3) anionic; the same for Fig. 4.

Data on decontamination of wastewater from
the Naftan Production Association are summarized
in Table 2. The initial wastewater had the follow-
ing characteristics: petroleum product concentration
34.48 mg l31, chemical oxygen demand (COD)
339 mg l31, and pH 7.8. Table 2 shows that all
the polyelectrolytes tested improve the decontamina-
tion of the wastewater owing to their flocculating
effect. The maximum degree of wastewater decontam-
ination to remove petroleum products decreases in
the order: cationic polyelectrolyte (68%), amphoter-
ic polyelectrolyte (59%), and anionic polyelectrolyte

Fig. 4. Clarification of wastewater vs. polyelectrolyte con-
centration C. Coagulant concentration 100 mg l31.

(17%). For the same series of flocculants the max-
imum degree of wastewater decontamination evalu-
ated from the COD decreases in the order: cationic
(60%), amphoteric (45%), and anionic (40%). These
data show that the cationic flocculant is preferable
for decontamination of wastewater from petrochemical
plants. Macromolecules of this polyelectrolyte are
characterized by the optimal relation between of the
sign and density of electric charge and flexibility of
chains, ensuring the largest effective size of the floc-
culant globules and, as a result, the most efficient ag-
gregation of dispersed particles in the wastewater.

Table 2. Characteristics of wastewater decontamination with flocculants prepared in this work
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Content of petroleum³ Degree of wastewater³ ³ Degree of

Flocculant
³ C, ³

pH
³ products in waste- ³ decontamination ³ COD, ³ decontamination,

³ mg l31 ³ ³ water before decon-³ to remove petroleum³ mg O2 l31 ³ determined
³ ³ ³ tamination, mg l31 ³ products, % ³ ³ from COD, %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Cationic ³ 10 ³ 7.9 ³ 21.4 ³ 38 ³ 188 ³ 45

³ 15 ³ 7.9 ³ 11.7 ³ 66 ³ 147 ³ 57
³ 20 ³ 8.0 ³ 11.0 ³ 68 ³ 136 ³ 60
³ ³ ³ ³ ³ ³

Amphoteric ³ 10 ³ 7.8 ³ 28.6 ³ 17 ³ 231 ³ 32
³ 15 ³ 7.9 ³ 16.4 ³ 52 ³ 199 ³ 41
³ 20 ³ 7.9 ³ 14.1 ³ 59 ³ 187 ³ 45
³ ³ ³ ³ ³ ³

Anionic ³ 10 ³ 7.8 ³ 29.8 ³ 13 ³ 260 ³ 23
³ 15 ³ 7.7 ³ 29.1 ³ 15 ³ 210 ³ 38
³ 20 ³ 7.6 ³ 28.4 ³ 17 ³ 203 ³ 40

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Coagulant ³ 50 ³ 7.7 ³ 29.9 ³ 13 ³ 261 ³ 23
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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CONCLUSION

Water-soluble cationic, amphoteric, and anionic
polyelectrolytes were prepared from wastes of Nitron
fiber production. It was found that the flocculating
efficiency of these polyelectrolytes in clarification of
the aqueous-kaolin suspension and wastewater from
a petroleum processing plant decreases in the order:
cationic, amphoteric, and anionic.
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Abstract-A procedure was developed for hydrosilylation ofa-olefins with oligohydrosiloxanes, and a series
of comb-shaped organosiloxanes of the general formula R3SiO(R2SiO)m(RR̀SiO)nSiR3 (where R is CH3,
C2H5; R` is n-alkyl C83C18) with random distribution of dimethylsiloxane (or diethylsiloxane) and methyl-
alkylsiloxane (or ethylalkylsiloxane) units were obtained. The physicochemical characteristics of these
oligomers were studied, with particular attention given to their lubricating properties (diameter of the wear
spot and critical jamming load), which were compared to those of lubricating oils based on organosilicon
compounds (PMS-100, KhS-2-1) and hydrocarbon-based MS-20 oil.

The presently available lubricating materials are
inefficient in friction units of modern machines
and mechanisms working under extreme conditions
(boundary friction, high loads, temperature range from
360 to 250oC). The previously developed lubricants
based on organosilicon liquids, in particular, polydi-
methyl- (PMS), polydiethyl- (PES), and polydimethyl-
haloorganosiloxanes (e.g., oligomethyldichlorophenyl-
siloxane KhS-2-1), have certain advantages over petro-
leum oils. Their heat resistance and chemical stability
are fairly high; they remain liquid in a very wide tem-
perature range, and their viscosity depends on temper-
ature to a considerably lesser extent than that of min-
eral oils. These properties of the lubricants make
them applicable at both high and low temperatures
in the hydrodynamic friction mode. However, these
materials are inefficient in the boundary friction mode
because of the low carrying power of the boundary
layer. This is due to the specific structure of the
boundary phase of organosilicon liquids and to its
lower viscosity as compared to the bulk phase [1].
At high loads the boundary layer is broken down, and
the friction surfaces come in direct contact.

At the same time, mineral oils based on the hydro-
carbons show high adhesion and cohesion characteris-
tics, high carrying power of the boundary layer, and
good lubricating properties in both friction modes;
however, they have relatively narrow range of work-

ing temperatures, high temperature coefficient of
viscosity, and low heat resistance.

It would be expected that replacement of a part of
methyl (or ethyl) groups at the silicon atoms in a PMS
(or PES) molecule byn-alkyl groups with 8 to 18 car-
bon atoms could give a lubricant combining the advan-
tages of organosilicon liquids and mineral oils (a sort
of [hybrid] of silicones with hydrocarbons).

Here, we report on synthesis of oligoorganosilox-
anes with highern-alkyl substituents and present their
tribological characteristics.

One of simple and widely used routes to organo-
silanes and organosiloxanes with higher substituents
at silicon atoms is hydrosilylation ofa-olefins in the
presence of a catalyst [2, 3].

However, the procedure developed in this work is
not a simple interaction of a Si3H bond with ana-C=C
bond. The oligomer molecule contains several Si3H
bonds which successively react with olefin molecules.
The reaction occurs in steps, with the rates of these
steps being different. The growing steric hindrance
can prevent completion of the reaction. It would be
more adequate to consider hydrosilylation in systems
of this kind as polyaddition ofa-olefins to oligoor-
ganohydrosiloxanes.
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Table 1. Influence of reaction conditions on the degree of polyaddition
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run ³ Amount of reactants, mol ³ Conditions ³ Residual ³
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³³ ³ ³ concentration ³ Conversion, %no. ³ octene ³ H2PlCl6 ³ t, h ³ T, oC ³ of HSi, wt % ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 120 ³ 0.74 ³ 39.9
2 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 130 ³ 0.75 ³ 38.5
3 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 140 ³ 0.77 ³ 36.9
4 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 150 ³ 0.98 ³ 19.7
5 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 170 ³ 1.22 ³ 0
6 ³ 1.1 ³ 2.420 1037 ³ 6 ³ 110 ³ 1.22 ³ 0
7 ³ 1.1 ³ 2.420 1037 ³ 5 ³ 1203140 ³ 0.81 ³ 33.6
8 ³ 1.1 ³ 2.420 1037 ³ 7 ³ 1203140 ³ 0.72 ³ 41.0
9 ³ 1.0 ³ 2.420 1037 ³ 7 ³ 1203140 ³ 0.89 ³ 27.0

10 ³ 1.2 ³ 2.420 1037 ³ 7 ³ 1203140 ³ 0.73 ³ 40.2
11 ³ 1.1 ³ 0.80 1037 ³ 6 ³ 1203140 ³ 0.82 ³ 32.8
12 ³ 1.1 ³ 1.20 1037 ³ 6 ³ 1203140 ³ 0.73 ³ 40.2

Activation method

14 ³ 1.1 ³ 1.10 1037 ³ 6 ³ 1203140 ³ 0.01 ³ 99.2
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Composition and physicochemical properties of oligoalkylsiloxanes with higher alkyl substituents of general
formula R3SiO(R̀2SiO)m(R`R``SiO)nSiR3
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Composition ³ Physicochemical properties
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄSample ³ ³ ³ ³ ³ ³ ³ ³ Tflash ³ Tsolid ³

n 0 106,³ ³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´no. ³ R ³ R` ³ R`` ³ m ³ n ³ nD
20 ³ Mn ³ ³

³ ³ ³ ³ ³ ³ ³ ³ oC ³ m2 s31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
14 ³ C2H5 ³ C2H5 ³ C8H17 ³ 3 ³ 18.7 ³ 1.458 ³ 2740 ³ 250 ³ 358 ³ 1395
15 ³ C2H5 ³ C2H5 ³ C8H17 ³ 5.8 ³ 10.3 ³ 1.454 ³ 3190 ³ 250 ³ <362 ³ 462
16 ³ CH3 ³ C2H5 ³ C8H17 ³ 3 ³ 5.6 ³ 1.445 ³ 1150 ³ 120 ³ <362 ³ 33
17 ³ CH3 ³ CH3 ³ C8H17 ³ 7.2 ³ 6.3 ³ 1.431 ³ 3 ³ 250 ³ 3 ³ 84
18 ³ CH3 ³ CH3 ³ C8H17 ³ 3 ³ 1.9 ³ 1.394 ³ 480 ³ 110 ³ 3 ³ 2.3
19 ³ C2H5 ³ C2H5 ³ C18H37 ³ 5.8 ³ 10.3 ³ 1.457 ³ 3 ³ 170 ³ 34 ³ 3

20 ³ CH3 ³ CH3 ³ C18H37 ³ 7.2 ³ 6.3 ³ 1.448 ³ 3 ³ 180 ³ 31 ³ 3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

First, we studied the reaction of oligoorganohydro-
siloxanes (with a known length of the siloxane chain
and prescribed content of Si3H groups) witha-octene
anda-octadecene. The overall reaction scheme can be
represented as

R3SiO(RRSiO)m(RHSiO)nSiR3 + nCH2=CH(CH2)pCH3

6 R3SiO(RRSiO)m[R(CH2(CH2)p+ 1CH3)SiO]nSiR3.

Apparently, the structure and properties of the
products must depend on the chemical nature and
ratio of the diorganosiloxane units, length of the
n-alkyl substituent, and molecular weight of the com-
pound as a whole.

It was necessary to determine first the optimal con-
ditions (temperature, time, reactant concentrations,

stirring conditions) for preparing oligoorganosilox-
anes with higher substituents.

We started from commercial hydrosiloxane sam-
ples differing in structure and content of hydride
hydrogen. The purity of the initial olefins (octene
and octadecene) was 98.3399%.

The synthesis was performed in an inert atmo-
sphere in the presence of the Speier catalyst (0.1%
solution of H2PtCl6 in isopropyl alcohol).

The degree of conversion was judged from the con-
sumption of Si3H groups, monitored by1H NMR.
The results are given in Tables 1 and 2.

The experiments reflected in Table 1 were aimed
at revealing conditions for maximal conversion of Si3H
bonds in the reaction of octene with GKZh-94 com-
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Table 3. Comparison of the lubricating power (wear spot diameterDw, friction coefficient kf) of oligoalkylsiloxanes
with higher substituents and commercial organosilicon and petroleum oils (boundary friction mode, 200 min31, room
temperature)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³
Viscosity

³ Load (kg) at indicated temperature,oC
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample ³ n (cSt) ³ 20 ³ 45 ³ 90
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³

at 20oC
³ Dw, mm ³ kf ³ Dw, mm ³ kf ³ Dw, mm ³ kf

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
no. 14 ³ 1395 ³ 3 ³ 3 ³ 0.42 ³ 0.12 ³ 0.46 ³ 0.11
no. 15 ³ 462 ³ 3 ³ 3 ³ 0.33 ³ 0.13 ³ 0.45 ³ 0.13
no. 16 ³ 33 ³ 0.31 ³ 0.13 ³ 0.37 ³ 0.25 ³ 3 ³ 3

no. 17 ³ 84 ³ 3 ³ 3 ³ 0.33 ³ 0.12 ³ 0.41 ³ 0.13
no. 18 ³ 2.1 ³ 0.45 ³ 0.40 ³ 3 ³ 3 ³ 3 ³ 3

no. 19 ³ 3 ³ 0.30 ³ 0.12 ³ 0.38 ³ 0.12 ³ 0.43 ³ 0.09
no. 20 ³ 3 ³ 3 ³ 3 ³ 0.33 ³ 0.12 ³ 0.42 ³ 0.09
MS-20 ³ 3 ³ 3 ³ 3 ³ 0.34 ³ 0.09 ³ 0.46 ³ 0.10
PMS-1.5 ³ 1.5 ³ 0.44 ³ 0.35 ³ 0.58 ³ >0.2 ³ 3 ³ 3

PMS-100 ³ 100 ³ 3 ³ 3 ³ 0.47 ³ >0.2 ³ 0.90 ³ 0.2
KhS-2-1 ³ 48 ³ 3 ³ 3 ³ 0.82 ³ >0.2 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

mercial oligoethylhydrosiloxanebuilt of 3SiH(C2H5)O3
units. The molar ratio ofa-olefin to GKZf-94 was
1.031.1 in all experiments.

The results of experiments (Table 1) show that at
temperature varied in the range 1103150oC, the amount
of catalyst was within the range from 0.80 1037 to
1.20 1037 mol, and the reaction time, from 5 to 7 h,
with the conversion not exceeding 40%. On raising
the temperature to 170oC, a-olefin did not react with
the hydrosiloxane because of the decomposition of the
catalyst. The maximal conversion of 99.2% was at-
tained with bubbling of an inert gas (activation by stir-
ring), catalyst amount of 1.10 1037 mol, temperature
of 1203140oC, and reaction time of 6 h (run no. 14).
The subsequent experiments were performed under
these optimal conditions.

Oligoorganosiloxanes withn-alkyl radicals C8H17
and C18H37 were prepared by reaction of oligomethyl-
(ethyl-)hydrosiloxanes with octene and octadecene at
molar ratios of 1 : 1.1 and 1 : 1, respectively. The

Table 4. Critical jamming load at various temperatures
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Pc (kg) at indicated temperature,oC
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 20 ³ 150

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
no. 14 ³ 126 ³ 63
no. 15 ³ 100 ³ 3

MS-20 ³ 63 ³ 24
PMS-100 ³ <20 ³ 3

KhS-2-1 ³ <20 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

composition and some physicochemical properties of
the products are listed in Table 2.

Experimental results show that the high conversion
(90399.8%, residual concentration of hydride hydro-
gen 0.0630.0016 wt %, respectively) was attained
irrespective of the nature of alkyl groups at terminal
and internal silicon atoms (methyl or ethyl), initial
content of hydride hydrogen, and length of the hydro-
siloxane and olefin chains.

At room temperature, oligosiloxanes with octyl rad-
icals are uniform colorless transparent viscous liquids
not solidifying on cooling to at least350 (sample
no. 14) or 360oC (sample no. 15). The kinematic
viscosity of these liquids at these temperatures was
0.1193 and 0.0767 m2 s31, respectively. At the same
time, their analogs with octadecyl radicals are non-
transparent pasty substances even at room temperature
and become transparent viscous liquids only when
heated to 34335oC.

The tribological characteristics of the products
were evaluated on a four-ball friction machine at
various temperatures and loads on the friction couple
in comparison with polymethylsiloxane liquids of
linear (PMS-100) and branched (PMS-1.5r) structure,
oligodimethyldichlorophenylsiloxane (KhS-2-1), and
MS-20 lubricating oil on a hydrocarbon base. The ob-
tained results are listed in Table 3.

As expected, partial replacement of methyl or eth-
yl groups by highern-alkyl substituents (C8H17 or
C18H37) substantially improved the lubricating prop-
erties of oligoalkylsiloxanes, bringing them to the
level characteristic of petroleum oils (Table 3).
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Thus, the wear spot diameterD2 and the friction
coefficient kf of oligodiethyl- (sample no. 15) and
oligodimethylmethyloctylsiloxane (no. 17), oligodi-
ethylethyloctadecylsiloxane (no. 19), and its methyl
analog (no. 20) are close to those of MS-20 oil and
are considerably smaller than those of PMS-100 and
KhS-2-1.

The excellent lubricating properties of oligoalkyl-
siloxanes with higher alkyl substituents are manifested
especially clearly when comparing the critical jamming
loadsPc, determined by a standard procedure [GOST
(State Standard) 9490375] at 1500 min31 in the course
of 10 s. The results are listed in Table 4.

As seen from Table 4, in the case of oligodiethyl-
ethyloctylsiloxanes the load at friction destroying the
lubricant layer is almost twice that with MS-20 hydro-
carbon oil and considerably higher than that with
PMS-100 and KhS-2-1. This means that oligoethyl-
octylsiloxanes form on friction surfaces a strong film
with high carrying power and good adhesion and
cohesion characteristics.

The temperature dependences (in Arrhenius coordi-
nates) of the viscosities of MS-20 oil and oligoorgan-
osiloxane nos. 15 and 17 are shown in the figure.
The smaller, as compared with the case of MS-20,
slope of the lnh31/T curves for sample nos. 15 and 17
shows that the viscosity of these oligoorganosiloxanes
is considerably less temperature-dependent, which
extends the field of their possible application.

Thus, we developed a general route to a new class
of liquid organosilicon oligomers with highern-alkyl
substituents. The optimal reaction conditions were
found, and a series of compounds were prepared.
Their lubricating properties are level with the case of
MS-20 hydrocarbon oil, with the critical jamming
load being higher and the temperature dependence of
the viscosity being more favorable as compared with
those of MS-20 oil.

EXPERIMENTAL

A five-necked flask equipped with a stirrer, a reflux
condenser, a thermometer, a dropping funnel, and a
tube for inert gas bubbling was charged with 82 g
of alkylhydrosiloxane (GKZh-94, content of hydride

Temperature dependence of the viscosityh (in Arrhenius
coordinates) of (1) MS-20 lubricating oil, (2) oligoorgano-
siloxane sample no. 15, and (3) sample no. 17.

hydrogen 1.22%), and nitrogen was passed for 20 min
at a rate of 3 l h31 with continuous stirring to
remove atmospheric oxygen. After the completion of
purging, the reactor was heated to 120oC, and 123.2 g
of octene containing the required amount of the cata-
lyst was added from a dropping funnel at a rate at
which the temperature of the reaction mixture could
be kept below 140oC (initially the reaction is fast and
is accompanied by considerable heat release). After
adding the whole amount of octene, the mixture was
stirred for 2 h, the unchanged octene was distilled off,
the mixture was cooled to room temperature, and the
product was unloaded.

The conversion of hydride groups was 98%. The
1H NMR spectrum of the oligomer contained signals
(ppm) froma-CH2 (0.5330.56),b-CH2 (0.931.0), and
more remote (1.3) protons.
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Abstract-Chlorination ofa,a-difluoroanisole was performed. The yield of chlorodifluoromethoxybenzene
was studied in relation to the mode of reaction initiation.

Trufluoromethoxy benzene derivatives are valuable
intermediates in production of effective drugs [1].

One of synthetic routes to trifluoromethoxyben-
zenes is as follows:

ArOH + CHClF2 77776 ArOCF2H 6 ArOCF2Cl
Cl2NaOH solution c

HF/SbCl5
776 ArOCF3.

ArOH + CHClF2 77776 ArOCF2H 6 ArOCF2Cl
Cl2NaOH solution c

HF/SbCl5
776 ArOCF3.

In this work, we studied one of the stages of this
scheme, namely, chlorination of difluoromethoxyben-
zene (a,a-difluoroanisole).

The chlorination of nonfluorinated anisoles is well
studied. It occurs by the radical chain mechanism and
can be successfully performed by various procedures.
Chlorination of Cl3Ar3OCH3 in the presence of PCl5
at 1503180oC gives the corresponding trichlorometh-
oxy derivative in approximately 76% yield [2]; chlo-
rination of ArOCH3 at 803110oC, initiated by azo-
bis(isobutyronitrile) (AIBN), occurs with a yield of
about 80% [3], and UV-initiated chlorination of
ArOCH3, with a ~70% yield [4].

It is believed that the chlorination occurs by the rad-
ical chain mechanism, differing only in the way of
the initial generation of atomic chlorine (substance,
thermal, or photochemical initiation).

In contrast to unfluorinated anisoles, chlorination
of a,a-difluoroanisole occurs difficultly. Despite
the sufficient thermal stability of difluoromethoxyben-
zene (it is distilled without noticeable decomposition),
attempts of its chlorination at 1203140oC in the pres-
ence of PCl5 failed. Approximately 131.5 h after the
start of chlorination, the mixture turned dark, which
was followed by the formation of a dark brown tar.
Among the identified liquid products, only traces of
ArOCF2Cl were detected; the major components were

unchangeda,a-difluoroanisole (~25%), products of
chlorination in the ring (difluoromethoxypolychloro-
benzenes,~40%), and products of chlorine addition
(~20%).

Chlorination with the use of radical initiators (e.g.,
AIBN) occurs more readily at moderate temperatures
(803110oC). Under these conditions, extensive tarring
is usually avoided. However, the content ofa-chlorina-
tion products does not exceed several percent, even
on passing a fivefold excess of chlorine and taking up
to 5% AIBN. The main reaction pathway is substitu-
tion of chlorine for hydrogen atoms of the aromatic
ring.

In the case of UV initiation, chlorination ofa,a-di-
fluoroanisole occurs considerably more readily. The
yield of the target product, chlorodifluoromethoxy-
benzene, depends on the intensity of the UV irradia-
tion. With a 450-W UV lamp, the yield was as high
as 95%, and with a 250-W lamp, it decreased to 70%,
all other conditions being the same. With a common
150-W incandescent lamp, the yield was as low as
50%, with the major by-products being those of chlo-
rination of the aromatic ring (see table).

Thus, the experimental results clearly show that
the success or failure ofa,a-difluoroanisole chlorina-
tion at the difluoromethoxy group depends on the ini-
tiation conditions. An acceptable result is obtained
with UV initiation, with the yield of chlorodifluoro-
methoxybenzene increasing as the power of the UV
source is raised.

In terms of the simple radical mechanism, it is
difficult to explain the dramatic dependence of the
reaction result on the mode of generation of atomic
chlorine. An assumption that the chlorine atom gen-
erated by UV irradiation is more reactive than that
generated by thermolysis of the chlorine molecule or
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Chlorination of a,a-difluoroanisole
ÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ Substrate ³ ³ Chlo- ³ Conditions³ Content of major reaction products, %
³ ³ ³ ÃÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

no.*
³ Ar3OCF2H, ³ Initiator ³ rine, ³ ³
³ g (mol) ³ ³ g (mol) ³T, oC ³ t, h ³Ar3OCF2Cl³Ar3OCF2H³Cl3Ar3OCF2Cl ³Cl3Ar3OCF2H

ÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 144(1.0) ³AIBN, 1.5 g ³142(2) ³ 80 ³ 4.0 ³ 2.5 ³ 63.2 ³ 3 ³ 24
2 ³ 144(1.0) ³AIBN, 7.5 g ³355(5) ³ 110 ³ 5.0 ³ 4.5 ³ 58.5 ³ 3 ³ 26
3 ³ 214(1.5) ³hn UV, 450 W³160(2.25)³ 100 ³ 4.5 ³ 95 ³ 2.5 ³ 0.5 ³ 1.5
4 ³ 214(1.5) ³hn UV, 250 W³160(2.25)³ 100 ³ 4.5 ³ 70 ³ 12 ³ 0.5 ³ 17
5 ³ 214(1.5) ³hn, 150 W ³160(2.25)³ 100 ³ 4.5 ³ 50 ³ 23 ³ 1.8 ³ 25

ÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Run nos. 3 and 4 were performed with a UV lamp, and run no. 5, with an incandescent lamp.

by the action of AIBN is not convincing, especially
in view of the known fact that the actual reacting spe-
cies in radical chlorination in aromatic solvents is
a p complex of a chlorine atom with an aromatic
molecule, rather than a free chlorine atom [537].

Such ap complex, I , is less reactive than a free
chlorine atom and is more[remote] (along the reac-
tion path) from the generation stage.

It seems more reasonable to account for the dra-
matic dependence of the yield of chlorodifluorometh-
oxyanisole on the initiation mode in terms of a reac-
tion pattern with one-electron transfer.

Under UV irradiation, electron transfer is possible
in the p complex of chlorine atom with thea,a-di-
fluoroanisole molecule, yielding a radical cationII
and a chloride anion:
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The resulting radical cation can be stabilized by
release of a proton as an easily leaving group with
the formation of radicalIII :
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The subsequent transformations are typical of radi-
cal chlorination:

ArOCF2
. + Cl2 6 ArOCF2Cl + Cl..

Such a reaction pattern is confirmed by the follow-
ing facts. It is well known that reactions involving

electron transfer are considerably accelerated under
electronic photoexcitation of the reacting molecules,
i.e., irradiation initates electron transfer between a sub-
strate and a reagent [8]. There is also some indirect
evidence in favor of the intermediate formation of
the radical cation. Proton-donor impurities (phenol,
HCl, water) in the initial difluoroanisole cause exten-
sive tarring and strongly inhibit formation of the
desired ArOCF2Cl. Probably, such impurities increase
the current concentration of H+ and thus prevent de-
protonation of the radical cation, shifting to the left
the equilibrium of reaction (2), and hence prevent
formation of the radical [ArOCF2]

. and the target
product ArOCF2Cl. In this case, the main transforma-
tion pathway of [ArOCF2H].+ is fragmentation with
the cleavage of the O3C bond and formation of tars.

Apparently, to prove the reaction mechanism in-
volving one-electron transfer from ArOCF2H to Cl., it
is necessary to detect the radical cation [ArOCF2H].+

by appropriate physical methods.

EXPERIMENTAL

Photoinitiated chlorination ofa,a-difluoroanisole
was performed in a 350-ml quartz flask equipped with
an efficient stirrer and a bubbler. As sources of UV
radiation were used DRL-250 and DRL-450 lamps
and also a 150-W incandescent lamp. The lamps were
placed at the side of the flask, at a distance of about
5 cm from the flask wall.

Chlorination ofa,a-difluoroanisole in the presence
of PCl5 or AIBN was performed in a 250-ml glass
flask equipped with an efficient stirrer and a bub-
bler. The calculated amount of PCl5 was charged in
a single portion, and AIBN was added in 0.230.3-g
portions every 10 min.

The amounts of reactants taken, reaction condi-
tions, and content of major products are listed in the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

276 SHIPILOV, KOLPASHCHIKOVA

table. The reaction mixtures were analyzed using a
Hewlett3Packard 5890 chromatograph equipped with
a 300000 0.25-mm capillary column (stationary
phase SE-54). The products were identified by mass
spectrometry (ITD-800 device) and19F NMR spec-
troscopy (Bruker WP-80 spectrometer).

CONCLUSIONS

(1) The yield of chlorodifluoromethoxybenzene in
chlorination ofa,a-difluoroanisole depends on the ini-
tiation mode. The highest yield is attained in the case
of photoinitiation.

(2) The main pathway of photoinitiated chlorina-
tion of a,a-difluoroanisole presumably involves one-
electron transfer in thep complex of a,a-difluoro-
anisole with a chlorine atom from the aromatic sub-
strate to the chlorine atom, to give the radical cation
ArOCF2

.+.
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Abstract-1-(6,9-Dimethyl-1,4-dioxa-8-azaspiro[4,5]dec-8-ylmethyl)-1H-pyridin-2-one was prepared by
the Mannich reaction from 6,9-dimethyl-1,4-dioxa-8-azaspiro[4,5]decane, formaldehyde, and pyridin-2-one in
alcohol. Its structure was proved by NMR spectroscopy. This compound exhibits a growth-regulating activity.

Pyridine derivatives exhibit a wide biological activ-
ity spectrum. Compounds based on them are used as
drugs and plant growth regulators [1, 2].

The goal of this study was to prepare 1-(6,9-di-
methyl-1,4-dioxa-8-azaspiro[4,5]dec-8-ylmethyl)-1H-
pyridin-2-one, a new potentially bioactive compound
[3], determine its structure, and study its biological
activity.

1-(6,9-Dimethyl-1,4-dioxa-8-azaspiro[4,5]dec-8-yl-
methyl)-1H-pyridin-2-one (II ) was prepared in high
yield by reaction of pyridin-2-one with 6,9-dimethyl-
1,4-dioxa-8-azaspiro[4,5]decane (I ) and formaldehyde
in alcohol (pH 9) at room temperature:

The structure of the product was proved by NMR
spectroscopy.

Product II precipitates immediately; it is a white
crystalline substance with mp 1203122oC (yield
60.5%). ProductIIa was isolated from the mother
liquor in 35% yield as pinkish crystals, mp 1183120oC.
The proton chemical shifts ofII and IIa (d, ppm)
are as follows (for atom numbering, see scheme
below): II (mp 1203122oC), 1.13 d (3H, 2-CH3)
0.79 d (3H, 5-CH3), 2.80 m (2-H), 1.43 d.d (3-Ha),
1.72 d.d (3-He), 1.98 m (5-H), 2.40 t (6-Ha), 2.76 d.d
(6-He), 3.93 m (7,8-CH2), 4.69 d (9-Ha), 4.86 d
(9-He), 7.61 d.d (10-H), 7.29 (11-H), 6.17 (12-H),
6.52 (13-H); IIa (mp 1183120oC), 1.08 d (2-CH3),
0.84 d (5-CH3), 2.88 m (2-H), 1.35 d.d (3-Ha), 1.68
d.d (3-He), 2.81 d.d (6-He), 7.36 d.d (10-H), 7.45
(11-H), 6.24 (12-H), 6.55 (13-H).

The proton coupling constants inII andIIa (J, Hz)
are as follows: 2-H32-CH3 6.0; 5-H35-CH3 6.3; 2-H3
3-Ha 11.7; 2-H33-He 3.0; 5-H36-Ha 11.7; 5-H36-He
4.5; 3-Ha33-He 12.9; 6-Ha36-He 11.7; 9-Ha39-He
13.2; ab 6.9; bc 6.9; cd 6.9; ac 2.1; db 1.2.

The 13C NMR chemical shifts forII and IIa (d,
ppm) are as follows: 19.77 (2-CH3), 10.40 (5-CH3),
56.13 (C2), 38.46 (C3), 108.24 (C4), 43.46 (C5), 52.53
(C6), 64.96 (C7), 64.70 (C8), 64.04 (C9), 138.95 (C10),
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Effect of ShA-8 on the yield of potatoes Yp
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Growth ³ Yp1, ³ DYp1,
* ³ Yp2, ³ DYp2,

*³ ³ ³ ³
stimulant, % ³ t ha31 ³ % ³ t ha31 ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
H2O ³ 19.6 ³ 3 ³ 21.0 ³ 3

Succinic acid, ³ 21.1 ³ 7.6 ³ 21.2 ³ 3.8
2 0 1033 ³ ³ ³ ³
ShA-8, 10 1033 ³ 22.9 ³ 16.8 ³ 24.0 ³ 14.3
ShA-8, 10 1034 ³ 23.5 ³ 23.5 ³ 24.8 ³ 18.1
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (DYp1) Increase in the yield due to soaking of tubercules,

as compared to the control batch (H2O); (DYp2) increase in
the yield due to leaf spraying.

105.18 (C11), 120.41 (C12), 135.59 (C13), 162.87
(C14).

The 1H and 13C NMR spectra of the compound
with mp 1203122oC confirm structureII . An analysis
of the compound with mp 1183120oC showed that it
is structurally similar toII and contains a minor (10%)
admixture of thecis isomer.

The coupling constants of vicinal protons in rigid
chair-like cyclohexane systems lie within the follow-
ing limits [4]: 3Jaa 8313, 3Jae 236, 3Jee 134 Hz. This
fact is widely used in conformational analysis of
cyclohexane and piperidine derivatives.

The 1H NMR spectrum shows that the protons at
C9 are nonequivalent. Instead of a singlet that would
be observed in the case of free rotation, these protons
give two doublets at 4.69 and 4.86 ppm with a gem-
inal coupling constant of 13.2 Hz, i.e., they are dia-
stereotopic.

To determine the orientation of substituents at C2

and C5, it is sufficient to know the vicinal coupling
constants of 2-H and 5-H with the adjacent protons.

The axial proton at C3 gives a doublet of doublets at
1.43 ppm with coupling constants of 11.7 and 12.9 Hz.
The large vicinal constant3J2-H33-Ha

= 11.7 Hz sug-
gests the axial orientation of the proton at C2 and,
hence, the equatorial orientation of the methyl group.

The signal of 6-Ha is a triplet at 2.40 ppm,
J 11.7 Hz. This a signal shape is possible if the vic-
inal and geminal constants coincide:2J6-Ha36-He

=
3J5-H36-Ha

= 11.7 Hz. This vicinal constant suggests
the axial orientation of 5-H and, hence, the equatorial
orientation of 5-CH3.

The signals of the methyl groups are doublets with
chemical shifts of 0.79 and 1.13 pm and the coupling
constants2J2-H32-CH3

= 6.0 and2J5-H35-CH3
= 6.3 Hz.

The high-field signal is assigned to the 5-CH3 pro-
tons. The equatorial protons at C3 and C6 appear as
doublets of doublets at 1.72 and 2.76 ppm with gem-
inal coupling constants of 12.9 and 11.7 Hz and equa-
torial constants of 3.0 and 4.5 Hz. The complex mul-
tiplets at 2.80 and 1.98 ppm belong to the equatorial
protons at C2 and C5.

A group of closely located signals at 3.93 ppm
corresponds to methylene protons of the five-mem-
bered ring. In the range 6.038.0 ppm, signals of pro-
tons of the heteroaromatic ring are observed. In this
range, we can clearly distinguish four separate mul-
tiplets. The first is the triplet of doublets from 12-H,
d 6.17 ppm. The doublet of doublets at 6.51 ppm be-
longs to 13-H. The lower-field signals at 7.29 and
7.61 ppm belong to 11-H (triplet of doublets) and
10-H (doublet of doublets), respectively. The chemical
shifts and proton coupling constants inII (solution
in CDCl3) are given above.

Thus, the 1H NMR data confirm the suggested
composition of the product and show that the piperi-
dine ring has a regular rigid chair conformation with
equatorial orientation of methyl groups at C2 and C5.

The 13C NMR spectrum ofII contains signals from
15 carbon atoms, which were assigned on the basis of
tabulated data and substituent effects, i.e., taking into
account additive screening parameters. The composi-
tion and spectra ofIIa are similar to those ofII ,
which suggests identity of these compounds. Howev-
er, productIIa contains a 10% admixture of thecis
isomer.

The effect of II (code ShA-8; treatment of tuber-
cules before planting and leaf spraying) on the yield
and quality of potatoes1 was studied under laboratory
and field conditions during three years (see table).

Treatment of potato tubercules with ShA-8 before
planting increases the potato yield by 23.5%, or by
4.6 t ha31, and enhances the resistance of plants to
viral diseases.

EXPERIMENTAL

The NMR spectra were taken with Mercury-300
spectrometers (CDCl3, internal reference TMS).

(6,9-Dimethyl-1,4-dioxa-8-azaspiro[4,5]decane (I).
A round-bottomed flask equipped with a reflux con-
ÄÄÄÄÄÄÄÄÄÄ
1 Kazakh Research Institute of Potato, Vegetable, and Cotton

Growing, Department of Potato Seed Growing and Tech-
nology.
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denser with a calcium chloride tube was charged with
29 g (0.22 mol) of 2,5-dimethylpiperidin-4-one hydro-
chloride, 44 g (0.7 mol) of ethylene glycol, and 80 ml
of anhydrous pyridine. The mixture was heated on an
oil bath at 1053110oC for 3 h. After the reaction was
complete, the pyridine was distilled off in a water-jet-
pump vacuum, and excess ethylene glycol, in a rough-
ing-pump vacuum. After being cooled, the residue was
dissolved in 50 ml of water, and the solution was alka-
lized to pH 10 by adding a saturated NaOH solution
from a dropping funnel with stirring and cooling with
ice-cold water. The resulting aqueous solution was
repeatedly extracted with ether. The ether extracts
were dried over potassium carbonate, the solvent was
distilled off, and the residue was vacuum-distilled to
give 2 g (7%) of the initial 2,5-dimethyl-piperidin-
4-one (bp 60365oC/2 mm Hg,nD

20 1.4670) and 13 g
(60%) of 6,9-dimethyl-1,4-dioxa-8-azaspiro[4,5]decane
as an almost colorless liquid, bp 77379oC/2 mm Hg,
nD

20 1.4690.

1-(6,9-Dimethyl-1,4-dioxa-8-azaspiro[4,5]dec-8-
ylmethyl)-1H-pyridin-2-one (II). A reaction flask
was charged with 2.85 g (0.03 mol) of pyridin-2-ol
and 2.25 g (0.075 mol) of 40% Formalin. To this mix-
ture, a solution of 5.13 g (0.03 mol) of 6,9-dimethyl-
1,4-dioxa-8-azaspiro[4,5]decane in 9 ml of alcohol
(pH 9) was added dropwise with stirring. The mixture
was stirred at room temperature for additional 3 h.
The precipitate was separated and recrystallized from
benzene to give a white crystalline substance; yield
5 g (60.5%), mp 1203122oC.

Found, %: C 64.4, H 8.2, N 9.6.

C15H22N2O3.

Calculated, %: C 64.7, H 7.9, N 10.1.

The solvent from the mother liquor was distilled
off, and the precipitate was recrystallized from ben-
zene to give a pinkish substance; yield 2.9 g (35%),
mp 1183120oC.

Found, %: C 64.5, H 8.2, N 9.8.

C15H22N2O3.

Calculated, %: C 64.7, H 7.9, N 10.1.

CONCLUSIONS

(1) 1-(6,9-Dimethyl-1,4-dioxa-8-azaspiro[4,5]dec-
8-ylmethyl)-1H-pyridin-2-one (ShA-8) was prepared;
its structure was proved by NMR spectroscopy.

(2) Pyridin-2-ol reacts with formaldehyde and
secondary amine under conditions of the Mannich
reaction in alcohol (pH 9) in the pyridone form; con-
densation occurs at the nitrogen atom.
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Abstract-Alkenylation of anilines with dicyclopentadiene, cyclopentadiene, and piperylene in the presence
of mineral acids and Lewis acids was studied.

The discovery of the Claisen rearrangement of ar-
omatic amines [1] provided access to 2-alkenyl-substi-
tuted arylamines, including cyclopentenyl- and pen-
tenylanilines [2], which can be prepared from dicyclo-
pentadiene (DCPD) or piperylene. A number of valu-
able compounds have been preparedfrom these amines,
such as alkaloids [3], steel corrosion inhibitors, fungi-
cides, plant growth stimulants, antiphytophthoraagents,
and local anesthetics [436]. The presence in allylani-
line molecules of several reaction centers allows their
transformations involving nitrogen atom, alkenyl frag-
ment, or both centers simultaneously. The possibility
of preparing new biologically active derivatives from
2-alkenylanilines by common reactions of amines or
by certain specific reactions makes these compounds
valuable synthons. To look for an alternative to the
Claisen rearrangement of aromatic amines as a route
to o-alkenylanilines, we studied alkenylation of ani-
lines with DCPD, cyclopentadiene (CPD), and pi-
perylene.

Reactions of DCPD with aminesI and II in
the presence of HCl at 1303220oC gave as main prod-
ucts the previously described [2]o-cyclopentenylani-
lines III and IV (yield of up to 45%) and alsoN-phe-
nyl-(8S)- (V) andN-phenyl-(8R)-tricyclo[5.2.1.02,6]dec-
3-en-8-amine (VI ). Elevated temperatures (200oC) and
longer reaction time favor cyclization ofo-cyclopen-
tenylanilinesIII and IV into hexahydrocyclopent[b]-
indolesVI andVIII [7] and formation ofp-cyclopen-
tenylanilinesIX and X [8] (Table 1). In the case of
aniline (I ), o,o-dicyclopentenylaniline (XI ) [9] was

also detected (<3%). When freshly distilled CPD is
taken in reaction with aniline hydrochloride, the yield
of a mixture of exo isomersV andVI decreases some-
what.
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Here Cat. = HCl, AlCl3, FeCl3; R = H (I , III , V3

VII , IX , XI ); Me (II , IV , VIII , X).

With AlCl3 used instead of HCl, the composition
of the reaction products changes. The ratio of amines
I , IV andIX , X is 1 : 1. The expected productsV and
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Table 1. Ratio of products of aniline (I ) alkenylation withDCPD under various conditions (molarratio aniline :DCPD
4 : 1)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Product content, % ³
³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´Catalyst, mol³ t, h ³ T, oC ³ ³Total yield, %
³ ³ ³ III ³ VII ³ IX ³ V, VI ³ XII , XIII ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
HCl, 0.4 ³ 0.5 ³ 200 ³ 50 ³ 3 ³ 3 ³ 20 ³ 3 ³ 70

³ 2 ³ 150 ³ 45 ³ 3 ³ 3 ³ 15 ³ 3 ³ 60
³ 0.5 ³ 200 ³ 42 ³ 3 ³ 3 ³ 15 ³ 3 ³ 60
³ 5 ³ 200 ³ 29 ³ 14 ³ 2 ³ 14 ³ 3 ³ 57

AlCl3: ³ ³ ³ ³ ³ ³ ³ ³
0.37 ³ 0.5 ³ 200 ³ 10 ³ 2 ³ 10 ³ 15 ³ 28 ³ 65
1.05 ³ 0.5 ³ 200 ³ 3 ³ 3 ³ 3 ³ 9 ³ 43 ³ 52
0.15 ³ 0.5 ³ 200 ³ 14 ³ 2 ³ 15 ³ 16 ³ 17 ³ 64

FeCl3 .6H2O, ³ 0.5 ³ 200 ³ 20 ³ 3 ³ 21 ³ 14 ³ 13 ³ 68
0.15 ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Substituted anilines in reaction with piperylene in the presence of KU-2 resin (reactiontime 5 h, 180oC, molar
ratio amine : piperylene 1 : 3)
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Initial
³ Substituent ³ Yield of products,* % ³ Total
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´³ ³ ³ yield,amine³ R1 ³ R2 ³ R3 ³ R4 ³ R5 ³ R6 ³ R7 ³ 2-AA ³ 4-AA ³ 2,4-diAA ³ %

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
II ³ H ³ H ³ Me ³ H ³ H ³ H ³ H ³ 13 ³ 28 ³ 24 ³ 65
XIV ³ H ³ H ³ H ³ Me ³ H ³ H ³ H ³ 21 ³ 25 ³ 18 ³ 64
XV ³ H ³ H ³ H ³ H ³ Me ³ H ³ H ³ 38 ³ 3 ³ 26 ³ 64
XVI ³ H ³ H ³ Me ³ H ³ Me ³ H ³ H ³ 58 ³ 3 ³ 3 ³ 58
XVII ³ H ³ H ³ Me ³ H ³ H ³ H ³ Et ³ 3 ³ 61 ³ 3 ³ 61
XVIII ³ H ³ H ³ Me ³ H ³ H ³ Me ³ H ³ 3 ³ 52 ³ 3 ³ 52
XIX ³ H ³ H ³ OMe ³ H ³ OMe ³ H ³ H ³ 3 ³ 38 ³ 3 ³ 38
XX ³ H ³ H ³ Cl ³ H ³ H ³ H ³ H ³ 26 ³ 22 ³ 15 ³ 63
XXI ³ Bu ³ Bu ³ H ³ H ³ H ³ H ³ H ³ 3 ³ 19 ³ 3 ³ 19
ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (AA) Alkenylated aniline.

VI are formed, as well as the products of alkenylation
of the aromatic ring, 2-[(3S)- (XII ) and 2-[(3R)-tri-
cyclo-[5.2.1.02,6]dec-8-en-3-yl]amines (XIII ). With
increasing amount of AlCl3, the relative content of
III and IX decreases. At a 1 : 1 ratio of DCPD and
AlCl3, only aminesXII and XIII are formed. With
the FeCl3 .6H2O catalyst taken in the same amount as
AlCl3, the relative content ofIII and IX is somewhat
higher than that ofV, VI , XII , andXIII . In the case
of o-toluidine (II ) and AlCl3 catalyst, the composition
of products, according to GLC, is the same as with
that in the case of aniline (I ).

The structure ofV3XIII was confirmed by spec-
troscopic methods [10] and elemental analysis. The
IR spectra [11] ofV and VI contain a characteristic
band of the NH group at 3430 cm31, and the spectra
of XII andXIII , the bands of the NH2 group at 3390
and 3470 cm31. The aromatic protons in the1H NMR
spectrum of IX appear as two doublets (2H each)
at 6.12 and 7.00 ppm. The methine 1`-H signal is
a multiplet (1H) at 3.85 ppm. The broadened singlet
of the NH group is observed at 3.50 ppm. Four pro-
tons of two CH2 groups give rise to multiplets at
1.60 (1H) and 2.40 ppm (3H).
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In N-substituted anilines, the C2 and C6 atoms, as
well as the C3 and C5 atoms, are mutually equivalent.
Therefore, the corresponding region of the13C NMR
spectrum contains only four aromatic carbon signals
and two signals of the olefin carbon atoms of the tri-
cyclodecene moiety.

The 13C NMR spectrum ofo-substituted anilines
XII and XIII contains in the region of aromatic car-
bon signals two sets of signals (eight signals each).
Twelve of these 16 signals were assigned to the car-
bon atoms of the phenyl ring using the pulse train of
a J-modulated spin echo.

In the case ofp-substitution, the13C NMR spec-
trum would be simpler owing to the symmetrical struc-
ture of the aromatic moiety. Exo addition of theN-phe-
nyl substituent to DCPD inV andVI is confirmed by
the upfield shift (to 39.6 and 39.4 ppm) of the tri-
plet of the bridging C10 atom. The formation of iso-
meric productsV andVI is confirmed by characteris-

tic doublets at 52.95 (56.42) ppm in the13C NMR
spectrum and by single-proton doublets of doublets of
exoprotons at 3.34 (3.33) ppm (3 : 1 ratio) in the1H
NMR spectrum. The13C NMR spectrum ofV andVI
contains only one signal of the C3 cyclopentene car-
bon atom (inV; in VI it is C5), whereas the spec-
trum of the mixture of diastereomersXII and XIII
contains in the range 26.6333.4 ppm six signals: 29.6,
32.6, and 36.6 ppm foranti diastereomerXIII and
32.2, 33.4, and 33.5 ppm forsyn diastereomerXII .
The o-substitution of the aromatic ring is confirmed
by calculations using additive parameters.

The results of alkenylation of anilinesI , II , and
XIV 3XXI with piperylene in the presence of KU-2
are listed in Table 2. The reaction is selective and, in
the case of 2,4-xylidine (XVI ) and 2-methyl-6-ethyl-
aniline (XVII ), yields a single product. This is due to
the availability in these amines of only one position
capable of alkenylation:

ÄÄÄÄÄÄÄÄÄÄ
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(2)

where R1 = R2 = R3 = R4 = R5 = R6 = R7 = H (I , XXII , XXIX , XXXV ); R1 = R2 = R4 = R5 = R6 = R7 = H, R3 = Me
(II , XXII , XXX , XXXV ); R1 = R2 = R3 = R5 = R6 = R7 = H, R4 = Me (XIV , XXIV , XXXI ; R1 = R2 = R3 = R4 = R6 =
R7 = H, R5 = Me (XV , XXV ); R1 = R2 = R4 = R6 = R7 = H, R3 = R5 = Me (XVI , XXVI ); R1 = R2 = R4 = R5 = R6 = H,
R3 = Me, R7 = Et (XVII , XXXII ); R1 = R2 = R4 = R5 = R7 = H, R3 = R6 = Me (XVIII , XXXIII ); R1 = R2 = R4 = R6 =
R7 = H, R3 = R5 = OMe (XIX , XXVII ); R1 = R2 = R4 = R5 = R6 = R7 = H, R3 = Cl (XX , XXVIII , XXXIV , XXXVII );
R1 = R2 = Bu, R4 = R6 = R7 = R3 = R5 = H (XXI , XXXIX ).

ÄÄÄÄÄÄÄÄÄÄ

In the case of 2,5-xylidine (XVIII ), and also
with N,N-dibutylaniline (XXI ), the formation of
a single product is probably due to the steric and elec-
tronic effects of substituents. Alkylation of aniline (I )
with piperylene in the presence of supported H3PO4
gives a large set of products in low total yield (Ta-
ble 3). With AlCl3 used as catalyst for alkenylation

of piperylene, the best result was achieved in synthe-
sis of 2,4-tri(1-methylbut-2-en-1-yl)aniline. In other
cases, it is impossible to selectively obtain a single
product although the total yield is sometimes high,
(Table 4).

The physicochemical characteristics of compounds
alkenylated with piperylene were reported in [12314].
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Table 3. Alkenylation of aniline (I ) with piperylene in the presence of supported H3PO4 (reaction time 5 h, 150oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³
Aniline : piperylene

³ Yield of products, % ³ Total
³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´Catalyst ³

molar ratio
³ ³ yield,

³ ³ 2-AA ³ 4-AA ³ 2,4-diAA ³ %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
10% H3PO4 on silica gel ³ 1 : 1 ³ 6.5 ³ 4.5 ³ 3 ³ 11

³ 1 : 2 ³ 12 ³ 6 ³ 3 ³ 18
³ 1 : 3 ³ 9 ³ 8 ³ 3 ³ 17

10% H3PO4 on kieselguhr ³ 1 : 1 ³ 11.5 ³ 10.5 ³ 3 ³ 22
³ 1 : 2 ³ 14 ³ 12 ³ Traces ³ 26
³ 1 : 3 ³ 22 ³ 20 ³ 2 ³ 44

18% H3PO4 on silica gel ³ 1 : 1 ³ 12 ³ 9 ³ 3 ³ 21
³ 1 : 2 ³ 18 ³ 21 ³ 3 ³ 42
³ 1 : 3 ³ 34 ³ 29 ³ 6 ³ 69

SF-300, polyphosphoric acid³ 1 : 1 ³ 4.5 ³ 4 ³ 3 ³ 8.5
³ 1 : 2 ³ 19 ³ 16 ³ 3 ³ 35
³ 1 : 3 ³ 30 ³ 14 ³ 6 ³ 50

10% H3PO4 on silica gel* ³ 1 : 1 ³ 7 ³ 5 ³ 3 ³ 12
³ 1 : 2 ³ 9 ³ 8 ³ 5 ³ 22
³ 1 : 3 ³ 14 ³ 8 ³ 7 ³ 29

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
*

t = 5 h, T = 200oC.

Table 4. Alkenylation of aniline with piperylene in the presence of AlCl3
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³
Aniline : piperylene

³ Yield, % ³ Total yield,³ ³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´T, oC ³ t, h ³ Solvent ³
molar ratio

³ ³
³ ³ ³ ³ 2-AA ³ 4-AA ³ 2,4-diAA³ 2,4,6-triAA ³ %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
80 ³ 5 ³ Toluene ³ 1 : 1 ³ 3 ³ 24 ³ 4 ³ 3 ³ 34
80 ³ 4 ³ " ³ 1 : 1 ³ 2 ³ 15 ³ 2 ³ 3 ³ 21
80 ³ 3 ³ " ³ 1 : 1 ³ 1 ³ 10 ³ 1 ³ 3 ³ 13

100 ³ 5 ³ " ³ 1 : 1 ³ 6 ³ 20 ³ 5 ³ 3 ³ 32
100 ³ 5 ³ " ³ 1 : 3 ³ 2 ³ 22 ³ 17 ³ 2 ³ 43
130 ³ 5 ³ " ³ 1 : 1 ³ 2 ³ 13 ³ 5 ³ 3 ³ 19
130 ³ 5 ³ " ³ 1 : 3 ³ 4 ³ 16 ³ 5 ³ 3 ³ 28
100 ³ 5 ³ Benzene³ 1 : 1 ³ 5 ³ 10 ³ 5 ³ 4 ³ 24
130 ³ 5 ³ " ³ 1 : 1 ³ 24 ³ 27 ³ 14 ³ 2 ³ 67
130 ³ 5 ³ " ³ 1 : 3 ³ 9 ³ 7 ³ 36 ³ 34 ³ 86
130 ³ 5 ³ " ³ 2 : 1 ³ 9 ³ 19 ³ 4 ³ 3 ³ 32
130 ³ 5 ³ " ³ 1 : 5 ³ 3 ³ 3 ³ 1 ³ 98 ³ 99
150 ³ 5 ³ " ³ 1 : 1 ³ 2 ³ 18 ³ 6 ³ 3 ³ 29
100 ³ 5 ³ Hexane ³ 1 : 1 ³ 12 ³ 33 ³ 8 ³ 2 ³ 55
130 ³ 5 ³ " ³ 1 : 1 ³ 21 ³ 45 ³ 16 ³ 2 ³ 84
130 ³ 5 ³ " ³ 1 : 3 ³ 19 ³ 25 ³ 44 ³ 5 ³ 93
150 ³ 5 ³ " ³ 1 : 1 ³ 15 ³ 18 ³ 21 ³ 2 ³ 56

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

EXPERIMENTAL

The IR spectra were taken on a UR-20 spectrom-
eter, and the1H and 13C NMR spectra, on a Bruker
AM 300 spectrometer (working frequencies 300 and
75 MHz, respectively). Internal referenceTMS, sol-
vent CDCl3. Elemental analysis was performed with
an M-185B C3H3N analyzer, and the GLC analysis
(including purity check), on a Chrom-5 chromato-
graph (carrier gas helium, flame-ionization detector,

120003-mm column, stationary phase SE-30, 5% on
Chromaton N-AWDMCS, working temperature 503
300oC). Column chromatography was performed on
silica gel LS 40/100mm and Silpearl (eluent hex-
ane). Qualitative TLC analysis was made with Silufol
UV 254 and UV 254/366 plates; the chromatograms
were developed under UV (l = 254 nm) or with
iodine vapor.

The alkenylation of anilines with DCPD, CPD, and
piperylene was performed in a sealed heat-resistant



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

284 GATAULLIN et al.

ampule or a 17-ml metallic autoclave, charged with
the reactants and catalyst. The component ratios, re-
action times and temperatures, and product yields are
given in Tables 134. After the reaction was complete,
the ampule or autoclave was cooled and opened, and
the reaction mixture was transferred with chloroform
into a separatory funnel. The mixture was treated with
5% KOH (20 100 ml), extracted with chloroform
(2 0 50 ml), and dried over crystalline KOH. Then
the mixture was filtered, the solvent was evaporated,
and the residue was fractionated in a vacuum. With
HCl catalyst, the reaction performed at 1403180oC
gave after vacuum distillation monoalkenylated amine
III or IV . Using the same reaction at 200oC with an-
iline I or II , we isolated, after vacuum distillation,
amineIII or IV with an admixture of indolineVII or
VIII andp-substituted productIX or X. Indolines and
p-substituted products were identified by GLC upon
addition of authentic samples [3, 8]. The reaction
with AlCl3 catalyst gave, after vacuum distillation,
a mixture ofIII + IX or IV + X, chromatographed on
silica gel (eluent benzene). The products were iden-
tified by comparison of their1H and 13C NMR spec-
tra with those of authentic samples [2, 8, 9]. The frac-
tion containing anilinesV and VI , prepared by al-
kenylation of I in the presence of HCl, was analyzed
as a mixture. The fraction containing N- (V, VI ) and
C-substituted products (X, XI ), obtained by the re-
action with AlCl3 catalyst, was separated by chroma-
tography on silica gel (eluent hexane). TheV + VI
and X + XI pairs were obtained as several fractions
with varied component ratios. The physicochemical
characteristics of 2-(cyclopent-2-enyl)anilinesII and
IV [2] indolines VII and VIII [7], and 4-(cyclopent-
2-enyl)anilinesIX and X [8, 9] were consistent with
the relevant published data. Alkenylated anilines
XXII 3XL were isolated by column chromatography
(alumina, eluent hexane), and their physicochemical
characteristics were compared with those of authentic
samples [12314].

Mixture of anilines V and VI. IR spectrum,n,
cm31: 3430 (NH).1H NMR spectrum,d, ppm (J, Hz):
1.1232.75 m (10H, 3CH2, 4CH), 3.33 d.d (1H,J1
3.57, J2 7.60, NCH), 3.34 d.d (1H,J1 3.53, J2 7.69,
NCH), 3.62 br.s (1H, NH), 5.4935.80 m (2H,
CH=CH), 6.66 d (2H, 2-H and 6-H,J 8.25), 6.70 1
(1H, 4-H), 7.20 t (2H, 3-H and 5-H).

Found, %: C 6.00, H 6.87, N 5.23.

C16H19N.

Calculated, %: C 6.27, H 7.45, N 5.49.

13C NMR spectrum of N-phenyl-(8S)-tricyclo-
[5.2.1.02,6]dec-4-en-8-amine (V), dC, ppm: 29.2
(C3), 39.4 (C10), 40.6 (C9), 43.2 (C2), 48.1 (C8), 55.1
(C7), 55.9 (C1), 56.42 (C6), 113.00 (C2`, 6`), 129.30
(C3`, 5`), 116.80 (C4`), 131.70 (C5), 132.30 (C4),
147.70 (C1`).

13C NMR spectrum of N-phenyl-(8R)-tricyclo-
[5.2.1.02,6]dec-4-en-8-amine (VI ), dC, ppm: 29.2 (C5),
36.6 (C10), 40.5 (C9), 42.3 (C6), 45.5 (C8), 52.9
(C2), 55.8 (C7), 55.9 (C1), 113.2 (C2`, 6`), 116.90
(C4`), 129.30 (C3`, 5`), 131.60 (C3), 132 (C4), 147.60
(C1`).

2-Methyl-4-(cyclopent-2-enyl)aniline (X).Rf 0.42
(hexane3MeOH, 99 : 1). IR spectrum,n, cm31): 1295,
3390, 3460 (NH2).

1H NMR spectrum,d, ppm (J, Hz):
1.5032.50 m (4H, 2CH2), 2.32 s (3H, CH3), 3.62 br.s
(2H, NH2), 3.95 (1H, CH), 5.9036.05 m (2H,
CH=CH), 6.74 d (1H,J 7.69, 6-H), 7.04 d (1H, 5-H),
7.10 s (1H, 3-H).13C NMR spectrum,d, ppm: 50.56
(C1`), 17.40 (CH3), 131.20 (C2`), 135.02 (C3`), 32.48
(C4`), 34.01 (C5`), 142.85 (C1), 132.36 (C2), 129.21
(C3), 136.62 (C4), 125.57 (C5), 115.06 (C6).

Found, %: C 83.09, H 8.51, N 7.77.

C12H15N.

Calculated, %: C 83.24, H 8.67, N 8.09.

2,6-Di(cyclopent-2-enyl)aniline (XI). Yield 3%,
bp 1683170oC (2 mm Hg). The physicochemical char-
acteristics agree with published data [2].

Mixture of anilines XII and XIII. IR spectrum,n,
cm31: 3390, 3470 (NH2).

1H NMR spectrum,d, ppm
(J, Hz): 1.2032.80 m (10H, 3CH2, 4CH); 3.10, 3.23
(unresolved multiplets, Ar3CH); 3.60 br.s (2H, NH2);
5.6035.85 m (2H, CH=CH); 6.70 d (1H,J 7.80, 6̀-H);
6.76 t (1H, 5̀-H, J 7.80); 7.03 t (1H, 4̀-H); 7.18 d
(1H, 3̀-H, J 7.70).

Found, %: C 6.12, H 6.79, N 5.00.

C16H19N.

Calculated, %: C 6.27, H 7.45, N 5.49.

13C NMR spectrum of 2-[(3S)-tricyclo-[5.2.1.02,6]-
dec-8-en-3-yl]aniline (XII ), dC, ppm: 29.6 (C5), 32.6
(C4), 36.6 (C3), 39.1 (C10), 40.3 (C7), 42.1 (C1), 44.2
(C2), 53.6 (C6), 115.4 (C6`), 118.3 (C4`), 125.6 (C5`),



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

ALKENYLATION OF ANILINES WITH DICYCLOPENTADIENE 285

126.2 (C3`), 130.7 (C9), 131.8 (C2`), 132.1 (C8), 144.1
(C1`).

13C NMR spectrum of 2-[(3R)-tricyclo-[5.2.1.02,6]-
dec-8-en-3-yl]aniline (XIII ), dC, ppm: 32.2 (C5), 33.4
(C3), 33.5 (C4), 39.3 (C10), 41.4 (C7), 42.6 (C1), 43.2
(C2), 52.5 (C6), 115.5 (C6`), 118.1 (C4`), 125.3 (C5`),
126.2 (C3`), 131.3 (C2`), 132.1 (C8), 132.8 (C9), 144.2
(C1`).

CONCLUSION

Alkenylation of anilines with dicyclopentadiene or
cyclopentadiene in the presence of HCl yieldso-cy-
clopentenylanilines as the main products. At higher
temperatures (200oC) and longer reaction times, per-
hydrocyclopent[b]indolines are formed. With AlCl3
catalyst, botho- and p-cyclopentenyl derivatives are
obtained. Also, significant amounts of dicyclopenta-
diene substitution products are formed in both cases.
Alkenylation of anilines with piperylene gives 2-, 4-,
2,4-di-, and 2,4,6-trialkenylated products. If the 4- or
2,4-positions of the aromatic ring are substituted, the
alkenyl group is introduced at the freeo- or p-posi-
tion, respectively.
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Abstract-Samples and fractions of a membrane-forming polymer poly[1-(-trimethylgermyl)propyne], with
the molecular weight within 4 <M 0 1034 < 170 were studied in cyclohexane by methods of molecular hy-
drodynamics (centrifugal sedimentation, translational isothermal diffusion, and viscometry). The molecular-
weight dependences of the hydrodynamic characteristics were determined and analyzed. These dependences
were used to estimate the equilibrium rigidities of the poly[1-(trimethylgermyl)propyne] chains. The size of
the macromolecules was studied as influenced by the bulk effects. The results obtained are compared with
published data for poly[1-(trimethylsilyl)propyne].

Glassy polymers based on silicon- and germanium-
containing vinyl monomers exhibit high selectivity
in gas separation [133]. These polymers include poly-
[1-(trimethylsilyl)propyne] (PTMSP) [334] which ex-
hibits extraordinary gas permeability and dissolution
and diffusion coefficients [335]. A distinguishing
feature ofPTMSP is the unprecedented level ofselec-
tive gas transfer, exceeding by an order of magnitude
that of high-permeability rubbers. These unique mem-
brane properties ofPTMSP are attributed to a com-
bination of at least several features of its molecular
structure: (1) presence of double bonds strengthen-
ing the molecular chain; (2) composition and specific
features of distribution along the chain of the double
3C=C bonds incis and trans configurations, and (3)
presence of weakly interacting bulky side substitu-
ents Si(CH3)3 [539]. All this is likely to ensure a large
free volume in the polymer matrix, essential for the
unique gas permeability of the polymer membranes.
The great promise of such polymers for the membrane
technology [10] makes necessary a thorough investi-
gation of the molecular characteristics of membrane-
forming polymers, in particular, by various methods
of molecular physics.

To gain insight into the nature of facile gas transfer
in glassy organoelement polymers, it is of interest to
study analogous polymers. Of importance from this

viewpoint is a study of the organogermaniumanalog of
PTMSP, poly[1-(trimethylgermyl)propyne] (PTMGP)
[11] with Si atoms in the side chain replaced by
Ge atoms. In this work, samples and fractions of
a new membrane-forming polymer, PTMGP, are stud-
ied by molecular hydrodynamics methods such as
centrifugal sedimentation, translational diffusion, and
viscometry.

A PTMGP sample was synthesized using TaCl5/BuLi
[11] as catalyst. According to the13C NMR data,
the average (per cent) ratio of thecis-trans 3C=C
fragments was 9 : 91. The repeating unit of the poly-
mer has the structural formula

CH
g

C3[ =C3]n
g

Ge(CH

3

3)3

33

.

The sample was fractionated from a CCl4 solution
by fractional precipitation with ethanol. We ob-
tained seven fractions (Table 1), and fraction no. 4
was subsequently refractionated (fraction nos. 8311);
as sample no. 12 served the initial unfractionated sub-
stance. The fractionation yield was 97%. The sample
and its fractions were studied by the methods of mo-
lecular hydrodynamics.
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Table 1. Hydrodynamic and molecular characteristics* of PTMGP in cyclohexane at 25oC
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄ
Fraction³ [h], ³

k`
³D 0 107,³ Dn/Dc, ³s0 0 1013,³ ks, ³

MsD 0 1034³ A0 0 1010, ³bs 0 1037,³
g

³ ³ ³ ³ ³ ³ ³ ³ ³ ³
no. ³cm3 g31³ ³ cm2 s31 ³ cm2 g31³ s ³ cm2 g31³ ³ g cm2 s32 deg31 mol31/3³ mol1/3 ³

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄ
1 ³ 324 ³0.48³ 0.77 ³ 0.093 ³ 15.4 ³ 370 ³ 119 ³ 3.48 ³ 1.22 ³1.37
3 ³ 286 ³0.57³ 0.72 ³ 0.100 ³ 15.2 ³ 380 ³ 126 ³ 3.17 ³ 1.17 ³1.33
4 ³ 350 ³0.49³ 0.81 ³ 3 ³ 15.0 ³ 330 ³ 110 ³ 3.66 ³ 1.20 ³0.90
5 ³ 305 ³0.54³ 0.64 ³ 0.106 ³ 17.8 ³ 485 ³ 165 ³ 3.17 ³ 1.24 ³1.58
6 ³ 225 ³0.53³ 3 ³ 3 ³ 10.2 ³ 145 ³ 40** ³ 3 ³ 3 ³0.64
7 ³ 49 ³ 3 ³ 3 ³ 3 ³ 2.9 ³ 3 ³ 4.1*** ³ 3 ³ 3 ³ 3
8 ³ 350 ³0.39³ 3 ³ 3 ³ 16.7 ³ 3 ³ 150*** ³ 3 ³ 3 ³ 3
9 ³ 175 ³ 3 ³ 1.27 ³ 0.079 ³ 12.7 ³ 290 ³ 59 ³ 3.73 ³ 1.48 ³1.66

10 ³ 162 ³0.40³ 1.12 ³ 0.081 ³ 10.0 ³ 170 ³ 53 ³ 3.07 ³ 1.05 ³1.06
11 ³ 176 ³0.52³ 1.10 ³ 0.094 ³ 11.4 ³ 275 ³ 62 ³ 3.24 ³ 1.26 ³1.55

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄ
12 ³ 375 ³0.36³ 0.61 ³ 0.097 ³ 16.0 ³ 540 ³ 156 ³ 3.17 ³ 1.20 ³1.37

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄ
* [h] is the intrinsic viscosity,k` is the Huggins constant,D is the diffusion coefficient,Dn/Dc is the refraction index increment,

s0 is the sedimentation coefficient,ks is the Gralen coefficient,MsD is the molecular weight according to Swedberg,A0 is the hy-
drodynamic invariant,bs is the sedimentation parameter, andg is a dimensionless parameter.

** Msh and Mks.
*** Msh .

Centrifugal sedimentation was carried out on an
MOM 3180 analytical ultracentrifuge in a one-sector
cell at 40000 rpm. As the optical recording system
served a Lebedev polarization interferometer [12, 13].
The sedimentation coefficientss were calculated from
the shift of the sedimentation boundaryX with time.
Figure 1a shows theDln X-vs.-Dt dependences whose
slopes provided the values of thes = w32(Dln X/Dt)
parameter (w is the angular velocity of rotation of
the rotor). We studied the concentration dependence
of the sedimentation coefficient, satisfying the linear
approximations31 = s0

31(1 + ksc + ...). Figure 1bpres-
ents thes31-vs.-c dependence from which the coef-
ficient s0 and the Gralen coefficientks were deter-
mined. The following correlation was established be-
tween thes0 and ks parameters:ks = 2.5s0

1.85+ 0.3.
The average value of the dimensionless parameter
ks/[h] = g for all the fractions studied wasg = 1.3+ 0.3.

Translational diffusion was studied by the classic
method of formation of a solution3solvent boundary
whose position was determined at regular time inter-
vals using a polarization interferometer. The setup
(Tsvetkov’s diffusometer) and the calculational algo-
rithm for finding the diffusion coefficientD have been
described in numerous publications [12, 13]. The re-
fractive index incrementsDn/Dc were calculated from
the area delimited by the diffusion curve.

The intrinsic viscosities [h] were determined from
the Huggins plotshsp/c = [h] + k`[h]2c + ... with
[h]sp = (h 3 h0)/h0 = (t 3 t0)/t0, whereh andh0 are

the viscosities of the solution and solvent, respective-
ly, and t and t0 are the times of flow of the solution
and solvent in the Ostwald viscometer, respectively.
The values of the parameters [h] and Huggins param-
eter k` are presented in Table 1 together with other
hydrodynamic characteristics. The floatability factor
(1 3 nr0) (or the density incrementDr/Dc) was esti-
mated from the pycnometrically measured data for so-

Fig. 1. (a) Dln X-vs.-Dt dependences for fraction no. 5 and
(b) s31-vs.-c dependences for fraction no. 4 of PTMGP
in cyclohexane. PTMGP concentrationc 0 102, g cm33:
(1) 0.261, (2) 0.181, and (3) 0.116.
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Fig. 2. K3M3H3S dependences for PTMGP in cyclohexane.

lutions in cyclohexane: (13 nr0) = 0.417. The viscos-
ity of cyclohexane at 25oC h0 is 0.8590 1032 poise.

The hydrodynamic characteristics presented in
Table 1 made it possible to calculate the molecular
weightsM according to Swedberg [12] and to find of
the hydrodynamic invariantA0 [12] and the sedimen-
tation parameterbs [15], using the formulas

MsD = R[s]/[D],

A0 = (R[D]2[s][h])1/3,

bs = NA(R[D]2[s]ks)
1/3.

Here, [s] = s0h0/(1 3 nr0), [D] = D0h0/T, R is
the universal gas constant,NA is the Avogadro num-
ber, and T is the temperature, K.

The molecular weights and hydrodynamic in-
variants are presented for the PTMGP molecules
in Table 1. The average value of the hydrody-
namic invariantA0 was estimated to be (3.3+ 0.3)0
10310 g cm2 s32 deg31 mol31/3, and the average value
of the sedimentation parameterbs, (1.23+ 0.08)0
107 mol1/3. These values are typical of linear polymer
homologs [13, 15]; they were used in calculating
the molecular weights of fraction nos. 638 and un-
fractionated sample no. 12 (Table 1) by the relations

Table 2. Parameters of scaling relations between the
hydrodynamic characteristics and molecular weight for
PTMGP in cyclohexane
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄ

Rela- ³ bi
³

Dbi
³ Ki

³ ri
³ ntion ³ ³ ³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄ
[h]3M ³ 0.53 ³ 0.05³ 0.173 ³ 0.9645 ³ 11
D03M ³30.59 ³ 0.06³ 2.790 1034 ³ 30.9743 ³ 8
s03M ³ 0.47 ³ 0.02³ 2.090 10315 ³ 0.9896 ³ 11
ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄ
* bi are the coefficients of theD0 = K2Mb2 type relations;

ri are the linear correlation coefficients for relations of
the logks = log K4 + b4log s0 type; n is the number of
the points through which a straight line is drawn.

Msh = (R/A0)3/2[s]3/2[h]1/2,

Mks = (NA/bs)
3/2[s]3/2ks

1/2.

The molecular weights obtained were used for plot-
ting the Kuhn3Mark3Hauwink3Sakurada (K3M3H3S)
dependences (Fig. 2) and calculating the correspond-
ing scaling coefficients (Table 2). To within the root-
mean-square errors, the scaling indices are described
by the relations

|b2| = (1 + b1)/3, (1)

|b2| + b3 = 1, (2)

b4 = (2 3 3b3)/b3, (3)

which are typical of linear polymer homologs [12,
16, 17].

As follows from Table 1, the sample is fractionated
not only with respect to the molecular weight. Certain
role is probably played by uncontrolled variations in
the content of thecis and trans fragments and by dif-
ferences in the microblock structure (ratio ofcis and
trans blocks) of macromolecules for virtually iden-
tical compositions.

In view of the different numbers of the exper-
imental points used for deriving the K3M3H3S rela-
tions and with account of expressions (1)3(3), the
K3M3H3S relations were corrected within the root-
mean-square errors to yield

[h] = 9.750 1032M0.575,

D0 = 1.190 1034M0.525,

s0 = 2.00 10315M0.475.

It should be noted that in this case the pre-expo-
nential factors in the K3M3H3S equations are unam-
biguously related to the hydrodynamic invariantA0

Kh
1/3K

D
= A0(T/h0), (4)

Kh
1/3Ks = A0[(1 3 nr0)/(Rh0)]. (5)

Relations (4) and (5) make it possible to estimate
the averageA0 parameter for the PTMGP molecules
in cyclohexane. It can be easily seen that this is iden-
tical to the average value obtained from the values
presented in Table 1.

The size of the PTMGP macromolecules can be
tentatively analyzed using the normalized scaling
relations [18, 19], as it was done in [20]. Figure 3
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presents a plot of this kind for the intrinsic viscosity.
It is seen that the PTMGP molecules occupy an inter-
mediate position between the rigid-chain and flexible-
chain macromolecules. In this case we cannot rule out
entirely the influence of bulk effects on the size of
globules in solution. This is a common situation for
macromolecules with intermediate rigidity [22, 23];
in particular, it has been observed forPTMSP mol-
ecules [23].

We will characterize the bulk effects by the param-
eter e, for which holds <h2> ~ M1 +e, where <h2> is
the root-mean-square distance between the chain ends.
The parametere was calculated by the expressionse =
(2bh 3 1)/3 = (2|bD| 3 1) [24]. Thus, the parametere
may fall within 0 < e < 0.05. As is known [25, 26],
the most general, and the only, theory describing the
translational friction of a worm-like necklace with
account of the bulk effects is the theory presented in
[27], according to which for the following expression
holds for [s]

(6)

[ ]s P0
NA = [3/(13 e)(3 3 e)]ML A

3(1 + e)/2
M

(1 3 e)/2

+ (ML P0
/3p) [ ln A/d 3 1/3( A/d)31

3 j (e)] .

(1 + e)/2

Here,d is the hydrodynamic diameter of the chain,
andj(e) is a function that can be tabulated [27].

At e = 0, formula (6) turns into relation obtained
for the translational friction of a worm-like necklace
without bulk interactions [28], and the corresponding
j(0) is 1.431. In terms of the theory of translational
friction for a worm-like cylinder, the functionj(0)
takes the value of 1.056 [29], which is known to entail
slightly greater hydrodynamic cross section of the
polymer chain (Table 3). Figure 4 presents the de-
pendences corresponding to relation (6) fore = 0 and
e = 0.05. The values estimated from these plots are
presented in Table 3.

Assuming a constant size of the macromolecules
in translational friction and viscosity phenomena and
a constant hydrodynamic invariantA0 in the homol-

Fig. 3. Normalized scaling dependence log ([h]ML)3
log (M/ML). Macromolecules: (1) extrarigid, (2) rigid,
(3) flexible in thermodynamically good solvents, (4) flex-
ible in q-solvents, (5) globular [19, 20], and (6) data from
Table 1.

Fig. 4. Plot of s0(c) vs. M(13 e)/2. e: (1) 0 and (2) 0.05;
the same for Fig. 5.

ogous series of the polymer, we can write, similarly
to [30, 31],

[s]P0NA = (M2F0/[h])1/3. (7)

Thus, we consider the viscometric data in the co-
ordinates (M2/[h])1/3 = f (M(13 e)/2), where the func-
tion is defined by the right side of Eq. (6). This de-
pendence was first used in [26]; fore = 0 it turns in-
to the knownBushin3Tsvetkov plot [13] for worm-like
cylinder without bulk interactions. The plots corre-

Table 3. Estimated equilibrium rigidityA and hydrodynamic diameterd of PTMGP chains in cyclohexane
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

e*
³

Slope
³ (A + DA) 0 108, ³ Segment cut off

³ (d + Dd) 0 108, according to³
r³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´

³ ³ cm ³ ³ [26, 27] ³ [28] ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
0* ³ (12.6+ 0.8)0 10316 ³ 106+ 13 ³ (1.38+ 0.8)0 10313 ³ 4 + 4 ³ 6 + 5 ³ 0.9821
0** ³ 1.51+ 0.07 ³ 68 + 7 ³ 31 + 71 ³ 16 + 13 ³ 23 + 19 ³ 0.9897
0.05* ³ (18.6+ 1.1)0 10316 ³ 86 + 11 ³ (0.91+ 0.78)0 10313 ³ 7 + 6 ³ 3 ³ 0.9836
0.05** ³ 2.21+ 0.11 ³ 54 + 6 ³ 3(22 + 73) ³ 30 + 25 ³ 3 ³ 0.9899
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Estimated from the centrifugal sedimentation coefficients.

** Estimated from the intrinsic viscosities.
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Fig. 5. Plot of (M2[h])1/3 vs. M(13 e)/2.

Fig. 6. log [h]ML3log (M/Ml) dependence for PTMGP
and PTMSP. Data taken from: (1) [33] and (2) [7, 23];
(3) data from Tables 1 and 3.

sponding to relations (6) and (7) are presented inFig. 5,
and the data derived from these plots, in Table 3.

For objective reasons, the molecular weight range
studied in this work is insufficiently wide, and the
main body of the data corresponds to largeM values
(M > 4000103). Therefore, the reliability of determin-
ing the hydrodynamic cross section of the macromol-
ecules is not high, despite the fairly good correlation
between the corresponding linear plots (linear correla-
tion coefficientsr > 0.98). At the same time, the Kuhn
segment length is estimated with a sufficient reliabil-
ity (Table 3). The translational friction measurements
yielded 86 <Af 0 108 < 106 cm, and viscometric mea-
surements gave 54 <Ah 0 108 < 68 cm. These quan-
titative estimates agree well with the qualitative esti-
mates in terms of normalized scaling relations (Fig. 3).
The estimatedAf and Ah values typically disagree for
linear polymers, which is explained by disagreements
between the theories of translational and rotational
friction of polymer chains [13].

In conclusion, we compare our results with the ear-
lier data for PTMSP, a polymer analog of PTMGP
[7, 32] differing in the presence of a Si atom in the

side chain and in the ratio ofcis to trans fragments.
This comparison was also made for normalized scaling
relations. The results are presented in Fig. 6, which
suggests that the molecules of the compared polymers
are close in size. This may be due to the competing
influence of the composition and/or microblock struc-
ture of the polymers and the thermodynamic quality
of the solvents in the polymer3solvent systems. Sin-
gling out each of these effects is not a trivial task,
which calls for additional investigations over a wide
range of molecular weights, including rather low
M values.

CONCLUSION

Samples and fractions of a new membrane-form-
ing polymer, poly[1-(trimethylgermyl)propyne] were
studied by methods of molecular physics. The degrees
of polymerization P of these fractions vary within
0.25< P 0 1033 < 10. It was shown that poly[1-(tri-
methylgermyl)propyne] molecules belong to the in-
termediate group of semirigid macromolecules, for
which the influence of both the hydrodynamic flow
and the intrachain bulk effects on the chain size in so-
lutions should be taken into account. Comparison of
the characteristics of poly[1-(trimethylgermyl)propyne]
and poly[1-(trimethylsilyl)propyne] revealed no large
difference between the sizes of the chains when the Si
atom in the side groups of the macromolecules was
replaced with a Ge atom.
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Abstract-The applicability to vinyl polymers of the procedure for quantitative determination of phthalide
groups in polymeric molecules from the color of their sulfuric acid solutions was examined. The correlation
between the intensity of the color of sulfuric acid solutions of polymers (polymethyl methacrylate, poly-
styrene) and the content of phthalide fragments incorporated into the polymer molecule was studied system-
atically on a quantitative level.

At present, active studies are being performed of
transition of undoped polymers into a highly conduct-
ing state. Of the greatest interest in this respect are
polymers containing phthalide groups [1, 2]. However,
such polymers are prepared by polycondensation, and
their film-forming properties are often unsatisfactory.
Polyacrylates, in particular, polymethyl methacrylate
(PMMA), are free of these drawbacks. Therefore, in-
corporation into PMMA macromolecules of phthalide
fragments is of scientific and practical interest.

Phthalide fragments can be incorporated into a poly-
meric molecule in the course of radical polymeriza-
tion by involving them in chain transfer or initiation
reactions [3]. In this connection, determination of
the content of phthalide units in a polymeric molecule
becomes an urgent problem.

It is known [2, 4] that polyarylene phthalides dis-
solve in concentrated H2SO4 to form intensely colored
solutions stable in time. The color probably originates
from opening of the phthalide ring and formation of
carbocations of the triphenylmethane series in the poly-
meric chain [5, 6]. The structure and properties of
low-molecular-weight triphenylmethyl monocarbocat-
ions formed by dissolution of organic compounds of
various classes in solvents with a high ionizing power
and low nucleophilicity, such as liquid SO2 and HCl,
concentrated H2SO4 and HClO4, etc. [739], have been
studied in sufficient detail. It would be expected that
phthalide groups incorporated into PMMA or poly-
styrene impart color to sulfuric acid solutions of these
polymers.

In this work we studied sulfuric acid solutions
prepared both from phthalides of various structures
and from polymers obtained in their presence, with
the aim to determine the content of phthalide units
incorporated into a macromolecule and the role of
phthalides in polymerization:
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We also considered[pseudophthalides] V, VI , and
XI 3XIV , which contain no phthalide ring but can
form it under appropriateconditions, e.g., under the ac-
tion of sulfuric acid. It is known [10] that phthalides
exhibit dual chemical activity owing to their possible
existence as the cyclic and open tautomers:
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EXPERIMENTAL

The phthalides used in this work were prepared by
the Friedel3Crafts reaction [11, 12]. The procedures
of their synthesis and purification and some of their
properties are given in [3, 12].

Sulfuric acid was doubly distilled; bp 278oC
(98.3%).

Methyl methacrylate (MMA) and styrene were pu-
rified to remove the stabilizer by shaking with a 53
10% KOH solution, washed with water to neutral re-
action, dried over CaCl2, and doubly-distilled in a vac-
uum. The fractions with bp 42oC (13.3 kPa, MMA)
and 70oC (8.0 kPa, styrene) were taken for polymer-
ization.

Initiators were repeatedly recrystallized from meth-
anol and dried at room temperature in a vacuum to
constant weight.

Polymerization was performed in the bulk [13].
After reaching 5% conversion, the polymer was ex-
tracted with methanol or hexane and dried. Its mo-
lecular weight Mh was determined viscometrically
in benzene at 25+ 0.05oC from the intrinsic viscosi-
ty [h] [13]:

[h] = KMh
a,

whereK = 0.940 1034, a = 0.76 (PMMA);K = 2.700
1034, a = 0.66 (polystyrene).

Before determining the content of phthalide groups,
polymer samples were repeatedly extracted with meth-
anol in a Soxhlet apparatus, free phthalidesI3XIV
being readily soluble in methanol.

The molecular-weight distribution (MWD) curves
were obtained with a KhZh-1302 gel chromatograph.
Columns were packed with Waters styrogel, pore size
1023106 A. The eluent was chloroform, flow rate
1 ml min31, 25oC. The columns were calibrated by
polystyrene reference samples (Aldrich, US).

The electronic absorption spectra (solutions in 98%
sulfuric acid) were taken on a Shimadzu UV-3100
UV3VIS3NIR spectrophotometer using 1-cm quartz
cells. Solutions of other concentrations were prepared
by dilution. The molar extinction coefficientse
(l mol31 cm31) were calculated by the Bouguer3Lam-
bert3Beer equation [14]

D = eCl.

where D is the optical density of solution,C is
the solution concentration (M), andl is the cell thick-
ness (cm).
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Table 1. Aromatic phthalides used inPMMA synthesis andspectral characteristics of their solutions in concentrated
H2SO4
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Phthalide³ lmax, ³ Color ³ e , ºPhthalide³ lmax, ³ Color ³ e ,
³ nm ³ ³ l mol31 cm31 º ³ nm ³ ³ l mol31 cm31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
I ³ 537 ³ Cherry ³ 11684 º VIII ³ 585 ³ Pinkish blue ³ 11000
II ³ 555 ³ Cherry-red ³ 43555 º IX ³ 461 ³ Yellow ³ 44279
III ³ 481 ³ Yellow ³ 5209 º X ³ 545 ³ Crimson-violet ³ 39301
IV ³ 453 ³ Lemon-yellow ³ 15448 º XI ³ 527 ³ Claret ³ 37160
V ³ 438 ³ Greenish yellow ³ 5040 º XII ³ 524 ³ Cherry ³ 30176
VI ³ 553 ³ Cherry ³ 43408 º XIII ³ 645 ³ Sky-blue ³ 72870
VII ³ 296 ³ Colorless ³ 1407 º XIV ³ 687 ³ Blue ³ 100877
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

One of the most important problems in studying
these polymers counsists in determining the content of
phthalide groups incorporated into the polymeric mol-
ecule. Previously, polymerization of MMA has been
performed in the presence of phthalide-containing
compounds of various classes: ketocarboxylic acids,
their chlorides, and arylene phthalides [3]. Attempts
to determine the composition by elemental analysis
failed, because the content of phthalide units was too
low to be determined reliably. Therefore, we took
advantage of the property of phthalides to form in-
tensely colored solutions in concentrated H2SO4.

Solutions of phthalides in sulfuric acid are inten-
sely colored except in the case of phthalideVII ab-
sorbing in the UV range (Table 1). In the examined
phthalide concentration range (0.538.5)0 1035 M,
the Bouguer3Lambert3Beer law is valid. The concen-
tration dependence of the spectra, used to calculate

Fig. 1. Absorption spectra of sulfuric acid solutions of
phthalide II . (D) Optical density and (l) wavelength;
the same for Figs. 2 and 3. Concentration ofII in H2SO4,
C 0 105, M: (1) 7.18, (2) 3.59, (3) 1.80, and (4) 0.90.

the extinction coefficients (Table 1), is illustrated in
Fig. 1 for phthalide II as an example.

Figure 2 (curve1) shows the absorption spectra of
phthalideVIII in 98% H2SO4. The spectrum under-
went no changes in 25 h, which confirms the pub-
lished data indicating the stability of phthalide solu-
tions in concentrated H2SO4 [4].

Thus, solutions of phthalides in concentrated
H2SO4 are intensely colored and fairly stable; the
validity of the Bouguer3Lambert3Beer law and high
extinction coefficients allow spectrophotometric de-
termination of the content of phthalimide units in
PMMA or polystyrene macromolecules.

Figure 2 (curve2) shows the spectrum of a PMMA
solution obtained in the presence of phthalideVIII .
It is seen that it practically coincides with the absorp-
tion spectrum of free phthalide. This means that

Fig. 2. Absortpion spectra of sulfuric acid solutions of
(1) phthalide III , (2) PMMA prepared in the presence of
phthalide VIII , and (3) PMMA prepared in the presence
of phthalidesVIII and V.
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the polymeric chain of PMMA does not interfere with
determination of the phthalide. Similar results are
obtained in dissolution of polystyrene in H2SO4, but,
in this case, the dissolution occurs very slowly on stir-
ring the preliminarily pulverized polystyrene.

The visible-range spectra of PMMA and polysty-
rene solutions also remain unchanged during 24 h
(Fig. 3).

A study of sulfuric acid solutions of PMMA, pre-
pared in the presence of phthalides, showed that not
all the phthalides were incorporated into the polymeric
chain. PhthalidesX andXI containing no active chain-
transfer centers did not enter polymerization. The qual-
itative reaction of the samples (after extraction) with
sulfuric acid was negative. The polymer prepared in
the presence of pseudophthalideV is not colored on
dissolution in concentrated H2SO4, either.

A sulfuric acid solution of the polymer prepared in
the presence of phthalideIII or IV is colored, which
indicates that the phthalide fragments have been incor-
porated into the polymeric chain (Table 2). This fact
contradicts the known data on the mechanism of chain
transfer to haloaromatic compounds [13, 15] accord-
ing to which the haloarene molecule is regenerated in
the course of chain transfer [scheme (1), pathway
(1.1)].1 Hence, the chain transfer involves the phthal-
ide molecule. The most probable is the cleavage of
the bond at the tertiary carbon atom [scheme (1),
pathway (1.2)], since the resulting radical A is sta-
bilized by aromatic substituents. Furthermore, migra-
tion of the second substituent at the quaternary atom
of the phthalide ring has been observed in numerous
studies [10, 12].

As a result of this reaction, the phthalide ring can
be incorporated into the polymeric molecule as a ter-
minal group:

Scheme 1.
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to phthalide III or IV involves the aromatic ring directly
bound to halogen and also the fact that the radical attack at
the o-position is more probable [15].
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R = H, Hal (Hal = Cl, F).

CompoundsI and II, containing a chlorine atom
directly bound to the carbon atom of the phthalide
ring, are also incorporated into the polymeric chain
(Table 2); the content of phthalide units is approxi-
mately 1 unit per macromolecule. This means that
phthalides I and II participate in chain transfer:
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The polymer prepared by polymerization in the
presence of a mixture of difluorenylphthalide (VIII )
and chlorobenzoylbenzoic acid (V) forms a blue solu-
tion in sulfuric acid. The absorption spectrum of the
sulfuric acid solution of this polymer is shown in Fig. 2
(curve 3). It is seen that only difluorenylphthalide is
incorporated into the polymeric chain. The absorption

Fig. 3. Absorption spectra of sulfuric acid solutions of
polystyrene prepared in the presence of phthalideII .
The spectra were taken (1) 2 and (2) 25 h after the start
of dissolution.
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Table 2. Data on synthesis of polymers and content of phthalide groups in the polymer molecule
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ Mono- ³ Concentration,³ ³ Concentration of polymer³ ³ ³Concentration³

Com-³ mer, ³ C 0 103, M ³ ³ in sulfuric acid solution [P]³ ³ ³ of phthalide³
³ ÃÄÄÄÄÄÂÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³ ³ ³pound³ ini- ³ ³Mh01035³ ³ l, ³ D ³ in sulfuric ³ [Ph]/[P]
³ tiator ³ ini- ³phthal-³ ³ g l31 ³ [P] 0 105, ³ nm ³ ³ acid solution³
³ ³ tiator ³ ide ³ ³ ³ M ³ ³ ³[Ph] 0 105, M³

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
I ³ MMA, ³ 3.65 ³ 10.0 ³ 3.213 ³ 11.07 ³ 3.45 ³ 536 ³ 0.454³ 3.902 ³ 1.13

³ AIBN * ³ ³ 20.0 ³ 2.720 ³ 10.12 ³ 3.72 ³ 536 ³ 0.461³ 3.943 ³ 1.06
³ ³ ³ 30.0 ³ 2.420 ³ 7.85 ³ 3.24 ³ 536 ³ 0.416³ 3.564 ³ 1.10
³ ³ ³ ³ ³ ³ ³ ³ ³ ³II ³ MMA, ³ 1.00 ³ 7.5 ³ 6.02 ³ 5.47 ³ 0.909 ³ 552 ³ 0.776³ 1.781 ³ 1.96
³ AIBN ³ ³ 15.0 ³ 5.75 ³ 6.73 ³ 1.171 ³ 552 ³ 1.079³ 2.47 ³ 2.11
³ MMA, ³ 1.00 ³ 7.5 ³ 2.42 ³ 2.27 ³ 0.938 ³ 553 ³ 1.768³ 4.06 ³ 4.33
³ BP* ³ ³ 15.0 ³ 2.695 ³ 1.19 ³ 0.442 ³ 553 ³ 0.273³ 0.627 ³ 1.42
³ Styrene,³ 3.65 ³ 10.00³ 1.352 ³ 1.75 ³ 1.294 ³ 551 ³ 1.556³ 3.572 ³ 2.76
³ AIBN ³ ³ 24.90³ 0.520 ³ 0.24 ³ 0.462 ³ 552 ³ 0.841³ 1.931 ³ 4.18
³ ³ ³ ³ ³ ³ ³ ³ ³ ³III ³ MMA, ³ 3.65 ³ 10.00³ 3.610 ³ 6.05 ³ 1.676 ³ 480 ³ 0.050³ 0.955 ³ 0.57
³ AIBN ³ ³ 25.0 ³ 3.270 ³ 8.15 ³ 2.492 ³ 481 ³ 0.080³ 1.545 ³ 0.62
³ ³ ³ 43.0 ³ 2.991 ³ 10.12 ³ 3.383 ³ 480 ³ 0.118³ 2.268 ³ 0.67
³ ³ ³ ³ ³ ³ ³ ³ ³ ³IV ³ MMA, ³ 3.65 ³ 4.4 ³ 3.73 ³ 9.85 ³ 2.641 ³ 450 ³ 0.131³ 0.845 ³ 0.32
³ AIBN ³ ³ 9.9 ³ 3.63 ³ 10.16 ³ 2.779 ³ 452 ³ 0.160³ 1.036 ³ 0.37
³ ³ ³ 23.4 ³ 3.48 ³ 8.46 ³ 2.431 ³ 452 ³ 0.150³ 0.972 ³ 0.40
³ ³ ³ ³ ³ ³ ³ ³ ³ ³VI ³ MMA, ³ 1.00 ³ 3.22³ 11.201 ³ 10.50 ³ 0.937 ³ 554 ³ 0.270³ 0.622 ³ 0.66
³ AIBN ³ ³ 6.43³ 9.415 ³ 4.50 ³ 0.480 ³ 555 ³ 0.327³ 0.753 ³ 1.57
³ MMA, ³ 1.00 ³ 3.22³ 11.20 ³ 10.26 ³ 0.916 ³ 554 ³ 0.022³ 0.329 ³ 0.36
³ BP ³ ³ 6.43³ 9.377 ³ 5.12 ³ 0.546 ³ 555 ³ 0.060³ 0.138 ³ 0.25
³ ³ ³ ³ ³ ³ ³ ³ ³ ³VIII ³ MMA, ³ 1.00 ³ 2.73³ 7.169 ³ 14.90 ³ 2.078 ³ 580 ³ 0.368³ 3.345 ³ 1.61
³ AIBN ³ ³ 5.45³ 3.65 ³ 25.2 ³ 6.90 ³ 582 ³ 1.458³ 13.26 ³ 1.92
³ ³ ³ 10.90³ 8.437 ³ 9.40 ³ 1.11 ³ 582 ³ 0.285³ 2.59 ³ 2.33
³ MMA, ³ 1.00 ³ 2.73³ 10.964 ³ 12.14 ³ 1.107 ³ 581 ³ 0.380³ 3.455 ³ 3.12
³ BP ³ ³ 5.45³ 11.201 ³ 10.66 ³ 0.898 ³ 581 ³ 0.282³ 2.564 ³ 2.85
³ ³ ³ 10.90³ 12.000 ³ 8.15 ³ 0.679 ³ 580 ³ 0.204³ 1.855 ³ 2.73
³ Styrene,³ 3.65 ³ 5.76³ 2.194 ³ 10.12 ³ 4.613 ³ 580 ³ 1.136³ 10.327 ³ 2.24
³ AIBN ³ ³ 11.55³ 2.132 ³ 20.31 ³ 9.526 ³ 578 ³ 4.038³ 36.709 ³ 3.85
³ ³ ³ 23.10³ 0.721 ³ 5.64 ³ 7.822 ³ 580 ³ 3.803³ 34.573 ³ 4.42
³ ³ ³ ³ ³ ³ ³ ³ ³ ³X ³ MMA, ³ 1.00 ³ 0.25³ 15.9 ³ 10.97 ³ 0.688 ³ 300 ³ 0.756³ 53.70 ³ 78.1
³ AIBN ³ ³ 0.50³ 16.5 ³ 10.15 ³ 0.615 ³ 299 ³ 0.343³ 24.40 ³ 39.7
³ ³ ³ 0.75³ 18.11 ³ 5.93 ³ 0.327 ³ 298 ³ 0.139³ 9.91 ³ 30.3
³ ³ ³ 1.00³ 17.1 ³ 10.28 ³ 0.601 ³ 299 ³ 0.527³ 37.46 ³ 62.3
³ ³ ³ 1.50³ 15.7 ³ 9.75 ³ 0.621 ³ 298 ³ 0.530³ 37.695 ³ 60.7
³ MMA, ³ 1.00 ³ 0.25³ 12.445 ³ 10.15 ³ 0.815 ³ 297 ³ 1.471³ 104.50 ³ 128.24
³ BP ³ ³ 0.50³ 12.617 ³ 7.45 ³ 0.590 ³ 297 ³ 1.695³ 120.469 ³ 204.18
³ ³ ³ 0.75³ 12.943 ³ 6.85 ³ 0.529 ³ 298 ³ 2.213³ 157.285 ³ 297.33
³ ³ ³ 1.00³ 13.150 ³ 5.16 ³ 0.392 ³ 297 ³ 2.050³ 145.70 ³ 371.70
³ ³ ³ 1.50³ 13.934 ³ 5.05 ³ 0.362 ³ 299 ³ 2.018³ 143.426 ³ 396.20

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (AIBN) azobis(isobutyronitrile); (BP) benzoyl peroxide.

bands ofV are not detected, i.e., this compound is
not incorporated into the PMMA molecule. The poly-
mer prepared in the presence of only difluorenylphthal-
ide shows a similar spectrum, which convincingly
proves the presence of difluorenylphthalide units in
the macromolecules.

Using the calibration plot for this polymer, the con-
tent of phthalide fragments was found to be 1/1900
(mole per mole of monomeric units). The molecular
weight of PMMA was determined by gel permeation
chromatography (number-averageMn 340000) and
viscometry (viscosity-averageMh 365000). Hence,
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there are 1.80 phthalide groups per macrmolecule
(1.92 according to viscometric data). This means that
phthalide groups can be located both in terminal posi-
tions and inside the chain. Apparently, two fluorenyl
fragments of the phthalide participate in the initiation,
with the result that the additive becomes incorporated
inside the macromolecule; this means that the additive
and macromolecule are relatively independent of each
other. The tentative scheme below illustrates how
phthalides with fluorenyl substituents participate in
the process:
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Data on the content of the other phthalimides in
the PMMA polymeric chain are listed in Table 2.

Thus, the obtained results show that phthalides of
various structures take active part in radical polymer-
ization and allow us to suggest the mechanism of their
effect.

CONCLUSIONS

(1) Solutions of phthalides in concentrated H2SO4
are intensely colored, with the Bouguer3Lambert3
Beer law obeyed, and exhibit high stability. The color
of sulfuric acid solutions of polymethyl methacrylate
and polystyrene prepared in the presence of phthalides
is exclusively due to phthalide-containing compounds.

(2) The extinction coefficients of sulfuric acid
solutions of phthalide-containing compounds of vari-
ous structures were determined.

(3) The content of phthalide groups in polymeric
molecules was determined. The main mechanism of
their incorporation into the polymeric chain is partici-
pation in chain transfer.
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Abstract-The structure of the macromolecule of an equimolar native vinyl chloride3maleic anhydride
copolymer was studied. A mechanism of copolymerization of vinyl chloride with maleic anhydride is
proposed.

Copolymers of maleic anhydride (MA) are used as
starting substances in synthesizing ion exchangers,
pharmaceuticals, cosmetics, and other substances, and
also as enzyme carriers. To obtain materials with the
desired properties, it is necessary to know the micro-
structure of the initial polymeric molecules. Macro-
molecules of the vinyl chloride3maleic anhydride
(VCMA) copolymer undergo in solution cycloanhy-
dride3enol tautomerism (CAET) cardinally altering
the primary (native) microstructure of VCMA [1, 2].
The majority of methods for studying the composition
and properties of chemical compounds are concerned
with their solutions. These techniques are obviously
unsuitable for studying the microstructure of VCMA
copolymer, because in the course of dissolution the
native microstructure formed in polyaddition is lost.

In this work we studied the VCMA microstructure
by methods producing results that reflect the native
microstructure, nonaltered by solvent. As such meth-
ods we chose thermogravimetry, spectroscopy, and
gravimetric desorption analysis. For IR study, we
cast VCMA films from THF under conditions of
contact between VCMA and THF for 537 min. Since
CAET transformations are slow, the native micro-
structure of VCMA is not altered within this period.
A thermogravimetric study of thermal reactions in
VCMA allowed us to avoid errors originating from
the necessity to perform a series of experiments when
the kinetics is studied in the isothermal mode; in our
case all the necessary information is obtained with
the same sample.

EXPERIMENTAL

The preparation conditions and characteristics of
VCMA are given in [1]. Differential thermal analysis
was performed on a Q 1500 derivatograph in helium
at a heating rate of 10 deg min31. The DTA curves
(Fig. 1) were processed taking into account the se-
quence of transformations: first H2O is evolved and
then HCl, CO2, and CO. All calculations were per-
formed proceeding from the mass balance of elimina-
tion of H2O, HCl, CO2, and CO, and the results

Fig. 1. DTA, DTG, and TG curves of copolymers:
(Dm) weight loss and (T) temperature. Regions of thermo-
grams along the abscissa,oC: (A) 403100, (B1) 1003200,
(B2) 2003300, and (D) 3003400.
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Results of processing of TG curves
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ Temperature,oC
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 403100 ³ 1003200 ³ 2003300 ³ 3003400 ³ 4003500

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sample VCMA-22.0

Region of thermogram³ A ³ B1 ³ B2 ³ D ³
Reaction product ³ H2O ³ HCl ³ HCl ³ CO2 ³ CO2 ³ CO ³
Mole fraction ³ (5.4)* ³ 0.56 ³ 0.44 ³ 0.40 ³ 0.60 ³ 0.15 ³
Thermal effect ³ Endo- ³ Exo- ³ ³ Exo- ³ ³ Exo- ³
n ³ 0.03 ³ 2.05 ³ ³ 2.42 ³ ³ 4.03 ³
Ea, kJ mol31 ³ 79.4 ³ 72.3 ³ ³ 120 ³ ³ 234 ³
log (pZ) [s31] ³ 13.5 ³ 7.8 ³ ³ 13.3 ³ ³ 21.9 ³

Sample VCMA-23.5

Region of thermogram³ E ³ F1 ³ F2 ³ F3 ³ G
Reaction product ³ H2O ³ HCl ³ HCl ³ HCl ³ CO2 ³ CO2 ³ CO
Mole fraction ³ (3.6)* ³ 0.53 ³ 0.43 ³ 0.035 ³ 0.59 ³ 0.41 ³ 0.51
Thermal effect ³ Endo- ³ Endo- ³ Exo- ³ ³ Exo- ³ ³ Exo-
n ³ 1.68 ³ 1.14 ³ 1.15 ³ ³ 4.8 ³ ³ 6.4
Ea, kJ mol31 ³ 54.3 ³ 69.8 ³ 322 ³ ³ 195 ³ ³ 392
log (pZ) [s31] ³ 9.1 ³ 6.5 ³ 35.3 ³ ³ 19.6 ³ ³ 31.8

Sample VCMA-15.45

Region of thermogram³ J ³ K1 ³ K2 ³ L1 ³ L2

Reaction product ³ H2O ³ HCl ³ HCl ³ CO2 ³ HCl ³ CO ³ CO2
Mole fraction ³ (3.7)* ³ 0.91 ³ 0.09 ³ 0.61 ³ 0.39 ³ 0.2 ³ 0.75
Thermal effect ³ Endo- ³ Endo- ³ ³ Exo- ³ ³ Exo- ³ Exo-
n ³ 1.63 ³ 1.83 ³ ³ 2.68 ³ ³ 3.13 ³ 2.96
Ea, kJ mol31 ³ 56.0 ³ 95.4 ³ ³ 173 ³ ³ 116 ³ 234
log (pZ) [s31] ³ 9.4 ³ 10.8 ³ ³ 21 ³ ³ 12 ³ 18.8
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The content of desorbed water (wt %) is given in parentheses.

were compared with those obtained in analyzing
the products of thermal decomposition in a flow of
oxygenfree nitrogen in a bubbling unit under iso-
thermal conditions in the same temperature ranges.
The gaseous decomposition products of VCMA-22.0
(22.0 wt % Cl as determined by the Schoeniger proce-
dure) in regionsA3D (Fig. 1) were trapped by se-
lective absorbents: HCl, by an Hg2(NO3)2 solution
(solubility product of Hg2Cl2 2 0 10318); CO2, by
Ascarite; and CO, by a PdCl2 solution. In the de-
rivatograms of VCMA samples, we can distinguish
the regions of [pure] dehydrochlorinationB1, F1,
K1, and F2 (see table). Above 250oC, HCl is elim-
inated simultaneously with CO2 (regionsB2, F3, and
K2). Thermal decomposition of VCMA is completed
with release of CO2 and CO (regionsD, G, L1,
and L2).

The mathematical processing of TG curves was
performed by the equation

da / dt = k(1 3 a)n,

where a is the conversion;k = pZexp(3Ea/RT),
pZ is the entropy parameter of the Arrhenius equation,
Ea is the activation energy,T is temperature, andR
is the gas constant [3].

The Arrhenius parameters and the values ofn were
computed [4, 5] (see table). All dependences were
processed by the simple-iteration and Rosenbrock
minimization procedures. Both methods gave con-
sistent results.

The IR spectra were taken on a Specord M80 spec-
trophotometer. Films were prepared directly on NaCl
plates from solutions of VCMA in THF and DMSO.
The solvents were purified by conventional proce-
dures [6]. An X-ray diffraction analysis confirmed the
amorphous state of the VCMA samples (DRON-3M,
CuK

a

radiation).
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n 0 1032, cm31

Fig. 2. IR spectrum of a VCMA-22.0film cast from a 2%
THF solution onto an NaCl plate: (A) absorption and
(n) wave number; the same for Fig. 3.

Along with the practically equimolar copolymer
VCMA-22.0, we prepared two other samples: VCMA-
15.45 enriched in MA and VCMA-23.5 containing,
along with alternating segments, additional 6 mol %
VC units decreasing the rigidity of the chain:

(I)

R1 = H, R2 = Cl, x = 0, y = 1.0 (VCMA-22.0); R1 = H,
R2 = Cl, x = 0.06, y = 0.94 (VCMA-23.5); R1 and R2 =
OC3O3CO, x = 0.3, y = 0.7 (VCMA-15.45).

Since dehydrochlorination of PVC (R1 = H, R2 =
Cl, y = 0, x = 1) has been investigated in detail [739],
we did not study it in this work.

Below we show as an example the Fischer pro-
jection of a macromolecule segment of alternating
VCMA copolymer II incorporating succinic anhy-
dride rings (an): two r- (threo) (1C32C; 5C36C) and
one m- (erythro) (9C310C):

(II)

The 4C, 8C, and 12C atoms may be both R- and
S-chiral.

In view of the different chiralities of the4C, 8C,
and 12C atoms, the C=O groups bound to1C, 2C, 5C,
6C, 9C, and10C II appear to be sterically and ener-
getically nonequivalent; they are at different distances
from the adjacent electronegative Cl atoms, which re-
sults in varied mutual repulsion and hence in different
force constants of the C=O groups. This is manifested
in the IR spectra in that the C=O groups in VCMA-22.0
films cast from THF give a set of absorption bands:
one strong at 1790 cm31, two medium at 1870 and
1740 cm31, and a medium-intensity shoulder at
1720 cm31, which suggests the presence of four en-
ergetically nonequivalent states of the C=O groups
(Fig. 2). Apparently, the group of bands at 18703

1720 cm31 belongs toan structures and to the C=O
groups in the enol tautomersD6-enandD7-en. A weak
band at 1640 cm31 most probably belongs to the C=C
bond in en type macromolecule units. The fragments
of microstructurally heterogeneous VCMA macro-
molecules are shown below.

ÄÄÄÄÄÄÄÄÄÄ

(III)

Fragments of microstructurally heterogeneous VCMAmacromolecules
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The IR data for DMSO solutions suggest distortion
of the VCMA microstructure under the action of
DMSO and formation of tautomeric forms containing
hydroxy substituents. The IR spectrum of a VCMA
film cast from DMSO but not dried to remove DMSO
([wet] film) and that of the same film dried in a vac-
uum at 40oC (Fig. 3) confirm the presence of the
suggested structures. The IR spectrum of the wet film
contains strong absorption bands related to vibrations
of the C=C (1680 cm31) and OH (3450 cm31, broad)
groups, and also a weaker band at 1730 cm31. The IR
spectrum of the dry film contains a strong band at
1730 cm31 [n(C=O)] (Fig. 3).

One of the key questions to be answered in this
work is whether this microstructural heterogeneity
appears in the course of copolymerization or is formed
under the action of the solvent. The following experi-
ments were performed to solve this question.

In air, amorphous VCMA samples adsorb moisture.
To evaluate, using DTA and gravimetry, the amount
of atmospheric moisture adsorbed by VCMA macro-
molecules, we studied the kinetics of its desorption
from native VCMA samples after their being kept
in air for 5 days ([moist] samples).

The kinetics of isothermal desorption of water at
room temperature from moist VCMA samples was
monitored gravimetrically, in the course of storage of
the samples in a desiccator over P2O5. The kinetic
dependences of water desorption were processed by
the equation [10]

q = qeq[1 3 exp (3kt)], (1)

whereq is the current amount of desorbed water,qeq
is the amount of water att 6 i, and k is the rate
constant of the adsorption3desorption process.

It was shown that desorption from the VCMA-22.0
sample occurs withk = 5 0 1036 s31, qeq = 5.1 wt %,
which corresponds to one adsorbed H2O molecule per
two units of VCMA-22.0 copolymer (molecular
weight 160.5).

The amounts of water desorbed from the same
VCMA-22.0 sample, determined by DTA (see table)
and gravimetrically under isothermal conditions, are
reasonably consistent (5.40 and 5.29 wt %, respective-
ly) and practically coincide withqeq calculated by
Eq. (1), 5.1 wt %.

Desorption of water from moist VCMA-22.0 sam-
ple under nonisothermal conditions occurs with the
apparent activation energyEa = 79.4 kJ mol31, n =
3.03 (see table, regionA). Because the physicochemi-
cal sense of the parameter of the thermal degradation
reaction n is not quite clear, we considered

Fig. 3. IR spectra of VCMA-22.0 films cast from 2%
DMSO solutions onto NaClplates: (1) wet films containing
DMSO and (2) films dried at 40oC.

several alternatives. The values ofn may correspond
to the numbers of possible stages (types) of one or an-
other thermal reaction. It is natural to assume that the
desorption of water involves cleavage of three types
of intermolecular hydrogen bondsden...H2O, two of
which are shown in scheme (III):D6-den...H2O and
D

7-den...H2O. The third type is probably represented
by other intermolecular hydrogen bonds, e.g., by
the H bonds between H2O molecules in the outer
sphere of the associate: [(den...H2O)...H2O]. This as-
sumption is supported by the fact thatDHv of water in
the range 203100oC varies from 44.2 to 40.7 kJ mol31

[11], which is approximately half theEa of water de-
sorption from the VCMA-22.0 sample in the same
temperature range.

In samples of the nonalternating VCMA copoly-
mer, the content of water is a factor of 1.5 lower than
that in the VCMA-22.0 sample (see table, regionsA,
E, J), and Ea of dehydration is only a factor of 1.3
higher thanDHv of water: 54.3 and 56.0 kJ mol31,
with n equal to 1.68 and 1.63, respectively, which is
due to the lower content of thedenforms in these sam-
ples. The entropy parameter of dehydration log (pZ) =
9.1313.5 (see table) suggests the formation of an
ordered transition state of dehydration and allows
water to be regarded as chemisorbed.

Thus, the microstructural heterogeneity of VCMA
determines its capability to adsorb moisture from air
and is responsible for the variability of VCMA prop-
erties. Namely, VCMA macromolecules permanently
change their composition in the course of storage, de-
pending on the storage time and air humidity; the com-
position may strongly differ from that of the freshly
prepared samples.

The Arrhenius parameters of the dehydrochlorina-
tion of VCMA samples under nonisothermal condi-
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tions also depend on their composition. For example,
VCMA-22.0 eliminates 56 mol % of HCl with low
Ea = 72.3 kJ mol31 from two (n = 2.05) types of struc-
turesD6-en and D

7-en; the VCMA-23.5 sample con-
tains approximately the same amount of precursor
groups that are readily dehydrochlorinated (53 mol %)
and mostly belong to one type (n = 1.14). In the range
1003190oC, the VCMA-15.45 sample eliminates
91 mol % of HCl from two (n = 1.83) types of groups
with higher Ea = 95.4 kJ mol31 (see table, regions
B1, F1, and K1).

It is interesting that in the derivatogram of the
VCMA-23.5 sample consisting of less rigid macro-
molecules there is a second range of pure dehydro-
chlorination (see table, regionF2) occurring very dif-
ficultly in a single (n = 1.15) stage. The high values
of Ea = 322 kJ mol31 and log (pZ) = 35.3 are close
to the corresponding parameters of dehydrochlorina-
tion of low-molecular-weight analogs [8, 12] and
exceed them because of the distortion of the favorable
arrangement of units in substrates and the appearance
of polyconjugated segments after the first stage of de-
hydrochlorinationF1. After stage F1, there remains
43 mol % of CHCl groups incapable of forming
D

6-en andD7-en units from which elimination of HCl
is facilitated. HCl is eliminated from such fragments
without formation of the cyclic transition state, with
Ea close to the value calculated for radical chain de-
hydrochlorination [8].

Thus, in regionsB1, F1, andK1 (see table) of pure
VCMA dehydrochlorination, HCl is eliminated with
considerably lowerEa and log (pZ) as compared with
the same parameters for dehydrochlorination of PVC

and model compounds [739, 13]. This is due to the
concerted redistribution of bonds in theD6-den and
D

7-den rings and the formation of a low-energy zwit-
ter-ion as one of the resonance structures of the final
product [1]:

(IV)

For the sake of brevity, both mechanisms are shown
with the same VCMA unit.

The products of thermal decomposition of VCMA
under helium are black specular films, which suggests
the formation of polyconjugated systems containing
practically no oxygen, provided that CO2 and CO are
removed from VCMA macromolecules completely
[13]. Based on the material balance of thermal reac-
tions in VCMA in the nonisothermal mode (see table)
and the results obtained in studying the isothermal de-
composition at several temperatures in a bubbler unit,
we suggest the following mechanism of VCMA de-
composition on heating to 500oC under helium:

ÄÄÄÄÄÄÄÄÄÄ

(V)

ÄÄÄÄÄÄÄÄÄÄ
Whereas the presence ofm- and r-anhydride rings

in VCMA macromolecules is a known fact, the pres-
ence of tautomericenanddenforms in the macromol-
ecules in the condensed state requires additional ex-
perimental support.

The IR spectra of VCMA in Figs. 2 and 3 show that
the microstructure of VCMA is affected by a solvent.
Let us return to considering the possibility of forma-
tion of en fragments during the chain growth process

in the course of copolymerization. The necessary in-
formation can be obtained by computer processing of
the kinetic dependences of the intensities of bandsB
andE (lmax 246 and 268 nm, respectively) in the UV
spectrum of VCMA in dioxane [2] by the equation

D0 = Dmax[1 3 Pexp (3kt)], (2)

whereP is the factor related to the initial conditions;
the concentrationC of the tautomeric forms is pro-
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portional to the current optical density of the cor-
responding absorption bandD

l
, and Cmax is pro-

portional to Dmax of the same band att 6 i.

At the instant when condensed VCMA macromol-
ecules come in contact with the solvent (t = 0), the
variation of both groups of bandsB and E reflects
the formation of theen andden tautomers by a pseu-
do-first-order reaction [2]. The group of bands with
lmax = 246 nm is due top 6 p* transitions inen
forms, and that withlmax = 268 nm, top 6 p* transi-
tions in quasiaromatic structures [2]. SinceD

l
is pro-

portional to the content of the corresponding tautomer-
ic en or den forms, Eq. (2) can be written as follows:

[en]0 = [en]max[1 3 Pexp(3kt)],

[den]0 = [den]max[1 3 Pexp(3kt)].

In this work, we processed with a computer the
time dependences of the optical densities of the above
UV absorption bands [2], which allowed us to calcu-
late [en]0 and [den]0 at the instant of contact between
native VCMA macromolecules and the solvent (mole
fractions at t = 0):

lmax, nm Dmax P k0106, s31 r* [en]0 [den]0

246 0.96 0.67 1.3 0.987 0.33 3

268 1.45 0.95 0.6 0.943 3 0.5

* Correlation coefficient.

It is significant that the results of all three indepen-
dent methods: thermogravimetric, gravimetric, and
UV spectroscopic [2], gave consistent values of [en]0
in native VCMA-22.0 macromolecules: 33.8, 33.2,
and 33.0 mol %, respectively, with [den]0 in powdered
VCMA not exceeding 5 mol %.

Thus, macromolecules of equimolar native copoly-
mer VCMA-22.0 in the condensed state comprise a
random sequence of alternating units VC3r-an, VC3
m-an and anomalous structuresD6-en and D

7-en,
which are formed in the course of copolymerization of
VC with MA and are tautomerically labile units re-
sponsible for its dynamic microstructural hetero-
geneity:

...3[3(VC3r-an)3; 3(VC3m-an)3]0.673...

...3[3(D6-en)-; 3(D7-en)3]0.333....

The mechanism of copolymerization of VC with
MA is a matter of discussion. Equimolar copolymers
were prepared at different VC to MA ratios by poly-
merization in the bulk and in benzene at 50oC with
azobis(isobutyronitrile) as initiator [14, 15].

It is known that strictly alternating macromolecules
are formed from molecular complexes of comono-
mers. Maleic anhydride forms complexes with many
weak donors, such as vinyl ethers, olefins, styrene,
acetone, DMF, DMSO, and even chloroform. The
equilibrium constantsK are, as a rule, low [14], which
suggests that the concentration of the molecular com-
plexes [VC.MA] is considerably lower than that of
free molecules of VC and MA comonomers.

The fact of complexation between MA mole-
cules and weak donors suggests that the equilibrium
constantK of complexation between MA and VC at
the copolymerization temperature (80oC) differs from
zero. The formation of molecular complexes makes
possible the chain growth by polyaddition of the com-
plexes [VC.MA] to give alternating segments of
the macromolecules of typeII :

n[VC .MA] 6 ...3[3(VC3r-an)3; 3(VC3m-an)3]n3...
(VI)

The incorporation of tautomericen forms into
growing macromoleculesVI as segments of micro-
structural heterogeneity occurs as follows. An MA
molecule in the biradical formVIIb forms a complex
with a VC molecule at 80oC, yielding two biradicals
VIIIc and VIIId .

Then the chain growth continues by two pathways:
polyaddition of molecular complexes [scheme (VI )]
and their copolymerization with biradicalsVIIIc or
VIIId to form macromolecules containing the units
3(VC-r- or -m-an)3, 3(D6-en)3, and 3(D7-en).

CONCLUSIONS

(1) Macromolecules of the equimolar native vinyl
chloride3maleic anhydride copolymer prepared under
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the chosen synthesis conditions comprise a random
sequence of alternating comonomer units (67 mol %)
and units containing the enol tautomer (33 mol %).

(2) The kinetics of desorption of atmospheric
moisture and dehydrochlorination of vinyl chloride3

maleic anhydride copolymer samples were studied.
Elimination of HCl occurs both with low activation
energy from enol tautomers and with high activation
energy from segments consisting of vinyl chloride and
anhydride rings.

(3) A mechanism of copolymerization of vinyl
chloride with maleic anhydride was proposed, involv-
ing polyaddition of weak molecular complexes of
comonomers in the ground state and in the form of
biradical resonance structures.
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Abstract-The influence of the nature of an organoaluminum compound on the molecular characteristics
of 1,4-trans-polybutadiene prepared with vanadium-containing catalytic systems was studied.

A study of coordinated ionic polymerization of di-
enes oncis-stereospecific catalytic systems showed
that the nature of an organoaluminum compound
(OAC) significantly affects both the activity of the cat-
alytic system and the properties of the resulting poly-
dienes. It has been found [1, 2] that, with different
OACs, not only the rate constants of chain transfer to
OAC (k0

Al) but also the rate constants of chain growth
kg are different. The OAC nature affects the micro-
structure of the resulting polydiene [3] and its molec-
ular characteristics [4]. It has been suggested [2] that
the OAC molecule may be a part of the active center,
which can be responsible for the kinetic nonunifor-
mity of these catalytic systems. For the case of poly-
merization of dienes withtrans-stereospecific catalytic
systems, such data are lacking.

In this work, we studied how the OAC nature af-
fects the molecular characteristics of 1,4-trans-poly-
butadiene (trans-PB) obtained with vanadium-contain-
ing catalytic systems.

It is known that vanadium-containing catalytic sys-
tems allow preparation of polydienes with high con-
tent of trans units. The resulting 1,4-trans-polydienes
are highly crystalline polymers with good cohesion
properties; they can be used in adhesive formulations,
for preparing films, for manufacturing orthopedic ar-
ticles, etc.

The best studied are catalytic systems based
on VCl3, VCl4, or VOCl3 and aluminum trialkyls
[5, 6]. These systems are highlytrans-stereospecific
(from 80 to 99%trans units) and active. In this work,
we chose the catalytic systems VOCl33OAC with

OAC = Al(i-C4H9)3 (TIBA), Al( i-C4H9)2Cl (DIBAC),
and Al(i-C4H9)2H (DIBAH).

Figures 1 and 2 show the weight-average (Mw) and
number-average (Mn) molecular weights and the poly-
dispersity (Mw/Mn) of trans-PB as functions of
the monomer conversion in the course of polymeriza-
tion. It is seen that these catalytic systems allow prep-
aration oftrans-PB with fairly high molecular weight.
The molecular weights and theMw/Mn ratio increase
throughout the course of polymerization. The rate of
butadiene polymerization remains constant up to high
conversions of the monomer.

It is seen that the highestMw is attained with
DIBAH as organoaluminum cocatalyst (Fig. 1), and
the lowest, with DIBAC. TheMn values decrease in
the order TIBA > DIBAC > DIBAH (Fig. 2). This
means thattrans-PB samples prepared with DIBAH
show the widest molecular-weight distribution (MWD):
the polydispersity reaches 10. This is probably due to
the fact that the presence in the reaction mixture of
a cocatalyst containing an Al3H bond makes the cat-
alytic system more active in chain transfer to OAC
as compared to compounds containing the Al3C and
Al3Cl bonds. Data on the kinetic constants of po-
lymerization kg, k0

Al, and k0
m (rate constant of chain

transfer to the monomer) confirm this assumption (see
table). Replacement of the alkyl group in the OAC
molecule by a hydrogen or chlorine atom affects not
only the rate constants of chain transfer to OAC but
also the rate constants of chain growth. Thus, the na-
ture of OAC affects the probability of transfer to OAC
(k0

Al/kg), whereas the probability of chain transfer
to the monomer (k0

m/kg) remains unchanged for all
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Fig. 1. Mw vs. conversionU of butadiene in polymerization
with the catalytic systemVOCl33OAC. Polymerization
conditions: toluene; 25oC; Cm = 1.0, Cc = 5.0 0 1033 M;
Al/V ratio 4 (TIBA, DIBAC) or 2.5 (DIBAH); the same
for Figs. 234. OAC: (1) DIBAH, (2) TIBA, and
(3) DIBAC.

Fig. 2. (133) Mn and (436) Mw/Mn vs. butadiene con-
version U in polymerization with the catalytic systems
VOCl33OAC. OAC: (1, 6) TIBA, (2, 5) DIBAC, and
(3, 4) DIBAH.

the systems studied. This fact explains why polybu-
tadienes prepared with these catalytic systems have
different molecular weights.

Changing the type of OAC in the catalytic sys-
tem affects not only the molecular weight but also
the MWD shape.

The MWD curves oftrans-PB at different mono-
mer conversions are listed in Figs. 3a and 3b. At

Fig. 3. MWD curves for trans-PB prepared with the cata-
lytic systems (a)VOCl33TIBA and (b) VOCl33DIBAH.
Monomer conversion, %: (a) (1) 2.5, (2) 14.0, (3) 34.7,
(4) 45.0, (5) 58.7, and (6) 75.5; (b) (1) 4.7, (2) 16.8,
and (3) 51.2.

short time of butadiene polymerization on the cata-
lytic system with TIBA (Fig. 3a), the MWD curves
are unsymmetrical but unimodal, with broadening
on the side of low molecular weights. With increas-
ing conversion, the peak shifts to higher molecular
weights, with simultaneous broadening on both sides.
At large conversions, a shoulder appears on the side
of high molecular weights, and finally MWD be-
comes bimodal. Similar changes in the shape of

Kinetic parameters of butadiene polymerization on the catalytic systems VOCl33OAC
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

OAC
³ kg ³ k0

m ³
(k0

m/kg) 0 103
³ k0

Al, ³
(k0

Al/kg) 0 102
³

Ca,
* %ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³ ³ ³

³ l mol31 min31 ³ ³ l mol31 min31
³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
TIBA ³ 260 ³ 0.70 ³ 2.7 ³ 5.6 ³ 2.0 ³ 8.2
DIBAH ³ 30.0 ³ 0.08 ³ 2.7 ³ 2.0 ³ 6.7 ³ 7.5
DIBAC ³ 50.0 ³ 0.13 ³ 2.6 ³ 1.5 ³ 3.0 ³ 11.0

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* (Ca) Concentration of active centers.
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MWD curves of polybutadiene were observed with
DIBAC as OAC, whereas polymerization of butadi-
ene with the catalytic system VOCl33DIBAH gives
samples with polymodal MWD (Fig. 3b).

The shape of the dependences of the molecular
characteristics oftrans-PB on the concentrations of
the catalytic system components and monomer is typi-
cal of Ziegler catalytic systems [7, 8]. With increasing
monomer concentration, the molecular weights grow;
with increasing catalyst concentration and Al/V ratio,
both Mw and Mn decrease.

The dependence of the molecular characteristics of
trans-PB on the polymerization temperatureTpm is
unusual: In the range 20325oC, Mw and Mw/Mn pass
through a minimum, andMn, through a maximum
(Fig. 4).

Our experimental results show that one of specific
features oftrans-PB prepared with the tested catalytic
systems is wide MWD, governed by the nature of
OAC and synthesis conditions. This may be due to
participation in the polymerization of several types
of active centers differing in reactivity. Apparently,
changing the nature of OAC as a component of cata-
lytic systems affects the features of their reactivity.

EXPERIMENTAL

Butadiene was polymerized in toluene at 25oC
without access of air or moisture. The catalytic com-
plex was prepared in advance by combining solutions
of VOCl3 and OAC with addition of a small amount
of the monomer [up to 5 mol per mole V(V)] and
keeping for 0.5 h at 0oC. The polymerization was per-
formed at monomer (Cm) and catalyst (Cc) con-
centrations of 1.0 and 50 1033 M, respectively. The
highest catalytic activity (the highest yield of the po-
lymer) was observed at OAC/V ratio of 4.0 for TIBA
and DIBAC and 2.5 for DIBAH.

The microstructure of polymers was studied by IR
spectroscopy with a Specord M80 spectrophotome-
ter [9]. The examined samples contained 83390%
1,4-trans units and 17310% 1,2-units. The gelfrac-
tion content did not exceed 1%.

Solutions of trans-PB were prepared by stirring
the required amounts of the polymer and solvent at
80390oC for 234 h just before measurements. The so-
lutions were filtered while hot and then brought to
the required temperature.

The molecular weights and MWD of polydienes
were determined with a Du Pont liquid chromatograph

Fig. 4. (1, 4) Mw, (3, 6) Mn, and (2, 5) Mw/Mn vs. poly-
merization temperatureTpm for samples of trans-PB
prepared with the catalytic systems (133) VOCl33TIBA
and (436) VOCl33DIBAC.

equipped with four columns packed with Shimadzu
Microgel (pore size 10 1033106 A). The separation
was performed at 85oC with toluene as eluent. The col-
umn system was calibrated with polystyrene reference
samples with narrow MWD (Mw/Mn < 1.2), using
the universal Benoit dependence [10] and the Mark3
Houwink equation for trans-PB [11]. The MWD
curves and molecular weights were corrected for instru-
mental broadening by the method described in [12, 13].

The kinetic constantskg andk0
m were calculated by

the equations [14]

Wn = kgCmCa,

1/Pn = 1/(tkgCm) + S (Cik0
i)/(kgCm),

1/Pn = 1/CmtSk0
iCi 3 1/kg + k0

m/ kg ,

1/Pn = CAl k0
Al/kgCm + tSk0

iCi / kgCm ,

whereWn is the polymerization rate,Ca is the concen-
tration of active centers,Pn is the number-average
polymerization rate,k0

i is the rate constant of transfer
with ith agent,CAl is the OAC concentration,Ci is
the concentration of theith transfer agent, andt is
the polymerization time.

The constantkg was determined using the equation

Wnt / Pn = Ca+W0t,

where W0 is the overall chain-termination rate.
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CONCLUSIONS

(1) The nature of the organoaluminum component
of vanadium-containing catalytic systems affects both
the average molecular weights of the resulting 1,4-
trans-polybutadienes and the shape of their molecular-
weight distribution.

(2) The influence of the nature of the organoalu-
minum compound on the molecular characteristics of
1,4-trans-polybutadienes is due to different probabili-
ties of chain transfer to the organoaluminum compound,
with the probability of chain transfer to the monomer
remaining the same for all the systems studied.

(3) Polymerization of butadiene with vanadium-
containing catalytic systems presumably occurs on
centers differing in kinetic activity.
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Abstract-Water-resistant films and coatings were prepared from latexes of copolymers of styrene,n-butyl
acrylate, 2-hydroxyethyl methacrylate, glycidyl methacrylate, and methacrylic acid. The degree of cross-
linking of the copolymers in the course of film formation and the water resistance of the films and coatings,
associated with this parameter and evaluated by the water absorption and mechanical properties of wet films,
were studied in relation to the gross composition of the latex copolymer, conditions of its synthesis, distribu-
tion of functional groups responsible for cross-linking in a latex particle, and temperature of film formation.

The advantages of water-base polymer films and
coatings consist in the convenience and environmental
safety of their preparation. Especially promising are
latex coatings prepared from highly concentrated
systems, low-viscous at common temperatures, with-
out using toxic and inflammable organic solvents.
However, the specific features of film formation from
latexes (by coalescence of latex particles) not always
allow the potential of a polymeric system to be fully
realized. Very often incomplete coalescence of parti-
cles and poor monolithization of a latex film result
in poor water resistance of coatings, as judged from
their equilibrium water absorption and mechanical
strength of wet films.

One of the most efficient approaches to prepara-
tion of water-resistant latex coatings is the develop-
ment of polymeric systems capable of cross-linking
in the course of film formation. Previously, we have
demonstrated the feasibility of preparing cross-linked
coatings from latex copolymers containing epoxy and
carboxy groups [1]. It is known that the reaction be-
tween these functional groups in homogeneous sys-
tems, e.g., in curing of epoxy resins, occurs at appre-
ciable rate only at elevated temperatures. We found
that in latex systems this reaction can be performed
even at room temperature, probably owing to effects
similar to micellar catalysis [2]. In [1], we introduced
the required functional groups by using glycidyl
methacrylate (GMA) and methacrylic acid (MAA) as

comonomers in emulsion copolymerization. Usually
up to 10 wt % GMA units was introduced. This, on
the one hand, increased the cost of the copolymer
and, on the other, resulted in partial cross-linking in
the course of synthesis, which hindered coalescence
of particles containing intraglobular cross-links.

Here we report the properties of films and coatings
based on latex copolymers of styrene (ST),n-butyl
acrylate (BA), 2-hydroxyethyl methacrylate (HEMA),
MAA, and GMA, containing no more than 1 wt %
GMA. The major comonomers ST and BA, determin-
ing the film-forming properties of latexes, were usu-
ally taken in amounts of 33337 and 52354 wt %, re-
spectively; HEMA was added in an amount of 438%
to increase the hydrophilicity of the copolymer and
improve the coalescence of particles in the course of
film formation. Three types of latex systems were
studied.

In systems of type I, both reactive groups (epoxy
and carboxy) are localized in the same reaction zone-

latex particle shell.

In systems of type II, epoxy and carboxy groups
are localized in different latex particles, i.e., system
II is a mixture of two latexes: that of the ST3BA3
HEMA3GMA copolymer and that of the ST3BA3
HEMA3MAA copolymer. Both latexes were prepared
using a seeding copolymer containing no functional
groups. In such systems, a more efficient utilization
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of functional groups would be expected, with their
predominant participation in interglobular cross-link-
ing in the course of coalescence.

Systems of type III are latexes with core3shell par-
ticles in which the core is ST3BA3HEMA3GMA co-
polymer and the shell is ST3BA3HEMA3MAA co-
polymer. In this system, both interglobular and in-
traglobular cross-linking is possible, although the lat-
ter process must be less pronounced than in systems
of type I.

EXPERIMENTAL

Monomers used to synthesize latexes were pu-
rified by common procedures before copolymeriza-
tion. The characteristics of the monomers agreed with
reference data [3, 4]. The emulsion polymerization
was initiated by potassium or ammonium persulfate.
As emulsifiers were used anionic surfactant E-30 [so-
dium (C143C16)-alkylsulfonate] or nonionic surfactant
OS-20 (C163C18 oxyethylated alcohol).

The emulsion copolymerization was performed in
a 0.2530.50 l glass vessel equipped with a stirrer,
a reflux condenser, and tubes for feeding inert gas and
adding reactants. In syntheses with gradual dosage of
monomers, they were added from dropping funnels.

The dry residue of latexes was determined by dry-
ing a sample under an IR lamp to constant weight.

The size of latex particles was determined photo-
metrically from the dependence of the optical density
of dilute latexes on the transmitted light wavelength.

The films obtained from latex systems were cast
on a glass support and studied in the free state.

The film quality was evaluated from the water ab-
sorption and gel fraction content. The water absorp-
tion was determined as the weight gain of films kept
in distilled water for 24 h.

The gel fraction content and degree of swelling of
the gel in the films were determined by separating
the soluble fraction with acetone.

The mechanical properties of films were deter-
mined by a standard procedure [GOST (State Stand-
ard) 12589378].

Latexes of type I were prepared in two stages. First,
we prepared a seeding copolymer latex of composi-
tion (wt %) ST 54.6, BA 44.6, and HEMA 0.8 (no
epoxy and carboxy groups). In the second stage, we
added to the resulting seeding latex at various rates
a monomeric mixture of composition (wt %) ST 35.0,
BA 52.4, HEMA 5.2, MAA 6.4, and GMA 1.0. In

each stage, the copolymerization was performed to
practically complete conversion of the monomers, i.e.,
the composition of the copolymer corresponded to
that of the monomer mixture. Thus, the gross compo-
sition of the copolymer (wt %) was as follows: ST
42.0, BA 49.6, HEMA 3.6, MAA 4.2, and GMA 0.6.

The two-stage process ensures increased concentra-
tion of functional groups in the surface layer, with
the total content of the most expensive monomer,
GMA, being less than 1%. Another advantage of
the two-stage procedure is simple control of the latex
particle size. The diameter of the latex particles after
the second stage is actually determined by the size of
the seeding particles. The conditions of latex synthe-
ses are given in Table 1, and the characteristics of
the latexes and films thereof, in Table 2.

Formation of films in this series of experiments
was performed at 50oC, since films prepared at room
temperature had worse strength in the wet state, which
shows that the particle coalescence in unsatisfactory.
It is seen that not all the latexes form cross-linked
films, despite the same composition of the copoly-
mers. Tables 1 and 2 show that the most importantfac-
tors determining the possibility of preparing the cross-
linked films are the rate of monomer mixture addi-
tion in the second stage of the latex synthesis and
the size of the resulting particles. The highest con-
tent of the gel fraction and the lowest swelling were
observed in films formed from latexes that were pre-
pared by fast addition of the monomers, especially by
their addition in a single portion (Table 2, copolymer
no. 7). As seen from Table 2, the increasing particle
size also favors higher gel fraction content in the film.

Our results can be accounted for by partial hydro-
lysis of epoxy groups, which are responsible for cross-
linking, in the course of latex synthesis. The relatively
fast hydrolysis of GMA in emulsion systems at ele-
vated temperature (60oC) was observed in [5]. At fast
addition of the monomer mixture, GMA units are lo-
calized in the particle volume owing to the high co-
polymerization rate, which prevents their hydrolysis.
The increased particle diameter and hence their de-
creased surface area also hinderhydrolysis.

Although the water absorption of films does not
strictly correlate with the gel fraction content, we see
that the water absorption tends to decrease with in-
creasing content of the gel freaction and decreasing
degree of swelling of the films. As a rule, the highest
water absorption is exhibited by fully soluble films
(Table 2, copolymer nos. 1, 5) or by films contain-
ing a gel fraction with very high degree of swelling
(copolymer no. 4).
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Table 1. Conditions of synthesis of latex copolymers containing both types of functional groups in the latex particle shell
(copolymerization temperature 70oC in both stages)
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Synthesis conditions ³ Conditions of seeding
³ and some characteristics of seeding latex ³ copolymerization
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ composition of ³ ³ rate of³ content, wt %³ ³ ³ ³ rate of³ content, wt %
³ monomer ³ ³ mono- ³ based on ³ addition ³ dry ³ par- ³ mono- ³ based on
³ mixture, wt % ³ ³ mer ³ monomers ³ of initiator ³ res- ³ ticle ³ mer ³ monomers
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³ ÃÄÄÄÄÂÄÄÄÄÄÄ³ ³ ³ addi- ³ ³ and ³ idue,³ diam-³ addi- ³
³ ST ³ BA ³HEMA³ ³ tion, ³ ini- ³ emul-³ emulsifier ³wt %³ eter, ³ tion,* ³ ini- ³ emul-
³ ³ ³ ³ ³% min31³ tiator ³ sifier ³ ³ ³ nm ³% min31³ tiator³ sifier

ÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 55 ³ 45 ³ 3 ³ 1 : 5 ³ 0.337 ³ 0.65 ³ 2.0 ³At the be- ³ 17.0³ 69 ³ 0.296 ³ 0.7 ³ 0
2 ³ 54.6³ 44.6³ 0.8 ³ 1 : 5 ³ 0.267 ³ 0.70 ³ 2.0 ³ginning of ³ 16.9³ 81 ³ 0.343 ³ 0.7 ³ 0
3 ³ 54.6³ 44.6³ 0.8 ³ 1 : 5 ³ 0.267 ³ 0.70 ³ 2.0 ³ the process³ 16.9³ 81 ³ 0.817 ³ 0.7 ³ 0
4 ³ 54.6³ 44.6³ 0.8 ³ 1 : 2.7³ 0.674 ³ 0.46 ³ 2.0 ³ ³ 27.5³ 80 ³ 0.374 ³ 0.7 ³ 0
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³5 ³ 54.1³ 45.1³ 0.8 ³ 1 : 2.7³ 0.288 ³ 0.70 ³ 2.0 ³ In the course³ 27.3³ 96 ³ 0.251 ³ 0.9 ³ 0

6 ³ 54.1³ 45.1³ 0.8 ³ 1 : 2.7³ 0.288 ³ 0.70 ³ 2.0 ³of ³ 27.3³ 96 ³ 0.521 ³ 1.24³ 1.07**

7 ³ 54.6³ 44.6³ 0.8 ³ 1 : 2.7³ 0.355 ³ 0.90 ³ 2.0 ³ the process³ 27.9³ 120 ³Added ³ 0.7 ³ 0
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ in one ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³portion ³ ³

8 ³ 54.6³ 44.6³ 0.8 ³ 1 : 2.6³ Added ³ 0.62 ³ 0.86 ³ ³ 27.8³ 128 ³ 0.400 ³ 0.62³ 0.86***

³ ³ ³ ³ ³ in one ³ ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ portion ³ ³ ³ ³ ³ ³ ³ ³

ÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄ
* Composition of monomer mixture, wt %: ST 35.0, BA 52.4, GMA 1.0, MAA 6.4, andHEMA 5.2; weight ratio of monomers

loaded in the first and second stages 1.0 : 1.8; initiator K2S2O8; emulsifier sodium (C143C16)-alkylsulfonate.
** Emulsifier was added in portions during the process.

*** The whole amount of the emulsifier was added after the completion of the first stage.

Table 2. Characteristics of functionalized latexes and films thereof (film formation temperature 50oC)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Latex characteristics ³ Film characteristics, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄCopoly- ³ content, wt % ³ ³ ³ ³ ³
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³mer no.³ ³ particle ³ pH ³ gel fraction ³ degree of ³ water

³ dry residue ³ coagulum ³ diameter, nm³ ³ content ³ gel swelling ³ absorption

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1 ³ 28.8 ³ 0.70 ³ 87 ³ 2.55 ³ 0 ³ 3 ³ 11.2
2 ³ 32.5 ³ 0.65 ³ 92 ³ 2.50 ³ 41.1 ³ 5060 ³ 4.9
3 ³ 31.9 ³ 0.75 ³ 3 ³ 2.50 ³ 46.6 ³ 5300 ³ 9.5
4 ³ 40.2 ³ 0.95 ³ 118 ³ 2.59 ³ 41.3 ³ 7500 ³ 20.6
5 ³ 44.4 ³ 0.32 ³ 130 ³ 3 ³ 0 ³ 3 ³ 15
6 ³ 45.5 ³ 0.18 ³ 149 ³ 2.40 ³ 43.2 ³ 4120 ³ 12
7 ³ 48.5 ³ 2.3 ³ 192 ³ 3 ³ 56.9 ³ 2300 ³ 6.3
8 ³ 45.3 ³ 1.1 ³ 142 ³ 2.60 ³ 53.0 ³ 4400 ³ 6.0

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 3 shows some mechanical properties of
the films that exhibit the lowest water absorption
(copolymer nos. 2, 8). It is seen that the film strength
increases at high gel fraction content. However, films
prepared from latex no. 2 are preferable. Although
these films are less strong in the initial state as com-
pared with those prepared from copolymer no. 8, their
strength in the wet state decreases by no more than

15%, whereas the strength of the films prepared from
latex no. 8 decreases almost by half after keeping in
water for 24 h. Thus, films from copolymer no. 2 are
more water-resistant. This may be due to better co-
alescence of the particles in the course of film forma-
tion from latex no. 2 owing to higher surface energy,
since the diameter of particles of latex no. 2 is con-
siderably smaller than that of latex no. 8 (Table 2).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

312 IVANCHEV et al.

Table 3. Mechanical properties of films and coatings
formed from latexes with particles containing both types
of functional groups in the shell (temperature of film and
coating formation 50oC)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Co- ³ Ultimate³ Relative ³ Adhesion³poly- ³ tensile ³ elongation³ strength, ³ Relative
mer ³ strength,³ at break, ³ ³ hardness
no. ³ MPa ³ % ³ kN m31

³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

2 ³ 12.0* ³ 235 ³ 0.16 ³ 0.688³ ÄÄÄ ³ ÄÄÄ ³ ³³ 10.3 ³ 258 ³ ³
8 ³ 17.6 ³ 230 ³ 0.20 ³ 0.644³ ÄÄÄ ³ ÄÄÄ ³ ³³ 9.2 ³ 450 ³ ³

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* (Numerator) initial state; (denominator) after keeping in water

for 24 h.

Table 4. Conditions of synthesis of epoxide- and carboxyl-
containing latexes. Initiator K2S2O8 (0.4 wt % based
on monomers); emulsifier OS-20 (1.5 wt % based on core
polymer); core ST3BA copolymer (40 : 60 by weight);
core : shell weight ratio 1 : 3; copolymerization tempera-
ture 65oC in both stages
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ Composition of monomeric ³Rate of
³ mixture for shell, wt % ³ adding
ÃÄÄÄÂÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´³ ³ mono-
³ ST ³ BA ³GMA³MAA ³HEMA³ TDM* ³ mers,
³ ³ ³ ³ ³ ³ ³% min31

ÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
9 ³ 35 ³ 47 ³ 10 ³ 3 ³ 8 ³ 3 ³ 0.383

10 ³ 35 ³ 47 ³ 10 ³ 3 ³ 8 ³ 0.010³ 0.387
11 ³ 35 ³ 47 ³ 10 ³ 3 ³ 8 ³ 0.028³ 0.372
12 ³ 39 ³ 51 ³ 10 ³ 3 ³ 3 ³ 0.038³ 0.357
13 ³ 38 ³ 55 ³ 3 ³ 7 ³ 3 ³ 3 ³ 0.346
14 ³ 35 ³ 50 ³ 3 ³ 7 ³ 8 ³ 3 ³ 0.391
ÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* Tertiary dodecyl mercaptan.

Table 5. Characteristics of epoxide- and carboxyl-con-
taining latexes and films thereof (film formation temper-
ature 50oC)
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Latex ³ Film characteristics,
³ characteristics ³ wt %
ÃÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ dry ³ particle³ ³ gel ³ degree³ water
³ resi-³ diam- ³ pH ³ frac- ³of swell-³ ab-
³ due,³ eter, ³ ³ tion ³ ing of ³ sorp-
³wt %³ nm ³ ³ content³ the gel³ tion

ÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
9 ³ 24.1³ 510 ³ 2.40³ 84.7 ³ 1500 ³ 3.6

10 ³ 20.5³ 450 ³ 2.45³ 82.4 ³ 2000 ³ 4.6
11 ³ 22.0³ 540 ³ 2.35³ 68.3 ³ 1900 ³ 4.6
12 ³ 15.3³ 500 ³ 2.28³ 83.1 ³ 1700 ³ 27.3
13 ³ 17.6³ 510 ³ 3 ³ 0 ³ 3 ³ 45.2
14 ³ 23.0³ 570 ³ 2.10³ 0 ³ 3 ³ 22.2
ÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

Additional heat treatment of films at 125oC for
1 h increases the gel fraction content and decreases
the water absorption. However, the effect is not sig-
nificant. The water absorption of films prepared from
latex no. 2 decreases from 4.9 to 4.0%.

Systems of type II are mixtures of epoxide- and
carboxyl-containing latexes. When preparing the ini-
tial latexes, we also used the principles of seeding
copolymerization and preparation of core3shell parti-
cles with incorporation of reactive functional groups
in the shell copolymer only. The core copolymer was
prepared by addition of an ST3BA monomer mixture
(40 : 60 by weight) in a single portion to the aqueous
phase containing OS-20 nonionic surfactant, followed
by polymerization in the presence of K2S2O8 at 65oC.

The shell was prepared by a semicontinuous proc-
ess. To the latex of the core copolymer, we gradually
added a monomer mixture containing the functional
monomer. No additional amounts of the surfactant
were introduced, which favored formation of the func-
tionalized copolymer only in the shell. The conditions
of latex syntheses are listed in Table 4.

Some characteristics of functionalized latexes and
films thereof are listed in Table 5. It is seen that,
owing to the relatively high GMA concentration, the
initial epoxide-containing copolymers contain the gel
fraction despite the presence in the reaction system of
a small amount of the chain-terminating agent TDM.
It should be noted that in most cases the gel fraction
content is above 75%, which suggests that the core
copolymer is partially involved in cross-linking, prob-
ably through formation of semiinterpenetrating net-
works. Films prepared from epoxide-containing co-
polymers have low water absorption, except copoly-
mer no. 12 containing no HEMA units. Thus, HEMA
introduced into the copolymer formulation improves
the particle coalescence. This conclusion also refers
to carboxyl-containing copolymers (nos. 13, 14).

In Fig. 1, thewater absorption of films prepared
from various latex mixtures is plotted vs. the content
of the epoxy component. It is seen that the water ab-
sorption in these systems is not an additive quantity,
which suggests interaction of the epoxide- and car-
boxyl-containing particles. A mixture of latex nos. 12
and 14 (curve2) at 50oC forms films with water ab-
sorption several times lower than that of the films
formed from the individual latexes. It should be noted
also that films with sufficiently low water absorption
can only be formed in the case when at least one of
the latex copolymers contains HEMA units (curve2).
Otherwise, the formed films have very high water
absorption (curve1). However, it is advisable that



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

WATER-RESISTANT FILMS AND COATINGS 313

HEMA units be present in both copolymers. In this
case, it is possible to prepare films with low water
absorption (about 4%) in a wide range of latex mix-
ture compositions (curve5), including mixtures con-
taining small amounts of the epoxide-containing co-
polymer at a total HEMA content of about 1 wt %.

These results suggest that the epoxy groups are
the most efficient in cross-linking in systems with
low content of the epoxide-containing copolymer.
If the cross-linking efficiency is evaluated as the in-
crease in the gel fraction content relative to the gel
content in the initialepoxide-containing copolymer, we
see that, indeed, the cross-linking efficiency increases
as the content of the epoxide-containing copolymer
in the latex mixture decreases (Fig. 2, curve2). As
for the total gel fraction content in the compound film,
it grows with increasing content of the epoxide-con-
taining copolymer, although the water absorption of
the films decreases to a lesser extent. This fact is con-
sistent with the concept that the water absorption is
determined to a larger extent by the cross-linking ef-
ficiency, i.e., by the number of interglobular bonds.

Despite the low water absorption of some com-
pound films, their strength in the wet state is insuf-
ficient, which indicates insufficient interpenetration
of the particles and poor monolithization of the film.
However, on baking at 125oC for 2.5 h, the film
strength sharply increases, and it becomes possible
to form water-resistant coatings of high quality.

Systems of type III were prepared as follows. In
the first stage, we formed the core of a latex particle
containing epoxy groups. In the secondstage, we added
to the resulting seeding latex the monomer mixture
ST3BA3HEMA3MAA at a rate of 0.620 % min31,
with the initiator and emulsifier solutions added si-
multaneously. The conditions of latex synthesis are
listed in Table 6.

As seen from Table 6, the formulations of latex
nos. 15 and 16 are close. The main difference consists
in the procedure for preparing the core copolymer.
Whereas latex no. 15 was prepared with addition of
the monomers in a single portion, in synthesizing la-
tex no. 16 the monomer mixture was added gradually
at a rate of 3.3 % min31. As already noted, in the first
case, the epoxy groups undergo hydrolysis to a lesser
extent, which results in better mechanical properties
of the films prepared from latex no. 15 (Table 7).

The formed films exhibit fairly high water absorp-
tion, determined by the properties of the shell copoly-
mers whose content in the composite particle is as
high as 86.8 wt %. The shell copolymers are similar
in composition and water absorption to carboxyl-
containing copolymers used in mixed latex systems

Fig. 1. Water absorption of latex films of system IIW vs.
the content of epoxide-containing copolymer in the latex
mixture C (in terms of dry matter). Film formation
temperature 50oC; the same for Fig. 2. Latex mixtures:
(1) no. 12 + no. 13, (2) no. 12 + no. 14, (3) no. 9 + no. 14,
(4) no. 10 + no. 13, and (5) no. 11 + no. 14.

Fig. 2. (1) Gel fraction contentg and (2) cross-linking ef-
ficiency f in films prepared from a mixture of latex
nos. 11 and 14 vs. the content of the epoxide-contain-
ing copolymer in the latex mixtureC (in terms of dry
matter).

of type II (Tables 5, 7). The gel fraction content is
low as compared with systems of type I and II, which
may be due to an insufficient mobility of the func-
tional groups fixed in different areas of the composite
particle. The cross-linking efficiency can be improved
by increasing the shell permeability, which, in turn,
can be achieved by neutralization of carboxy groups
with ammonia; simultaneously ammonia acts as cross-
linking catalyst. However, formation of a very thick
gel in this case apparently decreases the probability of
formation of interglobular cross-links, which results
in lower strength of the film and higher water absorp-
tion (Table 7). Thus, neutralization of carboxy groups
in this system is not advisable.
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Table 6. Preparation conditions and some characteristics of latex systems of type III [molar ratio core : shell 1 : 6.6;
polymerization temperature in both stages 70oC; initiator K2S2O8; emulsifier sodium (C143C16)-alkylsulfonate]
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Composition of monomer mixture, wt % ³ Content, wt % ³ Latex characteristics
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Copoly- ³ core* ³ shell** ³ initi- ³ emulsi- ³ dry ³ particle ³ Surface
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³ ³mer no.³ ³ ³ ator ³ fier ³ residue,³ diameter,³ tension,
³ ST ³ BA ³HEMA³ ST ³ BA ³HEMA³ ³ ³ wt % ³ nm ³ mN m31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
15 ³ 35.0 ³ 52.0 ³ 8.0 ³ 33.1 ³ 51.9 ³ 8.0 ³ 1.07 ³ 1.02 ³ 42.7 ³ 202 ³ 48.9***

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ÄÄÄÄ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 43.8
16 ³ 35.1 ³ 51.7 ³ 8.2 ³ 31.0 ³ 53.9 ³ 8.1 ³ 1.21 ³ 0.405 ³ 42.8 ³ 261 ³ 51.2³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ÄÄÄÄ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Content of GMA in the core 5.0 wt %.

** Content of MAA in the core 7.0 wt %.
*** (Numerator) before neutralization; (denominator) after neutralization.

Table 7. Physicomechanical properties of films formed from latex systems of type III at room temperature
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Co- ³ Ammonia ³ Ultimate tensile³ Relative ³ Gel fraction³ Degree of ³ Water
poly- ³ content, ³ strength, ³ elongation ³ content ³ gel swelling ³ absorption

³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄmer ³ g-equiv g-equiv31 MAA ³ MPa ³ at break, %³
no. ³ ³ ³ ³ wt %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
15 ³ 0 ³ 22.8* ³ 210 ³ 48.1 ³ 3300 ³ 21.3³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ³ ³³ ³ 10.8 ³ 290 ³ ³ ³

³ 1 ³ 22.2 ³ 175 ³ 60.0 ³ 2340 ³ 27.1³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ³ ³³ ³ 5.8 ³ 285 ³ ³ ³
16 ³ 0 ³ 21.2 ³ 240 ³ 34.5 ³ 3590 ³ 21.6³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ³ ³³ ³ 8.0 ³ 420 ³ ³ ³

³ 1 ³ 20.7 ³ 230 ³ 52.1 ³ 2340 ³ 32.3³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ³ ³³ ³ 2.7 ³ 310 ³ ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (Numerator) film in the initial state; (denominator) film kept in water for 24 h.

Despite the relatively high water absorption of
the films, they can be regarded as fairly water-resis-
tant, insofar as the strength of the wet films remains
high, and in the case of the best sample (no. 15) it
is even higher than that of films formed from latexes
of type I (Table 3). The major advantage of latexes
of type III is the feasibility of preparing from them
films and coatings at room temperature.

To conclude, the properties of the materials obtained,
mainly studied with freefilms, show that the synthe-
sized latexes can be used for preparing sufficiently
elastic coatings with adhesion strength [measured ac-
cording to GOST (State Standard) 15140378] with-
in 0.2030.50 kN m31 and relative hardness (M-3 test-
ing pendulum) of about 0.7. The temperature condi-
tions of film formation determine the application fields
of the latexes. Latexes of type III, forming a film
at room temperature, can be recommended for fabri-
cation of water-resistant water-dispersible paints. As

for latexes of type I, it is appropriate to use them in
the final stages of leather finishing, which can be
performed at 50360oC. Latex systems of type II can
be used in special coatings when temperatures of
125oC are admissible in the process.

CONCLUSIONS

(1) Procedures were developed for preparing three
types of latex systems capable of forming cross-link-
ing water-resistant films: type I, latexes with core3

shell particles with the shell formed from the random
copolymer styrene3n-butyl acrylate32-hydroxyethyl
methacrylate3methacrylic acid3glycidyl methacrylate;
type II, mixtures of latexes with the particle shell of
the first latex formed from the styrene3n-butyl acry-
late32-hydroxyethyl methacrylate3glycidyl methacry-
late copolymer, and the particle shell of the second la-
tex, from the styrene3n-butyl acrylate32-hydroxyethyl
methacrylate3methacrylic acid copolymer; type III, la-
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texes with core3shell particles with the core formed
from the styrene3n-butyl acrylate32-hydroxyethyl
methacrylate3glycidyl methacrylate copolymer, and
the shell, from the styrene3n-butyl acrylate32-hy-
droxyethyl methacrylate3methacrylic acid copolymer.

(2) A study of the properties of the synthesized la-
texes and films thereof showed that each of the de-
veloped types of latex systems can be used to prepare
cross-linked water-resistant films and coatings retain-
ing sufficiently high mechanical strength in the wet
state.

(3) Conditions of formation of water-resistant
films depend on the type of the latex systems. Sys-
tems of type III allow preparation of water-resistant
films at room temperature; formation of films from
latexes of type I is possible at temperatures>50oC;
and latex systems of type II form water-resistant films
only after additional heat treatment at 125oC.
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Abstract-The electron transfer rate in the bulk of a [PdSalpn-1,2] polymeric film was studied as influenced
by its thickness and the composition of the supporting electrolyte.

Procedures for preparing metal-containing polymeric
films have been under development recently. Previ-
ously, brightly colored electrochromic heteronuclear
and heteroligand Pd(II) complexes with bis(salicyl-
idene)-1,2-propylenediamine ([PdSalpn-1,2]), bis(sa-
licylidene)-1,3-propylenediamine ([PdSalpn-1,3]), and
bis-(salicylidene)-o-phenylenediamine ([PdSalphen])
have been prepared by electrochemical oxidative poly-
merization [135] and their physicochemical properties
(among which the most important are the electrical
conductivity and photosensitivity) have been studied.

It should be noted that the properties of these poly-
mers can be studied both in solutions of supporting
electrolyte and in the solid state. Further study of
the systems in question will give semiconductor char-
acteristics of substances belongind to this class.

In this work the rate of electro-stimulated charge
transfer in the polymers immersed in a solution of
supporting electrolyte was studied as influenced by its
composition and properties. In this case we deal with
a system of three interrelated components: electrode,
polymeric complexes immobilized on the electrode,
and supporting electrolyte. A change in the properties
of each component affects the properties of the whole
system.

It is known that redox transformations of polymeric
systems prepared by oxidative polymerization are ac-
companied by migration of anions of the supporting
electrolyte inside and outside the polymeric matrix to
maintain its electroneutrality. Such an overall process
and the ions providing electroneutrality of the poly-
mer are commonly termed [6] doping and dopants, re-
spectively.

Levi et al. [7] found that the molecular structure
of electron-conducting organic polymers is labile and
may undergo conformational transformations caused
by doping, swelling, and mechanical or electrochem-
ical interactions of counterions and electrical charges
of the polymeric chains. These transformations change
the redox activity of the polymers.

The influence of various factors on the redox activ-
ity of organic polymers has been extensively studied
[7314]. However, polymeric metal complexes have not
been investigated in this regard.

In this work, we studied the rate of electron diffu-
sion in the bulk of the polymer as influenced by exter-
nal factors (nature of the counterion and solvent and
the concentration of the supporting electrolyte) and
the thickness of the polymeric layer, one of the most
important parameters of the polymer.

EXPERIMENTAL

Poly-[PdSalpn-1,2] was prepared by the procedure
described in [15]. The polymer was identified by
electronic absorption spectroscopy and X-ray photo-
electron spectroscopy [16, 17]. The electrochemical
experiments were performed in a three-electrode cell
with separated compartments of the working, auxilia-
ry, and reference electrodes.

A 0.1 M solution of tetrabutylammonium perchlo-
rate (Bu4NClO4) in acetonitrile, deaerated with high-
purity argon, was used as the supporting electrolyte.
Acetonitrile (AN) was purified by the procedure de-
scribed in [18]. To study the dependence of the re-
dox conductivity of the polymer on the counterion
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size, 0.1 M solutions of Bu4N[BF4], Bu4NF, and
Bu4N[CF3COO] in acetonitrile and dichloromethane
were used. Dichloromethane (DCM), propylene car-
bonate (PC), and dimethylformamide (DMF) were pu-
rified as in [18].

As working electrode served platinum wire (99.99%
Pt, 0.25 cm2 surface area) sealed in glass. As auxil-
iary electrode was used a platinum gauze. All poten-
tials were measured relative to a silver/silver chloride
electrode filled with a saturated solution of sodium
chloride.

Poly-[PdSalpn-1,2] was prepared under potenti-
ostatic conditions by applying a 1.1 V potential to
a 0.001 M solution of the monomer for a prescribed
time.

Cyclochronovoltammograms (CCVA) recorded by
sweeping the potential of an electrode coated with
a film of poly-[PdSalpn-1,2] in a pure supporting elec-
trolyte are shown in Fig. 1. These potentiodynamic
curves indicate the occurrence of reversible redox pro-
cesses in the solid phase of the polymeric film. Thus,
the polymer exhibits electrical conductivity.

However, as seen from Fig. 1, the voltammograms
of the polymer are bell-shaped and asymmetric rel-
ative to the abscissa axis. Leviet al. [7] believe that
the broadening of the voltammetric peaks with respect
to the theoretical peaks is due to repulsion of like-
charged units of the polymeric chain, structural non-
uniformity (alternation of amorphous and crystalline
regions and cross-linking of the polymeric chains),
and penetration of ions present in the solution and
solvent molecules into the polymeric matrix.

The electrical conductivity in similar polymeric sys-
tems is provided by successive reactions of electron
transfer from structural fragments, whose oxidation
state is similar to that of the monomer, to the oxidized
fragments of the polymeric chain through the poly-
conjugated system. This type of conductivity is desig-
nated redox conductivity and the systems of this kind,
redoxactive systems.

There are two type of redox processes occurring in
a conducting film at different potential sweep rates
[7]. The first of these is the adsorption process which
occurs via successive events of electron exchange be-
tween all units of the polymeric chain. This process
occurs in relatively thin layers and is characterized by
proportionality between the current and the potential
sweep rate. The second is the diffusion process char-
acterized by linear dependence between the peak cur-
rents of CCVA and the square root of the sweep rate.
The occurrence of the diffusion process indicates that

Fig. 1. Cyclochronovoltammograms of solid-phase redox
processes in poly-[PdSalpn-1,2] at potential sweep rate of
(1) 20 and (2) 100 mV s31. The time of polymer accumula-
tion ta is 7 min; the accumulation potentialEa = 1.1 V;
CH3CN; TBAP. (I ) current, (E) potential; the same for
Figs. 335.

the rate determining step of the redox process is the
ion transport (diffusion or migration) in the solution
or(and) in the film. In this case, the rate of electron
transfer in the bulk of the polymer between redox frag-
ments of the polymeric chain is assumed to be con-
siderably higher than that of ions in the electrolyte in
which the polymer is immersed. If the porosity of the
film is sufficiently high, i.e., there islarger polymer-
free space inside the system, the deceleration of the ion
transfer may be due either to interactions with cross-
links in the macromolecule or to properties of the sol-
vent and supporting electrolyte present in the pores.

Taking into account the fact that the propagation
of an oxidation wave in a film is formally identical
to diffusion of ions in a solution, the electron transfer
rate can be characterized by the coefficient of electron
diffusion along a polymeric chainDct. Thus, the elec-
trical conductivity of a system is determined under
the given conditions by the electron diffusion coeffi-
cient and depends on the properties of the medium
and polymer, in particular, on the polymer thickness.

The electron diffusion coefficientDct was calculat-
ed by the Randles3Shevchik equation [19]. The peak
currents were determined at the potential sweep rate
Vs > 100 mV s31.

The thickness of the polymeric films was calculat-
ed from the quantity of electricity spent for complete
reduction of the polymer, which, in its turn, was found
by integrating cyclochronovoltammograms recorded at
slow potential sweep rates (<10 mV s31) [19]. Relative-
ly stable polymeric films more than 2mm thick were
prepared in the course of a kinetic study of the poly-
mer formation in acetonitrile. The time dependences
of the thickness of poly-[PdSalpn-1,2] formed in di-
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ta, min
Fig. 2. Thickness of poly-[PdSalpn-1,2] filmh grown in
(1) CH3CN and (2) CH2Cl2 vs. accumulation timeta.
Ea = 1.1 V, TBAP.

chloromethane and acetonitrile at the optimal accu-
mulation potential (1.1 V) are shown in Fig. 2.

It is known [19] that the diffusion coefficientDct in
polymeric films may vary from 1038 to 10312 cm2 s31,
i.e., in a widerrange as compared with liquid solu-
tions. This is due to the fact that the rate of electron
transfer in a film is restricted by deformation of poly-
meric chains, long distances between electrochemi-
cally active fragments, diffusion of counterions from
the solution, electron transfer between the oxidized
and neutral fragments of the macromolecule, etc.

We studied the influence of the concentration of
the supporting electrolyte on the redox activity of
poly-[PdSalpn-1,2] prepared in acetonitrile at ac-
cumulation potential Ea = 1.1 V and accumu-
lation timeta = 5, 10, and 20 min. A freshly prepared
polymeric film was used in each experiment. As sup-
porting electrolyte served 0.1 M tetrabutylammonium
perchlorate (TBAP).

The shape of the potentiodynamic curves does not
change with the Bu4NClO4 concentration increasing
from 0.1 to 2 M. The electron diffusion coefficient
along the polymeric chain also remains constant with-
in the limits of experimental error. Thus, the redox
activity of the polymer is not affected by the concen-
tration of counterions. Apparently, the initial concen-
tration of counterions in solution is sufficient to com-
pensate the positive charges formed in polymer oxida-
tion. An increase in the concentration of the support-
ing electrolyte has no effect on the formation and sub-
sequent stabilization of new electrochemically active
centers.

However, the diffusion coefficientDct decreases
by 5310, 10320, 20330, and 30340% with the TBAP

concentration in the solution decreasing to 0.08, 0.04,
0.02, and 0.01 M, respectively. The thicker the poly-
meric film, the stronger the decrease inDct. It should
be noted thatDct returned to the initial value when cy-
clochronovoltammograms of poly-[PdSalpn-1,2] pre-
pared at low concentrations of the supporting elec-
trolyte were recorded in solutions with the initial con-
centration of the counterions (0.1 M), used in the syn-
thesis. Clearly, at a deficiency of counterions in solu-
tion, the probability of stabilization of all positively
charged fragments formed in the polymeric chain de-
creases, and hence, the electron transfer in the poly-
mer is decelerated.

The gap between the maxima of the anodic and
cathodic peaks in the cyclochronovoltammograms
(Vs = 100 mV s31) increases simultaneously with
the decrease inDct. This difference is the most pro-
nounced at [TBAP] = 0.01 and 0.02 M. Thus, it may
be assumed that the considerable difference between
in the potentials of the anodic and cathodic peaks at
relatively fast potential sweep is due to kinetic re-
strictions. The diffusion of counterions to positively
charged fragments of the polymeric chain is deceler-
ated owing to insufficient concentration of ionic com-
ponents of the solution in the polymeric matrix.

We also studied the influence exerted by BF4
3,

CF3COO3, and F3 ions on the redox activity of poly-
[PdSalpn-1,2].

In each experiment we used afreshly prepared poly-
meric film. Acetonitrile solutions of Bu4NClO4,
Bu4N[BF4], Bu4N[CF3COO], and Bu4F were used as
supporting electrolytes. Cyclochronovoltammograms
of poly-[PdSalpn-1,2] prepared atEa = 1.1 were re-
corded in (1) pure Bu4NClO4 solution, (2) a solution
containing electrolyte ions whose influence is ana-
lyzed, and (3) pure Bu4NClO4 solution again. Simul-
taneously, the stability of poly-[PdSalpn-1,2] in sup-
porting electrolyte containing the ions in question was
studied. The results are presented in Table 1.

As seen from Table 1, the redox activities of the
polymer in solutions containing ClO4

3 and BF4
3 anions

are almost the same. This is clearly due to the fact
that the crystallographic radii of these anions are sim-
ilar [r(ClO4

3) = 0.236, r(BF4
3) = 0.232 nm] [20] and

the dopant anion is known [13] to be incorporated
in the polymer without solvation shell. However, it
should be noted that the amount of the redox-active
polymer decreases by 30% when the potential is con-
tinuously swept at a rate of 50 mV s31 for 30 min in
a solution containing BF4

3 anions, whereas its activity
remains the same under similar conditions in the pres-
ence of ClO4

3 anions. Hence, the electrochemical inter-
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Table 1. Influence of the nature of counterion on the electron diffusion coefficient in the bulk of poly-[PdSalpn-1,2] film
of varied thickness (synthesis AN + TBAP)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Run no.³ h, mm ³ Dct, cm2 s31 ³ h, mm ³ Dct, cm2 s31 ³ h, mm ³ Dct, cm2 s31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ClO4

3 ³ BF4
3 ³ ClO4

3

³ ³ ³
1 ³ 0.7 ³ 1.10 10310 ³ 0.5 ³ 1.10 10310 ³ 0.6 ³ 8.30 10311

2 ³ 1.7 ³ 5.60 10310 ³ 1.6 ³ 6.00 10310 ³ 1.7 ³ 5.20 10310

3 ³ 2.6 ³ 1.20 1039 ³ 2.6 ³ 1.20 1039 ³ 2.6 ³ 1.20 10310

³ ³ ³³ ³ ³³ ClO4
3 ³ CF3COO3 ³ ClO4

3

³ ³ ³
4 ³ 0.6 ³ 8.80 10311 ³ 0.2 ³ 4.70 10311 ³ 0.3 ³ 1.90 10311

5 ³ 1.7 ³ 5.90 10310 ³ 1.0 ³ 4.40 10310 ³ 1.3 ³ 3.70 10310

6 ³ 2.1 ³ 1.10 1039 ³ 1.5 ³ 8.40 10310 ³ 1.9 ³ 8.00 10310

³ ³ ³³ ³ ³³ ClO4
3 ³ F3 ³ ClO4

3

³ ³ ³
7 ³ 0.7 ³ 1.40 10310 ³ 0.2 ³ 5.10 10311 ³ 0.1 ³ 6.50 10313

8 ³ 1.9 ³ 8.00 10310 ³ 0.35 ³ 4.10 10310 ³ 0.6 ³ 9.50 10312

9 ³ 2.6 ³ 1.30 1039 ³ 0.38 ³ 3.20 10310 ³ 0.6 ³ 4.60 10312

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

action of BF4
3 with an oxidized fragment of the poly-

mer is stronger as compared with that of ClO4
3 and

higher energy is required for rupture of these bonds
and passage of tetrafluoroborate anion in the solution.
Thus, we suggest that some BF4

3 anions remain bound
to monomeric units of the polymer and are not in-
volved in the redox process.

A decrease in the redox activity of the polymer and
in the diffusion coefficientDct was observed in cyclo-
chronovoltammograms recorded in a solution contain-
ing CF3COO3 ions. This confirms the assumption that
a large counterion causes kinetic hindrances. Clearly,
when anion is larger than that used in polymer prep-
aration, there are steric hindrances to penetration of
this anion to the space between the aromatic rings.
Hence, stabilization of positive charge induced by
oxidation is complicated in this case. Nevertheless
the Dct in a polymer placed in a solution containing
perchlorate anions remains equal to that calculated
for a trifuoroacetate solution and does not return to
the initial value. A special study of the influence of
the potential sweeping on the stability of the poly-
meric film in a solution containing CF3COO3 anions
showed that the redox activity almost completely dis-
appeared after 15-min potential sweep at a rate of
50 mV s31.

A study of the influence of the F3 anion showed
that after a film is again placed in a Bu4NClO4 solu-
tion the redox activity of the polymer does not reach
the initial value, but, quite the reverse, decreases.
Probably, in this case the role of counterions is played
by solvated F3 anions [9]. They are not desolvated,
presumable because of the higher energy of solvation
as compared with the energy of interaction of the ion
with a unit of the polymeric chain. This is typical of

small ions with large solvation shell. Thus, the large
solvation shell prevents free penetration of the coun-
terion into the cavities of the polymeric membrane and
causes irreversible changes in the polymeric structure,
inducing its degradation.

The above experimental data mainly refer to the in-
fluence exerted by the nature of the supporting elec-
trolyte on Dct. However, we also observed the influ-
ence of the nature of the supporting electrolyte on
the shape and parameters of the voltammograms. In
going from ClO4

3 to BF4
3 and back, the shape of cy-

clochronovoltammograms does not change at poten-
tial sweep rates of both 10 and 100 mV s31. The re-
dox processes remain reversible. By contast, in going
from ClO4

3 to CF3COO3, the shape of the cyclochrono-

Fig. 3. Cyclochronovoltammograms of solid-phase redox
processes in poly-[PdSalpn-1,2] at potential sweep rate of
(133) 10 and (1a33a) 100 mV s31 (the same for Fig. 4)
in solutions containing (1, 1a, 3, 3a) ClO4

3 and (2, 2a)
CF3COO3 anions.ta = 3 min, Ea = 1.1 V, h = 0.58 mm,
CH3CN.
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Fig. 4. Cyclochronovoltammograms of solid-phase redox
processes in poly-[PdSalpn-1,2] in solutions containing
(1, 1a, 3, 3a) ClO4

3 and (2, 2a) F3 anions.ta = 3 min,
Ea = 1.1 V, h = 0.68 mm, CH3CN.

voltammograms changes at both potential sweep rates
(Fig. 3, curves 2, 2a). The voltammogram takes
the initial shape after the polymeric system is again
placed in the initial solution containing ClO4

3 anions
(Fig. 3, curves3, 3a). The shapes of cyclochrono-
voltammograms recorded in a fluoride solution at both
slow and fast potential sweep rates strongly differ
from that recorded in a perchlorate solution (Fig. 4,
curves2, 2a) and does not return to the initial state
when the voltammogram is again recorded in a per-
chlorate solution (Fig. 4, curves3, 3a).

Clearly, the total charge of the system must change
in oxidation, i.e., uponappearance of positively
charged sections of the polymeric chain. However,
the oxidized polymer remains electroneutral owing
to the compensation of the positive charge by coun-
terions. There are two mechanisms of the compensa-
tion [7].

The cationic mechanism involves separation of
the cations (C+) of the supporting electrolyte whose
molecules are partially located in the immediate vi-
cinity of the polymer phase:

{P, (C+A3)m} 6 {P+, A3, (C+A3)m31} + C+ + e.

In the case of the anionic mechanism, the charge is
compensated by addition of anions of the supporting
electrolyte contained in pores of the polymeric matrix:

{P, (C+A3)m} + X 3
6 {P+, X3, (C+A3)m} + e.

The charge compensation by two different mecha-
nisms results in different mechanisms of polymer func-
tioning in solutions of different supporting electro-
lytes. Hence, the change in the shape of the voltam-

mograms recorded in solutions containing CF3COO3

and F3 anions can be accounted for using both
the mechanisms. As seen from Figs. 3 and 4, the more
positive current peak disappears and a pronounced
peak with lower potential appears in the cathodic re-
gion of these cyclochronovoltammorgams. Migration
of CH3COO3 and solvated F3 anions in polymer pores
must be sterically hindered, since their radii are great-
er than that of ClO4

3 in whose solution the polymer is
prepared. Hence, the positive charge of the oxidized
polymer must be compensated by the cationic, and
not anionic mechanism. However, we suggest that
the number of cations of the supporting electrolyte
located in the immediate vicinity of the polymer phase
is considerably smaller than that of the anions having
smaller size. Hence, the number of charges of the poly-
meric chain compensated by the cationic mechanism is
considerably smaller than that compensated by the an-
ionic mechanism. This assumption is experimentally
confirmed by the fact that current peaks corresponding
to the cationic mechanism (less positive potential in
the cathodic portion of the cyclochronovoltammo-
grams) is smaller than those corresponding to the an-
ionic mechanism of the charge compensation (more
positive potential of the current peak). Thus, this ex-
plains the fast loss of the redox activity of the poly-
mer is potential sweeping in solutions containing an-
ions larger than those used in the synthesis. The elec-
trical conductivity of the substance on the electrode
sharply decreases because of the steric hindrances
to charge compensation by the anions contained in
the solution and irreversible compensation by cations
fixed in the polymeric matrix.

The peak with the most positive potential is also
present in the voltammograms recorded in solutions
containing perchlorate and tetrafluoroborate anions.
However, it is weak and overlaps with the stronger
peaks located in the more positive region. There is
no hindrance to migration of ClO4

3 and BF4
3 anions

in pores of the polymeric matrix since their radii are
almost identical and the polymeric film was prepared
from a solution containing ClO4

3 anions. Hence, in
this case the charge is compensated mainly by the an-
ionic mechanism. However, the cationic mechanism is
also possible. This is confirmed by the presence of
current peaks at less positive potentials in the cathodic
region of the cyclochronovoltammorgams.

The solvent plays an important role in the transfer
of counterions in the solution and pores of the poly-
meric membrane. To study the influence of the sol-
vent nature on the redox conductivity of the polymer,
we calculated the electron diffusion coefficient along
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Table 2. Influence of the solvent nature on the electron diffusion coefficient in poly-[PdSalpn-1,2] films of varied
thickness
ÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄ
Run ³ h, ³ Dct, ³ h, ³ Dct, ³ h, ³ Dct, º h, ³ Dct, ³ h, ³ Dct, ³ h, ³ Dct,³ ³ ³ ³ ³ ³ º ³ ³ ³ ³ ³
no. ³ mm³ cm2 s31 ³ mm³ cm2 s31 ³ mm³ cm2 s31 º mm³ cm2 s31 ³ mm ³ cm2 s31 ³ mm³ cm2 s31

ÄÄÄÄÅÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄ×ÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄ
³ Synthesis in AN + TBAP º Synthesis in DCM + TBAP
³ º³ AN ³ PC ³ AN º DCM ³ DMF ³ DCM
³ ³ ³ º ³ ³1 ³ 0.6³ 1.1010310³ 0.3³ 7.9010311³ 0.4³ 3.1010311º 0.4³ 4.3010311³ 0.06³ 1.7010311 ³ * ³ 3

2 ³ 1.9³ 7.5010310³ 0.9³ 3.4010310³ 1.2³ 2.0010310º 0.9³ 1.5010310³ 0.1 ³ 2.8010311 ³ * ³ 3

3 ³ 2.7³ 1.701039 ³ 1.4³ 3.5010310³ 1.5³ 1.9010310º 1.1³ 1.501039 ³ 0.2 ³ 9.0010311 ³ 0.1³ 4.3010313

³ ³ ³ º ³ ³³ AN ³ DMF ³ AN º DCM ³ PC ³ DCM
³ ³ ³ º ³ ³4 ³ 0.8³ 1.8010310³ 0.3³ 6.2010311³ 0.3³ 2.9010312º 0.4³ 3.7010311³ 0.15³ 2.0010311 ³ 0.1³ 3.0010312

5 ³ 1.7³ 5.7010310³ 0.4³ 2.3010310³ 0.5³ 1.0010311º 0.8³ 1.2010310³ 0.4 ³ 7.9010311 ³ 0.3³ 1.1010311

6 ³ 2.6³ 1.201039 ³ 0.9³ 5.8010310³ 1.3³ 8.8010311º 1.2³ 1.9010310³ 0.7 ³ 2.0010310 ³ 0.6³ 3.5010311

³ ³ ³ º ³ ³³ AN ³ DCM ³ AN º DCM ³ AN ³ DCM
³ ³ ³ º ³ ³7 ³ 0.8³ 1.4010310³ 0.8³ 7.9010311³ 0.8³ 1.5010310º 0.4³ 3.7010311³ 0.35³ 3.9010311 ³ 0.3³ 3.3010311

8 ³ 1.9³ 7.1010310³ 1.8³ 2.7010310³ 1.9³ 6.7010310º 0.8³ 1.0010310³ 0.9 ³ 1.6010310 ³ 0.8³ 1.1010310

9 ³ 3.1³ 1.901039 ³ 2.5³ 2.4010310³ 3.0³ 1.801039 º 0.9³ 1.5010310³ 1.1 ³ 2.2010310 ³ 0.9³ 2.0010310

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄ
* Disintegrated.

the polymeric chain in different solvents. In each ex-
periment, a film freshly prepared from an acetonitrile
solution was used. Propylene carbonate (PC), dichlo-
romethane, and DMF were used as solvents. In all ex-
periments, Bu4NClO4 served as supporting electrolyte.
Cyclochronovoltammograms of poly-[PdSalpn-1,2]
prepared atEa = 1.1 V were recorded (1) in pure
acetonitrile supporting electrolyte, (2) in tested sol-
vent, and (3) again in pure acetonitrile solution.
Simultaneously, the stability of the polymer in the
tested solvent was studied. The results are presented
in Table 2.

As seen from Table 2, dichloromethane is the most
inert with respect to the polymer among the tested
solvents. The calculated polymer thicknesses remain
virtually unchanged. However, thick polymeric layers
are oxidized and reduced incompletely in a single cy-

cle even at a sweep rate of 10 mV s31. As a result,
the calculated thickness decreases from 3.1 to 2.5mm.
Thus, at this sweep rate the electron transport in a
polymer film of this thickness is controlled by dif-
fusion. On the whole, in the case of dichloromethane
solution, the diffusion coefficient decreases, especially
in thick films. To maintain the macroscopic electroneu-
trality of the system in electron transfer in a poly-
mer, counterions of the supporting electrolyte must
diffuse into the matrix in the course of oxidation and
out from the matrix in the course of reduction. There-
fore, an increase in the solvent viscosity (hDCM =
0.4410 1033 Pa s, hAN = 0.3410 1033 Pa s) [21]
makes lower the counterion mobility, thus decreasing
the electrical conductivity of the material.

In dichloromethane, the potentials of anodic and
cathodic peaks for thin polymeric films at fast poten-

Fig. 5. Cyclochronovoltammograms of solid-phase redox processes in poly-[PdSalpn-1,2] films of thicknessh (a) 0.8 and
(b) 3.1 mm in TBAP in solutions of (1) acetonitrile and (2) dichloromethane at potential sweep rateVs of (a) 100
and (b) 10 mV s31. ta: (a) 3 and (b) 15 min,Ea = 1.1 V.
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tial sweeping and thick films at slow potential sweep-
ing differ considerably (Figs. 5a, 5b). This may be
due to kinetic hindrance to diffusion of ions of the sup-
porting electrolyte in dichloromethane, more viscous
than acetonitrile. Thus, the redox activity of the poly-
mer is controlled by the counterion mobility.

In the case of a more viscous solvent, such as DMF
(hDMF = 0.7960 1033 Pa s) and PC (hPC = 2.5130
1033 Pa s), the electron diffusion coefficient is lower.
It should be noted that the amount of redox-active
polymer on the electrode appreciably decreases af-
ter potential sweeping in PC and DMF solution and
then in an acetonitrile solution (Vs = 10 mV s31). Thus,
the polymer interacts with PC and DMF, which prob-
ably results in the swelling of the polymer and weak-
ening of its adhesion to the electrode and bonds be-
tween the monomeric units. It should be noted that in
DMF this interaction is stronger than in PC, which is
possibly due to nucleophilic properties of DMF. Di-
methylformamide, exhibiting more pronounced donor
properties (the donor number of DMF and PC is 26.6
and 15.1, respectively) [21], interacts with positive
sections of the oxidized polymeric chain and blocks
their interaction with the counterions of the support-
ing electrolyte, thus decreasing the redox activity of
the system. It should also be noted that the voltam-
mograms of the tested polymer in DMF and PC con-
siderably differ in shape from those recorded in ace-
tonitrile and DCM at Vs = 10 and 100 mV s31.

We conclude that PC and DMF are unsuitable sol-
vents for preparing polymers and studying their prop-
erties since they are not inert with respect to the tested
polymers, decrease the redox activity of the polymers,
and probably cause their physical degradation.

A study of the influence exerted by the solvent
nature onDct in poly-[PdSalpn-1,2] prepared in TBAP
solution in DCM atEa = 1.1 V (Table 2) gave similar
results.

Although the charge diffusion coefficient depends
on the solvent nature, the polymer prepared in DMF
exhibits a number of specific properties as compared
with the polymer prepared in acetonitrile solution.

Clearly, in a solvent with low viscosity, such as
acetonitrile, the electron diffusion coefficient increases
negligibly and the amount of conducting polymer
on the electrode does not virtually change atVs =
10 mV s31. The thicker the film, the stronger the in-
crease inDct in the polymer in acetonitrile. This is due
to a strong overvoltage on the electrode coated with
thick polymeric film at potential sweeping in dichlo-

romethane, which restricts the electrical conductivity
of the polymer. Strong kinetic hindrance appearing in
relatively viscous solvent at fast potential sweep rates
is caused by deceleration of the inward transport of
counterions in the polymeric matrix. In acetonitrile
this hindrance is less pronounced.

More viscous PC and DMF strongly decrease the
redox activity of the polymer for the above reasons. In
addition, DMF causes faster degradation of the poly-
mer prepared from dichloromethane: the redox deg-
radation is virtually completed in two cycles of poten-
tial sweep. Probably the films grown in dichlorometh-
ane are more friable and porous as compared with
those prepared in acetonitrile. Since the difference in
donor number between DCM and DMF is greater that
that between acetonitrile and DMF, the displacement
of charge-compensating molecules of dichloromethane
by dimethylfomamide in pores of the polymeric mem-
brane and the resulting addition of DMF molecules to
the oxidized sections of the polymer prepared in DCM
is faster than in the case of a polymer prepared in
acetonitrile. Hence the degradation in DMF is consid-
erably faster as compared with the case of films pre-
pared in acetonitrile solutions.

Analysis of data presented in Table 2 confirms that
the films prepared in DCM aremore porous than those
prepared in acetonitrile. The redox activities of the
polymeric films with the same thickness in the sol-
vent used in their preparation are virtually the same.
We also found that in acetonitrile the diffusion coef-
ficients Dct for the films of similar thickness prepared
in both acetonitrile and DCM are virtually the same
(Dct ~ 1.60 10310 cm2 s31 at h = 0.830.9 mm). How-
ever, in DCM, the redox activity of the film prepared
in acetonitrile (Dct ~ 7.20 10311 cm2 s31) is lower
than that of the films prepared in DCM [Dct ~ (1.43
1.6)0 10310 cm2 s31] and having similar thickness
(h = 0.830.9 mm). Although the redox activity of
the polymer in more viscous DCM must seemingly
decrease, the diffusion coefficientDct does not change.
We suggest that the hindrance to diffusion of ions of
the supporting electrolyte in more viscous DCM is
compensated for by the larger pore space in the poly-
meric matrix prepared in this solvent.

Thus, the mobility of counterions depends on both
the solvent viscosity and the number and size of
pores in the polymeric matrix.

Acetonitrile and dichloromethane can be used as
interchangeable solvents both for preparing these poly-
mers and for studying their properties.

The dependences of the electron diffusion coeffi-
cient along the polymeric chains of poly-[PdSalpn-1,2]
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films in acetonitrile and dichloromethane on their
thicknessh are shown in Fig. 6. The polymer was
synthesized and studied in the same solvent.

As seen from Fig. 6,Dct grows with increasing
film thickness in the case of an acetonitrile solution.
When DCM is used as the solvent,Dct increases until
the film thickness reaches approximately 1-mm and
then decreases, tending to a constant value. The in-
crease in the electrical conductivity of a film with
its growing thickness is a somewhat surprising result.
Nevertheless, this phenomenon is known for organic
polymeric films.

However, no clear explanation of this phenomenon
has been given. In this case, the charge diffusion front
is assumed to move away from the charged centers in
the bulk of the polymeric matrix rather than from
the support3polymer interface [22, 23].

We offer the following explanation for this phe-
nomenon. Thick polymeric films prepared by electro-
chemical polymerization are characterized by relative-
ly high degree of cross-linking. These additional bonds
facilitate electron transport in the polymeric phase.
In addition, the number of structural defects (in par-
ticular, chain terminations), which can trap electrons,
is negligible in the tested systems.

The fact thatDct in polymeric films thicker than
1 mm does not change in DCM solutions may be
due to the solvent properties. As noted above, the
higher, compared with acetonitrile, viscosity of DCM
prevents deeper penetration of counterions into the
polymer. Clearly, the thickness of 1mm is a threshold
thickness, i.e., at definite sweep rate, counterions
can penetrate only to a definite depth of the polymeric
phase.

CONCLUSION

The electrochemical behavior of poly-[PdSalpn-1,2]
was studied as influenced by the composition of
the supporting electrolyte and thickness of the poly-
meric film. Contrary to fast electron transfer process-
es, the redox reactions in the film are subject to sub-
stantial kinetic limitations associated with the molec-
ular movement of the polymeric chain and transport
of ions and solvent molecules in the film.
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Abstract-Highly selective refining of light vacuum gas oil by five-step countercurrent extraction of aromatic
and heteroatomic compounds withN-methylpyrrolidone or dimethylacetamide in the presence of low-boiling
nonpolar solvents was studied. The resulting refined oil can be used as high-quality raw material in hydro-
cracking and catalytic cracking.

Vacuum gas oils are used as raw material in lube
oil production or for preparating lighter fractions by
hydrocracking or catalytic cracking. In large petro-
leum refineries, it is cost efficient to combine hy-
drocracking with catalytic cracking, which improves
the process flexibility and makes the fuel production
more balanced [1].

It is known that rather strict requirements are im-
posed on the raw materials used in both hydrocrack-
ing and catalytic cracking, including the content
of polycycloarenes, heteroatomic compounds, and
heavy metals. Their increased content in vacuum gas
oils promotes coke formation and catalyst poisoning
and impairs the cracking level, yield of the petrol
fractions, and the product quality [2]. Thus, when
designing the catalytic cracking unit at the Ufa Pe-
troleum Refinery, Joint-Stock Company, it was in-
tended to produce diesel fuel with sulfur content
below 0.2 wt % from light gas oil with sulfur con-
tent of 1.92 wt %. In fact, however, the obtained
product contains 0.5 wt % sulfur [3]. The increased
content of alkylaromatic hydrocarbons in the raw
material and their oxidation by oxygen (presumably,
adsorbed on a catalyst) resulted in that, after the unit
was put in service, the level of phenols in wastewater
increased by an order of magnitude from 0.2730.62 to
3.5935.34 mg l31 [4].

Pretreatment of vacuum gas oils before hydrocrack-
ing or catalytic cracking can be performed by various
methods such as hydrofining, primary hydrocracking,
partial-conversion hydrocracking using two reactors
in which hydrofining and hydrocracking proceed sepa-

rately [5], and deep hydrogenation of the raw material
at a pressure of about 30 MPa [6].

Also the raw material can be prepared for hydro-
cracking and catalytic cracking by extraction treatment
with selective solvents [7, 8]. For example, refined oil
containing 91.5 wt % saturated hydrocarbons was ob-
tained by extraction of arenes from heavy vacuum gas
oil (Romashki oil field). Catalytic cracking of the re-
sulting refined oil provides petrol in yield higher by
7.3 wt % than that with crude vacuum gas oil [8].

The advantage of the extraction treatment of vac-
uum gas oils over the hydrogenation methods is that
extraction can be performed under nearly atmospheric
pressure, making the process more cost efficient. In
its turn, the drawback of extraction treatment is that
aromatic hydrocarbons and organoelement compounds
are not sufficiently selectively removed with such sol-
vents as phenol, furfural, andN-methylpyrrolidone.
For example, the extracts after treatment oil distillates
with phenol contain about 25 wt % saturated hydro-
carbons [9]. Chernozhukovet al. [10] reported that
extraction treatment of oils leads to loss of 5315 wt %
of the initial amount of saturated hydrocarbons.

The efficiency of extraction treatment can be im-
proved by using an extraction system consisting of
two partially miscible solvents, for example, furfural
and isooctane [11]. It has been demonstrated [12] that
addition of cetane to a polar extractant, e.g., to a mix-
ture of N-methylpyrrolidone and ethylene glycol, in-
creases the selectivity of extraction of benzene and its
homologs from reforming catalyzates. It has also been
reported [13] that addition of a mixture of toluene and
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Table. 1. Characteristics of light vacuum gas oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ Sample no. º

Characteristic
³ Sample no.

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2 º ³ 1 ³ 2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Fractional oil content,oC: ³ ³ º Density r4

20 ³ 0.8892 ³ 0.8841
onset of boiling ³ 305 ³ 270 º Viscosity, mm s31: ³ ³
10% ³ 323 ³ 283 º at 20oC ³ 31.18 ³ 13.58
30% ³ 341 ³ 307 º at 50oC ³ 8.89 ³ 5.27
50% ³ 355 ³ 328 º Cloud point, oC ³ 18 ³ 9
70% ³ 368 ³ 349 º Pour point, oC ³ 15 ³ 5
90% ³ 383 ³ 372 º Sulfury content, wt % ³ 43.4 ³ 32.5
end of boiling (96%) ³ 390 ³ 380 º Sulfur content, wt % ³ 1.56 ³ 1.40

Refractive indexnD
20 ³ 1.4982 ³ 1.4919 º Nitrogen content, wt % ³ 0.22 ³ 0.10

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 2. Conditions of five-step selective extraction refining of light vacuum gas oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Sample no. 1 ³ Sample no. 2
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ experiment no. ³ experiment no.
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³Polar extractant ³ N-Methylpyrrolidone ³ Dimethylacetamide
³ ³Moisture content in extractant, wt % ³ 3 ³ 3 ³ 3 ³ 3

Mass ratio of extractant to rawmaterial ³ 5 : 1 ³ 3 : 1 ³ 5 : 1 ³ 5 : 1
Nonpolar solvent ³ Pentane ³ 3 ³ Pentane ³ Heptane/toluene

³ ³ ³ ³ (99 : 1 by mass)
Mass ratio of nonpolar solvent to rawmaterial ³ 1 : 1 ³ 3 ³ 1 : 1 ³ 0.5 : 1
Temperature,oC ³ 30 ³ 30 ³ 30 ³ 50
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

octane to dimethylformamide makes higher the yield
of refined oil in selective refining of oil fractions.

It was shown in [14, 15] that use of low-boiling
polar extractants and pentane as a nonpolar solvent is
efficient in extraction of aromatic hydrocarbons from
middle oil.

The goal of this work was to improve the quality
of light vacuum gas oil by selective removal of aro-
matic hydrocarbons and organoelement compounds
using extraction with a polar extractant in pentane. In
experiments we used two samples of light vacuum gas
oil taken before (sample no. 1) and after (sample no. 2)
upgrading a vacuum block at AVT-6 unit (Kirishinef-
teorgsintez Production Association). The upgrading
(1999) included changing direct-flow sieve trays for
a Vacupack regular packing and trays with buttress
valves, and also improvement of the vacuum system
[16]. The characteristics of the samples used are listed
in Table 1.

As a result of more distinct fractional distillation
of black oil, the light gas oil obtainedafter upgrading

is characterized by lightened fractional oil content and
lower content of aromatic hydrocarbons and organo-
element compounds. A polar extractant for selective
refining of the raw material was chosen so that there
was no formation of azeotropic mixtures by the ex-
tractant with components of the raw material. It is
known thatN-methylpyrrolidone, one of the most ef-
ficient extractants for selective refining of oil fractions,
does not form azeotropic mixtures with hydrocarbons
boiling above 280oC [17]. Therefore, we used this ex-
tractant for selective refining of sample no. 1. For ex-
traction of aromatic and organoelemental compounds
from sample no. 2 (lower-boiling fraction) we used
dimethylacetamide, which does not form azeotropic
mixtures with hydrocarbons boiling above 2503270oC
under standard conditions.

Selective refining of sample no. 1 of light vac-
uum gas oil was carried out by five-step countercur-
rent extraction withN-methylpyrrolidone in pentane
or without diluent under conditions given in Table 2.
In the case of sample no. 2, we used dimethylacet-
amide in pentane or in a mixture of heptane with tol-
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Table 3. Material balance in selective refining of light vacuum gas oil (sample no. 1) withN-methylpyrrolidone in
pentane (experiment no. 1)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Output
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component ³ Input, g ³ refined oil ³ extract
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ ³ g ³ wt % ³ g ³ wt %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Raw material including: ³ 100 ³ 66.2 ³ 44.0 ³ 33.8 ³ 6.2

saturated hydrocarbons ³ 56.6 ³ 55.1 ³ 36.6 ³ 1.5 ³ 0.3
aromatic compounds ³ 43.4 ³ 11.1 ³ 7.4 ³ 32.3 ³ 5.9

Polar extractant including: ³ 500 ³ 15.0 ³ 10.0 ³ 485 ³ 88.2
N-methylpyrrolidone ³ 485 ³ 14.6 ³ 9.7 ³ 470.4 ³ 85.6
water ³ 15 ³ 0.4 ³ 0.3 ³ 14.6 ³ 2.6

Pentane ³ 100 ³ 69.2 ³ 46.0 ³ 30.8 ³ 5.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Total ³ 700 ³ 150.4 ³ 100 ³ 549.6 ³ 100
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 4. Results obtained in five-step selective extraction refining of light vacuum gas oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Experiment no.
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Yield, wt %: ³ ³ ³ ³

refined oil ³ 66.2 ³ 60.4 ³ 77.2 ³ 70.3
extract ³ 33.8 ³ 39.6 ³ 22.8 ³ 29.7

Characteristics of refined oil

Refractive indexnD
20 ³ 1.4780 ³ 1.4755 ³ 1.4752 ³ 1.4710

Density r4
20 ³ 0.8428 ³ 0.8419 ³ 0.8540 ³ 0.8440

Viscosity, mm s31: ³ ³ ³ ³
at 20oC ³ 25.0 ³ 24.8 ³ 13.0 ³ 3
at 50oC ³ 7.76 ³ 7.66 ³ 5.22 ³ 3

Cloud point, oC ³ 21 ³ 23 ³ 13 ³ 3
Pour point, oC ³ 17 ³ 18 ³ 6 ³ 3
Sulfury content, wt % ³ 17.1 ³ 15.8 ³ 13.7 ³ 9.5
Aromaticity factor (13C NMR) ³ 0.067 ³ 0.051 ³ 3 ³ 3
Sulfur content, wt % ³ 0.60 ³ 0.58 ³ 0.45 ³ 0.37
Nitrogen content, wt % ³ 0.08 ³ 0.12 ³ 0.04 ³ 0.05

Characteristics of extract

Refractive indexnD
20 ³ 1.5642 ³ 1.5529 ³ 1.5708 ³ 1.5650

Density r4
20 ³ 0.9830 ³ 0.9802 ³ 0.9868 ³ 0.9750

Viscosity, mm s31: ³ ³ ³ ³
at 20oC ³ 139.5 ³ 72.7 ³ 37.1 ³ 3
at 50oC ³ 21.4 ³ 12.8 ³ 8.65 ³ 3

Sulfury content, wt % ³ 92.6 ³ 85.6 ³ 96.0 ³ 86.9
Aromaticity factor (13C NMR) ³ 0.429 ³ 0.407 ³ 0.557 ³ 0.447
Sulfur content, wt % ³ 3.36 ³ 3.05 ³ 4.60 ³ 3.77
Nitrogen content, wt % ³ 0.47 ³ 0.42 ³ 0.31 ³ 0.26
Degree of removal, wt %: ³ ³ ³ ³

aromatic hydrocarbons ³ 74.4 ³ 78.1 ³ 67.4 ³ 79.4
sulfur-containing compounds ³ 72.8 ³ 77.4 ³ 74.9 ³ 80.0
nitrogen-containing compounds ³ 72.2 ³ 75.6 ³ 70.7 ³ 77.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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uene (1 wt %) modeling refined oil from an LG 35-
8/300B benzene reforming unit. The use of higher-
boiling nonpolar solvents allows an increase in the ex-
traction temperature from 30 to 50oC at a total pres-
sure in the extractors remaining close to atmospheric
pressure.

As an example, Table 3 presents the material bal-
ance for experiment no. 1. Since pentane is more read-
ily soluble in N-methylpyrrolidone than saturated hy-
drocarbons of the raw material, its use as a stripping
solvent makes it possible to decrease their loss with
the extractant phase from 10 (without pentane) to
2.65 wt % of the total amount of these components in
the raw material (note that these components are valu-
able for further hydrocracking or catalytic cracking).
The extract obtained using the extraction system
N-methylpyrrolidone3pentane is characterized by
higher content of aromatic compounds, as demonstrat-
ed by the higher sulfury content and aromaticity factor
as compared with those in experiment no. 2 without
pentane (Table 4). The aromaticity factors of the re-
sulting extracts and refined oil obtained after regenera-
tion of the extractants by fractional distillation on a
20-TP column was estimated as in [18], from13C NMR
spectra (Bruker AM-500 instrument). Addition of
the stripping nonpolar solvent also increases the con-
tent of sulfur- and nitrogen-containing compounds.
In this case, the yield of refined oil increases by about
10%. Therefore, addition of pentane improves the
selectivity of extraction refining of vacuum gas oil to
remove undesired components. However, to maintain
a high degree of extraction of aromatic and organo-
elemental compounds, one has to use an increased ra-
tio of polar extractant to raw material.

Dimethylacetamide is a less selective solvent with
respect to aromatic hydrocarbons thanN-methylpyr-
rolidone [19]. However, refining of sample no. 2 with
dimethylacetamide and pentane (experiment no. 3) ap-
peared to be even more selective as compared with
the refining of sample no. 1 in experiment no. 1 under
the same conditions. The loss of saturated hydrocar-
bons with the extract is only 1.3 wt % of their total
amount in the raw material, as demonstrated by the
higher balance data; the content of aromatic compounds
in the extract and the yield of refined oil are the
highest among those obtained in all the experiments.
These results can be attributed to the decreased con-
tent of undesired components in sample no. 2 and to
the lower boiling end point of this fraction, i.e., to a
shorter length of alkyl radicals in aromatic compounds.

In experiment no. 4, changing pentane for a mixture
of heptane with toluene at simultaneously decreasing

ratio of the nonpolar solvent to raw material and in-
creasing process temperature results in lower selec-
tivity of gas oil refining. In this case, the loss of
saturated hydrocarbons with the extract increases to
5.8 wt % of their total in the raw material, and the
yield of refined oil and the concentration of aromatic
and sulfur-containing compounds in the extract de-
crease. As an advantage of the last variant we may
note the highest degree of removal of aromatic and
sulfur-containing compounds from refined oil.

CONCLUSIONS

(1) Extraction refining of light vacuum gas oil
with N-methylpyrrolidone or dimethylacetamide
in the presence of such nonpolar solvents as pentane
and refined oil from a benzene reforming unit allows
a decrease in the content of aromatic hydrocarbons in
the refined gas oil by a factor of 2.533.5 at minimal
loss of saturated hydrocarbons (133 wt % of their total
in raw material).

(2) The degree of removal of sulfur- and nitrogen-
containing compounds in extraction refining of light
gas oil may be as high as 75380%.
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Abstract-Selective refining of heavy vacuum gas oil and a combined fraction of light and heavy vacuum
gas oils to remove aromatic and organoelement compounds and heavy metals by five-step countercurrent
extraction with N-methylpyrrolidone or dimethylacetamide in the presence of heptane containing 1 wt %
toluene was studied.

Heavy vacuum gas oil, similarly to the light one, is
used as a raw material in lube oil and motor oil pro-
duction. It is known that rather strict requirements are
imposed on the raw material used in both hydrocrack-
ing and catalytic cracking, including the content of
polycycloarenes, sulfur- and nitrogen-containing com-
pounds, and heavy metals. The increased content of
these undesirable components promotes coke forma-
tion and poisoning of catalysts and deteriorates the
cracking level, yield of the petrol fractions, and the
product quality [1, 2]. It is known that they can be
removed from the raw material by the hydrogenation
and extraction methods (for fuel-oil residue, by de-
asphalting).

The goal of this work was to improve the quality
of heavy vacuum gas oil by selective extraction re-
fining with polar and nonpolar solvents.

In experiments we used a sample of heavy vacuum
gas oil taken after upgrading of AVT6 unit (Kirishi-
nefteorgsintez Production Association). The upgrading
(1999) included changing direct-flow sieve trays for
a Vacupack regular packing with low hydrodynamic
resistance, and also modification of the vacuum sys-
tem. As a result, the content of the fraction boiling
below 350oC in heavy vacuum gas oil decreased to
2.5 wt %, and the boiling end point (96% distilla-
tion) increased to 532oC [3]. The characteristics of
the sample used are listed in Table 1.

As polar solvents were selectedN-methylpyr-
rolidone and dimethylacetamide, forming no azeo-
tropic mixtures with components of the raw material
but showing high efficiency in selective refining of oil
fractions [4, 5]. To raise the concentration of un-

desirable components in the extract and simultaneous-
ly to decrease the loss of saturated hydrocarbons,
we also used a nonpolar solvent, heptane, containing
1 wt % toluene, modeling refined oil from an LG 35-
8/300B benzene reforming unit.

Selective refining was carried out by five-step
countercurrent extraction at 50oC and polar extractant
(moisture content 3 wt %) to raw material ratio of
5 : 1. The mass ratio of the nonpolar solvent to the
raw material was 1 : 1 and 0.5 : 1 in extraction with
N-methylpyrrolidone and dimethylacetamide, re-
spectively. Heavy metals were determined by X-ray
spectral analysis on a BARS-2 instrument.

The results show that selective extraction refining
of heavy vacuum gas oil with bothN-methylpyr-
rolidone (Table 1) and dimethylacetamide (Table 2)
ensures a sufficiently high degree of removal of un-
desirable components (62375%) and high concentra-
tion of these components in the extract. The content of
saturated hydrocarbons in the extract is 10315 wt %,
which corresponds to their loss with the extract at
a level of only 6.2311.4% of their initial content in
the raw material. The extraction system withN-meth-
ylpyrrolidone provides more exhaustive refining,
whereas the system with dimethylacetamide ensures
more selective refining of the raw material to remove
undesirable components. The difference between the
obtained results can be attributed in part to different
nonpolar solvent to raw material ratios.

We also studied the extraction refining of a wide
vacuum gas oil fraction prepared by mixing sam-
ples of light and heavy vacuum gas oils at a mass
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Table 1. Results obtained in five-step countercurrent selective extraction of aromatic hydrocarbons and organoelement
compounds from heavy vacuum gas oil withN-methylpyrrolidone
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Raw material ³ Refined oil ³ Extract
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Yield, wt % ³ 100 ³ 60.0 ³ 40.0
Refractive indexnD

20 ³ 1.5018 ³ 1.4701 ³ 1.5610
Density r4

20 ³ 0.892 ³ 0.846 ³ 0.961
Cloud point, oC ³ 30 ³ 28 ³ 3

Pour point, oC ³ 31 ³ 27 ³ 3

Sulfury content, wt % ³ 47.6 ³ 22.6 ³ 85.05
Aromaticity factor ³ 0.197 ³ 3 ³ 0.397
Element content, wt %: ³ ³ ³

sulfur ³ 1.38 ³ 0.57 ³ 2.60
nitrogen ³ 0.24 ³ 0.10 ³ 0.45
W ³ 1.530 1034 ³ 3 ³ 2.890 1034

V ³ 0.900 1034 ³ 3 ³ 1.500 1034

Ni ³ 0.400 1034 ³ 3 ³ 0.720 1034

Fe ³ 0.490 1034 ³ 3 ³ 0.830 1034

Degree of removal, wt %: ³ ³ ³
aromatic compounds ³ 3 ³ 3 ³ 71.5
sulfur-containing compounds ³ 3 ³ 3 ³ 75.4
nitrogen-containing compounds ³ 3 ³ 3 ³ 75.0
W ³ 3 ³ 3 ³ 75.6
V ³ 3 ³ 3 ³ 66.7
Ni ³ 3 ³ 3 ³ 72.0
Fe ³ 3 ³ 3 ³ 68.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Results obtained in five-step extraction refining of heavy vacuum gas oil with dimethylacetamide
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Parameter ³ Refined oil³ Extract º Parameter ³ Refined oil³ Extract
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Yield, wt % ³ 67.3 ³ 32.7 º Sulfur content, wt % ³ 0.76 ³ 2.65
Refractive indexnD

20 ³ 1.4858 ³ 1.5690 º Nitrogen content, wt % ³ 0.09 ³ 0.55
Density r4

20 ³ 0.8620 ³ 0.9798 º Degree of removal, wt %: ³ ³
Sulfury content, wt %³ 27.0 ³ 90.1 º aromatic compounds ³ 3 ³ 61.9
Aromaticity factor ³ 3 ³ 0.438 º sulfur-containing compounds ³ 3 ³ 62.8

³ ³ º nitrogen-containing compounds³ 3 ³ 74.9
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 3. Results obtained in five-step extraction refining of wide vacuum gas oil fraction with dimethylacetamide
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Raw ³ Refined oil ³ Extract
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ material ³ calculation ³ experiment ³ calculation ³ experiment

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Yield, wt % ³ 100 ³ 67.7 ³ 67.8 ³ 32.3 ³ 32.2
Refractive indexnD

20 ³ 1.5000 ³ 1.4839 ³ 1.4860 ³ 1.5685 ³ 1.5630 (20oC)
Density r4

20 ³ 0.898 ³ 0.859 ³ 0.863 ³ 0.975 ³ 0.971
Sulfury content, wt % ³ 45.0 ³ 24.8 ³ 25.7 ³ 89.7 ³ 85.6
Aromaticity factor ³ 3 ³ 3 ³ 0.178 ³ 0.439 ³ 0.398
Sulfur content, wt % ³ 1.38 ³ 0.71 ³ 0.91 ³ 2.79 ³ 2.38
Nitrogen content, wt % ³ 0.22 ³ 0.08 ³ 0.11 ³ 0.51 ³ 0.49
Degree of removal, wt %: ³ ³ ³ ³ ³

aromatic compounds ³ ³ ³ ³ 64.4 ³ 61.3
sulfur-containing compounds ³ ³ ³ ³ 65.3 ³ 55.5
nitrogen-containing compounds³ ³ ³ ³ 74.9 ³ 71.7

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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ratio of 12.8 : 87.2. It is this ratio that is character-
istic of the actual vacuum gas oil produced by AVT-6
unit [3].

Table 3 demonstrates that the parameters of extrac-
tion refining of this wide fraction are somewhat worse
than those estimated theoretically using the additivity
rule from data on extraction of undesirable compo-
nents from light and heavy vacuum gas oils. The re-
sults obtained are consistent with the existing concept
of the effect exerted by the fractional composition of
the raw material on the efficiency of selective refining
of oil fractions. According to this concept, extraction
of arenes and organoelement compounds from wide
fractions is relatively low-efficient [6]. The decreasing
selectivity of extraction of undesirable components
from the combined vacuum gas oil fraction can be at-
tributed to the fact that the wider the gap between
the initial and end boiling points of a raw material,
the closer the solubilities in the extractant of high-
boiling aromatic (or heterocyclic) compounds to be
removed and low-boiling saturated hydrocarbons. This
must be most clearly pronounced for strongly as-
sociated extractants whose selectivity is strongly de-
pendent on the molecular weight of components to be
removed [7]. However, neitherN-methylpyrrolidone
nor dimethylacetamide are classified with such ex-
tractants. Therefore, even in the case of a combined
vacuum gas oil fraction, the degree of removal of
undesirable components remains sufficiently high
(55372%).

CONCLUSIONS

(1) Extraction refining of heavy vacuum gas oil
with N-methylpyrrolidone or dimethylacetamide in
the presence of heptane containing 1 wt % toluene
allows a 67375% removal of aromatic hydrocarbons,
sulfur- and nitrogen-containing compounds, and heavy

metals. Addition of a nonpolar solvent to the polar
extractant improves the extraction selectivity and re-
duces the loss of saturated hydrocarbons to 6% of
their total in the raw material.

(2) The efficiency of extraction refining of the com-
bined fraction of light and heavy vacuum gas oils is
lower than the theoretical value estimated by the ad-
ditivity rule. Nevertheless, in this case, too, the extrac-
tion systems proposed allow 55372% removal of un-
desirable components.
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Abstract-A low-waste method is proposed for synthesizing a mordenite-like zeolite from secondary silicon-
containing raw materials.

Specific features of the chemical composition and
structure of the crystal lattice of a mordenite-like
zeolite impart to it distinctive adsorption and catalytic
properties and make it promising for practical use as
support and component of catalysts for hydromeriza-
tion of n-paraffins and hydrocracking of oil fractions
and sorbents for drying of acid gases [133]. Therefore,
development of techniques for synthesizing mordenite-
like zeolites is a promising direction in the chemistry
of zeolites.

The present communication describes, an indus-
trially promising method for synthesis of mordenite
from silicon-containing raw materials-wastes pro-
duced in manufacture of crystalline silicon (WMSC),
with recycling of the mother liquor formed in the pre-
ceding synthesis of zeolite.

EXPERIMENTAL

Mordenite was synthesized from aqueous solutions
of sodium aluminate and sodium hydroxide, and also
from a new silicon-containing raw material-WMSC
containing no less than 98 wt % SiO2. The synthesis
was done in an autoclave with a stirrer and a device
that allowed sampling in the course of synthesis with-
out disturbing the crystallization mode, in the inter-
val 1253165oC with reaction mixtures of composition
(2.233.6)Na2O . Al2O3 . (12320)SiO2 . 300H2O.

The synthesized samples were washed to remove
impurities, dried at 150oC for 3 h, and then calcined
in air at 540oC for 4 h. The chemical composition of
the liquid and solid phases was determined by the
methods described in [4]. An X-ray diffraction analysis
was done with a DRON-3 diffractometer with mono-
chromatized CuK

a

radiation (graphite monochroma-

tor in reflected beam). The adsorption properties of
the obtained samples were characterized by static ca-
pacity with respect to H2O, C6H6, andn-C7H16 vapors.

Preliminary experiments demonstrated that WMSC
can be used for mordenite synthesis. Further, the ki-
netic aspects of mordenite crystallization with the use
of these raw materials were studied to reveal the in-
fluence exerted by the composition of the reaction
mixture and by the temperature and duration of crys-
tallization on the properties of the obtained product.

The figure shows kinetic curves describing the crys-
tallization of a 2.2Na2O . Al2O3 . 12SiO2 . 300H2O re-
action mixture at 125, 135, 145, and 155oC. The curves
have S-like shape characteristic of similar curves taken
in synthesizing other types of zeolites. The first por-
tion of a curve reflects the induction period; the sec-
ond, the period of exponential formation and growth
of crystals; and the third, the period of a slowing-
down crystallization.

Crystallinity a of a sample vs. timetcr of crystallization
of a reaction mixture of composition 2.2Na2O . Al2O3 .

12SiO2 . 300H2O. Temperature (oC): (1) 155, (2) 145,
(3) 135, and (4) 125.
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Physicochemical properties of samples obtained under various conditions of crystallization of a 2.2Na2O . Al2O3 .
12SiO2 . 300H2O mixture*
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Static zeolite capacity (cm3 g31) ³ Chemical composition,³

Tcr, oC ³
tcr, h ³ XPA, % ³ with respect to indicated vapor ³ % ³

SiO2/Al2O3³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´
³ ³ ³ H2O ³ C6H6 ³ C7H14 ³ SiO2 ³ Al2O3 ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
145 ³ 5 ³ 0 ³ 0.02 ³ 0.07 ³ 0.05 ³ 73.8 ³ 15.4 ³ 8.1

³ 10 ³ 0 ³ 0.005 ³ 0.05 ³ 0.04 ³ 73.8 ³ 15.1 ³ 8.3
³ 15 ³ 5 ³ 0.013 ³ 0.05 ³ 0.04 ³ 73.8 ³ 14.7 ³ 8.5
³ 20 ³ 30 ³ 0.02 ³ 0.05 ³ 0.04 ³ 75.8 ³ 14.8 ³ 8.7
³ 25 ³ 90 ³ 0.11 ³ 0.13 ³ 0.11 ³ 75.2 ³ 14.9 ³ 8.6
³ 30 ³ 100 ³ 0.11 ³ 0.13 ³ 0.11 ³ 75.4 ³ 14.9 ³ 8.6

155 ³ 5 ³ 0 ³ 0.005 ³ 0.03 ³ 0.05 ³ 76.4 ³ 14.7 ³ 8.8
³ 10 ³ 8 ³ 0.002 ³ 0.05 ³ 0.04 ³ 73.9 ³ 15.1 ³ 8.3
³ 16.5 ³ 90 ³ 0.10 ³ 0.10 ³ 0.12 ³ 77.1 ³ 14.3 ³ 9.2
³ 20 ³ 100 ³ 0.10 ³ 0.12 ³ 0.12 ³ 76.2 ³ 14.1 ³ 9.2
³ 25 ³ 100 ³ 0.12 ³ 0.12 ³ 0.11 ³ 76.6 ³ 13.8 ³ 9.4
³ 30 ³ 100 ³ 0.12 ³ 0.12 ³ 0.12 ³ 77.3 ³ 14.1 ³ 9.3

160** ³ 25 ³ 100 ³ 0.11 ³ 0.12 ³ 0.11 ³ 76.0 ³ 14.3 ³ 8.9
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Tcr is the crystallization temperature, andtcr is the time of crystallization.

** Sample synthesized by the conventional method.

It can be seen that formation of mordenite with
high crystallinity at 145oC requires 28330 h. With
the synthesis temperature raised to 155oC, a sample
of the same quality can be synthesized in 23325 h, i.e.,
the duration of crystallization at which nearly 100%
zeolite crystallinity can be achieved decreases with
increasing crystallization temperature.

On the basis of the results obtained in the kinetic
studies, conditions were chosen making it possible to
synthesize from WMCS a mordenite with characteris-
tics comparing well with the parameters of mordenite
obtained from Na2SiO3, NaAlO2, and NaOH (see
the table). It should be noted that the crystallization
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Scheme of synthesis of a mordenite-like zeolite.

times of mordenite with high phase purity by both
variants are also close.

In synthesis of mordenite, mother liquor containing
silicon and sodium cations is formed in the stage of
its hydrothermal crystallization. This solution is not
always utilized, thereby making larger the amount of
wastewater. The possibility was also studied of synthe-
sizing mordenite with recycling of the mother liquor.
The experiments performed demonstrated that such
a technique is possible (see the scheme).

CONCLUSION

A method was developed for synthesizing mordenite
from waste produced in manufacture of crystalline
silicon used as silicon-containing raw material. The
method assumes utilization of the mother liquor by
its repeated use in zeolite synthesis.
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Abstract-A high-temperature fuel cell operating on gaseous products of incomplete combustion of technical-
grade charcoal and equipped with electrodes made of platinum and electrocatalytic oxide materials containing
no noble metals was studied experimentally.

Previously [1], experimental data have been pub-
lished obtained in testing a high-temperature fuel cell
(HTFC) operating on gaseous products of incomplete
combustion of coal (anthracite). As is known [2], this
high-quality coal contains no sulfur that could poison
HTFC electrodes. Lower-quality coals contain up to
12% sulfur and cannot serve as fuel for HTFC. In ad-
dition, in some CIS regions, the coal deposits are poor
or coal is not mined at all, whereas there are ample
opportunities for using charcoal. Charcoal is charac-
terized [3] by calorific value of 31.4334.2 mJ kg31,
primary and storage humidity in the range from 234
to 7315 wt %, ash content of no more than 3 wt %,
content of volatiles (CO, CO2, CH4, etc.) of no more
than 20 wt %, and porosity of 72 (birch charcoal) and
80 vol % (fir-tree charcoal). An important composi-
tional feature of charcoal is the complete lack of sul-
fur. A sufficiently detailed thermodynamic analysis of
the process in question was made in [1].

EXPERIMENTAL

Electrochemical oxidation of gases (CO and H2)
liberated in incomplete combustion charcoal (obtained
by the method described [4]) was performed with
an HTFC based on a solid oxide electrolyte of com-
position 0.9ZrO230.1Y2O3 (YSZ) [1] in the tempera-
ture range 77031170 K.

The fuel cell comprising a cylindrical electrochem-
ical cell with total working area of about 3.0 cm2

was placed in the active zone of charcoal combustion.
Charcoal was ignited and temperature was maintained
with SNOL laboratory electric furnace [1].

The fuel electrode (anode) of the HTFC was pre-
pared from Ni3YSZ nickel3zirconium-oxide cermet

obtained using various techniques. Its specific con-
sumption was about 0.100 kg per 1 m2 of electrolyte
surface. The air electrode (cathode) was deposited
using two materials (synthesized by thermal decom-
position of aqueous solutions of a mixture of nitrate
salts prepared from pure and analytically pure re-
agents) based on rare-earth manganites of composition
La0.6Sr0.4MnO3 and Ln0.8Ca0.2Mn0.94Cr0.04Ni0.02O3
(close to that of the material used in [5]) where Ln is
a mixture of La, Nd, Pr, and Ce. The specific expen-
diture of the cathode material was 0.120 kg m32, with
its layer on the electrolyte being composite and in-
cluding 10.0 wt % YSZ powder.

The fuel electrodes (anodes) of the HTFC were
fabricated as follows. To obtain anode no. 1, finely
dispersed Raney nickel (70%) and YSZ mass (30 wt %)
were mechanically mixed and used to prepare an elec-
trode paste (with 10% solution of rosin in C2H5OH).
The paste was fired-in in a flow of technical grade
helium at 1150 K in the course of 2.5 h. After deposit-
ing the anode, the cathode layer was fired-in in air
at 1150 K for 2.5 h, with the anode layer of nickel
simultaneously oxidized to NiOx oxide.

In fabricating anode no. 2, an aqueous suspension
of a finely dispersed YSZ powder in a solution of
nickel nitrate Ni(NO3)2 . 6H2O (70 wt % in terms of
NiO) was prepared, dehydrated by evaporation, and
finally calcined in air at 870 K. The obtained powder
was used to prepare the electrode paste which was
fired-in in air with the simultaneous firing-in of
the cathode material into the electrolyte at 1470 K
for 2.5 h.

The working cermet Ni3YSZ electrode was formed
by reducing the nickel oxide phase in the NiOx3YSZ



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001

336 GAMANOVICH et al.

Potential differencesE, voltagesU, and current strengthsI for HTFC with various electrodes (load resistanceR = 1.0 kW)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Elec- ³ Type of HTFC ³ ³ E ³ U ³
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´trode ³ ³ T, K ³ ³ I, mA

no. ³ electrode ³ ³ V ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ Anode, platinum; cathode, platinum ³ 770 ³ 0.025 ³ 0.016 ³ 0.003
³ ³ 870 ³ 0.127 ³ 0.10 ³ 0.01
³ ³ 970 ³ 0.56 ³ 0.45 ³ 0.48
³ ³ 1070 ³ 0.85 ³ 0.64 ³ 0.65
³ ³ 1170 ³ 0.88 ³ 0.67 ³ 0.70
³ ³ ³ ³ ³2 ³ Anode, cermet no. 1; ³ 770 ³ 0.05 ³ 0.04 ³ 0.05
³ cathode, La0.6Sr0.4MnO3 ³ 870 ³ 0.86 ³ 0.60 ³ 0.68
³ ³ 970 ³ 0.89 ³ 0.68 ³ 0.70
³ ³ 1070 ³ 0.925 ³ 0.71 ³ 0.73
³ ³ 1170 ³ 0.95 ³ 0.72 ³ 0.76
³ ³ ³ ³ ³3 ³ Anode, cermet no. 1; ³ 770 ³ 0.20 ³ 0.18 ³ 0.18
³ cathode, Ln0.8Ca0.2Mn0.94Cr0.04Ni0.02O3 ³ 870 ³ 0.80 ³ 0.66 ³ 0.65
³ ³ 970 ³ 0.86 ³ 0.66 ³ 0.70
³ ³ 1070 ³ 0.89 ³ 0.68 ³ 0.71
³ ³ 1170 ³ 0.94 ³ 0.72 ³ 0.75
³ ³ ³ ³ ³4 ³ Anode, cermet no. 2; ³ 770 ³ 0.01 ³ 0.006 ³ 3

³ cathode, Ln0.8Ca0.2Mn0.94Cr0.04Ni0.02O3 ³ 870 ³ 0.10 ³ 0.09 ³ 0.10
³ ³ 970 ³ 0.92 ³ 0.70 ³ 0.73
³ ³ 1070 ³ 0.95 ³ 0.73 ³ 0.76
³ ³ 1170 ³ 1.00 ³ 0.76 ³ 0.80

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

layer with fuel gases (CO, H2) liberated in incom-
plete combustion of charcoal in operation of an elec-
trochemical HTFC. The reduction of NiOx to Ni
favors the creation of porosity in the anode, necessary
for the cell operation, and the sufficiently uniform dis-
tribution of disperse YSZ particles in the anode cermet
hinders recrystallization of nickel particles via sinter-
ing [6], thereby ensuring prolonged electrochemical
activity of the fuel electrode under the HTFC condi-
tions.

As current lead was used 0.5-mm-thick platinum
wire. As oxidizing agent served atmospheric oxy-

Potential differenceE across anHTFC operating on prod-
ucts of incomplete charcoal combustion vs. temperatureT.
(134) Numbers of HTFCelectrodes in the table.

gen supplied into the cathode space at a rate of
1.80 cm3 min31. To obtain comparative characteris-
tics of HTFC, gases formed in incomplete combustion
of charcoal were electrochemically oxidized in a cell
with platinum layers as anode and cathode.

The results obtained in measuring the potential
difference, voltage, and current in the HTFC under
study are presented in the table. It can be seen that
the lowest potential difference is obtained with plati-
num electrodes, which can be attributed to the rather
high polarizability of the platinum electrodes and
their unipolar conductivity [7]. The best electro-
chemical parameters of an HTFC operating on gas-
eous products of incomplete combustion of charcoal
(E = 1.0 V, U = 0.76 V, I = 0.80 mA) were obtained
with cermet anode no. 2 and cathode of composition
Ln0.8Ca0.2Mn0.94Cr0.04Ni0.02O3, which is apparently
due to the high electrochemical activity of these elec-
trodes (caused, among other factors, by the high per-
meability to oxygen of the electrode material with
perovskite structure and by the catalytic activity of
nickel in CO oxidation to CO2) to be con-
sidered in further studies. On the whole, the given
type of HTFC, operating on products of charcoal com-
bustion, compares well in basic parameters with a sim-
ilar cell operating on anthracite combustion gases [1].

The figure shows the potential difference across
an HTFC in relation to its temperature. It can be seen
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that the HTFC with platinum electrodes gradually
passes into the optimal temperature mode of operation
and yields the highest potential difference of 0.88 V
at 1170 K. The HTFC with a Ni3YSZ cermet anode
and manganite cathode is characterized by faster rise
in potential, voltage, and current in the range 8703

970 K, with nearly the best performance parameters
reached. This steep change in the parameters is pre-
sumably due, in the first place, to chemical reduction
of NiOx at 8703970 K to give electrochemically ac-
tive nickel metal in the anode cermet.

CONCLUSIONS

(1) It is established that the high-temperature fuel
cell operating on gaseous products of incomplete com-
bustion of technical-grade charcoal compares well in
its electrochemical parameters with a similar cell op-
erating on gases produced in anthracite combustion
and can be recommended for practical use.

(2) The best parameters of HTFC (E = 1.0 V, U =
0.76 V, I = 0.80 mA) operating on the given fuel at
a flow rate of the oxidizing agent-atmospheric oxygen,
of 1.80 cm3 min31 were obtained with a cermet Ni3YSZ
anode no. 2 and a Ln0.8Ca0.2Mn0.94Cr0.04Ni0.02O3 cath-
ode at 107031170 K.
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Abstract-A method is proposed for calculating the potentials of anodes made of various metals, total
voltage across reactor, and current distribution among dissimilar anodes. Calculated data are compared with
the performance parameters of a real reactor.

One of the most efficient methods for wastewater
purification is electrocoagulation [1]. Anodes (made
of iron and aluminum) dissolve in the reactor situated
in a purification unit. In the process, metal cations
pass into solution, which leads, in neutral medium,
to formation of insoluble hydroxides. Molecules of
hydroxides coagulate to form flakes onto which im-
purities (oil product wastes, fine suspended particles,
etc.) are adsorbed. The purification process, as a
rule, starts already in the reactor and is completed
in the next chamber. The main process occurring at
the anode is hydrogen evolution, which makes higher
the degree of purification because of the carry-over
of coagulating particles by gas bubbles. The basic
problem in the operation of the reactor is the anode
passivation. The passive film drastically retards the
process of metal cation formation, the anode potential
is shifted to the positive region, and oxygen evolu-
tion starts. In choosing technological conditions of
reactor operation, it is necessary that the anode po-
tential should be more negative than the potential of
the onset of passivation of the corresponding metal.
The calculation of the potential becomes complicated
when anodes of different metals (iron and aluminum)
are used, since it is not known how the current is dis-
tributed among the anodes.

In this communication, a method is proposed for
calculating the potentials of anodes made of different
metals and the distribution of the current in a reactor
with combined anodes.

The voltageU across the electrolyzer is determined
[2] by the difference of the potentialsEa and Ec of
the anode and cathode, ohmic voltage drop across
the electrolyte (DUel), voltage drop across the elec-
trode bulk (DUs.e), and that across the contacts (DUcont).

U = Ea 3 Ec + DUel + DUs.e + DUcont. (1)

If combined anodes are installed in the reactor
[e.g., iron (1) and aluminum (2)], then, by virtue of
the different kinetic parameters of ionization of the
metals, their dissolution will proceed at different rates
and, therefore, the current densities at different anodes
and their potentials will differ. In this case, the elec-
tric balance will be preserved (U1 = U2). If the voltage
drops across the electrode bulk and contacts are ne-
glected, then it can be written

Ea, 1 + DUel, 1 = Ea, 2 + DUel, 2. (2)

The ohmic voltage drop across the electrolyte is de-
termined, in accordance with Ohm’s law, by the cur-
rent load I of the electrolyzer, anode surface areaS,
distanceL between the anode and cathode, and elec-
trical conductivity of the electrolytek

DUel = I ÄÄ = ÄÄ

,
kS k

L iL
(3)

where i is the current density.

In the calculation it was assumed that the anodic
process occurs by the retarded ionization mechanism
[3] and the cathodic component can be neglected
under the conditions considered

ia = iexexp ÄÄÄ (Ea 3 Eeq) ,
zFb

RT�

�
�
�

� �
(4)

where iex is the exchange current density, andEeq
is the equilibrium potential.
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Taken as a whole, the processes of dissolution of
the iron and aluminum anodes can be represented by
the equations

Fe0
3 2e 6 Fe2+,

Al0 3 3e 6 Al3+.

If account is taken of the dependence of the ex-
change currentiex on the concentrationCox of the ox-
idized form of a substance in solution (with metal
being the reduced form), then it is necessary to in-
troduce into the expression for the exchange current
the accepted concentration standard St, equal, in SI
units, to 1000 mol m33 [4]:

iex = zFksCb
oxSt(13b). (5)

The equilibrium potential Eeq is found from
the Nernst equation

Eeq = E + ÄÄ ln ÄÄÄ

.
zF
RT Cox

St
0 (6)

On being transformed, Eq. (4) is written as

A = zFk St exp 3ÄÄÄE .s
RT
zFb 0

� �

� �
gg

ia = Aexp ÄÄÄ Ea ,
� �RT

zFb� �
gg (7)

The anode current density is determined by the het-
erogeneous rate constant of the electrode process,ks,
transfer coefficient of the anodic processb, and stan-
dard potentialE0, i.e., depends on the nature of a metal
being dissolved.

With account of (3) and (7), Eq. (2) takes the form

A2exp ÄÄÄÄ Ea, 2 .
� RT

� �
L
k

b2z2F� �

�
g g

� �

� �
= Ea, 2 + Ä

A1exp ÄÄÄÄ Ea, 1
� RT

� �Ea, 1 + Ä

L
k

b1z1F� �

�
g g

� �

� �

(8)

The total current through the electrolyzer is the sum
of the currents flowing through all the anodes

I = ia, 1S1 + ia, 2S2. (9)

Solving the system of equations (8), (9) allows cal-
culation of the potentials of anodes made of different
metals (iron and aluminum). Then Eq. (7) can be ap-
plied to calculate the current densities for different
anodes. If known, the anode potentials enable evalua-
tion of the probability of passivation of electrodes
made of various metals; a knowledge of the dissolu-
tion rates makes it possible to calculate the amount

Fig. 1. Anodic polarization curves for dissolution of (a)
iron and (b) aluminum in water subjected to purification,
with addition of 1000 mol m33 of sodium sulfate. (i) Cur-
rent density and (E) potential (relative to standard hydrogen
electrode).

of iron and aluminum hydroxides in solutions, which
is important for achieving the required level of water
purification.

The approach described above was used to analyze
the technological mode of operation of the reactor in
the UKOS-AVTO-5 unit employed to purify waste-
water from car washes. The water subjected to puri-
fication contained 0.1 kg m33 of oil products and
0.95 kg m33 of suspended particles. The reactor of
volume 10 0.380 0.73 m has 12 anodes (6 iron and
6 aluminum) and 12 iron cathodes of area0.810
0.44 m each. The distance between the electrodes was
0.006 m. The overall load was 10 A.

An R-577 ac bridge was used to measure the elec-
trical conductivity of the water being purified (k =
0.38 S m31). Anodic polarization curves of iron and
aluminum dissolution were taken with a P-5848 po-
tentiostat (Fig. 1). The measurements were done in
a three-electrode cell. The surface area of the working
electrode was 0.360 1033 and 0.090 1033 m2 for, re-
spectively, iron and aluminum. An iron plate served
as auxiliary electrode, and a saturated silver chlo-
ride electrode, as reference. In polarization studies,
1000 mol m33 of sodium sulfate was added to the
starting water to diminish the measurement error as-
sociated with the large voltage drop across the elec-
trolyte. This compound has noeffect on the anode pas-
sivation, but makes higher the electrical conductivity
of the solution. The potentials of the onset of passiva-
tion, measured relative to the standard hydrogen elec-
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Fig. 2. E3ln i dependences taken with (1) aluminum and
(2) iron electrodes. Solution: water subjected to purifica-
tion, with addition of 1000 mol m33 of sodium sulfate.

trode, were 0.21 and 0.09 V for iron and aluminum,
respectively (Fig. 1). The dependence of the anode po-
tential on the current density was obtained via trans-
formation of Eq. (7)

Ea = 3ÄÄÄ ln A + ÄÄÄ ln ia.
RT RT
zFb zFb

(10)

Analysis of the region of active dissolution of me-
tals in the polarization curves plotted in the semilog-
arithmic coordinates does not contradict the assump-
tion that the dissolution of both iron and aluminum
electrodes occurs by the retarded ionization mecha-
nism (Fig. 2). Regression analysis technique was ap-
plied to determine the coefficients in the straight-line
equation (10) and then to calculate the kinetic param-
eters of iron and aluminum ionization (ks andb). All
the calculations were done on a PC with Mathcad 6
PLUS software. Solving the system of equations (8),
(9) demonstrated that the potential of iron and alu-
minum anodes in the reactorEFe = 30.303 V and
EAl = 30.275 V. It can be seen from the polarization
curves in Fig. 1 that no passivation must be observed
at these potentials, which is the case. The dissolution
current densitiesiFe = 2.055 A m32 for the iron anode
and iAl = 0.283 A m32 for the aluminum anode, which
corresponds to the values found experimentally from
the polarization curves (Fig. 1). The total voltage
across the reactor, calculated by Eq. (1), was 0.4 V,
which is also close to the measured value.

The agreement between the calculation results and
the operation parameters of a real reactor suggests
that the proposed method can be used to prognosticate
the working conditions of an electrolyzer with com-
bined anodes in choosing an optimal technological
mode and intensifying the purification process.

CONCLUSIONS

(1) A method is proposed for calculating the po-
tentials of anodes made of dissimilar materials and
connected in parallel. A calculation using the basic
equations of electrochemical kinetics was done taking
in account the total number of electrons involved in
the reaction.

(2) Anodic polarization curves were obtained for
dissolution of iron and aluminum in water subjected
to purification. The potentials of the onset of metal
passivation under the experimental conditions were
determined.

(3) The operation of the reactor in a unit for water
purification was analyzed. The potentials of the iron
and aluminum anodes and the current distribution
among the anodes were calculated. It is shown that no
anode passivation occurs under the conditions under
consideration.

REFERENCES

1. Yakovlev, S.V., Krasnoborod’ko, I.G., and Rogov, V.M.,
Tekhnologiya elektrokhimicheskoi ochistki vody(Tech-
nology of the Electrochemical Purification of Water),
Moscow: Stroiizdat, 1987.

2. Prikladnaya elektrokhimiya(Applied Electrochemistry),
Tomilov, A.P., Ed., Moscow: Khimiya, 1984.

3. Damaskin, B.B. and Petrii, O.A.,Vvedenie v elektro-
khimicheskuyu kinetiku(Introduction into Electrochem-
ical Kinetics), Moscow: Vysshaya Shkola, 1983.

4. Rudoi, V.M. and Murashova, I.B.,Zh. Fiz. Khim.,
1998, vol. 72, no. 7, pp. 2293232.



1070-4272/01/7402-0341 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 2,2001, pp. 3413343. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 2,2001,
pp. 3353337.
Original Russian Text CopyrightC 2001 by Danilov, V’yunova.

BRIEF
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

COMMUNICATIONS

Combined Air Electrode Based on Polyaniline with Addition
of Manganese Dioxide

M. O. Danilov and N. V. V’yunova

Institute of General and Inorganic Chemistry, National Academy of Sciences of Ukraine, Kiev, Ukraine

Received July 3, 2000

Abstract-Air electrodes based on polyaniline with an additive were studied in a prototype zinc3air power
cell with salt electrolyte. Electrolytic manganese dioxide was chosen as additive. Discharge current3voltage
(I3V) characteristics of the prototype chemical power cell based on a combined air electrode composed of
polyaniline and manganese dioxide taken in 1 : 1 ratio are presented.

An electrically conducting polymer, polyaniline
(PA), obtained by various methods from aniline, is
widely used in electrochemical devices. One of its
applications is that as a cathode material for chem-
ical power cells with salt electrolyte [133]. The prob-
lem of obtaining this polymer and accounting for its
electrical conductivity was discussed in [1, 4]. Poly-
aniline shows pronounced capacity for cycling in
power cells, but has low working voltage [3]. To elim-
inate this disadvantage, it has been proposed to intro-
duce into PA an additive possessing electrical con-
ductivity and involved in the current-forming reac-
tion at the air electrode.

The aim of this study was to verify the possibility
of improving the electrical characteristics of PA-based
electrodes by introducing into PA an additive having
electrical conductivity higher than that of polyaniline
and contributing to current generation at the air elec-
trode. A possible additive of this kind is electrolytic
manganese dioxide (EMD) possessing these properties.

A schematic of the conventional air electrode is
presented in Fig. 1. The electrode comprises an active
and a hydrophobic layers. It can be represented as
a two-layer membrane separating the electrolyte and
air. The layer adjacent to the electrolyte is hydro-
philic, and that facing air, hydrophobic. In the opera-
tion of the air electrode, atmospheric oxygen diffuses
through the hydrophobic layer and comes in contact
with electrolyte penetrating through the active, hy-
drophilic layer. Therefore, the reaction of oxygen
reduction is localized at the electrode3electrolyte3air
interface.

In making a combined matrix, a mechanical mix-
ture of PA and EMD was pressed in the hydrophobic
layer to obtain a more diffuse electrode3electrolyte3air
interface. Polyaniline was obtained by dc electrolysis
of a 0.1 M solution of aniline in 1 M hydrochloric
acid [5]. The starting aniline solution was colorless,
i.e., unoxidized. All the reagents were of analytically
pure grade. Polyaniline was deposited on a carbon fab-
ric anode at current density of 5 mA cm32. A VT 1.0
titanium plate served as cathode. The PA layer was
detached from the carbon fabric and dried at 90oC in
a drying box. An EMD of chemically pure grade
(Rustavi, Georgia) was used to prepare the mechanical
mixture.

Fig. 1. Schematic of the air electrode: (1) active layer,
(2) hydrophobic layer, (3) pores filled with electrolyte, and
(4) pores filled with air.
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Fig. 2. I3V curves for prototype zinc3air power cell. Mass
of the active layer in the air electrode (g): (a) 0.2 and
(b) 0.1. (U) Voltage and (I ) current density. Electrode
material: (1) EMD, (2) PA, and (3) Combined PA3EMD
matrix.

Electrodes used in the study were compacted in
the form of pellets 3 cm in diameter from PA, EMD,
and a 1 : 1 mechanical mixture of these compounds.
Sets of electrodes with active layer mass of 0.2 and
0.1 g were fabricated. A hydrophobic layer of mass
0.3 g contained 70% acetylene black and 30% F-4D
fluoroplastic emulsion in terms of dry substance.

Investigations were performed in galvanostatic
mode with a prototype zinc3air power cell with elec-
trolyte of composition 5 M NH4Cl + 2 M ZnCl2.
The potentials of the air electrode were measured with
high-resistance voltmeter relative to a silver chloride
reference electrode. The prototype power cell voltage
and the potential of the air electrode at each current
density were recorded after a delay of 5min.

Prior to cycling, the prototype power cell with
a zinc3air electrode was discharged at a current den-
sity of 6 mA cm32 until the voltage became 0.5 V.
The current densities of power cell charging and dis-
charge were the same and chosen in such a way that
the charge capacity was twice the discharge capacity.
The prototype power cell was cycled until the dis-
charge capacity became less than half the charging
capacity at a current density chosen for each air elec-
trode.

Figure 2a presentsI3V discharge curves for elec-
trodes with active mass of 0.2 g. It can be seen from
the discharge curves that a combined matrix of PA
and EMD (Fig. 2a, curve3) with component ratio of
1 : 1 gives a better discharge curve than its separate
components-PA (curve 2) and EMD (curve 1).
Comparison of the discharge curves for PA and EMD
shows that, at discharge current densities of up to
4 mA cm32, the working voltage of EMD electrodes
exceeds that of electrodes made of polyaniline. At cur-
rent densities in the range from 4 to 13 mA cm32 the
working voltage of polyaniline electrodes is the same
as, or somewhat higher than the discharge voltage of
the EMD electrodes.

Figure 2b showsI3V discharge curves for elec-
trodes with active layer mass of 0.1 g. It can be seen
that the combined matrix (curve3) has better dis-
charge characteristics in this case, too. At current den-
sities of up to 2 mA cm32, the electrode of pure PA
(Fig. 2b, curve2) works better than the EMD elec-
trode at smaller active layer mass. With the current
density increasing from 2 to 8 mA cm32, the I3V dis-
charge curves for PA and EMD are virtually the same.

Thus, the combined matrix of PA and EMD with
component ratio of 1 : 1 shows better discharge char-
acteristics, compared with air electrodes made of pure
components. Cycling of PA + EMD electrodes in
a prototype zinc3air power cell demonstrated
the possibility of performing up to 30 charging3dis-
charge cycles without capacity loss after the primary
complete discharge of the power cell. These charac-
teristics are inferior to those for pure PA (300 cyc-
les), but better than the characteristics of EMD (103

15 cycles).

Possibly, the increase in the catalytic activity of
the combined PA + EMD matrix is associated with
the appearance of oxygen-containing groups on PA.
These groups accumulate in the course of electro-
synthesis on the surface of PA particles. When PA
is combined with EMD, these oxygen-containing
groups provides the electrode with oxygen, ensuring
chemical oxidation of MnOOH to MnO2. Therefore,
the amount of EMD decreases in the course of dis-
charge not so strongly owing to the conversion of
MnO2 into MnOOH. Intercalation by chlorine occurs
in PA [3]. Schematically, all the processes occurring
in the combined matrix of the air electrode can be
represented by the reactions

(1)2PACln + 2ne 6 2PA + 2nCl3,

(2)O2 + 4H+ + 4e 6 2H2O,
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MnO2 + H2O + e 6 MnOOH + OH3, (3)

4MnOOH + O2 6 4MnO2 + 2H2O. (4)

A conclusion can be made from reactions (1)3(4)
that current generation at the combined matrix occurs
by reactions (1)3(3). Reaction (4) gives, additionally,
MnO2 via chemical oxidation of MnOOH to MnO2 by
oxygen from the oxygen-containing groups on PA.

Thus, to improve the discharge characteristics of
PA-based power cells, it is necessary to introduce
into PA electrically conducting additives involved in
the current-forming reactions. In particular, air elec-
trodes with better electrolytic characteristics can be ob-
tained on the basis of a combination of PA with EMD.
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Abstract-Results of a coagulation purification of solutions modeling weakly contaminated wastewater
from dairy shops are presented. The influents of detergents (HNO3 and NaOH) and aluminum oxochloride on
the process of contaminant removal from a milk solution in the pH range 2312 is considered. Distinctions
are noted in the behavior of model milk solutions with contaminant concentration. The results of studies
performed at varied doses of aluminum oxochloride by the optical and electrophoretic methods are used to
explain the mechanism of coagulation purification of model wastewater.

The great bulk of waste produced by plants is con-
stituted by wastewater formed in washing of the dairy
equipment. The washing process consists in several
successive operations, each using one of the follow-
ing reagents: acids, alkalis, or sterilizing agents, with
the entire process completed by rinsing in pure water.
As a result, the wastewater delivered to the purifica-
tion facilities has qualitative and quantitative composi-
tion abruptly varying with time.

The results obtained in a study of the coagulation
purification of solutions modeling strongly contam-
inated wastewater of dairy shops with the use of alu-
minum oxochloride (AOC) were reported in [1].

The aim of the present study was to analyze the be-
havior of wastewater with low content of impurities
upon addition of various reagents: detergents and
AOC. To reveal the influence exerted by each kind
of contaminant on the process of coagulation, waste-
water was replaced by model solutions.

The solution under study, obtained by diluting milk
with distilled water, contained (mg l31): fat 350 and
protein 280, and were characterized by chemical oxy-
gen demand of 900 mg O2 l31, which corresponds to
the composition of dairy plant wastewater with mod-
erate contamination. The pH was varied by adding in-
dustrial detergents: 1% solution of nitric acid and
0.1 N solution of sodium hydroxide. As coagulant
was used freshly prepared 1% solution of AOC with
basicity factor [OH3/(OH3 + Cl3) ratio] of 5/6.

After mixing a milk solution with a coagulant by
the procedure described in [2] and allowing the sam-

ples to stand for 1 h, the efficiency of purification
was evaluated by the residual content of organic sub-
stances, determined from the loss in calcination of
the dry residue [3].

The kinetics of impurity sedimentation was studied
by measuring the optical density of solutions treated
with a coagulant for 1 h on a KFK-2MP photocol-
orimeter in 1-cm-long cuvettes at light wavelength
l = 440 nm.

The electrokinetic potential of milk particles with-
out AOC and with varied concentration of this com-
pound was determined by microelectrophoresis [4] in
a modified Abramson cell and PZO microscope (Po-
land). Thex-potential was calculated using the Smo-
luchowski formula from the arithmetic-mean value of
the electrophoretic velocity of 15320 particles.

The efficiency of removal of organic impurities,
Eorg, is presented in Figs. 1 and 2 in relation to the pH
value. The presence of only detergents without AOC
in weakly contaminated solutions (Fig. 1, curve1) de-
stabilizes the system (acid coagulation) at pH 4.753

5.10, with the maximum degree of purification (40%)
observed at pH 5.0, which can be attributed to theelec-
trical properties of the emulsion stabilizer-casein,
whose isoelectric point lies in the above pH interval
[5]. This is confirmed by the results of electrophoretic
measurements (Fig. 1, curve3) indicating that
the particle charge is the smallest in this pH range.
In a more concentrated solution [1], the system co-
agulated at pH 435, with 50% removal of impurities
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Fig. 1. (1, 2) Efficiency of organic substance removal,
Eorg, and (3) x-potential of particles vs. the pH of
the model milk solution. Concentrations of fat and protein
(mg l31): (1, 3) 350 and 280, (2) 1750 and 1450 {(2) data
of [1]}.

Fig. 2. Efficiency of organic substance removal,Eorg, in
the presence of AOC vs. the pH of the model milk solution.
Concentrations of fat and protein 350 and 280 mg l31, re-
spectively; the same for Fig. 3. Coagulant dose (mg l31 in
terms of Al2O3): (1) 60 and (2) 180.

achieved at pH 4.5 (Fig. 1, curve2). The observed
slight differences in purification efficiency and pH
ranges of efficient impurity removal between two
model solutions can be accounted for by the fact that
the number of collisions between protein particles
grows with their increasing concentration. Under con-
ditions close to the isoelectric state, when the stability
of the system is the lowest, this leads to appearance
of coarser aggregates of the disperse phase and its
more complete sedimentation.

The peak in the curve describing the purification of
a weakly contaminated solution is shifted to the less
acid region (pH 4.9; Fig. 1,curve 1), compared with
that in a solution containing a greater amount of im-
purities (curve2), and, therefore, a smaller amount of

Fig. 3. (133) Optical density and (4) x-potential of particles
vs. the pH of the model milk solution. AOC dose (mg l31

in terms of Al2O3): (a) 60, (b) 180. Time of coagulation
upon AOC introduction (min): (1) 1, (2) 10, and (3) 60.

acid is to be introduced to bring negatively charged
protein molecules into the isoelectric (or nearly so)
state. This can be attributed to the smaller density of
surface charge of the colloid phase in the first case.

The run of the curves describing the efficiency of
removal of organic impurities as a function of the pH
of the medium is strongly affected by addition of AOC
(Fig. 2). Adding 60 mg l31 of coagulant (in terms of
Al2O3) at pH < 5.1 does not destabilize the milk solu-
tion (curve1). This pH range is characterized by high,
and invariable with time, values of the optical density
of the system (Fig. 3a, curves133). With the AOC
concentration increasing to 180 mg l31 in terms of
Al2O3 (3.60 1033 M in terms of aluminum), a similar
behavior is observed at pH < 6.1 (Fig. 3b, curves133).
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It can be seen from the electrokinetic data that
rather high positivex-potentials of the particles in
the system under study are observed in these pH re-
gions (Figs. 3a and 3b, curves4). The reason is that
the strongly (positively) charged hydroxo complexes
of aluminum, appearing at the above pH values and
having high adsorbability, interact with the initially
uncharged or weakly charged particles of the milk
solution, recharging these latter and stabilizing the
entire system. As it can be seen from Figs. 3a and 3b
(curves4), the charge of particles formed as a result of
such an interaction grows with increasing coagulant
dose. This can be attributed to the favorable influence
of the increasing concentration of aluminum on the
hydrolytic polymerization, with polycations having
greater charge formed in this pH range [6].

The coagulation of the given model solution and
removal of impurities at AOC content of 180 mg l31

in terms of Al2O3 is observed in the pH range 6.53
10.25 (Fig. 2, curve2). The process reaches the max-
imum efficiency (up to 60% removal of organic sub-
stances) in the pH range 7.339.5. Lowering the coag-
ulant dose to 60 mg l31 in terms of Al2O3 shifts this
region to the left along the pH scale and restricts it
to pH of 5.7537.5 with the maximum purification of
48% (Fig. 2, curve1). It is in these pH ranges, where
the peak efficiencies of purification to remove organic
impurities are observed, that the electrokinetic poten-
tials of particles belonging to the system under study
are the lowest at both AOC concentrations (Figs. 3a
and 3b). These data indicate a neutralization mecha-
nism of coagulation.

However, a small coagulation zone observed in
Fig. 2 (curve 2) in alkaline medium (pH 9.5310.25)
at an AOC concentration of 180 mg l31 coincides with
the region of rather high negative values of thex-po-
tential of particles (Fig. 3b, curve4). The partial sed-
imentation of the milk dispersion under these condi-
tions is, in all probability, due to the occurrence of

a heterocoagulation process with efficiency much
lower than that of the neutralization coagulation.

CONCLUSIONS

(1) Use of aluminum oxochloride to purify weakly
contaminated milk wastes allows efficient removal
of organic impurities in a rather wide pH range.

(2) The maximum efficiency of purification of
a model solution in the case of coagulant addition is
ensured by the action of neutralization mechanisms.

(3) The pH range in which the neutralization co-
agulation proceeds depends on the concentration of
aluminum oxochloride in solution.

(4) In the absence of aluminum oxochloride, the
position of the peak in the curve describing the depen-
dence of the purification efficiency on the pH val-
ue is determined by the initial concentration of con-
taminants.
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Abstract-Sorption capacity of nitrogen-containing derivatives of aspen wood for Fe(III), Cu(II), Cd(II), and
Ca(II) ions was studied. The possibility of using the products formed in oxyammonolysis of wood as sor-
bents of these metals from dilute aqueous solutions was examined.

Nitrogen-containing derivatives of lignin have ion-
exchange properties and can be used as sorbents of
heavy metal ions and organic dyes [1, 2]. The main
drawbacks of these products are relatively low ex-
change capacity and low mechanical strength.

Previously, a procedure has been proposed for pro-
duction of nitrogen-containing sorbents based on lig-
nin by treatment of the industrial lignin with tetra-
alkylammonium salts [3]. The resulting sorbents ex-
hibited improved mechanical strength and high sorp-
tion capacity for dyes (50380 mg g31).

However, in the proposed procedure the yield of
the target product is relatively low (up to 30340% of
the lignin weight in 133 days). To produce nitrogen-
containing sorbents in quantitative yield, hydro-
lyzed lignin was treated with aqueous ammonia solu-
tions of ammonium peroxodisulfate under mild con-
ditions at 20oC for 135 days [4]. Along with hydro-
lyzed lignin, poor wood can be used as a raw mate-
rial for production of nitrogen-containing sorbents.

In this work we studied the sorption capacity of
nitrogen-containing derivatives of aspen wood, pro-
duced under conditions described in [4] and also by
mechanochemical procedure, for ions of some metals.

EXPERIMENTAL

As raw materials we used air-dry sawdust of aspen
wood approximately 50 years of age crushed to 0.43

0.75-mm fraction. The wood was analyzed by the well-
known procedures [5]. The chemical composition of
aspen wood was as follows:

Component Content, % relative to absolutely
dry raw material

Cellulose 49.6
Lignin 21.2
Pentosan 21.6
Extractives 3.96
Ash 0.26

Nitrogen-containing derivatives of wood were ob-
tained by two procedures. According to the first pro-
cedure, the sawdust was treated with large excess
of ammonia solution of ammonium peroxodisulfate
at 20325oC for 133 days [4]. According to the sec-
ond, the sawdust combined with ammonium peroxo-
disulfate (0.1 g of available oxygen per 1 g of wood)
was mechanically crushed in a ball mill in 25% aqu-
eous ammonia (0.5 g of NH3 per 1 g of wood) for
0.532 h.

Then, the products were washed with water to neg-
ative reaction for sulfate ion and dried in air to con-
stant weight. The nitrogen content in the resulting sam-
ples was determined by the Kjeldahl semimicrometh-
od [6], and the number of carboxyl groups, by con-
ductometric titration [7]. The characteristics of the re-
sulting products are listed in Table 1.

The sorption capacity of the resulting products was
studied by establising equilibrium by means of the
procedure described in [8]. For this purpose, weighed
portions of samples (0.130.2 g) were placed in flasks,
and 25 cm3 of a solution of metal nitrates with con-
centration varying from 0.01 to 0.1 g-equiv dm33

was added to each flask. When the equilibrium was
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Table 1. Characteristics of nitrogen-containing derivatives
of aspen wood. Oxygen 0.1 g per 1 g of wood
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³ Oxidation conditions³ ³ Content, %
ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄÄ

ple ³ ³ NH3, ³ Yield, ³ ³
no. ³ t, h ³ g per 1 g ³ % ³ N ³ COOH

³ ³ of wood ³ ³ ³
ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ

1 ³ 24 ³ 12.5 ³ 81.3 ³ 4.51 ³ 2.48
2 ³ 48 ³ 12.5 ³ 75.9 ³ 6.76 ³ 3.57
3 ³ 72 ³ 12.5 ³ 74.1 ³ 8.95 ³ 5.34
4* ³ 0.5 ³ 0.5 ³ 97.4 ³ 1.86 ³ 2.54
5* ³ 1 ³ 0.5 ³ 96.2 ³ 2.59 ³ 3.68
6* ³ 2 ³ 0.5 ³ 95.8 ³ 4.76 ³ 5.47

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* Product nos. 436 were obtained under conditions of mechano-

chemical synthesis (procedure 2); the same for Table 2.

Table 2. Sorption power of nitrogen-containing derivatives
of aspen wood with respect to metal ions
ÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sam-³ ³ Content, %³ Sorption, g-equiv g31

ple ³ t, h
³ ³

³ ÃÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ
no. ³ ³ N ³COOH³Cu2+³Cd2+³ Fe2+ ³Ca2+

ÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
1 ³ 24 ³ 4.51³ 2.48 ³ 4.86³ 3.62³ 1.63³ 1.21
2 ³ 48 ³ 6.76³ 3.57 ³ 5.67³ 4.21³ 2.06³ 1.43
3 ³ 72 ³ 8.95³ 5.34 ³ 6.23³ 4.65³ 2.98³ 1.72
4* ³ 0.5³ 1.86³ 2.54 ³ 4.27³ 3.42³ 1.37³ 1.02
5* ³ 1 ³ 2.59³ 3.68 ³ 5.06³ 3.89³ 1.79³ 1.24
6* ³ 2 ³ 4.76³ 5.47 ³ 7.05³ 5.42³ 3.78³ 1.89

ÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ

Table 3. Effect of cation concentration in the initial solu-
tion Cin on the sorption power of some products of am-
monolysis of aspen wood*

ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Cin,
³ Sorption, g-equiv g31

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
g-equiv dm33

³ Cu2+ ³ Cd2+ ³ Fe2+ ³ Ca2+

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
0.01 ³ 6.72 ³ 5.22 ³ 3.58 ³ 1.74
0.05 ³ 6.91 ³ 5.27 ³ 3.65 ³ 1.82
0.1 ³ 7.05 ³ 5.41 ³ 3.76 ³ 1.89

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Sample no. 6 obtained by procedure 2.

attained (after 24 h), the concentration of the cor-
responding ion in the solution was determined con-
ductometrically.

The absorption was evaluated by the formula

(1)A = (Cin 3 Ceq) V/1000g,

where A is the absorption (g-equivg31), Cin is
the concentration of metal ion in the initial solution
(g-equiv dm33), Ceq is the concentration of metal ion
in the equilibrium solution (g-equiv dm33), V is the
volume of the equilibrium solution (cm3), and g is
the weighed portion of the sorbent.

To estimate quantitatively the distribution of cat-
ions between the sorbent and solution, we evaluated
the distribution coefficientKd at low concentrations:

Kd = (Cin 3 Ceq) V/1000gCp. (2)

The selectivity coefficientD characterizing the ef-
ficiency of separation of cations A and B was deter-
mined by the formula

DB/A = Kd(A)/Kd(B). (3)

As the experimental results show, the sorption ca-
pacity of the products of oxidative ammonolysis of
wood for the cations studied depends on the content
of nitrogen and COOH groups (Table 2).

The sorption capacity of nitrogen-containing deriv-
atives of wood is sufficiently high for all the cations
studied, which is caused by the high content of car-
boxy groups and nitrogen (Table 2).

The high sorption power with respect to multi-
charged cations of the products of oxidative ammono-
lysis of wood with high content of COOH groups and
nitrogen content of 1.8638.95% is due to their chelat-
ing characteristics. Therefore, ions ofd elements
(Cu2+, Cd2+, and Fe3+) are sorbed to the greatest ex-
tent, and Ca2+ ions, to the lowest. The sorption pow-
er with respect to the ions under the study decreases
in the order: Cu2+ > Cd2+ > Fe3+ > Ca2+ (Tables 2, 3).
Making lower the concentration of ions in solution
does not result in any significant decrease in their ab-
sorption with wood sorbents, i.e., the sorbents show
high sorption power even in the case of dilute solu-
tions (Table 3).

It was found that the sorbents produced from nitro-
gen-containing derivatives of wood are the most se-
lective with respect to Cu(II) ions (Table 4).

The products obtained by themechanochemical pro-
cedure (sample nos. 436) have, even at low nitrogen
content and practically the same amount of COOH
groups as in sample nos. 133, comparable sorption
powers (Table 2). This can be explained by an in-
crease in their specific surface area onmilling.

Thus, the products of oxidative ammonolysis of as-
pen wood can be used as efficient sorbents with re-
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Table 4. Selectivity coefficients of nitrogen-containing derivatives of wood with respect to the studied ions
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sample no.³ Cu2+/Ca2+ ³ Cu2+/Cd2+ ³ Cu2+/Fe3+ ³ Ca2+/Cd2+ ³ Ca2+/Fe3+

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 4.62 ³ 3.65 ³ 2.31 ³ 1.12 ³ 0.46
2 ³ 5.31 ³ 3.82 ³ 2.53 ³ 1.57 ³ 0.64
5 ³ 5.94 ³ 4.28 ³ 2.76 ³ 1.26 ³ 0.71
6 ³ 6.29 ³ 5.17 ³ 3.04 ³ 1.78 ³ 0.95

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

spect to cations of transition metals in their recovery
from dilute solutions.

CONCLUSIONS

(1) The sorption capacity of modified wood with
respect to Fe(III), Cu(II), Cd(II), and Ca(II) ions de-
pends only slightly on their concentration and de-
creases in the order: Cu(II) > Cd(II) > Fe(III) > Ca(II).

(2) The exchange capacity of nitrogen-contain-
ing derivatives of wood is sufficiently high (1.03
7.0 g-equiv g31) and depends on the content of nitro-
gen and carboxy groups.

(3) Nitrogen-containing sorbents based on wood are
the most selective with respect to Cu(II) ions.
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Abstract-The feasibility ofp-cresol alkylation with isohexyl alcohol, using phosphotungstic heteropoly acid
as catalyst, was examined.

Alkyl derivatives of p-cresol find application as
antioxidants, surfactants, and perfumes. In particular,
products ofp-cresol alkylation with isohexyl alcohol
are used in synthesis of vetinone perfume(see scheme).
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where R = (CH3)2C3CH(CH3)2.

Kheifits et al. [1, 2] studied the alkylation of
p-cresol in the presence of various catalysts including
Fe2(SO4)3, ZnCl2, BF3, and H2SO4. Sulfuric acid ap-
peared to be the most suitable. At a 2 : 1 molar ratio
of p-cresol to alcohol and a temperature of 1103

120oC, the target product was obtained in about 50%
yield. A major drawback of the process is the ap-
preciable tarring of the reaction mixture containing
about 15 wt % tar.

The tarring, and also the high corrosive activity
of sulfuric acid stimulated us to look for new cata-
lysts for this process. We decided to test heteropoly
acids which have recently found use as catalysts
in many processes [3]. Among the tested heteropoly
acids, the best results were obtained with reagent-
grade phosphotungstic acid H7PW12O42 [TU (Techni-
cal Specifications) 6-09-4376378]. With this catalyst,
the formation of tars under the conditions recom-
mended for the process with sulfuric acid decreased
by more than a factor of 2.

The experiment with phosphomolybdic acid
H7PMo12O42 failed, because the catalyst appeared
to be reactive toward the starting compounds.

Below is given a typical procedure for condensa-
tion of p-cresol with isohexyl alcohol.

A reactor equipped with a reflux condenser with
a Dean3Stark trap, a stirrer, a thermometer, and a drop-
ping funnel was charged with 102 g (0.982 mol) of
p-cresol and 2.0 g of H7PW12O42. The mixture was
heated on an oil bath to 85395oC, and 51 g (0.50 mol)
of isohexyl alcohol was added dropwise at this tem-
perature over a period of 40 min. The temperature was
gradually raised to 1053120oC, and the mixture was re-
fluxed for 4 h 40 min. In the process, water was sepa-
rated in the Dean3Stark trap. After the reaction was
complete, the content of the target product was de-
termined by GLC to be 50.5%. To isolate the product,
the mixture was neutralized with 3 g of sodium carbon-
ate. The neutralized mixture was vacuum-distilled.
The target fraction (bp 1253140oC/8310 mm Hg) con-
tained, according to GLC, 97% 4-methyl-2-isohexyl-
phenol. The productyield was 53 g (55.2% in terms of
loaded isohexyl alcohol), and the amount of bottoms,
7.2 wt % relative to the target fraction (with sulfuric
acid as catalyst, the amount of bottoms was 15 wt %).

The alkylation ofp-cresol with 2-methyl-2-pentan-
ol was performed similarly. The yield of the condensa-
tion product, 4-methyl-2-(2-methyl-2-pentyl)phenol,
was 50%.
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Abstract-The feasibility of high-paraffin raw material treatment by the action of ferromagnetic needles and
electromagnetic field was examined with the aim to produce bitumens of improved quality.

Intensification of oil refining is possible on the ba-
sis of the theory of controlled phase transitions, ac-
cording to which intermolecular interactions can be
controlled by external actions converting the petro-
leum raw material to an active state. At the same time,
traditional processes are only based on data on the
chemical structure of molecules present in the petro-
leum raw material, without taking into account the
origination and growth of supramolecular structures.

One of ways to exert effective influence on petro-
leum systems with the aim to convert them to an ac-
tive state is physical activation (mechanical, electric,
magnetic, ultrasonic, etc.) shifting the dynamic
equilibrium dispersed phase3dispersion medium in
the desired direction. For example, under the action of
a strong nonuniform electromagnetic field in an appa-
ratus with a vortical bed, paramagnetic particles be-
come involved in directional motion, which results in
their mutual approach and aggregation. The resulting
aggregates of paramagnetic components are crystalli-
zation centers for solid hydrocarbons and favor their
concentration in definite close-cut fractions.

There are different procedures, chemical and phys-
ical, for activating a raw material in bitumen pro-
duction. By chemical activation is meant alteration of
the group chemical composition of the dispersion
medium by introducing special chemical additives
(extract from selective purification of oils, sulfur with
black solar oil, etc.) or removal of certain components,
which alters the solvency of the dispersion medium
and the particle size of the dispersed phase.

In physical activation of a bitumen raw material,
the external effect is directed mainly at the dispersed

phase, which causes changes in the composition and
volume of the dispersion medium. For example, ultra-
sonic treatment of asphalt in the course of its oxida-
tion raises the content of asphaltenes and the sof-
tening point of the resulting bitumen [1]. Owing to
the high chemical activity of asphalt components as
a consequence of the dispersing effect of ultrasonic
treatment, and also to the high quality of bitumens,
the process of asphalt oxidation under ultrasonic treat-
ment has been implemented in industry.

Whereas mechanical and thermal actions, raising
the extent and rate of breakdown of the petroleum
structure, have only a minor effect on the subsequent
formation of this structure after the end of treatment,
such a treatment combined with application of an elec-
tromagnetic field will favor ordering of molecules
having a dipole moment.

Experiments showed that, in an apparatus with
a vortical bed, the sample properties are affected by
electromagnetic field, and this effect depends on the
treatment temperature. For example, on heating black
oil to 140oC, its density somewhat decreases, but at
higher temperatures (>220oC) it noticeably increases.
The black oil treated at high temperatures is charac-
terized by increased content of asphaltenes. Since the
temperature of 140oC is too low for thermal decom-
position to occur, variation of the fractional and com-
ponent compositions is probably due to rearrangement
of the polar and nonpolar components of black oil
with the formation of associates of varied structure.

On high-temperature treatment of black oil in a vor-
tical-bed apparatus (280 and 320oC), the total con-
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tent of light fractions (bp <350oC) increases by 1.13
1.5 wt %. The onset of sample boiling after high-
temperature treatment is observed at a temperature
20oC higher than with the initial samples.

A combined effect of the electromagnetic field and
the mechanical action of ferromagnetic needles placed
in a capsule with samples results in phase redis-
tribution in the disperse system and isolation of high-
molecular-weight n-alkanes and ceresines in frac-
tions with narrow boiling range. The fraction of
modified black oil, boiling above 470oC, is character-
ized by low content of solid paraffins as compared
with the same fraction of the initial black oil and can

be of interest as raw material for production of petro-
leum bitumens.

Thus, application of various external actions affect-
ing the chemical and structural transformations of
petroleum disperse systems allows intensification of
various oil refining processes, namely, pretreatment
of high-paraffin raw materials with the aim to produce
bitumen of improved quality.
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Abstract-Radical copolymerization ofN-vinyl-4,5,6,7-tetrahydroindole with acrylamide in dimethylform-
amide was studied, and the relative activity constants of the monomers were determined.

N-Vinylpyrroles are reactive monomers in both cat-
ionic and radical polymerization processes and allow
preparation of polymeric materials with a wide spec-
trum of valuable properties: special semiconductors,
photosensitive materials, flotation agents, biologically
active compounds, synthetic dyes, etc. [1].

In this work we studied the activity ofN-vinyl-
4,5,6,7-tetrahydroindole (VTHI) in radical copolymer-
ization with acrylamide (AA).

Copolymerization of VTHI with AA in dimethyl-
formamide (DMF) yields cream-colored powders
soluble in DMF, DMSO, andN-methylpyrrolidone.
The IR spectra of these products show that they con-
tain units of both monomers (absorption bands of
the pyrrole ring at 1300, 1380, 1490, and 1540 cm31

and those of acrylamide at 510 and 965 cm31) and no
double bonds (no bands at 859, 946, and 1585 cm31).
The copolymers are free from homopolymer impuri-
ties, which is confirmed by the smooth shape of the
turbidimetric titration curves.

The 13C NMR spectra contain strongly broadened
signals from the carbon atoms of the VTHI and AA
fragments (ppm): 130.93125.3 (C8, 9), 117.53112.5
(C3), 108.03105.8 (C2), 52.3347.8 (C10), 44.2340.0
(C11), 23.1319.0 (C4, 5, 6, 7) and 180.03174.0 (C=O),
38.8333.6 (CH2), respectively.
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From the13C NMR spectra, we calculated the mole
fractions of VTHI and AA and also the elemental
composition of the copolymers (see table). The mole
fraction of the VTHI units in the copolymer grows
with increasing fraction of VTHI in the initial mix-
ture, but does not exceed 0.4 even at the VTHI : AA
ratio in the initial mixture of 4 : 1. This fact is con-
sistent with the relatively low rates of radical poly-
merization of VTHI [2]. For the system VTHI3AA,
the copolymerization constants are as follows:rVTHI =
0.02, rAA = 3.2.

With the fraction of VTHI units in the copolymer
increasing by a factor of~4, the viscosity of the prod-
uct grows twofold.

EXPERIMENTAL

The copolymerization of the monomers was per-
formed in sealed ampules at 60oC in the presence of
azobis(isobutyronitrile) under argon. The reaction
mixture was dissolved in DMF, and the copolymer
was precipitated with acetone. Then the copolymer
was reprecipitated from DMF solution into acetone
and dried in a vacuum to constant weight. The in-
trinsic viscosity was determined in DMF at 20oC by
the dilution procedure.

The relative activity constants were calculated by
the Fineman3Ross and Kelen3Tudos procedures using
G.I. Deryabina’s program, with the Mortimer3Tidwell
experimental design. The calculations were based on
the results of experiments with conversion of<10%.
The IR spectra were taken on a Specord 75-IR spec-
trometer from KBr pellets or mulls in mineral oil.
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Characteristics of the initial mixture of VTHI and AA comonomers and their copolymers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Mole fraction ³ ³ ³ Elemental composition of copolymers,* wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

initial mixture ³ copolymer ³ Yield, ³ [h], ³
C

³
H

³
N

³
OÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³ ³ ³ ³ ³

VTHI ³ AA ³ VTHI ³ AA ³

wt %

³

dl g31

³ ³ ³ ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

0.291 ³ 0.709 ³ 0.102 ³ 0.898 ³ 10.3 ³ 0.12 ³ 56.6 ³ 7.4 ³ 17.8 ³ 18.2
0.434 ³ 0.566 ³ 0.163 ³ 0.837 ³ 7.3 ³ 0.19 ³ 59.7 ³ 7.6 ³ 16.8 ³ 15.9
0.523 ³ 0.477 ³ 0.206 ³ 0.794 ³ 5.2 ³ 0.20 ³ 61.5 ³ 7.7 ³ 16.2 ³ 14.6
0.825 ³ 0.175 ³ 0.391 ³ 0.609 ³ 4.6 ³ 0.27 ³ 68.3 ³ 8.1 ³ 13.9 ³ 9.7

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Calculated from the13C NMR spectra.

The 13C NMR spectra of the copolymer samples
(solutions in DMSO-d6) were recorded on a Varian
VXR-500S spectrometer (125.5 MHz) with the relaxa-
tion delay of 2.5 s and 90o pulse. As relaxant served
chromium tris-acetylacetonate (0.02 M). The molar
ratios of the copolymer components were determined
from the 13C NMR spectra by a common proce-
dure: The relative intensity of the C=O signalqAA
was referred to one carbon atom and 1 mol of AA.
The number of VTHI moles was calculated by the
formula

MVTHI = qVTHI/qAA,

where qVTHI is the relative intensity of the C2 sig-
nal (or one of the signals from C4, C5, C6, or C7) of
VTHI, qVTHI = IVTHI/Itot (IVTHI and Itot are the in-
tegral intensity of the C2 signal and the total in-
tegral intensity, respectively).

The relative integration error was 3%. The relative
error of the quantitative determination of the mole
fractions of the comonomers and the elemental com-
position of the copolymers did not exceed 6.7%.

CONCLUSION

Radical copolymerization ofN-vinyl-4,5,6,7-tetra-
hydroindole with acrylamide was studied. The second
comonomer is more reactive. With increasing content
of N-vinyl-4,5,6,7-tetrahydroindole in the initial mix-
ture, its content in the copolymer and the viscosity of
the reaction products become higher.
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Tenth Kola Workshop on Electrochemistry of Rare Metals

On December 437, 2000, a regular workshop on
electrochemistry of rare metals was held in Apatity
(Murmansk oblast) at the Institute of Chemistry
and Technology of Rare Elements and Mineral Raw
Materials, Kola Scientific Center, Russian Academy
of Sciences. Forty-five specialists, including represen-
tatives of research and higher school institutions of
Moscow, St. Petersburg, Yekaterinburg, Novokuz-
netsk, Lipetsk, and Novomoskovsk took part. The
Ukraine was represented by scientists from the Ver-
nadskii Institute of General and Inorganic Chemistry,
National Academy of Sciences of Ukraine. Among
the co-authors of many reports were scientists from
France (University of Provence, Marseilles; Sabatier
University, Toulouse), Switzerland (University of
Lausanne), Poland (Wroclaw University), and Finland
(Technical University, Helsinki).

A wide variety of problems of general science and
technology were discussed in 52 reports and brief
communications. L.A. Petrii (Moscow) in his report
[Electrochemistry at the End of the XX Century] con-
sidered topical problems of modern theoretical and ap-
plied electrochemistry and emphasized the important
role of electrochemical science in solving energetic,
ecological, and medical problems the mankind is con-
fronted with. To the most important applied directions
the author referred the development and optimization
of chemical power cells and fuel cells, supercapacitors,
electrochromic devices, membrane technologies, and
electrochemical sensors. Particular attention was given
to problems of electrocatalysis, possibility of using
various rare metals in multicomponent metal and
metal oxide catalysts. In the conclusion of his report,
Petrii made an attempt to formulate some yet un-
solved problems of fundamental electrochemistry. By
contrast, the report by A.G. Morachevskii (St. Peters-
burg) was retrospective and concerned with the role
played by Russian scientists in the development of
high-temperature electrochemistry in the XX century.
Prominent scientific schools, headed by Professors
N.A. Pushin and P.P. Fedot’ev,formed at the begin-
ning of the last century in St. Petersburg at the Elec-
trotechnical and Polytechnic Institutes. This enabled
the setting-up of the manufacture of light metals in
Russia in the 1930s. An important stage in the de-
velopment of physicochemical and electrochemical

investigations of ionic melts is associated with the
foundation in Sverdlovsk (Yekaterinburg) in 1957 of
the Institute of High-Temperature Electrochemistry,
Ural Division, Russian Academy of Sciences, and
the activities of Professor M.V. Smirnov and his col-
leagues and pupils. An important contribution was
made by the Kiev school of electrochemists, headed
for a long time by Yu.K. Delimarskii, academician of
the National Academy of Sciences of the Ukraine.
The author noted that in the 1960s31980s the USSR
held the leading position in the world as regards
the amount of information obtained in the field of
physical chemistry and electrochemistry of molten
salts and its scientific importance. Intensive investiga-
tions were being conducted in scientific centers of
Moscow, Leningrad, Kiev, Tbilisi, Yekaterinburg,
Krasnoyarsk, Irkutsk, Rostov-on-Don, Apatity, Nal’-
chik, and Novomoskovsk.

V.S. Kublanovskii(Kiev) considered and evaluat-
ed, on the basis of experimental data, components of
the activation energy of the electrochemical process.
A report by N.Kh. Tumanova and coauthors (Kiev)
was concerned with passivation effects in dissolution
of high-melting metals (Nb, Ta, Ti) in carbamide3
halide melts.

A number of reports presented the results of new
investigations in the field of high-temperature electro-
chemistry of niobium and tantalum. E.G. Polyakov,
L.P. Polyakova, and P.T. Stangrit (Apatity) demon-
strated by the example of oxofluoride complexes of
tantalum that concentration changes in the near-elec-
trode layer, affecting the course of an electrochemical
reaction, are observed in melts with two ligands. By
controlling the ligand composition of the electrolyte
and current density, one can obtain materials with
prescribed composition and structure. The reports by
S.V. Kuznetsova and S.A. Kuznetsov (Apatity) were
devoted to electrochemical synthesis of tantalum sili-
cides and niobium3hafnium coatings from chloride3
fluoride electrolytes. In particular, the authors demon-
strated the possibility of obtaining continuous Nb3Hf
coatings up to 20330 mm thick. O.V. Makarova, Po-
lyakova, and T.V. Stogova (Apatity) studied the the-
rmal stability (7003730oC) of an oxofluoride electro-
lyte used to synthesize tantalum borides. Makarova
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and co-authors (Apatuty, Moscow) confirmed exper-
imentally the possibility of existence of heterocom-
plexes with tantalum and boron in oxofluoride melts.

V.V. Grinevich, A.V. Arakcheev, and Kuznetsov
(Moscow, Apatity) reported the results obtained in
studying the electrodeposition of niobium and its
compounds from oxofluoride complexes dissolved in
molten rubidium and cesium chlorides and fluorides.
This study completed systematic investigations of
the influence exerted by outer-sphere cations of alkali
metals on the nature of cathodic processes occurring
in electrolysis of niobium-containing halide-oxohalide
melts. It was noted that stabilization of oxofluoro
complexes of niobium with increasing size of solvent
cation is only observed to rubidium inclusive, and not
to cesium, as it might be assumed. Arakcheeva and
co-authors (Moscow; Lausanne, Switzerland) presented
the results obtained in preparing a new type of tanta-
lum bronzes and studying their structure. The bronzes
were grown at the cathode in electrolysis of oxofluo-
ride melts, with Ta or TaO anodes. The electrolyte
used contained K2TaOF5 or K3TaO2F4. As solvent
served ternary eutectic LiF3NaF3KF. Arakcheeva,
Grinevich, and F.I. Shamrai (Moscow) studied the lo-
calization of oxygen atoms in cubic crystals of nio-
bium suboxides in high-temperature electrolysis.

The report by Kolosovet al. (Apatity), concerned
with the diffusion saturation of nickel with tantalum
in a molten NaCl3K2TaF7 mixture in the presence of
powdered tantalum metal, presented characteristics of
the coatings obtained in the process. E.S. Matychenko
and co-authors (Apatity) studied the formation of in-
termetalliccompounds Ni3Ta and Ni2Ta through elec-
troless transport of tantalum in chloride-fluorotantalate
melts. V.Yu. Novikov and S.L. Sukhorzhevskaya re-
ported the formation of tantalum carbide TaC on
the surface of low-carbon St. 3 steel in a NaCl3K2TaF7
melt at 750oC in the electroless mode. V.P. Yurkin-
skii, E.V. Afonicheva, and E.G. Firsova (St. Peters-
burg) reported the results obtained in studying the
growth kinetics of anodic oxide films on tantalum in
low-melting nitrate mixtures (4103510 K).

G.A. Bukatova, E.G. Polyakov, and J. Aromaa
(Apatity; Helsinki, Finland) demonstrated that elec-
trolytically obtained pore-free tantalum coatings on
such materials as St. 3 and Kh18N9T stainless steel
impart to them high corrosion resistance in chloride-
ion3containing media. The report by Yu.N. Zhirkova
and co-authors (Novomoskovsk) was devoted to elec-
trochemical synthesis of bimetallic powdered formu-
lations containing rhenium, niobium, tantalum, and
aluminum.

V.P. Baklanov, V.N. Bezumov,et al. (Moscow,
Glazov) considered processes of optimization of the
industrial manufacture of zirconium by electrolysis of
fluoride-chloride melts. L.P. Polyakova and P. Taksil
(Apatity; Toulouse, France) reported on investigations
of the cathodic reduction of titanium in a NaCl3KCl3
NaF melt containing K2TiF6 by a set of modern elec-
trochemical methods.

Reports by Z.I. Valeeva, N.O. Esina,et al. (Yekate-
rinburg) were concerned with synthesis of cathode de-
posits of molybdenum and rhenium by electrolysis of
chloride melts, investigation of the structure of the
deposits, and vapor-phase deposition of molybdenum
onto a nickel substrate. I.A. Novoselova and co-
authors (Kiev) considered specific features of co-elec-
troreduction of MoO4

23 and SO4
23 ions in melts of

varied cationic composition.

Some reports were devoted to physicochemi-
cal investigations of molten systems containing com-
pounds of rare earths and electrolysis processes in-
volving them. Kuznetsov and co-authors (Apatity;
Marseilles, France; Wroclaw, Poland) studied ther-
modynamic properties of molten mixtures of scandi-
um(III) chloride with chlorides of alkali metals by
means of electrochemical and calorimetric methods.
A.V. Novoselova, V.Yu. Shishkin, and V.A. Khokhlov
(Yekaterinburg) measured by the direct potentiometric
method the redox potentials of Sm(III)/Sm(II) and
Eu(III)/Eu(II) in molten cesium chloride.V.F. Goryu-
shkin et al. (Novokuznetsk) determined, by measur-
ing the emf of solid-phase cells, the standard thermo-
dynamic characteristics of a number of lanthanide
dichlorides. L.F. Yamshchikov and A.A.Zyapaev
(Yekaterinburg) discussed from the thermodynamic
standpoint the possibility of lanthanide separation on
various liquid-metal electrodes (Al, Ga, In, Zn, Sn,
and Bi) in molten salts. I.R. Elizarova, Polyakova, and
Stangrit (Apatity) reported on a study of the Gd2O3
solubility in KCl3KF melt and electroreduction of
gadolinium(III) complexes in chloride-fluoride melts.
The report by A.I. Kononov (Lipetsk) was concerned
with the cathodic process in a chloride neodymium-
containing melt. Stangrit and A.I. Krasnoramenskii
(Apatity; Zheltye Vody, Ukraine) demonstrated thepos-
sibility of obtaining aluminum3scandium alloys by
electrolysis of Na3AlF63Al2O33Sc2O3 melts.

A.M. Potapov and M. Gaune-Escar (Yekaterinburg;
Marseilles, France) studied the electrical conductivity
of melts formed by EuCl2 or TbCl2 with chlorides of
alkali metals in a wide range of compositions and
temperatures. The same authors investigated, together
with A.B. Salyulev (Yekaterinburg),absorption spectra
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of diluted TbCl3 solutions in chlorides of alkali metals.
D.V. Makarov and co-authors (Apatity) compared var-
ious methods for synthesis of fluorides of rare-earth
elements (yttrium, neodymium, and gadolinium).

Khokhlov (Yekaterinburg) discussed in detail in his
report the investigations conducted at the laboratory
of molten salts at the Institute of High-Temperature
Electrochemistry, Ural Division, Russian Academy of
Sciences. Its main direction of research is an integrated
physicochemical study of molten salt electrolytes, in-
cluding ionic-electronic melts. The laboratory proceeds
with large-scale investigations commenced by Profes-
sor M.V. Smirnov and aimed at establishing funda-
mental relationships between the nature and energy of
chemical bond and the structure, actual ionic composi-
tion, and properties of salt melts. The laboratory also
studies complexation processes and conducts a search
for ways of practical application of ionic melts.

I.A. Novoselovaet al. (Kiev) reported the results
obtained in studying the deposition of refractory coat-
ings on nitride insulators (boron or aluminum nitrides)
in their cathodic polarization in tungsten-containing
melts at 8503900oC. O.I. Rebrin and co-authors
(Yekaterinburg) studied the kinetics of anodic oxida-
tion of beryllium and cathodic reduction of its ions in
chloride melts. In a series of communications by
A.V. Volkovich and co-workers (Novomoskovsk) con-
sidered the reaction of calcium, strontium, and barium
oxides with individual chlorides of alkali metals and
their binary mixtures in molten state (97331173 K).

The report by V.N. Zaichenko (Kiev) was concerned
with the role of magnetic fields in the electrochemis-
try of ionic melts.

The workshop demonstrated that the most intensive
and best-directed investigations in Russia in the field
of high-temperature electrochemistry are conducted in
Yekaterinburg and Apatity. The works in this field of
other scientific centers are mainly occasional. In Yeka-
terinburg,investigations in a variety of directions, cov-
ering a wide range of problems, are being carried out
at the Institute of High-Temperature Electrochemis-
try, Ural Division, Russian Academy of Sciences, and
the Ural State University. The Institute of Chemistry,
Kola Research Center, Russian Academy of Sciences,
achieved the most pronounced success in the field of
electrochemistry of niobium, tantalum, and rare-earth
elements. Rather valuable, in the first place in meth-
odological regard, are joint works carried out at sci-
entific centers abroad.

One cannot but admit the high level of organiza-
tion of the workshop and the friendly climate. The ab-
stracts of all the presented reports are well published.
The workshop was held with the support of the Rus-
sian Foundation for Basic Research, ZAO Rossiiskie
redkie metally, the administration of Apatity town,
and the Tananaev Institute Chemistry and Technology
of Rare Elements and Mineral Raw Materials, Kola
Scientific Center, Russian Academy of Sciences.

A. G. Morachevskii and L. P. Polyakova
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Abstract-Phase transition of metastableg-FeOOH into a-FeOOH and itschemical transformation into
a-Fe2O3 upon hydrothermal treatment in 035 M NaOH solutions at 1003230oC were studied. The regions of
formation of the above phases were specified. The probable composition of the crystallizing complexes
formed in the solutions and the reactions occurring at their incorporation into various atomically smooth faces
of a-FeOOH anda-Fe2O3 were considered.

Metastable iron(III) oxyhydroxides ofg andd mod-
ifications are formed by oxidation of aqueous solu-
tions of iron(II) salts or iron(II) hydroxide suspensions
under the conditions of high supersaturation. Upon
thermal treatment in alkaline solutions they undergo
phase transition (PT) or chemical transformation (CT)
into the equilibrium phasesa-FeOOH anda-Fe2O3,
respectively, which are widely used as inorganic pig-
ments and as starting materials for preparing magnetic
powders, ceramics, etc. The kinetics and type of the
transformation of metastable FeOOH as well as the
crystal size and habit of the formed phases depend on
many parameters, the main of which are thermal treat-
ment temperature, alkali and FeOOH concentrations
in suspension, and the structure and average size of
crystals of the initial iron(III) oxyhydroxides.

In this work we studied possible factors affecting
the phase composition and crystal habit of the iron(III)
oxide compounds formed by hydrothermal treatment
of g-FeOOH in NaOH solutions.

The single-phaseg-FeOOH sample, as evidenced
by X-ray phase analysis and electron microscopy, in
the form of platelike crystals with the average size
6002005 nm, was obtained by oxidation in air at
25+2oC of aqueous solution of chemically pure grade
iron(II) sulfate at pH 7.3+0.5 adjusted by continuous
addition of aqueous solution of chemically pure grade
sodium hydroxide, similarly to [3]. The precipitate
was separated from the mother solution on a Buchner
funnel, washed with water to the absence of sulfate
ions in the filtrate, and resuspended in distilled water
and 0.1 to 5.0 M aqueous NaOH. The hydrothermal
treatment ofg-FeOOH suspensions was performed in

0.07 dm3 autoclaves filled to 0.8 volume at 110, 135,
170, 200, and 230oC for 2.5 h. The time of preheating
the autoclave to prescribed temperature did not ex-
ceed 1 h. The temperature was controlled to within
+5oC.

The phase composition and dispersity were con-
trolled by X-ray phase analysis (DRON-3 diffractom-
eter, filtered FeKa radiation) and electron microscopy
(UEMV-100K microscope), and the solution composi-
tion was determined by chemical analysis. The mass
fraction of a-FeOOH anda-Fe2O3 in the thermally
treated samples was determined by the known proce-
dure of quantitative X-ray phase analysis [7].

The experimental data show that, depending on
CNaOH and t, the hydrothermal treatment of the
g-FeOOH phase leads to phase transition or chemical
transformation, which can occur in parallel (Fig. 1).

w, wt %

CNaOH, M

Fig. 1. Concentrationw of the a-Fe2O3 phase in samples
obtained at different temperatures of hydrothermal treat-
ment vs. theNaOH concentrationCNaOH in the solution.
Temperature (oC): (1) 110, (2) 135, (3) 170, (4) 200, and
(5) 230. The same for Fig. 2.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

360 TOLCHEV et al.

d, nm

CNaOH, M
Fig. 2. Average sized of the a-Fe2O3 crystals vs. the
NaOH concentrationCNaOH in the solution.

Note that at the fixed NaOH concentration in the solu-
tion the g-FeOOH6 a-FeOOH PT occurs at lower
temperatures than CTg-FeOOH 6 a-Fe2O3. The
sequence of phase formation as a function ofCNaOH
at T = const within 1353200oC is irregular: at
CNaOH < 0.5 and > 3 M theg-FeOOH phase trans-
forms intoa-Fe2O3, whereas in the intermediate con-
centration region it transforms intoa-FeOOH.

The average size and the habit of crystals of the
forming phases are also functions of heat treatment
parameters. For example, thea-FeOOH anda-Fe2O3
crystals, products of hydrothermal treatment of
g-FeOOH in distilled water, are acicular and isometric,
respectively. With increasing NaOH concentration in
the solution atT = const, the crystal habit of these
phases changes regularly. In the process, the form
factor f of the aciculara-FeOOH crystals increases
from f = 234 at CNaOH = 0 M to f = 638 atCNaOH =
3 M, and atCNaOH > 3 M a transition occurs from
isometric habit ofa-Fe2O3 crystals to the platelike
habit. As the temperature or NaOH concentration
in the solution grows at the fixed value of the other
parameter, the average size of thea-FeOOH and
a-Fe2O3 crystals in the directions of primary crystal-
lization increases regularly (Fig. 2).

The fact that the habit and average size of crystals
of the starting phase (g-FeOOH) and those of the
a-FeOOH anda-Fe2O3 phases formed by hydrother-
mal treatment change considerably indicates that in
alkaline solutions, as in weakly acidic solutions, PT
and CT of metastable FeOOH occur by the dissolu-
tion3precipitation mechanism (DPM) [4, 5, 8]. The
latter involves the elementary stages of dissolution of
metastable-phase crystals, formation of crystallizing
complexes (CCs) in the solution, their transfer through
the solution, and incorporation into the forming crys-
tals of the equilibrium phase. It is generally accepted

[9] that the formation of two-dimensional nuclei on
an atomically smoothface is the limiting stage of
layer-by-layer crystal growth. Since for sparingly sol-
uble compounds, includinga-FeOOH anda-Fe2O3,
a two-dimensional nucleus is comparable in size with
CCs present in the solution [7], the nucleation mech-
anism is reduced to the CC incorporation into the sur-
face layer of these crystals. Let us consider the struc-
ture of thea-FeOOH anda-Fe2O3 faces and the CC
composition and configuration in the solutions vary-
ing in compositions.

If the interaction of the crystal surface with the
dispersion medium is negligible, as in neutral solu-
tions including distilled water, then atomically smooth
face (001) ofa-FeOOH consists of the rows of water
molecules (layerI) alternating with the rows of hy-
droxy groups (layerII ), and faces (100) and (010)
are formed by three and two adjacent rows of hydrox-
ide ions, respectively, separated by one vacant row
(Fig. 3a). The (100)face ofa-Fe2O3 involves alternat-
ing layers of water molecules (layerI) and oxygen
anions (layerII ), and the (001) face, only the hexag-
onal network of hydroxy groups (Fig. 3b). The crys-
tallizing complex in the given solutions consists of
two octahedra sharing the base edge of the bipyramid
(Fig. 3c) and has the composition Fe2(OH)6 .4H2O
[10]. Incorporation of CCs intoa-FeOOH crystals on
the atomically smooth (001)face inpoints134 is ac-
companied by olation. For theface (100) the oxolation
reaction takes place in points5 and 7 and the olation
reaction, in point6. As for the face (010), oxolation
occurs in points8 and10 and olation, in point9. For
the (100) phase ofa-Fe2O3, olation takes place in
points 133 and dehydration, in points4 and 5. The
face (001) is characterized by oxolation inpoints638
and by olation in points9 and 10.

In alkaline solutions, especially at high tempera-
tures, sodium hydroxide can react with the ligand
molecules adsorbed on the crystal surface and incor-
porated into the crystallizing complexes. Therefore, in
dilute NaOH solutions the reactions of complete or
partial substitution of water molecules by hydroxide
ions can occur on the (001)face ofa-FeOOH and on
the (100) face ofa-Fe2O3. In concentrated solutions,
along with these reactions, the oxolation reaction bet-
ween the hydroxide ions of NaOH and those of the
surface layer of (001), (010), and (100) faces of
a-FeOOH or (001) face ofa-Fe2O3 is probable. These
reactions impart to the faces a negative charge, which
is compensated by the positive charge of Na+ ions in
the near-crystal adsorption layer. Apparently, this fact
can explain the increased solubility of iron(III) oxide
compounds in alkaline solutions compared to neutral
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and weakly acidic solutions, which is manifested as
the increase in the equilibrium concentration of hy-
droxo aqua complexes (HACs) of iron(III) [11]. Sec-
ond, the reaction of alkali with the electroneutral
HACs [Fe(OH)3]aq in alkaline solutions yields nega-
tively charged HACs [Fe(OH)4]3aq, the concentration
of which changes regularly with growingCNaOH.
Thus, it can be presumed that, along with CCs of the
composition Fe2(OH)6 .4H2O, the negatively charged
complexes [Fe2(OH)7 .3H2O]3 (Fig. 3d, CC̀) and
[Fe2(OH)8 .2H2O]23 (Fig. 3d, CC") can be present in
NaOH solutions, with the maximum concentration of
the first and the second complexes being attained in
dilute and concentrated solutions, respectively.

As a result, the type of the reactions accompanying
incorporation of CCs into the surface layer of crystals
in alkaline solutions changes compared to neutral
solutions. For example, incoprporation of CC` into
a-FeOOH in dilute NaOH solutions is accompanied
by olation on the (001) face inpoints133 and by oxo-
lation in point4, whereas on the (100) face inpoints5
and 7 and on the (010) face inpoints 8 and 10 it is
accompanied by oxolation. In points6 and 9, the de-
hydroxylation reaction occurs, resulting in release of
OH3 ions from CC̀ into the solution: Ocr

23 + OH3
CC6

Ocr
23 + OH3

sol.

On the (100) face ofa-Fe2O3 the oxolation takes
place in points133 and dehydration, in points4 and5,
whereas on the (001) face the oxolation occurs in
points638 and the olation, in points9 and10. In con-
centrated NaOH solutions the incorporation of CC"
into the (001)face of a-FeOOH is accompanied by
olation in point1, dehydroxylation in points2 and3,
and oxolation in point4. On the (100) and (010) faces
dehydroxylation proceeds in all the points5310. In
a-Fe2O3 the reaction type does not change on the
(100) phase, but on the (001) face inpoints638 there
takes place dehydroxylation and in points9 and 10,
dehydration.

Thus, depending on NaOH concentration in the
solution, the incorporation of crystallizing complexes
into a-FeOOH anda-Fe2O3 can be accompanied by
the following concurrent reactions: dehydration, ola-
tion, oxolation, and dehydroxylation. The first two
reactions, in which instead of weakly bound van der
Waals complex [Fe(III)3H2O] the strong hydroxide or
oxide bridging bonds decreasing the Gibbs energyG
of the crystal3CC system are formed between iron(III)
ions adsorbed on the crystal surface and the crystalliz-
ing complex, are the most favorable from the ther-
modynamic standpoint. Compared to olation and de-
hydration reactions, the oxolation reaction OH3

cr +
OH3

CC 6 Ocr
23 + H2Osol accompanied by deprotona-

(a)

(b)

(c) (d) (e)

ab
c

Fig. 3. Structure of (a)a-FeOOH and (b)a-Fe2O3 phases
in polyhedral interpretation and structure of crystallizing
complexes (c) [Fe2(OH)6 .4H2O], (d) [Fe2(OH)7 .3H2O]3,
and (e) [Fe2(OH)8 .2H2O]23.

tion of the hydroxide ion with the strong covalent
bond has the higher activation energy and, con-
sequently, occurs at higher temperatures [13]. The
activation energy of the dehydroxylation reaction is
equal to the dissociation energy of the Fe(III)3OH3

bond of the crystallizing complex and is comparable
with the dissociation energy of the hydroxide and
oxide bridging bonds in the crystals, i.e.,DG ~ 0.
Compared with the reactions considered, the latter
reaction is noncompetitive.

The experimental data are analyzed based on the
qualitative estimate of the probability of nucleation on
the different crystal faces as determined from the
number and type of the reactions occurring at incor-
poration of crystallizing complexes. For example,
preferential growth ofa-FeOOH crystals in the crys-
tallographic direction c, and, consequently, their
acicular habit were previously explained [10] by the
smaller number of bonds (three bonds) formed on in-
corporation of CCs into the (100) and (010) faces
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compared to that (four bonds) formed on incorpora-
tion into the (001) face. At higher temperatures of
hydrothermal treatment atCNaOH = const, all reac-
tions, including oxolation, are activated on the (100)
and (010) faces, which increases the average length
and decreases the form factor of thea-FeOOH crys-
tals. On the contrary, as the NaOH concentration in
the solution increases owing to dehydroxylation, the
probability of formation of nuclei on the (100) and
(010) faces decreases, which predetermines the in-
crease in the form factor of thea-FeOOH crystals.
The incorporation of the complexes into the (100) and
(001) faces ofa-Fe2O3 involves formation of the
similar number of bonds (five bonds). As a result, the
a-Fe2O3 crystals formed upon CT ofg-FeOOH in
neutral and weakly alkaline solutions are isometric.
In concentrated alkalis, the nucleation on the (001)
face is impeded by dehydroxylation and the platelike
a-Fe2O3 crystals are formed, oriented normally to
the crystallographic axisc, as evidenced by X-ray dif-
fraction analysis [3, 4]. The influence of the hydro-
thermal treatment conditions on theg-FeOOH trans-
formations in alkaline solutions can also be under-
stood in terms of the concept ot formation of crys-
tallizing complexes. For example, as the number of
oxide bridges formed upona-Fe2O3 crystallization is
two times higher, on the average, compared to those
formed upona-FeOOH crystallization, the chemical
transformationg-FeOOH 6 a-Fe2O3 at CNaOH =
const occurs at higher temperatures than the phase
transition g-FeOOH 6 a-FeOOH. For neutral solu-
tions and dilute (CNaOH < 1 M) and concentrated
(CNaOH > 3 M) NaOH solutions the type and the
number of the reactions accompanying the incorpora-
tion of CC, CC̀, and CC" into the (001)face of
a-FeOOH and the (100) face ofa-Fe2O3 vary in the
sequence: 4 olation reactions6 3 olation reactions +
1 oxolation reaction6 1 olation reaction + 1 dehydra-
tion reaction + 2 dehydroxylation reactions and 3 ola-
tion reactions + 2 dehydration reactions6 3 oxola-
tion reactions + 2 dehydration reactions (for low and
highly concentrated solutions, respectively). There-
fore, compared toa-FeOOH, the probability of forma-
tion of the a-Fe2O3 nuclei at T = const is
higher in neutral and concentrated alkali solutions and
lower in the solutions of the intermediate concentra-
tions, which is in line with the experimental data on
phase formation in theg-FeOOH3H2O3NaOH system.

CONCLUSION

(1) The phase transition of metastableg-FeOOH
into a-FeOOH and its chemical transformation into
a-Fe2O3 were studied upon hydrothermal treatment in

035 M NaOH solutions at 1103230oC. The regions of
formation of the above phases were specified.

(2) The transformations ofg-FeOOH in alkaline
solutions occur by the dissolution3precipitation mech-
anism. The probable composition of the crystallizing
complexes formed in the solutions and the reactions
occurring at their incorporation into various atomical-
ly smooth faces ofa-FeOOH anda-Fe2O3 were con-
sidered. The established dependences of the phase
composition and dispersity of the resulting products
on the conditions of hydrothermal treatment were
explained.
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Abstract-Comparative study of extraction of tantalum(V) and niobium(V) with octanol and tributyl
phosphate was made. The data on distribution of tantalum(V) and niobium(V) between octanol and hydro-
fluoric and hydrofluoric3sulfuric acid aqueous solutions were obtained. The flowsheet for preparation of
pure tantalum and niobium oxides was developed.

Extraction technique is widely used for preparation
of rare metal compounds. Octanol is the promising
extractant for recovery of tantalum(V) and niobium(V)
from aqueous solutions [134]. According to the data
reported in [1], the extractive efficiency of octanol is
not inferior to that of methyl isobutyl ketone (MIBK)
commonly used in industrial preparation of tanta-
lum(V) and niobium(V) compounds [5]. However,
compared to octanol, MIBK exhibits such substantial
drawbacks as the explosion hazard and high solubility
in aqueous solutions.

In this work we made a comparative study of the
extraction power of octanol and tributyl phosphate
(TBP) with respect to tantalum(V) and niobium(V).
TBP was chosen by us since this extractant is widely
used for extraction of rare metals, among them tanta-
lum(V) and niobium(V) [5]. We also studied the sepa-
ration of tantalum(V) from niobium(V) in their simul-
taneous extraction from concentrated aqueous solu-
tions and extractive purification of these metals to
remove impurities.

In the experiments we usedn-octyl alcohol
CH3(CH2)6CH2OH [1-octanol] (OCL). The main char-
acteristics of octyl alcohol are as follows: solubility
in water 0.05 wt %, density 0.824 g cm33, mp 153
16oC, bp 195oC, flash point 81oC, main substance
content about 98%, and the maximum permissible
concentration in air 10 mg m33. The equilibrium di-
stribution of tantalum(V) and niobium(V) between
aqueous phase and octanol is attained at a contact time
less than 5 min. It was found in preliminary experi-

ments that the extraction characteristics of OCL are
close to those of other octanol isomers (2-octanol,
2-ethylhexanol). These organic solvents are commer-
cially available and have acceptable cost. The extrac-
tion experimental technique was reported in detail
in [6].

Figures 1 and 2 show the curves of extraction of
tantalum(V) and niobium(V) from their dilute solu-
tions in sulfuric3hydrofluoric acid mixtures used in
several flowsheets of processing of Russian loparite
[5]. The extraction was performed at the constant
HFfree concentration equal to 3 M, where HFfree is
the HF concentration calculated as the difference bet-

A, %

C, M

Fig. 1. Extraction of (133) Ta(V) and (436) Nb(V) from aque-
ous solution containing 0.005 M Ta(V), 0.1 M Nb(V), and 3 M
HFfree with (1, 4) tributyl phosphate and (2, 3, 5, 6) 1-octanol.
(A) Degree of recovery and (C) H2SO4 concentration; the same
for Figs. 3 and 4.Vo : Vaq: (1, 2, 4) 1 : 10 and (3, 6) 1 : 5.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

364 MAIOROV et al.

A, %

C, M
Fig. 2. Extraction of (1, 2) Ta(V) and (3, 4) Nb(V) at the
ratio of organic and aqueous phasesVo : Vaq = 1 : 10 from
aqueous solution containing 0.005 M Ta(V), 0.1 M Nb(V),
and 3 M HFfree with (1, 3) tributyl phosphate and
(2, 4) 1-octanol. (A) Degree of recovery and (C) H2SiF6
concentration.

A, %

C, M
Fig. 3. Extraction of (1, 2) Ta(V) and (3, 4) Nb(V) from
aqueous solution containing 0.45 M Ta(V), 0.75 M Nb(V),
and 6 M HFfree with (1, 3) tributyl phosphate and
(2, 4) 1-octanol.Vo : Vaq: (1, 2) 0.75 : 1 and (3, 4) 1.5 : 1.

ween the total HF concentration and the HF amount
combined in the main complexes HTaF6, HNbF6, and
H2SiF6 formed in the systems studied.

1-Octanol is less basic than TBP [7] and, therefore,
the extraction of tantalum(V) and niobium(V) with
octanol should be performed at higher ratio of the
organic and aqueous phasesVo : Vaq. It is known [7]
that niobium(V) and tantalum(V) are extracted from
hydrofluoric acid solutions with neutral organic sol-
vents by the mechanism of formation of HMeF6 acids.
The extraction of these complexes increases with in-
creasing H+ concentration. The difference between
extraction recovery of these metals with OCL and
TBP becomes the most pronounce at the deficiency of
H+ at the H2SO4 and H2SiF6 concentrations lower
than 1 M. As compared to TBP, OCL virtually does
not recover not only fluoroniobic acid HNbF6 but
even more extractable fluorotantalic acid HTaF6.
Therefore, to provide efficient extraction of tanta-

lum(V) and niobium(V) with OCL, the higher concen-
tration of acid in the aqueous phase is required.

It was found by us previously [6] that extraction of
tantalum(V) and niobium(V) from hexafluosilicic acid
solution with TBP exceeds that from sulfuric acid
solutions. In extraction with OCL this effect is even
more pronounced. Concentrated solutions of hexa-
fluorosilicic acid are used, for example, in processing
of several types of tantalite and columbite. We can
expect that at the H2SiF6 concentration higher than
4 M the extraction powers of OCL and TBP are simi-
lar even at the equal ratio of volumes of the organic
and aqueous phases. This fact shows that efficiency of
extraction of tantalum(V) and niobium(V) is con-
trolled not only by the acid type (tetrafluorooxotitanic,
hexafluorosilicic, hexafluorostannic, sulfuric, hydro-
chloric [6, 8]), but also by the nature of the extractant.
These facts call for systematic studies of extraction of
the rare metals from fluorometallic acid aqueous solu-
tions as influenced by the nature of the extractant.
Such studies are of the current interest taking into
account the increase in processing of the tantalum(V)
and niobium(V)3lean raw materials including large
amounts of foreign metals [titanium(IV), zirconi-
um(IV), silicon(IV), etc.].

Along with the above-noted drawbacks of OCL as
compared to TBP, OCL exhibits several advantages.
The main advantage is its stability in long-term con-
tact with process solutions. We found that with in-
creasing contact time of OCL with solution containing
4 M HF and 5 M H2SO4 at the ratio of organic and
aqueous phasesVo : Vaq = 1 : 1 to 280 h the degree of
recovery of HF and H2SO4 decreases gradually from
36 to 26% and from 15 to 10%, respectively. After
completion of these experiments OCL can be reused
for further extraction. On contact of TBP with the
aqueous phase under the identical conditions for
70 days the initial two-phase system was converted to
a homogeneous solution. It is evident that homogeni-
zation of the system is due to decomposition of the
extractant. The products of hydrolytic degradation of
TBP contaminate niobium and tantalum materials
with phosphorus(V) and other impurities [5], which
prevents preparation of high-purity compounds of tan-
talum and niobium. Among other drawbacks of TBP
are its toxicity and high density which deteriorates
phase separation and, as a result, complicates and
raises the price of the extraction installation [5].

Figure 3 shows extraction of tantalum(V) and nio-
bium(V) from their concentrated solutions with OCL
and TBP. These data show that the trends inextrac-
tion of tantalum and niobium with both TBP and OCL
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Extraction of tantalum(V) and niobium(V) from hydrofluoric acid aqueous solutions
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run no.
³ Composition of initial solution, M ³

Vo : Vaq

³ Recovery, %
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ Ta(V) ³ Nb(V) ³ HFtot ³ HFfree ³ ³ Ta(V) ³ Nb(V)

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
1 ³ 0.45 ³ 0.75 ³ 5.7 ³ 31.5 ³ 0.8 : 1 ³ 38 ³ 2.7
2 ³ 0.45 ³ 0.75 ³ 22.2 ³ 15 ³ 0.8 : 1 ³ 22 ³ 40
3 ³ 0.59 ³ 1.14 ³ 9.08 ³ 31.3 ³ 0.8 : 1 ³ 33 ³ 2.1
4 ³ 0.59 ³ 1.14 ³ 9.08 ³ 31.3 ³ 2.5 : 1 ³ 70 ³ 4.3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

are similar. In extraction of tantalum from 2 M H2SO4
the degree of recovery of this metal with both OCL
and TBP becomes identical. The degrees of niobium
recovery with OCL and TBP become similar in ex-
traction from approximately 3.5 M H2SO4. Figure 3
shows also that extraction of niobium and tantalum
with octanol is more sensitive to variation in the
H2SO4 content than extraction of these metals with
TBP.

The results on extraction of tantalum(V) and niobi-
um(V) from their concentrated solutions with OCL are
analyzed below. In separate experiments we found
that, in spite of the relatively low extractive power of
OCL, the extracts containing the sum of Ta(V) +
Nb(V) in amount of 0.8 M and larger can be obtained.

The data on recovery with octanol of tantalum(V)
and niobium(V) from hydrofluoric acid aqueous solu-
tions containing no sulfuric acid are listed in the table.
These results show that with increasing HF concentra-
tion the separation of Ta(V) and Nb(V) is deteriorated
(run nos. 1 and 2). It is known [5, 7], that tantalum(V)
is extracted in the form of complex HTaF6. Extraction
by this mechanism is suppressed with excess HF due
to a competitive extraction of hydrofluoric acid. In
contrast to tantalum, extraction of niobium is mainly
controlled by formation of the complex HNbF6, and,
therefore, excess HF increases the niobium transfer
in the organic phase. To improve separation of Ta(V)
from Nb(V), the extraction should be carried out at
deficiency of HF and a large ratio of organic and
aqueous phases (run nos. 3 and 4). In run no. 4 in con-
tinuos countercurrent extraction, tantalum(V) is vir-
tually completely recovered with low coextraction
of niobium(V).

Extraction of Nb and Ta with OCL sharply in-
creases on introduction of sulfuric acid into the aque-
ous phase. For example, in extraction of tantalum(V)
from aqueous solution containing 0.7 M Ta(V), 1.5 M
HFfree, and 3 M H2SO4 at Vo : Vaq = 1.2 : 1 the
degree of recovery of the metal is 86% in one cycle,
increasing to 91% with decreasing HFfree concentra-

tion to 0.25 M. In extraction of niobium(V) and tan-
talum(V) from aqueous solution containing 0.45 M
Ta(V), 0.75 M Nb(V), 6.5 M HFfree, and 4 M H2SO4
at Vo : Vaq = 1.5 : 1 the degree of extraction of tan-
talum(V) and niobium(V) is 85 and 88%, respectively,
in one cycle. These data show that with continuous
countercurrent extraction technique the exhaustive
simultaneous recovery of tantalum and niobium can
be reached in four extraction stages. The content of
Ta(V) and Nb(V) in the resulting extract is 0.3 and
0.5 M, respectively.

Figure 4 shows the extractive separation of tanta-
lum(V) from niobium(V) with n-octanol as influenced
by sulfuric acid concentration. The mutual arrange-
ment of curves1 and2 in Fig. 4 shows that at H2SO4
concentration higher than 2 M the increase in recovery
of niobium(V) is more pronounced as compared to
tantalum(V) and, as a result, the separation of these
elements deteriorates. Therefore, taking into account
the above-analyzed results, the separation of tantalum
from niobium should be performed by extraction from
solutions containing approximately 2 M H2SO4 at the
minimal HF content.

We studied also separation of tantalum(V) from
niobium(V) and their purification to remove foreign

A, %

C, M

Fig. 4. Extraction of (1) Ta(V) and (2) Nb(V) from aqueous
solution containing 0.45 M Ta(V) and 0.75 M Nb(V) with
1-octanol atVo : Vaq = 1 : 1.
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Flowsheet of extraction recovery of Ta(V) and Nd(V) from concentrated solutions with 1-octanol. Composition of initial
solution (M): Ta(V) 0.4530.65, Nb(V) 0.7531.10, and H2SO4 ~2
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metals in the backwashing stage. In the case of the
extraction system containing hydrofluoric acid only,
the separation of tantalum(V) from niobium(V) is the
most efficient at backwashing with water atVo : Vaq
approximately equal to 10 : 1.5. We found that 72%
of niobium(V) and only 10% of tantalum(V) pass into
the aqueous phase in one backwashing stage. Suffi-
ciently efficient purification of niobium(V) to remove
titanium(IV), which is one of the most difficultly
separable foreign metals [5], can be performed by
backwashing with 15320 M HF at Vo : Vaq of about
10 : 1. In this case 86368% of titanium(IV) and only
22312% of niobium(V) pass into the aqueous phase in
one backwashing stage. In the extraction systems con-
taining an HF3H2SO4 mixture the purification of tan-
talum(V) in the organic extract is the most efficient
at backwashing with 1.532 M H2SO4 at Vo : Vaq =
(3.534.5) : 1. The purification of niobium(V) in the
organic extract is the most efficient at backwashing
with 5310 M HF and 536 M H2SO4 at Vo : Vaq =
(334) : 1.

The flowsheet for extraction recovery of tanta-
lum(V) and niobium(V) is shown below. This tech-
nique allows recovery of the target metals from their
concentrated solutions in hydrofluoric3sulfuric acid
mixtures. Such solutions are used, for example, in
processing of tantalite and (or) columbite. According
to this flowsheet, tantalum(V) and niobium(V) are
extracted successively. In contrast to the flowsheet
based on extraction of the sum of niobium(V) and tan-
talum(V) followed by their separation in the back-

washing stage, in the flowsheet developed in this
work niobium(V) and tantalum(V) are extracted sepa-
rately. Such modification results in the lower price of
the process, improves its separation efficiency, and
simplifies the process control [5]. The operative pa-
rameters were chosen from both the results of our
studies and the reference data [135, 7].

With this flowsheet the samples of pure tantalum
and niobium oxides were prepared using a batch ex-
traction technique. The content of the metal impurities
(recalculated on metal) in Ta(V) and Nb(V) oxides
was as follows (wt %). Tantalum(V) oxide: Mn <
0.001; (Mg, Al, Sn, V, Cr, Fe) < 0.003; (Ca, Ti, Si,
Pb, Nb, Mo) < 0.01; Zr << 0.03. Niobium(V) oxide:
Mn < 0.001; Sn < 0.003; (Mg, Al, Ti, Si, Pb, V, Ta,
Cr, Mo, W, Fe) < 0.01, and Ca, Zr < 0.03. Our further
studies showed that the content of the metal impurities
in tantalum and niobium oxides can be decreased to
the levels lower than 10 1035

31 0 1033 wt %.

Thus, extraction of tantalum and niobium from
their concentrated solutions with octanol is the prom-
ising technique for their purification to remove metal
impurities and preparation of pure oxides.

CONCLUSION

(1) Comparative study of extraction of tanta-
lum(V) and niobium(V) with octanol and tributyl
phosphate shows that octanol can be used in industrial
process for efficient separation of these metals.

(2) Separation of tantalum(V) from niobium(V)
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and their purification to remove metal impurities by
extraction with octanol were studied in relation to the
process parameters. A flowsheet of the extraction
process for preparation of pure tantalum(V) and nio-
bium(V) oxides was developed.
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Abstract-The reactions of manganese hydroxocarbonate MnCO3 .mMn(OH)2 .nH2O with calcium alumi-
nates CaAl2O4 and CaAl4O7 in aqueous medium were studied by X-ray phase and differential thermal analy-
ses and by IR spectroscopy.

Catalysts prepared by mixing metal hydroxocar-
bonates (MHCs) with calcium aluminates in various
media show promise for industry and are widely dis-
cussed in the literature [1].

It was shown earlier [134] that the reactions of
MHCs (M = Cu, Zn, Mg, Ni, Co) with calcium alu-
minates in aqueous medium occur as a heterogeneous
ion exchange between an aqueous solution of calcium
aluminates and solid metal hydroxocarbonates. As a
result of such exchange the MHC crystal structure is
either retained or rearranged to give the structure of
the metal hydroxoaluminate or hydroxocarbonoalu-
minate.

In this work we studied specific features ofreac-
tions of manganese hydroxocarbonates (MnHCs) with
calcium aluminates in aqueous medium, which direct-
ly concerns the problem of synthesizing manganese3
aluminum3calcium catalysts for redox processes.

EXPERIMENTAL

Manganese hydroxocarbonate MnCO3 .mMn(OH)2.
nH2O [GOST (State Standard) 7205377] and high-
alumina cement of the Talyum1 type [CA : CA2 =
0.26, TU (Technical Specifications) 5737-006-
00284345399] were used as starting components for
sample preparation. Manganese hydroxocarbonate was
stirred with Talyum in aqueous medium at 75oC for
5 h. The resulting samples were dried for 2 h at
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 Talyum is a mixture of calcium monoaluminate CaO.Al2O3
and dialuminate CaO.2Al2O3. Here and hereinafter we use
notations accepted in the chemistry of cements: (A) Al2O3,
(C) CaO, and (H) H2O.

100oC. The manganese content (in terms of Mn3O4)
was varied from 0 to 100%. Mechanical mixtures of
the starting reagents were studied in parallel.

The X-ray phase analysis (XPA) was carried out on
a DRON-2 X-ray diffractometer using CuKa radiation
and a graphite monochromator. The IR spectra of
samples pressed with KBr were recorded on a Specord

2q, deg

Fig. 1. Fragments of diffraction patterns of samples with
various manganese content. (2q) Bragg angle. Sample:
before treatment with water: (1) MnHC, (3) 70% Mn3O4,
(5) 30% Mn3O4, and (7) Talyum (0% Mn3O4); after
treatment with water: (2) MnHC, (4) 70% Mn3O4,
(6) 30% Mn3O4, and (8) 0% Mn3O4 (scanning ratev =
0.25 deg min31). (I) MnHC, (II ) gibbsite, (III ) CaCO3,
(IV) CA, (V) CA2, (VI) CA6, and (VII) C3AH6.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

REACTION OF MANGANESE(II) HYDROXOCARBONATE 369

75-IR spectrophotometer. The differential thermal
analysis (DTA) was carried out on an OD-103 deriva-
tograph in air. The heating rate (final temperature
1000oC) was 5 deg min31.

Fragments of diffraction patterns of the starting
manganese hydroxocarbonate (MnHC), Talyum, and
samples before and after treatment with water are
shown in Fig. 1.

According to the XPA data, the components do not
react during mechanical mixing; the mixture contains
the phases of the starting MnHC and calcium alumi-
nates (curves3, 5). On mixing Talyum with water
(without MnHC) it is hydrated to give calcium hy-
droxoaluminate C3AH6, gibbsite, and small amounts
of calcium hydroxocarbonoaluminate owing to the
reaction of calcium hydroxoaluminate with atmos-
pheric CO2 (curve 8). The diffraction patterns of
MnHC before and after treatment with water are iden-
tical (curves1, 2). Mixing MnHC with calcium alu-
minates in aqueous medium results in the appearance
of strong reflections of calcium carbonate (in the form
of calcite) in the diffraction patterns of the samples.
According to the earlier data [134], this is due to the
reaction of Ca2+ ions with carbonate ions from metal
hydroxocarbonates (in this case from manganese
hydroxocarbonate). The dependence of the intensity of
the CaCO3 line (d = 3.03A) on the sample composi-
tion passes through a maximum at a 30340% content
of Mn3O4 (Fig. 2a) (this composition corresponds to
the equimolar ratio Ca2+ : CO3

23 in the system). Along
with this phase, the phases MnHC, Al(OH)3 (gibb-
site), calcium hydroxocarbonoaluminate, and un-
changed CA2 are present in the samples (curves4, 6).
Reflections characteristic of calcium hydroxoalumi-
nate are observed only in the X-ray patterns with low
content of manganese (less than 10315% Mn3O4).

The integral intensity of MnHC reflections con-
siderably decreases in the course of mixing with
water; e.g., for samples with 30340% Mn3O4 it is as
low as 36348% of the intensity measured for mech-
anical mixtures of the starting components. However,
no other manganese compounds were detected.

These phenomena may be due to release of carbo-
nate ions from the MnHC lattice and their possible re-
placement by aluminate and hydroxide ions generated
on dissolution and hydrolysis of calcium aluminates
[134]. Owing to a low solubility of MnHC in water
(SP ~10311) the reaction is localized on the interface
of the solid phase of MnHC and a solution of calcium
aluminates. On the replacement of CO3

23 by hydroxide
ions, MnHC can be partially destroyed to give X-ray

I, mm (a)

C, wt %

a, % (b)

C, wt %

Fig. 2. (a) IntensityI of the CaCO3 line (d = 3.03A) and
(b) degree of the transformation of the starting compounds
a as functions of the Mn3O4 content C in the system.
(1) Degree of extraction of carbonate ions from theMnHC
lattice, (2) degree of Ca2+ conversion to CaCO3, and
(3) total degree of conversion of the starting compounds to
the reaction products.

amorphous manganese compounds such as MnOx .
yH2O, for example, by the scheme

+Ca2+

MnCO3 .mMn(OH)2 .nH2O 776 Mn mMn(OH)2 .nH2O
3CaCO3

+2OH3 O2, OH3
776 (m + 1)Mn(OH)2 .nH2O776 (m + 1)MnOx .yH2O,

where a square means a vacancy.

The participation of aluminate ions in the exchange
suggests formation of hydroxoaluminates or hydroxo-
carbonoaluminates in the system. However, such
compounds (MnHA, MnHCA) were not detected.
Nevertheless, the exchange of CO3

23 with [Al(OH)4]3

can also occur without rearrangement of metal hy-
droxocarbonate, as was shown in [134]. The forma-
tion on heat treatment of disordered solid solutions
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MO .Al2O3 based on MO lattices suggests existence
of aluminum-containing precursors; MnHC with alu-
minate ions dissolved in the lattice can be one of such
precursors.

According to the XPA data, calcination of samples
in air results in the formation of manganese oxides
Mn3O4 and MnO2. However, because of superposi-
tion of reflections of the forming oxides MnOx and
other phases (CA2 and CaCO3), it was impossible to
estimate correctly the changes in the lattice parameters
of these manganese oxides to make sure that MnOx .
Al2O3 solid solutions are formed in the system.

In this connection we attempted to obtain man-
ganese(II) oxide whose diffraction peaks would not
overlap with those of the other phases. It was attained
by heating samples to 500oC in an H2 flow (at lower
temperatures MnHC decomposed incompletely). It
was found that the resulting MnO has a lower lattice
constant compared to the tabulated value of 4.445A.
For example, the decomposition of samples with 20
and 40% Mn3O4 gave MnO witha = 4.429 anda =
4.438A, respectively, whereas for MnO obtained by
thermal decomposition of mechanical mixtures of
MnHC with Talyum under similar conditions the
lattice constant (4.44434.446 A) was close to the
tabulated value. Therefore, we can conclude that solid
solutions MnO.Al2O3 based on the MnO lattice are
formed in calcined samples, and, as the manganese(II)
content in the system increases, the concentration of
Al3+ dissolved in MnO seems to decrease.

Thus, taking into account our previous experience
of studying similar systems [134], we can suggest that
the above-mentioned phenomena occurring in the
course of water treatment are due to formation of a
solid solution based on the MnHC crystal lattice, in
which carbonate ions are partially replaced by alumi-
nate ions formed by hydration of Talyum. In this case
the initial structure of MnHC is retained, and MnHC
is decomposed on heating to form MnOx .Al2O3 solid
solutions based on MnOx lattices.

The examination of the diffraction patterns of the
obtained samples shows that the diffraction maxima
of the forming gibbsite are shifted relative to the
tabulated values, and the shifts linearly correlate with
the composition of the samples. For example, the
maximum with d = 4.82 A (hydrated Talyum) is
shifted to d = 4.80 (sample with 30% Mn3O4) and
d = 4.78 A (sample with 70% Mn3O4). These data
suggest distortion of the gibbsite crystal lattice, which
is most likely due to insertion in its structure of man-
ganese ions released from the initial MnHC in the
course of its partial degradation. Their concentration

in the gibbsite lattice seems to increase with increas-
ing content of manganese in the system. The possibil-
ity of such insertion is provided by the layered struc-
ture of gibbsite and by significant content of octa-
hedral vacancies in it [5].

When MnHC and calcium aluminates are mixed in
an aqueous medium, they react with each other ac-
cording to the following probable scheme: (a) dissolu-
tion of calcium aluminates in water with the formation
of Ca2+ and [Al(OH)4]3 ions, (b) dissociation of tetra-
hydroxoaluminate ions with the formation of OH3

ions, and (c) chemical reaction of MnHC with the
resulting dissociation products (scheme).

Scheme of the reaction of MnHC and products
of [Al(OH)4]3 dissociation

MnCO3 .mMn(OH)2 .nH2O
9

+Ca2+9 3CaCO3
2

Mn mMn(OH)2 .nH2O

9 9
+2OH3 9 9 +Al(OH)4

3

2 2
(m + 1)Mn(OH)2 .nH2O Solid solution based on the

9 MnHC crystallattice with car-
+O2, OH39 bonate ions partially replaced

2 by aluminate ions
(m + 1)MnOx .yH2O

9
+Al(OH)39

2
Solid solution based on the
Al(OH)3 crystal lattice with
interstitial manganese ions

The IR spectra of the obtained samples are shown
in Fig. 3. A number of absorption bands are present in
the spectrum of hydrated Talyum (curve1). The ab-
sorption bands 7503800 and 5003700 cm31 belong to
the Al3O vibrations in the cases of tetrahedral and
octahedral coordinations of oxygen atoms around
aluminum, respectively. The absorption at 14003
1500 cm31 is due to vibrations of the carbonate struc-
tures, which are formed by the reaction of Ca2+ ion
with atmospheric CO2; the absorption bands at 975
and 1030 cm31 belong to the bending vibrations of
OH3 groups of the forming gibbsite; the bands at
3465, 3530, 3620, and 3660 cm31 are assigned to
the stretching vibrations of the same groups.

The following changes in the IR spectra are ob-
served on introduction of MnHC. As the manganese
content in the system increases, the intensity of the
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absorption bands of carbonate ions regularly in-
creases; however, because of strong absorption in the
140031500 cm31 range, it is impossible to resolve the
bands of CO3

23 ions in MnHC, CaCO3, and calcium
hydroxocarbonoaluminate. In the region of bending
vibrations of OH3 groups of gibbsite the relative in-
tensity of the observed absorption bands changes: the
intensity of the band at 1030 cm31 relative to the band
at 975 cm31 decreases. In the region of stretching
vibrations of gibbsite OH3 groups the intensity of the
band at 3660 cm31 regularly decreases, and all the
bands are broadened. Such changes in the IR spectra
result from the formation of a system of new hydro-
gen bonds. The changes are the most pronounced
in the spectra of the samples containing 30340%
Mn3O4 (curves3, 4). In the region of OH3 stretch-
ing vibrations new absorption bands at 3550 and
3420 cm31 appear, and all absorption bands in this
region merge together to form a single broad band at
342033550 cm31. In the region of bending vibrations
of OH3 groups of Al(OH)3 the relative intensity of
the absorption bands at 1030 and 975 cm31 changes,
their maxima shift to 1020 and 980 cm31, and a
shoulder appears at 102031080 cm31.

On the whole, the spectrum of gibbsite becomes
close to the spectrum of bayerite.

The observed changes in the IR spectrum of
Al(OH)3 are attributable to the insertion of manganese
ions in the lattice with the formation of a system of
new hydrogen bonds, to the changes in the character-
istics of existing OH3 groups, and to the formation of
new OH3 groups. The obtained data well agree with
the XPA data on the shift of interplanar spacings in
gibbsite.

Thus, the data of IR spectroscopy and XPA suggest
that one more solid solution based on the gibbsite
lattice is formed in the system, which is accompanied
by the insertion of manganese ions in this lattice and
by its partial reconstruction to the bayerite structure.

The fact that these changes in the IR spectrum are
due to a reaction between the components of the sys-
tem, but not to a change in their ratio, is obviously
illustrated by the comparison of these spectra with the
spectra of additionally prepared mechanical mixtures
of MnHC with hydrated Talyum (Fig. 4). Further-
more, it follows from this comparison (namely, from
the intensity of the absorption band at 870 cm31

which is the most convenient to estimate the MnHC
content) that MnHC has degraded to a considerable
extent as a result of the reaction, which is confirmed
by the XPA data.

T

n, cm31

Fig. 3. IR spectra of samples with various content of man-
ganese. (T) Transmittance and (n) wave number; the same
for Figs. 4 and 5. Mn3O4 content (wt %): (1) 0 (hydrated
Talyum), (2) 20, (3) 30, (4) 40, and (5) 70; (6) MnHC.

T

n, cm31

Fig. 4. IR spectra of (1) mechanical mixture of hydrated
Talyum with MnHC (30% Mn3O4) and (2) sample of the
same composition.

The formation in the system of solid solutions in-
volving manganese compounds is proved by the fact
that the intensity of the absorption bands of manga-
nese oxides (in the range 4903650 cm31) in the IR
spectra of the sample calcined in air is less than that
of mechanical mixtures of calcined MnHC with cal-
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T

n, cm31

Fig. 5. IR spectra of (1, 3) mechanical mixture of calcined
hydrated Talyum with calcined MnHC (40% Mn3O4) and
(2, 4) calcined sample of the same composition. Calcination
temperature (oC): (1, 2) 500 and (3, 4) 700.

Fig. 6. DTG curves for (1, 2, 4) mechanical mixtures
MnHC3calcium aluminates with various manganese content
and (3, 5, 6) samples. Mn3O4 contents (wt %): (1) 100,
(2, 3) 70, (4, 5) 30, and (6) 0 (hydrated Talyum).

cined hydrated Talyum of the same composition
(Fig. 5).

The DTA data for the samples and mechanical
mixtures of MnHC and calcium aluminates are given
in Fig. 6. To interpret these data, we used the pub-
lished data [6, 7] and the XPA data.

For example, the thermogram of the starting Taly-
um contains one endothermic peak at 903100oC re-
lated to the removal of physically bound water.
The curve of the decomposition of hydrated Talyum
(curve6) involves seven endothermic peaks. The peak
at 80oC corresponds to the loss of adsorbed water. At
160 and 210oC, calcium hydroxocarbonoaluminate is
partially dehydrated. The strongest endothermic effect
at 280oC is due to the dehydration of gibbsite with the
formation of g-Al2O3. At 310oC C3AH6 decomposes
to lose 4.5 water molecules. The peak at 470oC corre-
sponds to further dehydration of calcium hydroxoalu-
minate with the formation of C12A7. A very weak
effect at 650oC corresponds to the decomposition of
CaCO3 formed in the samples as a result of the reac-
tion of Ca2+ with atmospheric CO2.

A number of endothermic peaks were detected in
the thermogram of the starting MnHC (curve1). At
110oC adsorbed water is lost. At 240oC the decom-
position of a g-MnOOH impuirity and removal of
structural water are possible. At 380 and 430oC
MnHC decomposes stepwise with simultaneous oxida-
tion of the forming MnO tob-Mn2O3, Mn3O4, and
b-MnO2. At 505 and 520oC b-MnO2 is reduced to
b-Mn2O3, and at 930oC b-Mn2O3 decomposes to
Mn3O4. A very weak effect at 600oC is due to the
conversion of small amounts ofa-Mn2O3, formed by
dissociation of MnHC andg-MnOOH, to Mn3O4.

The same peaks as in the case of MnHC are de-
tected in the thermograms of mechanical mixtures of
MnHC with Talyum (curves2, 4).

The following pattern was observed in the case of
samples obtained by mixing components in water. As
the content of manganese in the samples increases, the
amount of forming gibbsite decreases, the temperature
of its dehydration is lowered, and the effect corre-
sponding to the decomposition of C3AH6 at 300oC
disappears. In the range 6703770oC an intense endo-
thermic effect of CaCO3 decomposition appears, the
dependence of the amount of CaCO3 on the composi-
tion passing through a maximum at a 30340% con-
tent of Mn3O4. It is well consistent with the X-ray
diffraction data (Fig. 1). Changes in the region of
transformations of manganese compounds also take
place: unlike mechanical mixtures, in the samples the
intensity of the effect at 380oC decreases, as compared
to 430oC, and new effects appear in the range 5103
580oC.

The strongest changes are observed for the sample
containing 30340% Mn3O4: the effects of MnHC
transformation are absent; instead of them endo-
thermic effects are detected in the range 3403660oC.
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Comparison with the XPA data allows these effects to
be assigned to the removal of CO3

23 and OH3 from the
solid solution based on MnHC and to the transforma-
tion of manganese oxides.

Thus, the thermograms of samples obtained by
mixing in water considerably differ from the thermo-
grams of mechanical mixtures of the starting compo-
nents and hydrated Talyum, which suggests a chemi-
cal reaction between the starting reagents.

We calculated the content of separate phases in
samples of various compositions from the degrees of
Talyum conversion, as determined by X-ray diffrac-
tion, and from the thermogravimetric and analytical
data. We found that the amount of Al(OH)3 formed in
the sample with 30% Mn3O4 (DTG data) is less by
536% (in terms of Al2O3) than that calculated from
the degree of Talyum transformation and analytical
data. At the same time the contents of CAO in the
system were in a good agreement. These facts suggest
that approximately 10% of the total amount of Al2O3
in a sample takes part in the formation of a solid solu-
tion based on the MnHC crystal lattice. Furthermore,
it follows from such calculations that in the case of a
sample with 30% Mn3O4 about 60% of CO3

23 ions
from the MnHC structure seem to participate in the
heterogeneous ion exchange.

It follows from the calculations for other samples
that, as the content of manganese in the system in-
creases, the degree of extraction of carbonate ions
from the MnHC lattice decreases, the degree of the
conversion of Ca2+ to CaCO3 increases, the total
degree of conversion of the starting substances to the
reaction products being maximal at intermediate com-
positions (30340% Mn3O4) corresponding to the
equimolar ratio Ca2+ : CO3

23 in the system (Fig. 2b).
Furthermore, as the manganese content in the system
increases, the amount of Al(OH)3 formed in the sam-
ples (by the DTG data) approaches the calculated
value.

Our experimental and calculated data suggest that,
as the manganese content in the system increases, the
concentration of aluminate ions dissolved in the
MnHC structure decreases, and the concentration of
manganese ions in the gibbsite lattice, on the contrary,
increases; the maximal amount of reaction products is
formed at intermediate compositions.

CONCLUSIONS

(1) The reaction between manganese hydroxocar-
bonate and calcium aluminates in aqueous medium is
similar in nature to the reactions in the systems cobalt
hydroxocarbonate3calcium aluminate and nickel hy-
droxocarbonate3calcium aluminate. In these cases the
structure of the metal hydroxocarbonate is retained
and is not rearranged into the structure of the metal
hydroxoaluminate (hydroxocarbonoaluminate).

(2) The concentration of aluminum ions dissolved
in the lattice of manganese hydroxocarbonate tends to
decrease with increasing manganese content in the
system.

(3) A solid solution based on the gibbsite crystal
lattice with interstitial manganese ions is formed in
the system under study. The concentration of manga-
nese ions in the gibbsite lattice tends to increase as
the manganese content in the system increases.

(4) The maximal conversion of starting substances
to the reaction products is reached in the samples con-
taining 30340% Mn3O4.
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Abstract-The rotating disc method was applied to study the kinetics of leaching of zinc and cadmium from
their oxides and hydroxides by sulfuric acid at pH 235, temperature of 2883313 K, and disc rotation velocities
of 30033600 rpm. The kinetic regions of the topochemical processes of zinc and cadmium leaching were
revealed.

A considerable amount of zinc- and cadmium-
containing waste has been accumulated in Russia. One
of the sources of such waste is the viscose production.
Even though the manufacture of viscose fiber de-
clines, vast amounts of zinc and cadmium hydroxide
sludges have been accumulated as a result of many
years’ work of viscose plants. The content of zinc in
the sludges may be as high as 20%, and that of cad-
mium, tenths of percent. The total amount of zinc in
such [technological deposits] is as large as tens of
thousands of tons, and that of cadmium, tens of tons.
In view of the loss by Russia of the former sources of
zinc, these deposits are of interest as potential sources
of these metals. At the same time, sludge dumps have
seized large areas of lands suitable for agricultural
purposes and created a danger of groundwater con-
tamination with heavy metals. Of particular interest
from the environmental standpoint are the problems of
migration of zinc and cadmium ions in underground
water horizons, occurring as a result of acid rains. In
contrast to the processes of the recovery of zinc and
cadmium ions with concentrated acids, studied and
described in ample detail [135], leaching by highly
dilute acids, modeling acid rains, has been little
studied.

The aim of this study was to establish kinetic laws
of leaching of zinc and cadmium ions from their
oxides and hydroxides by weak sulfuric acid solutions
at pH ~235.

EXPERIMENTAL

The rate of reactions in the solid3liquid systems is
commonly analyzed in terms of the topochemical
kinetics [6, 7]. The specificity of such processes is

determined by the development with time of the reac-
tion zone in the solid and the related change of reac-
tion regimes of the process. If we consider dissolution
(leaching) of some components of a microscopically
inhomogeneous solid, it seems reasonable to assume
that the surface,[ideally smooth] in the beginning of
the process, is gradually pierced by pores and covered
with reaction products. This leads to the appearance of
a surface porous layer largely determining the macro-
kinetics of the process. In this case, the surfacereac-
tion can be considered quasi-homogeneous and a
description method can be used, similar to that used
in describing the kinetics of gas absorption with a
chemical reaction. The reaction kinetics and diffusion
are closely related, and the rate of such a process may
be independent of the stirring intensity [8].

One of the most widely used methods of investiga-
tion of topochemical reactions [6] is the so-called
method of equally accessible surface [7], assuming
that such hydrodynamic conditions are created under
which all points on the solid surface react at equal
rates with the reagent diffusing from the core. This
is only possible when the thicknesses of the hydro-
dynamic and diffusion boundary layers do not vary
between the points. It has been established using
methods of physicochemical hydrodynamics that the
necessary conditions are created when a solid disc is
rotated far from the vessel walls [9, 10]. Indeed, in
this case the thickness of the diffusion boundary
layer, d, can be expressed, as shown by Levich [9],
as follows:

d = 1.62D1/3n1/6w31/2, (1)

whereD is the molecular diffusion coefficient,n is the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

KINETIC OF LEACHING OF CADMIUM AND ZINC FROM THEIR OXIDES 375

kinematic viscosity coefficient, andw is the angular
velocity of disc rotation.

According to the first Fick’s law, the mass fluxj
can be expressed in terms of the diffusion coefficient
D and concentration gradient at the disc surface

j = 3DgradC = 3D(C* 3 Ci)/d. (2)

Substituting (1) into Eq. (2), we have

j = 0.620D2/3
n
31/6

w
1/2(C* 3 Ci). (3)

The limiting disc dissolution rate is achieved in the
external diffusion region, when the reagent concentra-
tion at the disc surface,Ci, becomes zero. In this case,
the mass flux is proportional to the volume concentra-
tion of acid, C*, and grows in proportion tow1/2:

j = 0.620D2/3
n
31/6

w
1/2C*. (4)

In passing to the external kinetic, internal diffusion,
or internal kinetic regions [7], the mass flux must
become independent ofw, i.e., wehave a self-similar
mode with respect to the Reynolds number Re, which
means that the Re number appears in Eqs. (3) and (4)
to zero power. The theoretical values of the rate con-
stants kt were calculated by the formula

kt = 0.620D2/3
n
31/6

w
1/2. (5)

The rotating disc method is widely used for study-
ing the kinetics of electrochemical processes and dis-
solution of various compounds [10].

The experiment was carried out with a rotating
Teflon cylinder having a hollow 0.5 cm in diameter
for a disc to be dissolved. A pellet of a substance
under study was inserted into this hollow by means of
an oil press developing a pressure of up to 40 kg cm32.
The rotation velocity of the disc was varied between
330 and 3600 rpm. The leaching was done in a
200 cm3 thermostated vessel. The pH value was moni-
tored with an Anion 410 pH meter. Control measure-
ments of the cadmium and zinc ion concentrations
were performed by atomic absorption spectroscopy.

A schematic of the setup used to study the kinetics
of leaching by the rotating disc method is presented
in Fig. 1. The concentrationchange in the bulk of
a solution flowing around the disc, dC/dt, can be
expressed as

dC/dt = 3aD(C* 3 Ci)/d = 3ake(C* 3 Ci). (6)

Thus, we can calculate from experimental data the
effective rate constant of dissolution,ke:

ke = 3(dC/dt)/a(C* 3 Ci), (7)

Fig. 1. Setup for studying the kinetics of leaching by the
rotating disc method: (1) rotating disc with inserted pellet
of a substance under study, (2) thermostated vessel,
(3) Anion 410 A pH meter, (4) electrodes, and (5) pellet of
a substance under study.

wherea = S/V is the specific surface area of thedisc,
i.e., the ratio of the apparent discsurface areaS to the
volume V of the solution flowing around the disc.

The ke value coincides with the mass-transfer co-
efficient in the external diffusion region or with the
rate constantkc of a pseudo-first-order reaction in
the external kinetic case. In the transition modeke =
f (k,kc).

Theke can also be found using the integral method.
Separating variables in Eq. (6) and setting for simplic-
ity Ci = 0 (i.e., taking that the process occurs in the
external diffusion region), we get

C t

3
{
}

dC /C = {
}

akedt. (8)

C* 0

Integration gives the equation for the kinetic curve

3lnC = 3lnC* + aket, (9)

or, with hydrogen ions consumed,

pH = pH* + aket. (10)

Thus, having plotted the functions pH =f (t), we
can calculate theake values from their slopes and,
knowing a, determineke:

a = 0.785d2 /V, (11)

where V is the volume of the leaching solution.

Figure 2 presents the pH of the aqueous medium in
relation to the time of zinc oxide dissolution in the
interval pH 235 at 298 K and disc rotation velocity
of 1400 rpm.

Figure 2 shows that the dependence of pH on the
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t, min

Fig. 2. pH of the reaction medium vs. the timet of zinc
oxide dissolution at 298 K and disc rotation velocity of
1400 rpm.

ke, cm s31

w
1/2 [s31]

Fig. 3. Experimental rate constantske of zinc oxide leach-
ing vs. the angular rotation velocityw of the disc at (1) 293
and (2) 308 K.

ke, cm s31

w
1/2 [s31]

Fig. 4. Experimental rate constantske of zinc oxide leach-
ing vs. the angular rotation velocityw of the disc at 293 K.
(1) Experiment; calculation: (2`) for sulfuric acid and
(2") for zinc sulfate.

process duration is linear, in accordance with Eq. (10).
This indicates that the process rate is first-order with
respect to the acid concentration. Indeed, as follows
from extensive published evidence, the first order with
respect to the leaching agent occurs the most frequent-
ly. For dissolution of zinc and cadmium hydroxides
the time dependence of the pH is also linear. Changes
in the concentrations of zinc(II) and sulfuric acid are
exponential.

Figure 3 presents the experimental rate constants of
zinc oxide leaching versus the square root of the
angular velocity of disc rotation at 298 and 308 K. It
can be seen that at disc rotation velocities in the range
33031600 rpm (in the plot this interval corresponds to
w1/2 values up to 5.2 s31/2) the leaching rate constants
ke linearly depend onw1/2. In this region the rate-
determining stage of the process is either diffusion of

acid toward the rotating disk of diffusion of zinc sul-
fate away from it.

At disc rotation velocities in the range 22003
3600 rpm the rate constantske of zinc oxide leaching
are independent of the disk rotation velocity, which
indicates a transition to the self-similar region. The
nature of this self-similar region remains not quite
clear. However, three reasons for such a kinetic be-
havior have been discussed, namely, transition of the
process to (1) internal diffusion, (2) internal kinetic,
or (3) external kinetic region. The last reason should
be rejected since no significant dependence ofke on
T was observed in this region. In all probability, the
true reason is the first one since the disc compacted
from zinc oxide powder cannot be considered an ab-
solutely smooth body and we have to reckon the pos-
sibility of development of a porous reaction zone. The
second reason cannot be ignored, either, but it also
assumes the development of a porous reaction zone.

Calculation by formulas (3)3(5) shows that, if the
diffusion coefficient of sulfuric acid in the concentra-
tion range studied is taken to be 1.50 1035 cm2 s31,
the calculatedke are approximately 20% lower than
the experimental values (Fig. 4). If we assume that the
rate-determining stage of the process is the transport
of zinc sulfate away from the disc (DZnSO4

= 0.860
1035 cm2 s31), then the agreement with experiment is
much worse (the calculatedke are half the experi-
mental values). Presumably, it should be assumed
that, up to a disc rotation velocity of 2000 rpm, the
rate-determining stage is still the supply of sulfuric
acid to the reaction zone, and a certain disagreement
between the calculation and experiment can be attri-
buted to the effect of the disc surface roughness,i.e.,
to a difference between the true and apparent surface
areas. From the hydrodynamic standpoint, the rough-
ness itself must only reduce theke value in a turbulent,
but not laminar, mode of flow around the disc [9].

The obtained results indicate that (1) the reaction of
sulfuric acid with zinc oxide is irreversible even at
so low acid concentrations and (2) in the entire in-
vestigated range of sulfuric acid concentrations the
rate-determining stage is the diffusion of sulfuric acid
from the volume of the leaching aqueous solution.

As also in the case of zinc oxide, a linear depen-
dence of experimental rates of the process onw1/2 is
observed in zinc hydroxide leaching at disc rotation
velocities in the range 33032600 rpm. However, in
contrast to the oxides, this dependence is preserved up
to 3600 rpm. This fact confirms once again the above
assumption about the nature of the self-similar mode.
Indeed, in the case of an essentially smooth and per-
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Rate constants of the topochemical process of (a) zinc oxide, (b) zinc hydroxide, and (c) cadmium hydroxide leaching
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

w, s31
³ Rate constant of leaching,ke, cm s31, at indicatedT, K
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 288 ³ 293 ³ 298 ³ 308 ³ 313

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
5.5 ³0.0065(a), 0.007(c)³0.005(b), 0.0065(c)³0.007(a) ³0.007(b) ³0.0085(a)
8.3 ³ ³ ³0.0085(a) ³ ³

10.6 ³0.009(a), 0.010(c) ³ ³0.011(a) ³ ³0.012(a)
12.3 ³ ³ ³0.012(a) ³ ³0.015(a)
18.3 ³0.014(a) ³ ³0.014(a) ³ ³0.024(a)
23.3 ³ ³0.017(b), 0.016(c) ³ ³ ³
25.3 ³0.017(a) ³ ³0.017(a) ³0.024(b) ³0.025(a)
26.8 ³0.017(a) ³0.022(b, c) ³0.016(a) ³0.039(b) ³0.026(a)

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

meable boundary of gel-like zinc hydroxide, there is
no plateau in theke = f (w1/2) plot. Thus, the plateau in
this plot in dissolution of oxides is due to the porosity
of the surface layer of the pellet.

The dependence of the experimental rate constants
of cadmium hydroxide leaching onw1/2 is also linear
in the rangew = 33032600 rpm.

The table lists the experimental rate constants of
the topochemical process of leaching of zinc and
cadmium oxides and hydroxides at various tempera-
tures and disc rotation velocities. Comparison of the
experimental rate constants of zinc oxide and hydrox-
ide suggests that the rate of hydroxide dissolution
somewhat exceeds the rate of oxide dissolution. We
do not venture to account for this by higher kinetic
hindrance in dissolution of the oxide, compared with
that of the hydroxide, since such details already
belong to the microkinetics of the process, which can
only be discussed in the kinetic mode.

The dependence of lnk on 1/T in leaching of zinc
oxide and zinc and cadmium hydroxides is linear. The
following activation energies were obtained for the
respective processes: 16+2 (ZnO), 14+2 [Zn(OH)2],
and 17+3 kJ mol31 [Cd(OH)2]. These activation
energies, coinciding within experimental error, are
characteristic of diffusion-controlled processes.

CONCLUSIONS

(1) Rate constants of leaching of zinc oxide and
hydroxide, and also cadmium hydroxide, with sulfuric
acid solutions are obtained at pH 235 and 2883313 K
at disc rotation velocities in the range 30033600 rpm.

(2) Kinetic regions of the topochemical processes
of zinc and cadmium leaching were revealed and it
was demonstrated that under the conditions studied
the dominant process is external diffusion of sulfuric
acid from the bulk of the leaching solution. The ac-

tivation energies of zinc oxide and hydroxide, and
also cadmium hydroxide, were found.

(3) A transition of the kinetics of leaching to the
self-similar mode region, possibly due to the rough-
ness of the zinc oxide surface, was established.
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Abstract-Cobalt carbonyls was prepared from an aqueous solution of cobalt acetate containing or not con-
taining pyridine in the presence of the organic solvent immiscible with water. The product in the form of an
organic solution can be used as hydroformylation catalyst. The kinetic equation taking into account the
distribution of the reagents between the three phases was derived. The apparent rate constants and activation
energies were calculated.

Industrial preparation of aldehydes form olefins
and a CO + H2 gas mixture is performed by hydrofor-
mylation [1]:

Cat.
RCH=CH2 + CO + H2 76 RCH2CH2CHO. (1)

One of the steps of this process is preparation of
the catalyst. The most suitable procedure for preparing
cobalt carbonyls from solutions of cobalt salts is
based on the reaction

4Co(RCOO)2 + 16CO + 5H2 6 Co2(CO)8 + 2HCo(CO)4
+ 8RCOOH. (2)

We used cobalt acetate as the precursor since it is
available and the resulting catalyst can be readily sepa-
rated from the reaction products. Cyclohexanone was
the solvent. Data on the kinetics of formation of cobalt
carbonyls from an aqueous solution of Co(OAc)2 in
the presence of organic solvent in the liquid3liquid3
gas system are lacking. It is only reported [2] that
cobalt carbonyl is formed in a Co(OAc)2 + toluene
mixture. This reaction is heterogeneous and is con-
trolled by diffusion. In this work we studied the kinet-
ics of cobalt carbonyl formation in the above system.

Synthesis of cobalt carbonyls was studied in a 0.5-l
ideal mixing batch reactor of the Vishnevskii screw
type [3]. The unit consists also of high-pressure surge
tanks for hydrogen, carbon oxide, and their mixture
and a 0.25-l high-pressure charger for introducing
the components of the reaction mixture into the reac-
tor. The reactor purged with carbon monoxide was
charged with cyclohexanone. A CO + H2 mixture was

fed at a pressure of 9.0 MPa, and stirring and heating
were switched on. An aqueous solution of Co(OAc)2
was poured into the charger. When pyridine was used
it was introduced in the reactor with the organic solv-
ent. The mixture was heated to the required tempera-
ture with stirring, and the Co(OAc)2 solution was fed
by the synthesis gas into the reactor. In the course of
the synthesis the samples of the liquid were taken, and
the aqueous and organic phases were separated. The
cobalt(II) content was determined spectrophotometri-
cally [4]; and the content of cobalt carbonyls, by
iodometric titration [5].

Since cobalt acetate is practically nonvolatile, reac-
tion (2), apparently, does not occur in the gas phase.
The general kinetic equation of the reaction in the
system of two immiscible liquid is as follows:

d[Co(OAc)2](1) d[Co(OAc)2](2)

W = 3aÄÄÄÄÄÄÄÄÄÄÄ 3 (1 3 a)ÄÄÄÄÄÄÄÄÄÄÄ, (3)
dt dt

wherea and (13 a) are the volume fraction of the first
(aqueous) and second (organic) phases, respectively.

Since Co(OAc)2 is insoluble in cyclohexanone,
[Co(OOAc)2](2) = 0. Hence Eq. (3) can be written as

d[Co(OAc)2](1)

W = 3aÄÄÄÄÄÄÄÄÄÄÄ.
dt

In accordance with the law of mass action

W = ak[Co(OAc)2]n1pn2
H2

pn3
CO

,

wheren1, n2, and n3 are the reaction orders with re-
spect to Co(OAc)2, H2, and CO, respectively.
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Finally, the kinetic equation of reaction (2) of for-
mation of cobalt carbonyls is as follows:

W = kapp[Co(OAc)2]n1pn2
H2

pn3
CO

, (4)

where kapp = ak is the apparent rate constant of
reaction (2).

The kinetics of reaction (2) was studied as influ-
enced by the salt concentration, partial pressures of
hydrogen and carbon monoxide, and temperature. The
rate of formation of cobalt carbonyls was calculated
by numerical differentiation of the kinetic curves of
Co(OAc)2 consumption in the liquid phase. For this
purpose we used the Lagrangian interpolation poly-
nomial constructed using the experimental data [7].
The reaction ordern1 with respect to Co(OAc)2, cal-
culated by the van’t Hoff procedure (Fig. 1a) from
Eq. (5)

logW0 = log [Co(OAc)2]0 + const, (5)

was 1. This is also indicated by the fact that a given
Co(OAc)2 conversion at different salt concentrations
(see table) is attained in the same time. The orders of
reaction (2) with respect to hydrogen and carbon
monoxiden2 andn3, calculated similarly, are 0.8 and
0.4, respectively (Figs. 1b, 1c).

The apparent rate constants of reaction (2) were
calculated by the first-order equation [8]:

[Co(OAc)2]0
kapp = t

31 lnÄÄÄÄÄÄÄÄÄÄ: (6)
[Co(OAc)2]

t

T, oC 135 150 165 180
kapp0102, min31 1.78 2.4 3.6 5.5

The activation energyEA and the pre-exponential
factor k0 calculated form the temperature dependence
of kapp are 41.7 kJ mol31 and 2.90103 min31, respec-
tively.

Along with cobalt hydrocarbonyl HCo(CO)4, cobalt
carbonyl pyridine complex (CCP) is used as hydro-
formylation catalyst. This complex allows single-step
preparation of alcohols form olefins [9]. The pyridine
complex is a mixture of [CoPy6]2+[Co(CO)4]2

3 and
PyH+Co(CO)34 salts and is formed by the reaction

8Co(OAc)2 + 24CO + 9H2 + 14Py

6 2[CoPy6]2+[Co(CO)4]2
3 + 2PyH+Co(CO)4

3 + 16HOAc.
(7)

Irreversibility of reaction (7) is also conformed by
stability of CCP on relatively long storage. The kinet-

Influence of the initial concentration of cobalt acetate on
the time of its 90% conversion in reaction (2) atT = 165oC,
p = 29.4 MPa, CO : H2 volume ratio = 1 : 1, anda = 0.5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

[Co(OAc)2], M, in the aqueous phase ³ Time, min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1.94 ³ 65
3.77 ³ 63
6.0 ³ 64

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

ic equation (4) for reaction (7) takes the following
form:

W = k`app[Co(OAc)2]n1pn2
H2

pn3
CO

[Py]n4, (8)

wherek`app is the apparent rate constant of reaction (7)

log [Co(OAc)2]0 [M]

(a)

(b)

log pH2
[MPa]

(c)

log pCO [MPa]

logW0 [mol l31 min31]

logW0 [mol l31 min31]

logW0 [mol l31 min31]

Fig. 1. Rate of HCo(CO)4 formation W0 at 150oC as a
function of (a) the initial concentration [Co(OAc)2]0,
(b) the partial pressure of hydrogenpH2

, and (c) the partial
pressure of carbon monoxidepCO. (a) pCO+H2

= 29.4 MPa,
CO : H2 volume ratio = 1 : 1; (b) pCO = 6.0 MPa,
[Co(OAc)2]0 = 6.0 M; (c) pH2

= 6.0 MPa, [Co(OAc)2]0 =
6.0 M; the same for Fig. 2.
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(a)

log [Co(OAc)2]0 [M]

(b)

log pH2
[MPa]

(c)

log pCO [MPa]

logW0 [mol l31 min31]

logW0 [mol l31 min31]

logW0 [mol l31 min31]

Fig. 2. Rate of CCP formationW0 at 155oC as a function
of (a) the initial concentration [Co(OAc)2]0, (b) the partial
pressure of hydrogenpH2

, and (c) the partial pressure of
carbon monoxidepCO.

and n4 is the order of reaction (7) with respect to
pyridine.

The kinetic features of CCP formation from
Co(OAc)2 and pyridine in cyclohexanone (Py/Co
molar ratio 2,a = 0.5) are similar to those of forma-
tion of Co(CO)8 and HCo(CO)4 (Figs. 2a32c): the
orders of reaction (7) with respect to Co(OAc)2
([Co(OAc)2] = 036.0 M), H2 (0319 MPa), and CO
(6320 MPa) are 1, 0.9, and 0.3, respectively;EA =
44.8 kJ mol31 at 1403185oC; andk0 = 9.70 104 min.

The apparent rate constants of CCP formation by
reaction (7) form Co(OAc)2 and pyridine in cyclo-
hexanone ata = 0.5 and Py/Co molar ratio of 2 are

as follows:

T, oC 140 155 175 185
k`app0102, min31 2.76 4.37 6.0 10.5

CONCLUSIONS

(1) Formation of cobalt carbonyls from an aqueous
solution of cobalt acetate, pyridine (or without pyri-
dine), and the synthesis gas CO + H2 in the presence
of cyclohexanone in the liquid3liquid3gas hetero-
geneous system has the first order with respect to
Co(OAc)2 and the positive fractional orders with re-
spect to H2 and CO.

(2) The kinetic equation for calculation of the ap-
parent rate constants and activation energies of forma-
tion of cobalt carbonyls in the liquid3liquid3gas
heterogeneous systems were derived from the law of
mass action.
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Abstract-A deposit formed on the surface of steel chips in the course of prolonged interaction of their
water-sprayed bed with air containing small amounts of hydrogen chloride was studied by thermogravimetry.
The quantitative and qualitative composition of the deposit was established.

The absorption of HCl (0.0130.05 g m33) by
water-sprayed steel chips (436-mm fragments) from
air at ambient humidity results in the formation of a
dark suspension in solution and in formation of a
black deposit on the surface of the chip bed. This
deposit is not removed as the spraying intensity in-
creases. At the same time it can be easily removed by
mechanical stirring of the chips in the working solu-
tion or in water in a beaker. Particles of the deposit
filtered off and dried at 105oC present a finely dis-
persed soot-like powder. In storage this powder ran-
domly agglomerates into lumps of various size, easily
crushed on weak pressing. The main part of the par-
ticles and agglomerates is magnetic. As the above-de-
scribed procedure allows the residual content of HCl
in air to be decreased to a level less than 0.02 mg m33,
it is important to establish the composition of the
deposit under discussion.

EXPERIMENTAL

According to the published data [135], reactions in
the system air3HCl3water3steel chips yield, in par-
ticular, iron oxides and hydroxides whose properties
directly depend on their genesis [2].

The presence of oxygen and HCl in gas and liquid
phases, water, and iron in the steel chips, pH of the
solution (ca. 5), and also the color and magnetic prop-
erties of the powder obtained suggest the following
sequence of reactions in the system:

Fe + 2HCl 6 FeCl2 + H2,

FeCl2 + 2H2O 6 Fe(OH)2 + 2HCl,

4Fe(OH)2 + O2 6 4FeOOH + 2H2O,

2FeOOH + Fe(OH)2 6 Fe3O4 + 2H2O.

Black magnetite Fe3O4 is deposited in similar sys-
tems at pH 5.2312.4 [5]. Lepidocrociteg-FeO(OH)
colored from dark red to reddish black can be syn-
thesized from iron(II) compounds [2]. Slow hydrolysis
of Fe(II) and Fe(III) salts and the oxidation of iron
powder in water [2] are possible ways of the for-
mation of goethitea-FeOOH (dark brown or black
powder). The magnetic properties of the main part of
the powder under study and its color suggest that
magnetite prevails in the powder.

The thermogravigram obtained on heating the
powder in air in a derivatograph furnace at a heating
rate of 9 deg min31 (Fig. 1a) suggests a complicated
pattern of the sample transformations.

The TG curve reflects minor weight changes (with-
in 1%) up to 900oC. The weight loss in the range
from the start of heating to approximately 550oC is
surpassed within the 1003230oC range by a relatively
significant weight gain. In the range 5503640oC the
weight of the sample remains almost constant, and
from 640oC to 900oC it gradually increases.

On the whole, the shape of the DTG curve is in a
good agreement with that of the TG curve. In a flat
concave part of the DTG curve corresponding to the
total weight loss at 203550oC there are a noticeable
positive peak (at~1003290oC with a maximum at
200oC) corresponding to the weight gain recorded in
the TG curve and a much smaller negative peak (at
~4803540oC with a minimum at~520oC) correspond-
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T, oC (a)

T
DTG

DTA
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Dm, mg

T, oC (b)

DTA

Dm, mg

T
DTG
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Fig. 1. Thermogravigram of the powder formed on water-
sprayed steel chips through which an HCl3air mixture was
filtered. The powder was dried at 105oC and kept in air.
Heating rate 9 deg min31; (T) temperature, (Dm) weight
change, and (t) time. Sample (g): (a) 1.4243 and (b) 0.4271.
Heating (a) in air and (b) in a helium atmosphere.

ing to the most intense weight loss. The weight gain
within the 6403900oC range is not reflected in the
DTG curve, which seems to result from its small
value and insufficient sensitivity of the DTG galva-
nometer (1/15).

The initial portion (~20380oC) of the DTA curve

and its general downward trend at increasing tempera-
ture are indicative of a weak extended endothermic
effect at 203550oC with the weight loss. This effect
overlaps with three exothermic transformations within
this range. The first of them is the most pronounced
(~1003460oC, maximum at~220oC), it well agrees
with the weight gain detected in the TG and DTG
curves. The second (~4803525oC, maximum at
~505oC) and the third (~5253585oC, maximum at
~550oC) relatively weak peaks correspond to the
weight loss at 4803585oC detected in the TG and
DTG curves. The fourth clearly expressed exothermic
deviation of the DTA curve corresponds to the part of
the TG curve that reflects a very weak weight change
at 5853730oC. The final almost linear part of the
DTA curve is free of any peaks (temperatures above
730oC).

The final product of oxidative roasting of the de-
posit is a partially sintered powder containing rather
easily crushed aggregates of characteristic red color
typical for hematitea-Fe2O3. According to [2, 4, 5]
this latter is a product of high-temperature treatment
of magnetite in the presence of oxygen. Its magnetic
properties are very weak.

Published data [2, 4, 5], as applied to Fig. 1, allow
us to draw the following reasonable and reliable con-
clusions. The initial portion of the TG curve is obvi-
ously related to the loss of physically bound water.
The weight growth at 1003230oC accompanied by the
broad exothermic peak in the DTA curve, which is
completed near 380oC, is attributable to the oxidation
of magnetite (in practice, the oxidation of magnetite to
maggemiteg-Fe2O3 is carried out at 2003250oC [5])
by the reaction

4Fe3O4 + O2 76 6Fe2O3.

The weight growth in this reaction is

(1424.30 32)/928 = 49.1 mg.

This estimate is based on its stoichiometry and on
the assumption that the whole mass of the sample
under test (1.4243 g) is related to magnetite, which is
a stable phase at room temperature [5].

However, the weight growth detected by the TG
curve in this temperature range is significantly less.
Moreover, the shape of the TG curve points to the
simultaneous and finally prevailing competitive proc-
ess of weight loss. It seems to be due to the presence
of substances other than magnetite, which lose
weight at this temperature. These substances, proba-
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bly, mask (reduce) the real growth of the sample
weight. Taking into consideration the color of the
sample, we assume thatg-FeO(OH) anda-FeOOH
can be such substances.

For example, goethitea-FeOOH transforms to
hematitea-Fe2O3 upon dehydration at 503500oC [2].
This transformation occurs without intermediate
stages and is accompanied by a significant increase in
surface area due to crystal destruction. Lepidocrocite
g-FeO(OH) is dehydrated at 1803300oC to give mag-
gemite g-Fe2O3, which is ferromagnetic like Fe3O4.
On further heating maggemite also transforms to
hematite with an exothermic effect.

Therefore, the total weight loss at 203540oC can
be assigned to the evaporation of both physically
bound water and structural water. It should be noted
that bonding of excess water in hydrated iron oxides
and hydroxides is intermediate between adsorption
and chemical bonds [2].

The TG curve allows us to estimate the composi-
tion of the powder under study. We assume that the
resulting weight loss in the range 203350oC (10.5 mg)
is a consequence of two parallel processes, namely,
the oxidation of magnetite and the dehydration of iron
hydroxides by the reaction

2FeOOH 6 Fe2O3 + H2O.

If we denote weights (mg) of magnetite and iron
hydroxide in a sample (1.4243 mg in total) asx andy,
respectively, the weight gain due to the oxidation of
Fe3O4 Dmox and the weight loss due to the dehydra-
tion of FeO(OH) and FeOOHDmdeh in the chosen
temperature range can be expressed, according to the
stoichiometry of these reactions, asDmox = 32x/928
andDmdeh = 18y/178. This allows us to construct the
following system of equations:

�
�18y /178 3 32x /928 = 10.5,
�
�x + y = 1424.3.
�

A solution of this system with respect tox and y
shows that 69.14% of the sample weight is Fe3O4
and 30.86% is a sum of iron hydroxides FeOOH and
FeO(OH).

The exothermic doublet in the DTA curve at 4803
590oC corresponds to the parts of the TG curve with
increasing intensity of weight loss. This doublet can
be assigned to the transformation of maggemite into
hematite. However, we cannot rule out a relation bet-

ween this doublet and other modifications of Fe2O3
present in the starting sample (or formed by its ther-
mal oxidation), which are capable of phase transfor-
mations (for example,d-Fe2O3 and e-Fe2O3). It is
known [2] that e-Fe2O3 is an unstable compound ir-
reversibly transforming intoa-Fe2O3 at 550oC. This
temperature clearly corresponds to the maximum of
the second peak in the doublet under discussion. Fin-
ally, there is an apparent, but not clearly explained in
available literature, relation between this doublet and
final (and definitely dissimilar) stages of dehydration
of the sample in the temperature range under consi-
deration.

A significant exothermic effect in the DTA curve at
5803710oC with a maximum at 660oC corresponds to
the almost linear part of the TG curve. This effect is
presumably related to the Curie point ofg-Fe2O3
(675oC) [4], which can exist in this region, and (or) to
a change in magnetic properties ofa-Fe2O3 (677oC).

When the temperature in similar systems rises to
700oC, traces of wustite FeO can appear [4]. Its oxida-
tion seems to give rise to a weak growth of the sample
weight detected in the final portion of the TG curve.

To refine our data, we recorded a thermogravigram
of the powder heated in a helium atmosphere under
the same conditions (Fig. 1b). The TG, DTG, and
DTA curves of this thermogravigram differ essentially
from the curves in Fig. 1a.

Despite general similarity of the TG curves, the
curve in Fig. 1b even at room temperature exhibits
a weak weight gain, which at approximately 30oC
gives way to weight loss. In the range 1803255oC the
sample weight grows again. At higher temperatures
(up to 550oC) the weight loss again becomes prevail-
ing, and then the sample weight remains almost con-
stant up to 770oC. The weight of the sample grows
only at higher temperatures up to the end of the
heating.

The TG curve inFig. 1b differs from the TGcurve
in Fig. 1a in the shape of the initial section, in much
higher temperatures of the onset of weight gain (180
against 105oC), its maximum (~255 against 225oC),
and completion (~415 against 380oC), of practical
termination of weight loss (~550 against 540oC), and
also of the beginning of the final weak and gradual
weight gain (770 against 650oC).

In Fig. 1b the DTGcurve is consistent in shape
with the TG curve. A weak weight gain recorded in
the TG curve at a near-room temperature is confirmed
by the initial portion of the DTG curve. This increase
is followed by a flat lowering of the DTG curve in the
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range 303500oC, which also confirms the total weight
loss observed in the TG curve. There is a maximum in
the DTG curve inFig. 1b at 210oC in the range 1003
325oC, which partially coincides with the range of the
weight gain in the TG curve (~1803410oC). The sub-
sequent negative peak in the DTG curve covers the
range 4603600oC and has a minimum at 530oC. This
minimum is in a good agreement with a well pro-
nounced weight loss at 4603550oC in the TG curve.
The region of the DTG curve above 600oC is almost
linear, and a tendency to its extremely weak and
gradual rise can be a very insignificant evidence for
a certain weight growth detected in the TG curve
above 770oC.

A comparison of the DTG curves in Figs. 1a and
1b shows that, in spite of their general similarity, the
curve in Fig. 1b has a positive deviationnear room
temperatures, its peak with a maximum close to
200oC is more stretched and somewhat shifted to
higher temperatures (~210 against~200oC), its nega-
tive peak with a minimum at 530oC is also more
stretched and shifted by approximately 5oC to higher
temperatures, and its final portion has a certain slope.

It should be also noted that the products of calcina-
tion of the powder in a helium atmosphere and under
oxidative conditions have the same color and prop-
erties.

The DTG curve inFig. 1b is characterized by a
broad exothermic peak in the 203600oC range and by
two well pronounced peaks covering the 203450oC
and 4503600oC ranges and having maxima at 235
and 520oC, respectively. Above 600oC there is a weak
exothermic doublet in the DTA curve in the range
6003740oC with two maxima at 660 and 720oC.
Above 740oC the DTA curve monotonically descends,
exhibiting two very weak exothermic deviations with
maxima at approximately 805 and 890oC.

The DTA curves in Figs. 1a and 1b differ to the
greatest extent. The initial portion of the curve in
Fig. 1b shows a definitely exothermiceffect in con-
trast to that in Fig. 1a. The first exothermicpeak in
the curve in Fig. 1b spans therange 203450oC,
whereas the similar peak inFig. 1a corresponds to the
range 1003460oC. The maxima of these peaks are
also situated at different temperatures: 235 and 220oC,
respectively. In the range 4503600oC the curve in
Fig. 1b has a well-pronounced second exothermic
peak with a maximum at 520oC, and the curve in
Fig. 1a has a significantly less distinct exothermic
doublet with maxima at 500 and 560oC. On the con-
trary, in the range 6003740oC a well pronounced
exothermic transformation with a maximum at 660oC

in Fig. 1a corresponds to aweak exothermic doublet
in Fig. 1b with maxima at 660 and 720oC. Finally, the
region of the DTA curve inFig. 1b above 740oC cor-
responds to the exothermic process in contrast to that
in Fig. 1a.

The above-mentioned differences in thermogravi-
grams of Figs. 1a and 1b can be caused by the follow-
ing reasons. At the beginning of the sample heating
under helium, this gas is adsorbed by finely dispersed
particles of the sample, which results not only in the
weight gain detected in the TG and DTG curves, but
also in heat liberation detected in the DTA curve
below 100oC as an exothermic peak inFig. 1b, unlike
the same region in Fig. 1awhere an endothermic
deviation was found. The shapes of the both TG
curves at temperatures higher than 100oC are almost
the same. The dehydration of iron hydroxides and the
oxidation of Fe3O4 on heating under helium begin and
end at considerably higher temperatures, as follows
from the comparison made above.

Calculations of the composition of the powder
sample characterized byFig. 1b gave 68.49% Fe3O4
and 31.51% iron hydroxides (the absolute difference
from our earlier estimation is 0.65%).

Thus, as in the previous case, the weight gain in
the range 1803250oC detected in the TG and DTG
curves in Fig. 1b and the corresponding exothermic
peak in the DTA curve are due to the oxidation of
magnetite with oxygen, which is possibly present
around crucibles in a small amount sufficient for oxi-
dation. The limited oxygen content in this space
causes the shift in the parameters of Fe3O4 oxidation
(onset, end, and maximum) toward higher tempera-
tures, as seen from the TG, DTG, and DTA curves.

The exothermic doublet in the DTA curve in
Fig. 1a at 4803590oC corresponds to a single exo-
thermic peak in the DTA curve inFig. 1b at almost
the same temperatures (4603600oC) with a maximum
at 515oC. As in Fig. 1a, it probably results from the
exothermic transformation of maggemite into hema-
tite. The greater value of this peak suggests in this
sample the increased content of lepidocrocite among
iron hydroxides.

Probably, oxygen deficiency around crucibles sup-
presses the formation of one or more modifications of
Fe2O3 and, in contrast, facilitates formation of other
modification(s), which leads to degeneration of the
doublet into a single peak. As a consequence, a single
exothermic effect at 5803730oC in the DTA curve
in Fig. 1a is transformed into a smooth exothermic
effect, extended along the temperature axis (~6003
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770oC) and having a clear tendency to splitting in
two peaks. This effect also corresponds to the more
extended portion of the TG curve, where no essential
weight changes are observed. As assumed earlier, this
effect is attributable to the magnetic properties of
Fe2O3 modifications. Low oxygen content in the fur-
nace atmosphere is probably responsible also for a
significant shift of the onset of certain weight gain,
completing sample heating, toward higher tempera-
tures (from ~650 to ~770oC).

CONCLUSIONS

(1) Thermogravigrams were obtained under helium
and in air for a deposit formed on steel chips at their
treatment with humid air containing 0.0130.05 g m33

HCl. A comparative examination of the thermogravi-
grams was carried out.

(2) It was found that the deposit contains about
68.5369.1% magnetite and 30.931.5% iron hydrox-

ides. Lepidocrocite is the prevailing fraction among
the hydroxides.
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Abstract-The fractionation of sulfur isotopes, namely, enrichment of the cinder with the heavy isotope34S
in the course of roasting of various sulfide ores and concentrates in neutral and oxidative atmospheres at
7733973 K was studied.

High-temperature oxidative roasting is widely used
today as one of main overhead stages in processing
copper3nickel and copper sulfide concentrates. There-
fore, roasting processes attract steady researches’ in-
terest. A significant attention is paid to the mech-
anisms of oxidation and dissociation of sulfur,1 which
is the major component removed upon the roasting.

It is well known that isotopes can be fractionated in
the course of chemical reactions, i.e., fractions of
isotopes in products can differ from those in the start-
ing reagents. Therefore, it is not improbable that
studying the fractionation of sulfur isotopes can give a
new qualitative information on reaction mechanisms,
as compared to traditional techniques (chemical analy-
sis, XRD, X-ray spectral microanalysis, etc.).

The fractionation of sulfur isotopes in the course of
high-temperature oxidative roasting of copper3nickel
sulfide ore of Pechenga ore field was established
previously [1]. However, the data obtained could not
be considered as fully reliable because of insufficient
number of the experiments.

In this work the possibility of fractionation of sul-
fur isotopes was confirmed not only for sulfide ores
but also for Pechenga ore concentrates and natural
pyrite at various temperatures in oxidative and neutral
atmospheres.
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Oxidation of sulfur and dissociation of higher sulfides can oc-

cur simultaneously in spite of the fact that roasting is carried
out in an oxidative atmosphere.

The composition of starting materials is given in
Table 1. Pyrite was roasted at 773 and 873 K under
argon in an installation shown in Fig. 1.

A 5-g pyrite sample in an alundum boat was first
placed in a quartz tube and then in a furnace with a
Silit heater. The tube was blown through with argon
before switching on the furnace. On reaching a tem-
perature of the experiment the quartz tube was moved
to place the sample in the furnace hot area. In the
course of the experiment the temperature was kept
constant by an automatic apparatus. After roasting the
sample was removed from the hot area by shifting the
tube. The furnace was switched off, but the gas was
passed through up to complete sample cooling.

After thorough grinding and mixing, the cooled
sample was divided into two equal parts. One of them
was chemically analyzed for the total sulfur and sul-
fate sulfur. The other part was used in the isotope
mass-spectral analysis.

Copper3nickel sulfide ore and concentrate were
roasted in air at 823 and 973 K. Preliminarily the ore
and concentrate with the grain size less than 0.1 mm
were pelletized with water added. A 4-g pellet sample
was placed in a quartz reactor roughly modeling a
fluidized-bed furnace (Fig. 2). The reactor was placed
in a Silit furnace and heated. On reaching the required
temperature, air was passed through the reactor bot-
tom at a rate of 1.35 l min31. The oxidation time was
varied from 1 to 15 min. On completion of the ex-
periment, the air flow was ceased and the reactor
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Table 1. Chemical composition of starting materials
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material
³ Content, wt %
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ Ni ³ Cu ³ Co ³ Fetotal ³ Stotal ³ Ssulfate ³ SiO2 ³ Al2O3³ CaO ³ MgO

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
Pyrite ³ 0.09 ³ 0.10 ³ 0.01 ³ 39.8 ³ 44.60³ 1.01 ³ 8.4 ³ 0.42 ³ 0.24 ³ 0.22
Copper3nickel ore ³ 2.44 ³ 0.65 ³ 0.06 ³ 27.4 ³ 13.78³ 0.41 ³ 22.0 ³ 0.66 ³ 1.90 ³ 19.20
Copper3nickel ore concentrate³ 7.68 ³ 4.00 ³ 0.23 ³ 30.4 ³ 20.18³ 0.13 ³ 16.8 ³ 3.70 ³ 0.66 ³ 11.20
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

was removed from the furnace. The cooled cinder was
ground, weighed, and after thorough mixing divided
into two parts. One of the parts was chemically
analyzed for total sulfur and sulfate sulfur. The other
part was used in the isotope analysis.

Determination of the sulfur isotope composition in-
volves sample preparation, namely, complete conver-
sion of sulfur in the sample to sulfur dioxide, and sub-
sequent analysis of SO2 by mass spectrometry [2].

A ground weighed sample was thoroughly mixed
with a threefold excess of an oxidant. Copper(II)
oxide of analytical pure grade was used as the oxi-
dant. A mixture of the ore and copper(II) oxide was
loaded in a porcelain boat placed in a quartz reactor.
The system was evacuated to a pressure of 20

1032 mm Hg. After evacuation the reactor was
placed in a tubular furnace, the temperature was grad-
ually raised to 573 K, and the sample was degassed
within 30 min. Then the reactor was removed from
the furnace, the temperature was raised to 10533

1083 K, and the reactor with the combustion boat was
placed back in the furnace. The system was discon-
nected from the vacuum pump, and the trap was
placed in a Dewar flask with liquid nitrogen. The
evolved sulfur dioxide was frozen out in the trap. Sul-
fur from the sample was oxidized for 80 min. Sulfur
dioxide from the trap was evaporated and refrozen in
a quartz ampule, which was sealed and then analyzed
by a standard technique on a double-beam mass spec-
trometer with a two-channel lap system. Sulfur from
a reference sample was oxidized similarly.

Cinders after oxidative roasting of copper3nickel
sulfide ore were analyzed on an MI-1330 mass spec-
trometer,2 and cinders obtained by pyrite roasting and
oxidative roasting of the ore concentrate, on an MI-
1201V mass spectrometer.3

The sulfur isotope composition in the samples
ÄÄÄÄÄÄÄÄÄÄÄÄ
2 Isotope analysis was carried out in the Russian Research Insti-

tute of Geology (VSEGEI), St. Petersburg.
3 Isotope analysis was carried out in the Institute of Microbio-

logy, Russian Academy of Sciences, Moscow.

under study is usually characterized by the ratio
32S/34S of only two isotopes [3], because the concen-
tration of the other natural isotopes,33S and36S, is
negligible. Variations in the sulfur isotope composi-
tion are expressed by the value ofd34S (‰), which is
calculated by the equation

34S/32Ss 3 34S/32Sref
d34S = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 1000, (1)

34S/32Sref

Fig. 1. Installation for pyrite roasting in a horizontal
reactor: (1) electric furnace, (2) quartz tube, (3) boat with
weighed sample, (4) cylinder with argon, (5) reducer,
(6) flowmeter, (7) cooler, (8) packed filter, (9) thermo-
couple and potentiometer, and (10) transformer.

Water

Nitrogen

Air

FTIAN-3
mass

spectrom-
eter

Fig. 2. Laboratory installation for pellet roasting in flu-
idized bed: (1) furnace with Silit heater, (2) quartz reactor,
(3) pellets, (4) Chromel3Alumel thermocouple, (5) poten-
tiometer, and (6) gas cooler.
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Table 2. Experimental conditions and data on pyrite roast-
ing under argon
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

T, K
³

t, min
³ Stotal ³ Ssulfate ³

d34S, ‰³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´
³ ³ wt % ³

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
initial sample ³ 44.6 ³ 1.01 ³ 32.0

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
773 ³ 1 ³ 44.4 ³ 1.03 ³ 5.6
773 ³ 2 ³ 44.2 ³ 0.17 ³ 5.2
773 ³ 10 ³ 43.9 ³ 1.03 ³ 0.1
873 ³ 5 ³ 44.1 ³ 0.84 ³ 1.4
873 ³ 10 ³ 44.7 ³ 0.74 ³ 0.5

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

where 34S/32Ss is the isotope ratio in a sample and
34S/32Sref is that in a reference.

Troilite sulfur of the Canyon Devil meteorite is
used as a universally recognized world [4]. In every-
day practice an intermediate (working) reference is
used instead of the absolute reference. The following
formula is used for the conversion:

d34S = (1 +d34Sref/met/1000)d34Ss/ref + d34Sref/met, (2)

where d34Sref/met characterizes variations in the iso-
tope composition of the working reference relative to
the meteorite, andd34Ss/ref characterizes variations in
the isotope composition of a sample relative to the
working reference.

The positive sign ofd34S indicates that sulfur is
enriched with34S, and the negative sign, that sulfur is
enriched with32S with respect to the meteorite sulfur.
Further all analytical data are given relative to the
above-mentioned international reference.

The accuracy of thed34S determination on MI-
1330 and MI-1201V mass spectrometers was+0.3 and
+0.1‰, respectively.

Experimental data on pyrite roasting are given in
Table 2 and Fig. 3. Theyreveal appreciable fractiona-

d34S, %

t, min
Fig. 3. Variation in the sulfur isotope compositiond34S in
a cinder obtained by pyrite roasting under argon. (t) Time;
the same for Fig. 4. Temperature (K): (1) 773 and (2) 873.
Dashed lines denote limits of the accuracy ofd

34S deter-
mination in the initial sample; the same for Fig. 4.

tion of sulfur isotopes in the course of the pyrite dis-
sociation. The maximal fractionation takes place in
the initial stages of the roasting.

Before discussing these data, we consider some
aspects of the isotope separation theory. It was noted
before that chemical transformations of molecules
containing various sulfur isotopes are usually accom-
panied by their fractionation due to distinctions in
their physicochemical properties, i.e., isotope distribu-
tions in the reagents and products change in a chemi-
cal reaction. This results from different mobility of
molecules with light and heavy isotopes, which affects
the reaction rate. Naturally, the rate is lower in the
case of a heavier isotope.

The difference in rates may be partially caused by
the difference in vibration frequencies of molecules
with different isotopes [5]. However, this difference is
unlikely to be significant at high temperatures.

The kinetic isotope effect is defined as the ratio of
reaction rate constants of isotope species [6]:

k /k* = (m*/m)1/2e3(E3E*)/RT, (3)

wherem is the reduced mass of a molecule (asterisk
designates a heavy isotope),E and E* are activation
energies of the reactions involving light and heavy
isotopes,T is the absolute temperature, andR is the
universal gas constant.

It is clear that the activation energy of the reaction
involving a heavy-isotope species is higher that with
a light-isotope form.

According to Eq. (3), the kinetic isotope effect
depends on temperature and differences in the isotope
masses and activation energies of various isotope
forms. As the temperature increases, the isotope effect
decreases. In the limiting case ofT 6 i the exponen-
tial term approaches unity, and the isotope effect is
determined by only the mass ratio. It should be noted
that the mass difference between32S and34S is 7%.

Since bonds formed by a light isotope are weaker
than those of a heavy isotope, the inequalityk/k* > 1
is valid, i.e., reaction products are usually enriched
with a light isotope, and a heavy isotope is accumu-
lated in the residue. Data inFig. 3 are in a goodagree-
ment with these theoretical statements.

A significant enrichment of the cinder with34S is
observed at the beginning of the dissociation (773 K),
i.e., the Fe32S2 molecules dissociate preferentially.
The enrichment decreases in time. The effect of cinder
enrichment with34S at 873 K is less pronounced,
which well agrees with Eq. (3).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

FRACTIONATION OF SULFUR ISOTOPES 389

Table 3. Experimental conditions and data on oxidative
roasting of ore concentrate in fluidized bed
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

T, K
³
t, min

³ Stotal ³ Ssulfate ³
dS34, ‰³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´

³ ³ wt % ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

Ore

Starting sample³ 13.78 ³ 0.41 ³ 5.3
973 ³ 1 ³ 11.48 ³ 0.14 ³ 5.6
973 ³ 5 ³ 4.73 ³ 0.37 ³ 5.0
973 ³ 10 ³ 0.90 ³ 0.58 ³ 6.8

Ore concentrate

Starting sample³ 18.9 ³ 1.48 ³ 8.2
823 ³ 3 ³ 14.5 ³ 1.00 ³ 9.5
823 ³ 10 ³ 10.6 ³ 1.78 ³ 9.2
823 ³ 15 ³ 10.2 ³ 2.02 ³ 7.5
973 ³ 1 ³ 16.9 ³ 0.57 ³ 7.9
973 ³ 3 ³ 13.3 ³ 0.71 ³ 9.4

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

To prove conclusively the fact of the enrichment
with 34S, it is necessary to correlate the content of sul-
fate sulfur with d34S. Such a correlation is needed
because34S is always accumulated preferentially in
oxidized sulfur compounds in the following order:
S23, S0, SO2, SO3, SO4

23. This trend was the most
completely demonstrated by Sakai and Bachinskii [4].

Consequently, if the sulfate content in pyrite sam-
ples strongly changes, a question arises whether the
enrichment of a cinder with a heavy isotope results
only from the lower content of sulfate sulfur in the
sample under study. Table 2 demonstrates no explicit
correlation betweend34S and Ssulfate; however, during
the first minutes of dissociation the cinder is appreci-
ably enriched with34S irrespective of the content of
sulfate sulfur in the sample.

The data on the oxidative roasting of the ore and
concentrate are given in Table 3. Time dependences of
the isotope compositions are presented in Fig. 4,
which shows that the cinder is enriched with34S.

t, min

d34S, %

Fig. 4. Variation in sulfur isotope compositiond34S in a
cinder formed in the course of oxidative roasting of copper3

nickel sulfide ore and ore concentrate. Sample: (1, 2) con-
centrate and (3) ore. Temperature (K): (1) 823 and
(2, 3) 973.

At 823 K the enrichment is observed in the initial
process stage, as is the case with pyrite dissociation.

In the case of roasting at 973 K the curves are dif-
ferently shaped. However, in this case the cinder is
also enriched with34S. We note that the enrichment at
973 K was found in the cases of various materials
using different mass-spectrometric installations.

Thus, the experiments have shown that high-tem-
perature (7733973 K) roasting of various sulfide ores
and concentrates in neutral and oxidative atmospheres
is accompanied by fractionation of sulfur isotopes,
namely, enrichment of the cinder with34S.

The data on variation in time of the sulfur isotope
composition in roasting gases would be no less valu-
able; however, such experiments require special equip-
ment and development of appropriate technique.

CONCLUSIONS

(1) The greatest enrichment in roasting of natural
pyrite under argon was observed within the first
minutes at low temperatures. The maximal enrichment
at 773 K was 6‰. In the case of roasting of copper3

nickel sulfide ores and concentrates at 823 and 973 K,
the maximal enrichment was 1.331.5‰.

(2) The regular trends revealed can be used in
development of oxidative roasting theory for various
sulfide materials.
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Abstract-The accuracy of calculations by the Clapeyron3Clausius equation in the entire region of existence
of a liquid phase is discussed in relation to temperature or pressure.

By now, equations have been developed allowing
reliable prediction of the saturated vapor pressure over
the entire region of existence of the liquid phase [1].
However, these methods rely upon a vast body of dif-
ficultly accessible input data and cannot be applied to
poorly studied substances.

The Clapeyron3Clausius equation gives in the
simplest form the temperature dependence of the
vapor pressure and is widely used in thermodynamic
calculations. For some substances it yields an accept-
able error in comparatively narrow temperature inter-
vals, which is accounted for by the assumptions made
in deriving and integrating the equation. At the same
time, the Clapeyron3Clausius equation is valid for
many substances in rather wide temperature intervals,
which has been substantiated by the compensation
effect recently [1, 2].

The temperature at which the pressure is deter-
mined may vary within the existence range of the
liquid phase, beginning at the triple point and ending
at the critical point. The problem of how the choice
of temperature affects the error of the Clapeyron3

Clausius equation has not been studied. In the present
study, data were obtained making it possible to relate
the conditions of application of the Clapeyron3

Clausius equation (range of temperatures or pressures
in which a calculation is performed) to the expected
error in calculating the saturated vapor pressure.

As objects of study were chosen 10 substances for
which precise data on the saturated vapor pressure are
available in the literature for the entire range of exist-
ence of the liquid phase. These substances, their fun-
damental constants [2], and also sources of tabulated
data on the saturated vapor pressure are listed in
Table 1.

For the above substances, calculations by means of
the Clapeyron3Clausius equation were performed in
the entire range of existence of the liquid phase,i.e.,
in the temperature interval between the triple and
critical points.

As is known, in integrating the approximate
Clapeyron3Clausius equation

d lnP/dT = DHv /(RT2)

the enthalpy of vaporization is taken to be equal to its
value at the boiling point,DHb, and the constant of
integration is found from the saturated vapor pressure
at the boiling point. This yields the equation

ln P = 3A/T + B, (1)

A = DHb /R, B = DSb /(RTb).

The pressures calculated using Eq. (1) were com-
pared with experimental values, and the relative error
of pressure calculation by the Clapeyron3Clausius
equation was determined. An example of calculations
for two substances is given in Table 2.

Further, the absolute values of the above errors
were averaged for some temperatures or pressures
over all the 10 substances considered. This average
error is given in Tables 3 and 4 and is considered a
measure of the accuracy of the Clapeyron3Clausius
equation.

It was found that the following behavior is ob-
served in the temperature interval between the triple
and critical points: for all of the substances the calcu-
lation error grows with decreasing temperature (which
corresponds to decreasing pressure). In the tempera-
ture interval between the boiling and critical points,
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Table 1. Physicochemical properties of substances
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Substance
³

Tb, K
³

Hb, kJ mol31 ³
Tc, K

³
Pc, MPa

³ Reference, source of data
³ ³ ³ ³ ³ on vapor pressure

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CCl4 ³ 349.7 ³ 30.02 ³ 507.2 ³ 4.56 ³ [3]
CCl2F2 ³ 243.4 ³ 20.51 ³ 385.2 ³ 4.15 ³ [3]
CHCl2F ³ 282.1 ³ 24.49 ³ 451.6 ³ 5.19 ³ [4]
CHClF2 ³ 232.3 ³ 20.30 ³ 369.3 ³ 4.99 ³ [5]
CBrF3 ³ 215.5 ³ 18.25 ³ 340.2 ³ 3.97 ³ [4]
CBrClF2 ³ 269.1 ³ 23.15 ³ 427.0 ³ 4.25 ³ [4]
CBrCl2F ³ 325.0 ³ 27.88 ³ 514.0 ³ 4.49 ³ [4]
NH3 ³ 239.7 ³ 23.36 ³ 405.5 ³ 11.35 ³ [6]
SiCl4 ³ 330.5 ³ 28.64 ³ 507.0 ³ 3.73 ³ [7]
SnCl4 ³ 387.0 ³ 33.98 ³ 592.2 ³ 3.84 ³ [8]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Error in calculation of the saturated vapor pressure by the Clapeyron3Clausius equation for NH3 and CHClF2
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K ³ P, MPa, experiment³ Calculation error, %º T, K ³ P, MPa, experiment³ Calculation error, %
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ºNH3 º CHClF2
º196 ³ 0.0064 ³ 15.4 º 193 ³ 0.0103 ³ 15.7

203 ³ 0.0109 ³ 11.1 º 203 ³ 0.0204 ³ 8.9
223 ³ 0.0408 ³ 2.7 º 218 ³ 0.0495 ³ 2.7
233 ³ 0.0717 ³ 0.4 º 223 ³ 0.0645 ³ 1.3
238 ³ 0.0931 ³ 30.4 º 228 ³ 0.0829 ³ 0.2
253 ³ 0.1900 ³ 31.7 º 243 ³ 0.1640 ³ 31.9
293 ³ 0.8580 ³ 30.9 º 253 ³ 0.2450 ³ 32.3
313 ³ 1.555 ³ 0.9 º 273 ³ 0.4981 ³ 32.5
343 ³ 3.312 ³ 3.9 º 293 ³ 0.9097 ³ 31.7
353 ³ 4.139 ³ 4.9 º 313 ³ 1.533 ³ 30.7
363 ³ 5.112 ³ 5.7 º 333 ³ 2.427 ³ 0.2
373 ³ 6.250 ³ 6.4 º 343 ³ 2.997 ³ 0.5
383 ³ 7.571 ³ 6.9 º 353 ³ 3.664 ³ 0.6
393 ³ 9.104 ³ 7.2 º 363 ³ 4.442 ³ 0.4
398 ³ 9.961 ³ 7.2 º 365 ³ 4.613 ³ 0.3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

two types of behavior with temperature are observed
for the calculation errorD: for some substancesD
grows with increasing temperature, while for the
others it remains approximately constant up to the
critical point. Both types of dependences, plotted on
the basis of the data in Table 1 for NH3 and CHClF2,
are shown in Fig. 1. ThedifferenceT 3 Tb is plotted
along the abscissa, in order to bring into coincidence
the zeros of the function and the argument (since the
constant of integration of the Clapeyron3Clausius
equation is found from the boiling point parameters,
the equation gives zero error just for the boiling
point).

The obtained data indicate that it is advisable
to further analyze the accuracy of the Clapeyron3

Table 3. Accuracy of calculation by the Clapeyron3Clausi-
us equation in the low-temperature region in relation to
pressure
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

P, MPa
³ Error, %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ average ³ maximum

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0.01 ³ 12 ³ 16
0.02 ³ 7.0 ³ 10
0.03 ³ 5.1 ³ 8
0.04 ³ 3.6 ³ 5
0.05 ³ 2.4 ³ 4
0.06 ³ 1.5 ³ 3
0.07 ³ 1.1 ³ 2
0.08 ³ 0.6 ³ 1
0.09 ³ 0.4 ³ 0.7

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 4. Accuracy of calculation by the Clapeyron3Clau-
sius equation in the low-temperature (I) and high-tempera-
ture (II) regions in relation to temperature
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T 3 Tb,
³ Error, % º

T 3 Tb,
³ Error, %

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ
K ³

average
³ maxi- º K ³

average
³ maxi-

³ ³ mum º ³ ³ mum
ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

ºRegion I º Region II
º

35 ³ 0.5 ³ 1 º 20 ³ 0.8 ³ 3
310 ³ 1.3 ³ 2 º 40 ³ 1.3 ³ 4
320 ³ 3.1 ³ 5 º 60 ³ 1.5 ³ 4
330 ³ 5.7 ³ 9 º 80 ³ 2.1 ³ 5
340 ³ 10 ³ 14 º 100 ³ 2.7 ³ 7
350 ³ 20 ³ 25 º 120 ³ 3.4 ³ 8

³ ³ º 140 ³ 3.6 ³ 9
³ ³ º 160 ³ 4.8 ³ 9
³ ³ º 180 ³ 5.0 ³ 10

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Clausius equation for two temperature intervals: low-
temperature (T < Tb) and high-temperature (T > Tb).

In the low-temperature region, the saturated vapor
pressures of all the substances vary within the range
from 0 to 0.1 MPa (the last figure is the rounding of

D, %

T 3 Tb, K

Fig. 1. Variation of the error of calculation by the
Clapeyron3Clausius equation,D, with the distance from the
boiling point. (T) Temperature. (1) NH3 and (2) CHClF2.

T 3 Tb, K

D, %

0

Fig. 2. (1) Average and (2) maximum error in calculating
the saturated vapor pressure by the Clapeyron3Clausius
equation vs. the calculation temperatureT.

a value of 0.10325 which gives in megapascals the
saturated vapor pressure at the boiling point). There-
fore, the accuracy of the Clapeyron3Clausius equation
can be related both to pressure (Table 3) and to tem-
perature (Table 4). Tables 3 and 4 show that the error
in calculating the saturated vapor pressure becomes
significant at pressures lower than 0.01 MPa or at
temperatures deviating from the boiling point by more
than 40 K.

In the high-temperature region, it is impossible to
set unambiguously the upper pressure limit because of
the different critical pressures of all substances. There-
fore, the accuracy of the Clapeyron3Clausius equation
is given in relation to temperature (Table 4). It can be
seen that in calculations above the boiling point the
Clapeyron3Clausius equation ensures reliable prog-
nosis of the saturated vapor pressure in sufficiently
wide temperature intervals.

The results presented in Table 4 are summarized by
the plot in Fig. 2, readily providing information about
the expected average error in determining the pressure
and the maximum error of calculation by the Cla-
peyron3Clausius equation in different temperature
ranges. As seen from Fig. 2, theaverage error in cal-
culating the saturated vapor pressure by the Cla-
peyron3Clausius equation in the temperature range
from T 3 Tb = 320 toT 3 Tb = 110 K is relatively low
and constitutes+3%.

CONCLUSIONS

(1) It is shown that the accuracy of the Clapeyron3

Clausius equation depends on calculation conditions
(interval of temperatures or pressures for which a cal-
culation is performed).

(2) In the low-temperature region (T < Tb) the cal-
culation error increases dramatically when the pres-
sure becomes lower than 0.01 MPa (or the calculation
temperature deviates from the boiling point by more
than 40 K).

(3) In the high-temperature region (T > Tb), the
calculation error gradually grows when the critical
point is approached, ensuring high reliability of the
prediction of the saturated vapor pressure in a wide
range of temperatures.
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Abstract- The boiling point, molar volume of liquid at the boiling point, and enthalpy of vaporization at
the boiling point were found by calculation for little-studied tin compounds SnH2Cl2 and SnHCl3.

In the homologous series formed upon substitution
of hydrogen atoms in the tin hydride molecule by
chlorine (SnH4, SnH3Cl, SnH2Cl2, SnHCl3, SnCl4),
only the end members of the series (SnH4 and SnCl4)
have been studied in sufficient detail. Only scarce
information is available about the properties of
SnH3Cl [1]. Published data on properties of dichloro-
stannane SnH2Cl2 and trichlorostannane SnHCl3 are
completely lacking. In particular, there is no informa-
tion about such fundamental constants of the sub-
stances as boiling point parameters. In the present
study, these properties of two poorly studied tin com-
pounds are determined using calculation methods.

A reliable evaluation of the boiling pointTb of a
compound under study can be made by comparative
calculation methods, if boiling points are known for
substances of the same type. Such methods are based
on an analysis of variation in the boiling point in a
series of compounds thermodynamically similar to the
compound under study. The boiling points were deter-
mined using methods that were recommended in [1]
and tested on a wide variety of molecular inorganic
compounds. As compounds thermodynamically simi-
lar to those under study were chosen chlorosilanes.
The properties of the compounds used to determine
the physicochemical constants of little studied tin
compounds are listed in Table 1.

The following relations were studied: (a) that bet-
ween the boiling points of silicon and tin compounds
in the homologous series EH4, EH3Cl, and ECl4,
where E is an element (Si or Sn); (b) that between the
molar mass and the quantity (TbM)0.5 in the series of
compounds SnH4, SnH3Cl, and SnCl4; and that bet-
ween the molar mass and the product ofTb by the
parachorP in the series of compounds SnH4, SnH3Cl,
and SnH4 (the parachor was calculated by the method
described in [1]).

As an example, one of these dependences is shown

in Fig. 1. It was established that all the three depen-
dences are obviously linear. Their processing by the
least-squares method gives the following equations:

Tb(SnHmCln) = 0.98Tb(SiHmCln) + 65.0, (1)

(TbM)0.5 = 1.07M + 40.81, (2)

TbP = 9.67M 3 669.39. (3)

The correlation coefficients and rms errors for
dependences (1)3(3) are presented in Table 2.

Table 1. Input data for the calculation [1]*
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ

Sub- ³ M, ³ P, ³ Tb, ³ Vb,
³ ³ ³ ³stance³ g mol31 ³J1/4 cm5/2 mol31³ K ³cm3 mol31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄ
SnH4 ³ 122.7 ³ 2.24 ³ 221.0³ 63.3
SnH3Cl ³ 157.2 ³ 2.87 ³ 306.7³ 83.0
SnCl4 ³ 260.5 ³ 4.76 ³ 387.0³ 131.7
SiH4 ³ 32.1 ³ 1.78 ³ 161.2³ 50.5
SiH3Cl ³ 66.2 ³ 2.48 ³ 242.6³ 65.1
SiH2Cl2 ³ 101.0 ³ 3.07 ³ 281.3³ 84.3
SiHCl3 ³ 135.4 ³ 3.67 ³ 305.2³ 102.8
SiCl4 ³ 170.0 ³ 4.30 ³ 330.5³ 121.2
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ
* M is the molar mass,P is the parachor, andVb is the molar

volume of liquid at boiling point.

Table 2. Correlation coefficientr and rms errorS of
Eqs. (1)3(6)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Equation ³ r ³ S, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

(1) ³ 0.9992 ³ 1.2
(2) ³ 0.9926 ³ 4.7
(3) ³ 0.9993 ³ 4.0
(4) ³ 0.9913 ³ 1.1
(5) ³ 0.9992 ³ 1.9
(6) ³ 0.9967 ³ 3.8

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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1

2

3

, g mol31

Tb, K; P, J1/4 cm5/2 mol31

Fig. 1. Product of the boiling pointTb by the parachor
P vs. molar mass of a substance studied. (1) SnH4,
(2) SnH3Cl, and (3) SnCl4; the same for Fig. 2.
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3

P, J1/4 cm5/2 mol31

Vb, cm3 mol31

Fig. 2. Molar volume of the liquid at boiling point,Vb,
vs. the parachorP.

To determine the molar volume of the liquid at the
boiling point, Vb, the following relationships were
studied: (a) that between the logarithm ofVb and the
molar massM in the series of compounds SnH4,
SnH3Cl, and SnCl4; (b) that betweenVb and the
parachorP in the series of compounds SnH4, SnH3Cl,
and SnCl4; and (c) that betweenVb of silicon and tin
compounds in the homologous series EH4, EH3Cl,
and ECl4.

Table 3. Boiling point parameters of chlorostannane
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Tb, K ³ Vb, cm3 mol31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
Substance³ by equation

ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ
³ (1) ³ (2) ³ (3) ³ (4) ³ (5) ³ (6)

ÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
SnH2Cl2 ³340.7³ 315.8³ 339.4³ 94.0³ 98.3³ 97.4
SnHCl3 ³364.2³ 354.0³ 368.4³112.1³115.2³114.2
ÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ

Table 4. Recommended values of boiling point parameters
of little studied chlorostannanes
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ SnH2Cl2 ³ SnHCl3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

Tb, K ³ 332 ³ 362
Vb, cm3 mol31 ³ 97 ³ 114
DHb, kJ mol31 ³ 28.7 ³ 31.3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

As an example, one of these dependences is pre-
sented in Fig. 2. It was established that all the three
dependences are obviously linear. Their processing
by the least-squares method gives the following
equations:

ln Vb = 0.00512M + 3.56, (4)

Vb = 26.83P + 4.5, (5)

Vb(SnHmCln) = 0.94Vb(SiHmCln) + 18.2. (6)

The correlation coefficients and rms errors for
dependences (4)3(6) are listed in Table 2.

The molar masses of SnH2Cl2 and SnHCl3, equal
to 192.0 and 226.5, and also the parachors of these
substances (3.50 and 4.13, respectively) were used to
calculate using Eqs. (1)3(6) the boiling points and
molar volumes of liquids at the boiling points of these
substances.

As seen from the data in Table 3, theTb and Vb
values obtained by various methods are reasonably
consistent. The recommended values of the boiling
point parameters of SnH2Cl2 and SnHCl3 can be
obtained by averaging data obtained by three indepen-
dent methods (Table 4). The values in Table 4 are
given with account of the expected error of+2%.

The enthalpies of SnH2Cl2 and SnHCl3 vaporiza-
tion, lacking in the literature, were calculated for the
boiling point by the equation

DHb = Tb[73 + 2.09 ln (TbM /Vb)],

whose accuracy was estimated to be+4% in [1]
(Table 4).

CONCLUSIONS

(1) The applicability of calculation methods to
predicting the boiling point parameters for two little
studied tin compounds SnH2Cl2 and SnHCl3 was
demonstrated.

(2) The boiling point parameters of these com-
pounds, lacking in the literature, were determined.
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Abstract-The behavior of aluminum3scandium alloys in hydrogen at an equilibrium pressure of 0.1 MPa
was studied on a Sieverts apparatus.

The most efficient modifier of aluminum is scandi-
um [1]. Addition of 1% Sc to AV000 aluminum yields
the maximal number of grains (1090 per 1 cm2) com-
pared to other modifiers. Aluminum and aluminum
alloys modified with scandium have the improved
strength, plasticity, corrosion resistance, and other
operation characteristics [2]. Scandium-doped alumi-
num has found application as structural material for
aircrafts. Electrodes made of aluminum wire doped
with 1% Sc facilitate welding of aluminum parts [3,
4], which allows fabrication of compact light articles.
However, the strength of these materials, when operat-
ing for a long time under conditions of sharp tempera-
ture gradients, depends on their resistance to the en-
vironment in which they are exploited, in particular,
air and hydrogen plasma.

In this work we studied the hydrogen absorption
capacity of Al3Sc alloys. As known, compact alumi-
num does not interact with hydrogen. Aluminum hy-
dride (AlH3) as a white amorphous mass can be pre-
pared solely by the chemical method from the ether
solution [5]. Scandium absorbs hydrogen in the ele-
mental state, forming the hydride ScH2 [6], and also
as a component of intermetallic compounds with met-
als that are not hydrogenated. For example, the inter-
metallic compound ScMn2 yields hydrides ScMn2H3.8
[7]; ScFe2, ScFe2H4; and ScCo2, ScCo2H4 [8].

In the Al3Sc system, four intermetallic compounds
are formed: Al3Sc, Al2Sc, AlSc, and AlSc2 [9, 10].
The solubility of Al in Sc reaches about 6.25%. The
limiting solubility of Al in Sc is 0.30%. At high crys-
tallization rates the solubility of Sc can reach 5.1%.
The data on the crystal structure of the phases in the
Al3Sc system are given in Table 1. The crystal struc-
tures and the unit cell parameters of aluminum and the
nearest intermetallic Al3Sc are close. Therefore, as
was shown by practical experience, cracks resulting
from internal stresses do not appear in aluminum

alloys containing up to 30% Sc at their various mech-
anical and thermal treatments. The behavior of these
alloys in hydrogen-containing media was not studied
previously.

EXPERIMENTAL

The alloys under study were obtained from alumi-
num (A999 ultrapure grade) and SkM-2 grade scandi-
um containing (wt %) 99.88 Sc, 90 1033 Fe, less than
0.001 Cu, 0.0051 Al, 0.05 Ca, 0.02 Mg, less than
0.001 Y, less than 0.0005 Yb, less than 0.005 Zr, less
than 0.005 Ti, and 0.016 Si. The starting materials
were smelted in an electric arc furnace with a per-
manent tungsten electrode under purified argon. Each
sample was melted sixfold. The content of the ele-
ments in the alloys was determined by X-ray flu-
orescence analysis on a VRA-30 device. In some tests,
chemical analysis was also used.

The alloys were hydrogenated at a 0.1 MPa hydro-
gen pressure on the improved quartz apparatus of the
Sieverts type [6]. The volume of the reaction chamber
was 60 cm3. The pressure was measured with a mer-
cury manometer. The hydrogen uptake was monitored
by the pressure change in the system. The pressure
was adjusted to the initial value every 5 min. Hydro-
gen was obtained by decomposing titanium hydride or
LaNi5 hydride in a reactor connected to the reaction
chamber. Owing to plasticity, aluminum alloys con-
taining up to 2% Sc were used as powder, which was
prepared from finely disperse cuttings washed with
ethyl alcohol and sieved. The other alloys were used
as crushed ingots. Metallic scandium was hydro-
genated without crushing.

We measured the sorption isobars at 0.1 MPa hy-
drogen pressure. Before hydrogenation, the alloys
were activated by heating to 6003800oC at 13 Pa.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

RESISTANCE TO HYDROGEN OF Al3Sc ALLOYS 397

Table 1. Crystal structure of phases in the Al3Sc system [9, 11]
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Phase
³

Prototype
³

Pearson’s symbol
³

Space group
³

Structure
³ Lattice parameters, nm

³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ ³ ³ designation³ a ³ b ³ c

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Al ³ Cu ³ cF4 ³ Fm3m ³ Al ³ 0.4041 ³ 3 ³ 3

Al3Sc ³ AuCu3 ³ cF4 ³ Pm3m ³ Ll2 ³ 0.4105 ³ 3 ³ 3

Al2Sc ³ Cu2Mg ³ cF24 ³ Fd3m ³ Cl5 ³ 0.758 ³ 3 ³ 3

AlSc ³ CsCl ³ cP2 ³ Pm3m ³ B2 ³ 0.5030 ³ 0.9895 ³ 0.3126
AlSc2 ³ InNi2 ³ hP6 ³ P63/mmc ³ B82 ³ 0.488 ³ 3 ³ 0.6166
b-Sc ³ Cu ³ cI2 ³ Fm3m ³ A2 ³ 0.454 ³ 3 ³ 3

a-Sc ³ Mg ³ hP2 ³ P63/mmc ³ A3 ³ 0.3309 ³ 3 ³ 0.5273
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 2. Sorption characteristics of scandium3aluminum solid solutions after activation at 600oC for 1 h
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ H2 content, cm3 g31, at indicated temperature,oC ³

H2 contentÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´
³ 600 ³ 500 ³ 400 ³ 300 ³ 200 ³ 100 ³ 20 ³ in alloy, %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Al + 0.3% Sc: ³ ³ ³ ³ ³ ³ ³ ³

compact ³ 0 ³ 1.4 ³ 2.0 ³ 4.3 ³ 5.3 ³ 7.1 ³ 8.9 ³ 0.08
powder ³ 1.1 ³ 1.3 ³ 18.1 ³ 18.5 ³ 24.2 ³ 27.5 ³ 39.3 ³ 0.35

³ ³ ³ ³ ³ ³ ³ ³Al + 2% Sc: ³ ³ ³ ³ ³ ³ ³ ³
compact ³ 0.4 ³ 2.0 ³ 3.5 ³ 4.0 ³ 7.1 ³ 13.1 ³ 13.9 ³ 0.14
powder ³ 6.0 ³ 6.0 ³ 7.5 ³ 10.9 ³ 15.0 ³ 25.1 ³ 58.8 ³ 0.52

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

After activation, hydrogen was fed into the reactor,
where the sample preheated to the maximal tempera-
ture was located, and the hydrogen sorption was ob-
served and recorded at constant temperature till the
saturation was complete. After that, the temperature
was decreased by 100oC. The sorption process was
resumed till the saturation was observed at the given
temperature. The test was performed at stepwise de-
crease in the temperature to room temperature. The
incubation period was observed in none of the cases.
The total time of the experiment reached 335 days.

We found that all the compositions studied are
hydrogenated reversibly and after decomposition in a
vacuum and subsequent hydrogenation the final con-
tent of hydrogen in them is similar to the results of
the first hydrogenation. The exception was metallic
scandium. In the course of the first hydrogenation it
took up only 86.6 cm3 of H2 per 1 g and disintegrated
by cracking. No hydrogen was released in a vacuum at
900oC, and only at 1000oC it started decomposing.
The results of the second hydrogenation are given in
Table 2. Heating it in a vacuum was accompanied by
intense cracking, indicative of transformation of the
hydride structure. It can be presumed that, as in the
Ti3H system [12, 13], hydrogen shifts the temperature

of the b-Sc6 a-Sc transition toward lower tempera-
tures (the temperature of thea-Sc 6 b-Sc transition
in air is 1337oC). In this case, as in the majority of
studies, no scandium hydride of the composition ScH2
was obtained. The hydrogen content in the hydride
obtained corresponds to the composition ScH1.39.

The hydrogen content in solid solution and scandi-
um3aluminum alloys depends on dispersity (Table 2).
Hydrogen absorption is stronger for powders owing
to developed surface. On heating Al + 0.3% Sc and
Al + 2% Sc samples to 600oC in a vacuum, about 73
10 cm3 of adsorbed hydrogen per gram of the alloy
is released, with most of hydrogen remaining in the
alloy lattice. Concerning the effect of hydrogen on
aluminum alloys, Dobatkinet al. [14] report that
[...hydrogen content exceeding 0.2 cm3 per 100 g
drastically deteriorates impermeability of ingots. Also,
it can affect impermeability of deformed semifinished
products. Unfortunately, study of this effect, which is
so important for estimating the potential of metals in
spacecrafts, is given little attention yet.]

The data on hydrogenation of the intermetallic
compounds are given in Table 3. Before interaction
with hydrogen, the alloys were activated in a vacuum
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Table 3. Data on hydrogenation of intermetallic compounds of the Al3Sc system and scandium after the first cycle
of hydrogenation3dehydrogenation
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Sam-
³ Activation ³ PH2

, ³ H2 content, cm3 g31, at indicated temperature,oC ³
H2, %**ÃÄÄÄÄÄÂÄÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´

ple ³ T, oC ³ t, h ³ MPa³ 800 ³ 700 ³ 600 ³ 500 ³ 400 ³ 300 ³ 200 ³ 100 ³ 20 ³
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄ
Al3Sc ³ 600 ³ 1.0 ³ 0.1 ³ 3 ³ 3 ³ 0 ³ 2.5 ³ 24.5³ 24.5³ 25.6³ 42.5³ 44.6³ 0.40
Al2Sc ³ 900 ³ 0.7 ³ 0.1 ³ 7.6 ³ 14.3³ 17.7³ 25.5³ 32.5³ 38.4³ 41.4³ 69.5³ 75.6³ 0.67
AlSc ³ 900 ³ 0.5 ³ 0.1 ³ 20.7³ 32.2³ 41.1³ 50.9³ 66.7³ 72.1³ 75.5³ 86.5³ 98.0³ 0.87
AlSc2 ³ 800 ³ 0.5 ³ 0.1 ³ 104.0³ 105.9³ 106.6³ 107.1³ 126.9³ 129.4³ 131.4³ 150.2³ 189.5³ 1.15
AlSc2* ³ 200 ³ 0.5 ³ 2.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 10.0³ 241.9³ 2.16
Sc ³ 900 ³ 0.5 ³ 0.1 ³ 320.9³ 321.0³ 321.0³ 321.0³ 322.0³ 326.0³ 327.0³ 338.0³ 338.0³ 3.0
ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ
* After the third cycle.

** Maximal H2 content at 20oC.

at 8003900oC. The exception was Al3Sc, which was
activated at 600oC to prevent possible partial peri-
tectic decomposition at 660oC. The maximum amount
of hydrogen absorbed by AlSc2 was smaller compared
to similar AB2 alloys (e.g., NiMg2 and NiTi2: 404
and 298 cm3 g31, respectively). As known [15], the
solubility of hydrogen in aluminum and scandium and
the diffusion rate of hydrogen in these metals grow
with increasing pressure. It is presumed that the hy-
drogen pressure of 0.1 MPa is insufficient for com-
plete saturation of AlSc2. Therefore, the intermetallic
compounds were hydrogenated at 2.5 MPa in a stain-

T, oC
(a)

(b)A, cm3 g31

at. %

wt %

Fig. 1. (a) Phase diagram of the Al3Sc system and
(b) maximal sorption capacity for hydrogen of the system
alloys vs. alloy composition. (T) temperature and (A) sorp-
tion capacity atP = 0.1 MPa and 20oC.

less steel installation. Additional activation of the
alloy grains was performed by repeated hydrogena-
tion3dehydrogenation cycles without removing the
sample from the reaction chamber (Table 3).

We studied the influence of activation temperature
and number of activation cycles on hydrogenation.
After the third cycle the amount of sorbed hydrogen
reached 241.9 cm3 H2 per gram of the alloy. Only
minor amount of hydrogen (9.9 cm3 H2 per gram) was
revealed by chemical analysis of the material hydro-
genated at 200oC and 2.5 MPa. Thus, the hydride of
AlSc2 is extremely unstable, instantaneously decom-
posing at room temperature as the hydrogen pressure
is quickly relieved from 2.5 to 0.1 MPa. For its stor-
age the special stabilization procedures are necessary.
Many hydrides, including LaNi5 hydride, behave
similarly. To stabilize them, the surface is saturated
with oxygen or carbon dioxide at the temperature of
liquid nitrogen.

The sorption capacity for hydrogen as a function of
composition of the Al3Sc system is plotted in Fig. 1.
All alloys of the system, especially intermetallic com-
pounds, absorb hydrogen. If during fabrication of
scandium-doped aluminum, namely, in the stage
when aluminum3scandium charge is introduced into
aluminum melt, the homogenization of the melt was
not attained and scandium segregated in the course of
subsequent crystallization, then, for example, in space-
craft articles and liquid-hydrogen cylinders, especially
on warming them from the sun side, Al3ScHx or
Al2ScHx can be formed with high probability. Scandi-
um can segregate into intermetallic compounds in
the course of rolling ingot and during welding with a
scandium-containing wire owing to crystallization of
a weld material. The resulting hydrides decompose
with hydrogen evolution, resulting in the formation
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of pores during diffusion. The hydrogen accumulation
in a spacecraft in the presence of oxygen can cause
explosion and fire.

In this work, the influence of the other components
of traditional aluminum alloys, for example, magnesi-
um and lithium alloys, on their resistance to molecular
hydrogen was not studied. Presumably, the presence
of these elements easily forming hydrides MgH2 and
LiH would deteriorate the hydrogen resistance of
aluminum3scandium alloys.

CONCLUSION

(1) All alloys of the Al3Sc system interact with
hydrogen. The intermetallic compounds Al3Sc, Al2Sc,
AlSc, and AlSc2 form hydrides.

(2) The amount of sorbed hydrogen grows with
increasing hydrogen pressure.

(3) The AlSc2-based alloy can be used for prepar-
ing hydrogen-accumulating materials.

(4) The aluminum alloys containing scandium can
be recommended for aerospace technology only after
testing them for hydrogen resistance.

REFERENCES

1. Lamikhov, L.K. and Samsonov, G.V.,Tsvetn. Met.,
1964, vol. 37, no. 8, pp. 79382.

2. Abstracts of Papers,Skandii i perspektivy ego ispol’zo-
vaniya: Mezhdunarodnaya nauchno-prakticheskaya
konferentsiya(Int. Scientific and Practical Conf. on
Scandium and Prospects of Its Use), Moscow, 1994.

3. Filatov, Yu.A., Elagen, V.I., and Zakharov, V.V.,

Tekhnol. Legk. Splavov, 1997, no. 5, pp. 8310.
4. Ishchenko, A.Ya., Lozovskaya, A.V., Poklyats-

kii, A.G., et al, Avtom. Svarka, 1993, no. 4, pp. 19325.
5. Nekrasov, B.V., Kurs obshchei khimii(Course of

General Chemistry), Moscow: Khimiya, 1967, part 2.
6. Antonova, M.M. and Morozova, R.A.,Preparativnaya

khimiya gidridov(Preparative Chemistry of Hydrides),
Kiev: Naukova Dumka, 1976.

7. Kost, M.E., Raevskaya, M.V., Shilov, A.L.,et al,
Zh. Neorg. Khim., 1979, vol. 24, no. 12, pp. 32393
3242.

8. Semenenko, K.N. and Burnasheva, V.V.,Dokl. Akad.
Nauk SSSR, 1976, vol. 231, no. 2, pp. 3563358.

9. Diagrammy sostoyaniya dvoinykh metallicheskikh
sistem: Spravochnik(Phase Diagrams of Binary Metal
Systems: Reference Book), Lyakishev, N.P., Ed.,
Moscow: Mashinostroenie, 1996.

10. Naumkin, O.P., Terekhova, V.T., and Savitskii, E.M.,
Izv. Akad. Nauk SSSR, Metally, 1965, no. 4, pp. 1763
182.

11. Gschneidner, K.A., Jr., and Calterwood, F.M.,Bull.
Alloy Phase Diagr., 1989, vol. 10, no. 1, pp. 34336.

12. Svoistva elementov: Spravochnik(Element Properties:
The Reference Book), Samsonov, G.V., Ed., Moscow:
Metallurgiya, 1976.

13. Metal Hydrides, Mueller, W.M., Blackledge, J.P., and
Libowitz, G.G., Eds., New York: Academic, 1968.

14. Dobatkin, V.I., Gabidulin, R.M., Kalachev, B.A., and
Makarov, G.S.,Gazy i okisly v alyuminievykh defor-
miruemykh splavakh(Gases and Oxides in Deformed
Aluminum Alloys), Moscow: Metallurgiya, 1976.

15. Kalachev, B.A., Il’in, A.A., Lavrenko, V.A, and Le-
vinskii, Yu.V., Gidridnye sistemy: Spravochnik
(Hydride Systems: The Reference Book), Moscow:
Metallurgiya, 1992.



1070-4272/01/7403-0400$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 3, 2001, pp. 4003403. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 3,
2001, pp. 3933396.
Original Russian Text CopyrightC 2001 by Karetina, Shubaeva, Dikaya, Khvoshchev.

SORPTION
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND ION-EXCHANGE PROCESSES

Sorption of Lead(II) from Aqueous Solutions
by Synthetic Zeolites

I. V. Karetina, M. A. Shubaeva, L. F. Dikaya, and S. S. Khvoshchev

Grebenshchikov Institute of Silicate Chemisty, Russian Academy of Sciences, St. Petersburg, Russia
Corning Research Center, St. Petersburg, Russia

Received November 2, 1999; in final form, January 2000

Abstract-A comparative study of the sorption of lead(II) from dilute aqueous solutions by synthetic
faujasites, chabazites, mordenites, erionites, phillipsites, and type A zeolites was performed. The most promis-
ing sorbents are low-silica chabazites and potassium erionites with relatively high SiO2/Al2O3 ratio.

Recently, interest in the possibility of recovering
heavy-metal ions from natural water and wastewater
has been again aroused by the increasingly stringent
environmental regulations. The high selectivity of
zeolites with respect to lead ions has long been known
[133]. For obvious reasons the preference has been
given to natural zeolites [439]. At the same time,
there are no published comparative data for main types
of synthetic zeolites. This communication presents
some results obtained in studying the ion-exchange
capacity for lead(II) of synthetic faujasites, type A
zeolites, chabazites, erionites, mordenites, and phil-
lipsites treated with solutions with low concentration
of Pb2+ ions in the presence of predominant amounts
of Ca2+ ions.

All the zeolites studied were synthesized by the
technique described in [10].1 The composition of
the crystals was determined by methods of chemical
analysis (Table 1).

The estimates of the ion-exchange capacity of some
zeolites for lead are presented in Table 2.

In the first case, weighed portions of zeolites (1.53

2.0 g) were treated with solutions containing lead(II)
in amounts equivalent to the content of cations in
crystals. In the second case, the solutions used for
treatment contained the same amount of lead(II) and
a 10-fold excess of calcium and magnesium ions.
Each zeolite was thrice treated with the solution for
6 days at room temperature with intermediate wash-
ings. In the process, up to 2 l of the solution was
used, depending on the required component ratios.

As seen from Table 2, Na+ ions in zeolites are only
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 At the Corning Research Center.

in part replaced by Pb2+ ions even upon treatment
with purely lead solutions. Under the conditions of
competition with Mg2+ and Ca2+ ions, the degree of
exchange for Pb2+ markedly decreases, but the selec-
tivity order CHA > FAU > LTA remains unchanged.
As seen from Table 2, the contents of PbO and CaO
are comparable, even though the Ca2+ concentration
in solutions is 10 times that of Pb2+. At the same
time, only an insignificant part of Na+ ions is replaced
under these conditions by Mg2+ ions.

The presence of Ca2+ ions has practically no effect,
either, on the possibility of lead(II) recovery from
solutions containing only 0.00006% Pb2+ (Table 3),
with zeolites of different structural types exhibiting
similar behaviors. A similar conclusion was made in
[5] in reference to a number of natural zeolites. As
seen from Table 3, the NaFAU-2 faujasite with
SiO2/Al2O3 ratio of 2.87 and low-silica chabazite
NaCHA-1 show the highest capacity for lead(II).

The main results obtained in studying the absorp-
tion of Pb2+ ions by zeolites are presented in Table 4.
Here, too, the solutions used contained 0.00006%
lead(II). The treatment was performed at room tem-
perature in the course of 15 days.

At so low degrees of exchange (the PbO/Al2O3
ratio in the zeolite crystals subjected to treatment was
0.00130.004) it is difficult to speak of any clear rela-
tionship between the composition of zeolites and their
ability to absorb lead(II). However, some conclusions
can be made. Large cations are less firmly bound to
the zeolite lattice, and, with increasing size of alkali
metal cation in a zeolite, the ion-exchange sorption of
lead(II), as a rule, becomes stronger. This is observed
in going from Li+ to Na+ in the case of faujasites, and
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Table 1. Composition of the starting crystalline samples and the corresponding ion forms
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Zeolite ³ Composition of crystals
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Faujasite (FAU): ³
NaFAU-1 ³ 0.94Na2O .Al2O3 .2.33SiO2 .5.84H2O
NaFAU-2 ³ 0.98Na2O .Al2O3 .2.87SiO2 .6.19H2O
NaFAU-3 ³ 1.03Na2O .Al2O3 .4.94SiO2 .7.75H2O
CaFAU-1 ³ 0.99CaO.0.03Na2O .Al2O3 .2.26SiO2 .6.46H2O
LiFAU-1 ³ 0.94Li2O .0.02Na2O .Al2O3 .2.31SiO2 .5.63H2O
MgCaFAU-1 ³ 0.58MgO.0.43CaO.0.01Na2O .Al2O3 .2.34SiO2 .6.01H2O
CaFAU-2 ³ 0.97CaO.0.06Na2O .Al2O3 .2.94SiO2 .6.94H2O³

Chabazite (CHA): ³
KCHA-1 ³ 1.00K2O .Al2O3 .2.14SiO2 .4.03H2O
KCHA-2 ³ 0.97K2O .Al2O3 .3.12SiO2 .4.28H2O
KCHA-3 ³ 1.02K2O .Al2O3 .4.43SiO2 .4.48H2O
NaCHA-1 ³ 0.98Na2O .0.04K2O .Al2O3 .2.11SiO2 .4.50H2O
NaCHA-2 ³ 0.80Na2O .0.12K2O .Al2O3 .3.08SiO2 .5.53H2O
NaCHA-3 ³ 0.78Na2O .0.18K2O .Al2O3 .4.39SiO2 .6.23H2O³

Erionite (ERI): ³
KNaERI-1 ³ 0.42K2O .0.46Na2O .Al2O3 .7.65SiO2 .6.26H2O
KNaERI-2 ³ 0.70K2O .0.37Na2O .Al2O3.7.65SiO2 .6.26H2O
NaKERI-1 ³ 0.66Na2O .0.18K2O .Al2O3 .5.33SiO2 .5.68H2O
NaKERI-2 ³ 0.68Na2O .0.33K2O .Al2O3 .7.73SiO2 .6.49H2O³

NaA (LTA) ³ Na2O .Al2O3 .2.03SiO2 .4.74H2O³
Mordenite (MOR) ³ 0.99Na2O .Al2O3 .10.19SiO2 .6.49H2O³
Phillipsite (PHI) ³ 0.79Na2O .0.28R2O .Al2O3 .5.05SiO2 .6.34H2O
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Composition of zeolite crystals after treatment with (1) 0.01 NPb(NO3)2 and (2) 0.01 N Pb(NO3)3 + 0.1 N
Ca(CH3COO)2 + 0.1 N Mg(NO3)2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Zeolite

³ Content of indicated oxides (mol mol31 Al2O3) after treatment with solutions
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ PbO ³ Na2O ³ PbO ³ Na2O ³ K2O ³ CaO ³ MgO

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
NaFAU-1 ³ 0.62 ³ 0.44 ³ 0.42 ³ 0.20 ³ 3 ³ 0.33 ³ 0.02
NaLTA ³ 0.44 ³ 0.62 ³ 0.34 ³ 0.13 ³ 3 ³ 0.39 ³ 0.13
NaCHA-1 ³ 0.74 ³ 0.26 ³ 0.49 ³ 3 ³ 0.04 ³ 0.42 ³ 0.01

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

from Na+ to K+ for chabazites and erionites. The op-
posite tendency is only observed for a chabazite with
the smallest SiO2/Al2O3 ratio.

Ca2+ ions are bound to the lattice more firmly than
Na+ ions, and it could be expected that the ability of
calcium zeolites to absorb lead(II) would be lower
than that of sodium zeolites. For faujasites with
SiO2/Al2O3 , 2.9 this is indeed so, and further de-
crease in this ability is observed on replacing Ca2+ by
Mg2+ ions. However, with the SiO2/Al2O3 ratio de-

creasing to approximately 2.3, replacement of Na+ by
Ca2+ and Mg2+ has absolutely no effect on the sorp-
tion of lead(II) ions.

With decreasing total charge of the lattice and in-
creasing SiO2/Al2O3 ratio, the binding of cations to
the lattice becomes weaker and they must be replaced
more easily. Correspondingly, the ability of nearly all
zeolites with like cations to absorb lead(II) grows with-
in each structural type with increasing SiO2/Al2O3
ratio. Only low-silica sodium chabazites and high-
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Table 3. Effect of calcium ions on lead sorption: sorption
from solutions containing (1) 0.6 mg l31 Pb(II) and
(2) 0.6 mg l31 Pb + 250 mg l31 Ca(II)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Zeolite

³ Content of Pb(II) in a zeolite, wt %,
³ after treatment with indicated solution
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
NaFAU-1 ³ 1.0 ³ 0.9
NaFAU-2 ³ 1.7 ³ 1.7
CaFAU-2 ³ 1.3 ³ 1.4
NaFAU-3 ³ 1.1 ³ 0.9
NaLTA ³ 1.0 ³ 1.2
NaCHA-1 ³ 1.6 ³ 1.5
NaMOR ³ 0.8 ³ 0.8

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Recovery of lead(II) with zeolites from aqueous
solutions containing (1) 0.6 mg l31 Pb(II) + 250 mg l31

Ca(II) and (2) 0.15 mg l31 Pb(II) + 250 mg l31 Ca(II)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Zeolite

³

SiO2/Al2O3

³Content of Pb(II) in zeolite,
³ ³ wt %, after treatment with
³ ³ indicated solution
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ ³ 1 ³ 2

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Faujasite: ³ ³ ³

NaFAU ³ 2.01 ³ 3 ³ 1.0
NaFAU-1 ³ 2.33 ³ 0.9 ³ 3

LiFAU-1 ³ 2.31 ³ 0.5 ³ 3

CaFAU-1 ³ 2.26 ³ 0.9 ³ 3

MgCaFAU-1³ 2.34 ³ 1.0 ³ 3

NaFAU-2 ³ 2.87 ³ 1.7 ³ 1.3
LiFAU-2 ³ 2.9 ³ 1.0 ³ 3

CaFAU-2 ³ 2.94 ³ 1.4 ³ 3

MgCaFAU ³ 2.9 ³ 1.0 ³ 3

NaFAU-3 ³ 4.94 ³ 3 ³ 0.9³ ³ ³
Chabazite: ³ ³ ³

NaCHA-1 ³ 2.14 ³ 1.5 ³ 1.5
KCHA-1 ³ 2.11 ³ 0.9 ³ 3

NaCHA-2 ³ 3.08 ³ 0.7 ³ 0.9
KCHA-2 ³ 3.12 ³ 1.0 ³ 3

NaCHA-3 ³ 4.39 ³ 0.9 ³ 3

KCHA-3 ³ 4.43 ³ 1.5 ³ 3³ ³ ³
Erionite: ³ ³ ³

NaKERI-1 ³ 5.33 ³ 0.7 ³ 3

KNaERI-1 ³ 5.26 ³ 1.3 ³ 0.8
NaKERI-2 ³ 7.73 ³ 1.1 ³ 3

KNaERI-2 ³ 7.65 ³ 1.8 ³ 1.7³ ³ ³
Phillipsite ³ ³ ³

NaPHI ³ 5.05 ³ 3 ³ 1.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 5. Influence exerted by the time of treatment with a
solution containing 0.15 mg l31 Pb(II) + 250 mg l31 Ca(II)
on the recovery of lead with NaCHA zeolite (SiO2/Al2O3 =
5.0)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Number of ³ Total time of ³ Pb(II) in zeolite,
treatments ³ treatments, days ³ wt %

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1 ³ 1.3
1 ³ 2 ³ 1.6
1 ³ 5 ³ 1.8
4 ³ 9 ³ 2.1

Dynamic conditions (40 ml min31) ³ 0.9
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

silica faujasites remain outside this pattern. Presum-
ably, the prevailing effect is exerted here already by
the increasing number of bonds between cations and
the aluminosilicate skeleton, rather than by their
becoming stronger or weaker.

The noted relationships are, on the whole, also
preserved in passing to solutions containing a four
times smaller amount of lead(II). In this case, faujasite
with particularly low SiO2/Al2O3 ratio, synthesized
by the method described in [11], and also phillipsite
having rather high selectivity [6] exhibit under these
conditions relatively low capacity for lead(II). It seems
that the most promising are low-silica chabazites
known as selective absorbers of strontium(II) from
concentrated salt solutions [12] and potassium erio-
nites with relatively high SiO2/Al2O3 ratio. As seen
from Table 4, both of these are low-sensitive to a
fourfold decrease in the concentration of lead(II) in
the solutions used.

It is possible to get a certain insight into the kinet-
ics of lead(II) absorption from the data in Table 5.
In all cases, the total volume of solution was 5 l at
weighed portions of 0.5 g. The equilibrium state is not
achieved even after several days; however, even under
dynamic conditions the zeolite exhibits a quite ap-
preciable capacity for lead(II) absorption.

CONCLUSION

Synthetic zeolites, especially low-silica chaba-
zites and potassium erionite with relatively high
SiO2/Al2O3 ratio, show appreciable ion-exchange
capacity for lead(II) in the presence of predominant
amounts of calcium and magnesium ions in solutions.
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Abstract-The sorption of carbon disulfide on carbon materials was studied as influenced by the chemical
nature of their surface and presence of surface oxygen-containing functional groups and metal ions differently
bound on the sorbent surface. Cation-substituted carbons with considerably higher capacity as compared with
the initial sorbents were prepared.

Activated carbons (ACs) are widely used for sorp-
tion recovery of carbon disulfide from industrial
exhaust gases to decrease environmental contamina-
tion and to return this product in production [133].
However, in most cases the residual content of CS2 in
the exhaust gases significantly exceeds the maximal
permissible concentration (MPC, 0.03 mg m33). More
exhaustive removal of CS2 and other toxic sulfur
compounds is of particular importance for environ-
mental safety; it is also required in systems for deep
purification of air for operation of analytical and
medical equipment, individual protection of breath
organs, etc. Though the interaction of carbon disulfide
with ACs was studied rather extensively [135], data
on recovery of CS2 to the levels about MPC and lower
from low-concentrated air3gas mixtures (AGMs) are
scarce. Thus, studies in this direction and search for
more efficient sorbents are still urgent.

The sorption capacity of various carbon materials
(CMs) with respect to certain gas mixtures can be in-
creased by addition of various modifying agents (e.g.,
metal compounds) chemically interacting with the
sorbed materials. Impregnation with various solutions
is the most common way to modify CMs. For exam-
ple, such chemical sorbents based on activated car-
bons are widely used in gas-protection apparatus
[135]. As seen from published data [638], the ion-
exchange substitution of the protons in the surface
acidic functional groups of oxidized carbons (OCs) [9]
with metal ions can be more efficient as compared
with impregnation. In this case the surface complex
OC3Mn+ acts as a sorption center and the molecules
of sorbed compounds (L) occupy the free sites of the

metal coordination environment, forming the struc-
tures like 3C3O3M...Ln. This process is termed
[ligand] sorption [7310]. It was found that, due to
such processes, the cationic forms of OCs are more
efficient in sorption of water vapor [8], ammonia [10,
11], sulfur dioxide [7, 11], carbon disulfide [7], etc.,
as compared with unmodified and even initial nonoxi-
dized activated carbons.

In this work we studied the possibility of ligand
sorption and the dependence of carbon disulfide sorp-
tion on carbon materials as influenced by the chemical
nature of their surface and presence of the surface
oxygen-containing functional groups (OCFGs) and
metal ions differently bound with the carbon surface.
It should be noted that the data on the feasibility and
efficiency of CM modification with metal cations for
carbon disulfide sorption are virtually lacking.

In our study we used various industrial carbons
(AR-3, KAU, SKN, Sorbon). The samples were oxi-
dized with air or nitric acid by the known procedures
[9]. The cation-substituted forms of oxidized carbons
containing copper, iron, and cobalt ions on the sorbent
surface were prepared by the ion-exchange procedure
[6, 9]. Moreover, some AC samples were modified by
impregnation with solutions of the corresponding
metal nitrates [6]. In this case we obtained the sam-
ples containing the modifying agents differently bound
with the surface in amounts of 0.1030.12 mg-ion g31.
In the oxidized carbons (samples are denoted as
AC-O-M-1) the metal cations substitute the protons in
the OCFGs forming surface complexes. At certain
preparation regimes during impregnation of nonoxi-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

SORPTION OF CARBON DISULFIDE FROM AIR3GAS MIXTURES 405

Table 1. Physicochemical characteristics of sorbents*
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent
³ Pore volume, cm3 g31 ³

Ssp, m2 g31
³ SEC, mmol g31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ Ws ³ Vmic ³ Vmes ³ ³ for HCl ³ for NaOH

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Sorbon ³ 0.87 ³ 0.58 ³ 0.29 ³ 915 ³ 0.6 ³ 0.0
KAU ³ 0.70 ³ 0.42 ³ 0.28 ³ 720 ³ 0.0 ³ 2.2
KAU-O ³ 0.68 ³ 0.40 ³ 0.28 ³ 700 ³ 2.2 ³ 0.1
SKN ³ 0.85 ³ 0.58 ³ 0.27 ³ 840 ³ 0.2 ³ 1.6
AR-3 ³ 0.57 ³ 0.36 ³ 0.19 ³ 685 ³ 0.5 ³ 0.1
AR-3-O-Co-1 ³ 0.58 ³ 0.40 ³ 0.18 ³ 610 ³ 3 ³ 3

AR-3-Co-2 ³ 0.58 ³ 0.39 ³ 0.19 ³ 605 ³ 3 ³ 3

AR-3-O-Fe-1 ³ 0.74 ³ 0.61 ³ 0.13 ³ 840 ³ 3 ³ 3

AR-3-Fe-2 ³ 0.68 ³ 0.58 ³ 0.10 ³ 900 ³ 3 ³ 3

AR-3-O-Cu-1 ³ 0.70 ³ 0.42 ³ 0.28 ³ 720 ³ 3 ³ 3

AR-3-Cu-2 ³ 0.69 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* Ws is the total pore volume;Vmic, Vmesare the volumes of micro- and mesopores;Ssp is the specific surface area; SEC is the static

exchange capacity characterizing the content of the basic (for HCl) and acidic (forNaOH) surface groups;AC-O is the oxidized
carbon; AC-O-M-1 are cation-substituted samples; and AC-M-2 are the metal-substituted samples prepared by impregnation.

dized carbons (AC-M-2 samples) metal compounds
penetrate into the sorbent pores either in the initial
(water-soluble) form, or as specifically sorbed whole
molecules, or as hydroxides or basic salts formed in
the side reactions [6, 9]. The physicochemical and
sorption properties of CMs studied by common proce-
dures [1, 9] are listed in Table 1.

The recovery of CS2 from the air3gas mixtures was
studied at various temperatures under the dynamic
conditions in the columns containing 334 cm3 of sor-
bent at constant flow rate of the gas mixture (2003

250 ml min31). The concentration of carbon disulfide
was determined by known chemical procedures [12].
In some cases the composition of the exhaust gas mix-
ture at the column outlet was analyzed by gas chroma-
tography. The desorption of carbon disulfide was also
studied under the dynamic conditions in an argon
flow. Our experimental data showed that the tempera-
ture of 100oC and argon flow rate of 100 ml min31 are
the optimal for efficient desorption.

Our tests showed that in the case of common ACs
at 203120oC the sorption of H2S is reversible, de-
creasing with increasing temperature (Fig. 1); under
the similar conditions it is mainly determined by the
structural characteristics of the sorbent such as poros-
ity, specific surface area, etc. The reversibility of CS2
sorption is illustrated by almost complete removal of
carbon disulfide with argon and by the possibility of
performing several sorption3desorption cycles using
a single sample (Table 2). At temperatures higher than
120oC the fraction of desorbed CS2 significantly
decreases, and the products of catalytic oxidation of

carbon disulfide such as sulfur and carbon oxides
appear in the exit gases. In the case of air3gas mixture
containing 0.0130.02 wt % ozone the protective life
(up to appearance of CS2 at the column outlet) re-
mains constant up to 120oC, whereas at 130oC it
strongly increases, which is probably due to intense
oxidative decomposition of carbon disulfide.

The interaction of carbon disulfide with OCs dif-
fers from that described above. Under the similar con-
ditions the sorption capacity of oxidized samples with
respect to CS2 was significantly lower as compared
with the corresponding activated carbons (Fig. 2,
Table 2), but the amount of reversibly sorbed carbon

A, %

t, h
Fig. 1. SorptionA of carbon disulfide from (133, 5) dry and
(436) wet air3gas mixtures on (134) Sorbon and
(5, 6) AR-3 activated carbon at various temperatures.
(t) Operation time; the same for Fig. 2. Temperature,oC:
(1, 4, 5) 20, (2, 6) 50, and (3) 100.
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Table 2. Sorption of carbon disulfide on various carbon materials*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sorbent
³

Medium
³

T, oC
³

Cycle number
³

m, mg
³

Desorption, %
³ Oxidation ³

Cb, mg m33
³ ³ ³ ³ ³ ³ products** ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Sorbon ³AGM ³ 20 ³ 1 ³ 600 ³ 95 ³ 3 ³ 1

³" ³ 20 ³ 2 ³ 580 ³ 100 ³ 3 ³ 1
³" ³ 20 ³ 3 ³ 610 ³ 100 ³ 3 ³ 1
³AGM + H2O³ 20 ³ 1 ³ 460 ³ 98 ³ 3 ³ 1
³AGM + O3 ³ 20 ³ 1 ³ 600 ³ 90 ³ 3 ³ 1
³" ³ 130 ³ 1 ³ 180 ³ 30 ³ + ³ 0.1

KAU ³AGM ³ 20 ³ 1 ³ 600 ³ 95 ³ 3 ³ 0.1
³" ³ 20 ³ 2 ³ 610 ³ 100 ³ 3 ³ 0.1
³" ³ 20 ³ 3 ³ 600 ³ 100 ³ 3 ³ 0.1
³" ³ 130 ³ 1 ³ 150 ³ 32 ³ + ³ 0.1
³AGM + O3 ³ 130 ³ 1 ³ 190 ³ 25 ³ + ³ 0.1

KAU-O ³AGM ³ 20 ³ 1 ³ 50 ³ 47 ³ 3 ³ 1
KAU-O-Fe-1 ³" ³ 20 ³ 1 ³ 280 ³ 28 ³ 3 ³ <0.1

³" ³ 80 ³ 1 ³ 250 ³ 22 ³ + ³ <0.1
AR-3 ³" ³ 20 ³ 1 ³ 450 ³ 100 ³ 3 ³ 1

³" ³ 130 ³ 1 ³ 180 ³ 62 ³ + ³ 1
AR-3-O ³" ³ 20 ³ 1 ³ 40 ³ 45 ³ 3 ³ 1
AR-3-Co-2 ³" ³ 20 ³ 1 ³ 500 ³ 40 ³ 3 ³ 0.1

³" ³ 80 ³ 1 ³ 220 ³ 35 ³ + ³ 0.1
³" ³ 130 ³ 1 ³ 280 ³ 28 ³ + ³ 0.1

AR-3-O-Co-1³" ³ 20 ³ 1 ³ 600 ³ 32 ³ 3 ³ 0.1
³" ³ 80 ³ 1 ³ 350 ³ 25 ³ + ³ 0.1
³" ³ 130 ³ 1 ³ 380 ³ 22 ³ + ³ 0.1

AR-3-Fe-2 ³" ³ 20 ³ 1 ³ 550 ³ 35 ³ 3 ³ 1
AR-3-O-Fe-1 ³" ³ 20 ³ 1 ³ 700 ³ 28 ³ 3 ³ <0.1

³" ³ 80 ³ 1 ³ 510 ³ 18 ³ + ³ <0.1
³" ³ 130 ³ 1 ³ 490 ³ 12 ³ + ³ <0.1

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* (m) Weight of sorbed carbon disulfide and (Cb) breakthrough concentration.

** Presence (+) and absence (3) of the oxidation products.

disulfide was smaller than in the case of ACs. Modifi-
cation of the carbon surface with metal cations in-
creased the recovery of CS2 from air3gas mixtures
(Table 2), and the amount of strongly bound or con-

A, %

t, h
Fig. 2. Sorption of carbon disulfideA on (1) KAU,
(2) SKN, (3) AR-3, (4) KAU-O, (5) SKN-O, and (6) Ar-3-O
sorbents at 20oC.

verted carbon disulfide increased to a still greater
extent. The sorption of CS2 (protective life) in the
presence of water vapor decreases (Table 2,Fig. 1). In
the cation-substituted sorbents the oxidation products
appear at lower temperatures as compared with ACs
(Table 2), which indicates that the sorbents containing
metal cation are more efficient catalysts of carbon
disulfide oxidation. Addition of ozone to the air3gas
mixture at elevated temperatures promotes the re-
covery of CS2, and this process is more efficient as
compared with unmodified activated carbons (Fig. 3).
It should be noted that the breakthrough concentration
after the sorption (conversion) on the cation-substi-
tuted carbons is significantly lower than after sorption
on unmodified sorbents (Table 2, Fig. 3), i.e., they
provide more exhaustive purification of the exit gases.

As seen from Table 1, oxidation slightly decreases
the volume of sorption pores and the specific surface
area as compared with theinitial AC, but the decrease
in the carbon disulfide sorption on OC is probably due
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not only to the above factors and blocking of the sorp-
tion pores, but also to certain chemical processes,
because significant amount of CS2 is sorbed irrevers-
ibly. However, the detailed analysis of this process
requires further studies.

During interaction of CS2 with the cation-substi-
tuted OCs the ligand sorption probably occurs yield-
ing the surface complex3C3O3M...(CS2)n. The pro-
moting effect of this surface complex3C3O3M... on
sorption and catalytic oxidation of carbon disulfide is
also confirmed by the fact that in the case of modified
sorbents prepared by impregnation and containing
similar amounts of modifying metals the sorption and
the amount of irreversibly sorbed CS2 are significant-
ly smaller (Table 2). Similar effects were observed for
different carbon materials.

The decrease in the protective life in the case of
wet air3gas mixtures is probably due to the competi-
tive sorption of water molecules with formation of the
complex 3O3C3O3M...(CS2)n(H2O)m. The increase
in sorption (conversion) in the presence of ozone can
be due to reaction of the oxidant (ozone) with the sub-
strate (CS2) in the surface complex3O3C3O3M...

(CS2)n(O3)m, i.e., to the catalytic activity of the
cation-substituted carbons (as found in [13]).

We found that the prolonged (multicycle) operation
of the cation-substituted carbons especially in the
regimes of catalytic decomposition is rather difficult.
At low temperatures this is due to the fact that sig-
nificant amount of CS2 is strongly sorbed on the sor-
bent surface and is not removed in the inert atmos-
phere. At elevated temperatures the catalytic conver-
sion is observed, and the reaction products decrease
the catalyst activity. Our experimental data suggest
that one of the reaction products (elemental sulfur)
can block the pores [1, 2], whereas sulfur oxides can
react with metal cations.

Thus, we found that sorption of carbon disulfide on
the carbon materials depends not only on the pore
structure [133], but also on the chemical nature of
their surface and on the presence of modifying agents.
In this case the ion-exchange modification of the oxi-
dized carbons with cations of such metals as iron,
cobalt, and copper allows us to prepare efficient sor-
bents with high capacity and the protective life with
respect to carbon disulfide significantly exceeding that
of the initial ACs, including those containing metal
cations, but prepared by impregnation.

Such modified carbon materials can be used in air
treatment to remove CS2 to the levels of MPC and
lower. These sorbents are the most efficient in dispos-

C, mg m33

t, min
Fig. 3. Sorption of carbon disulfide on (1, 2) initial AR-3
and (3, 4) its oxidized forms modified by ion-exchange
with iron (1, 3) in the absence and (2, 4) in the presence
of ozone at 50oC. (C) Concentration of CS2 and (t) time.

able filters for analytical and medical devices, in-
dividual breath-protection respirators, in the catalyst
poisoning protection, etc.

These dependences are of practical importance in
common use of activated carbons for gas purification
or recuperation of carbon disulfide, because the opera-
tion of sorption columns requires taking into account
gradual decrease in the sorption capacity of coals
due to their oxidation (formation of OCFG). Such
oxidized sorbents cannot be regenerated by treatment
with steam or with solvents. In this case sorbents can
be regenerated by high-temperature treatment.

CONCLUSIONS

(1) Sorption of carbon disulfide from air3gas mix-
tures on various carbon materials under various con-
ditions was studied. This process is determined by
the chemical nature of the sorbent surface and the
presence of the surface oxygen-containing functional
groups and modifying agents differently bound with
the sorbent surface (ion-exchange treatment, impreg-
nation with metal salts).

(2) Cation-substituted sorbents were prepared with
the higher capacity and longer protective life with
respect to carbon sulfide as compared with the initial
sorbents.

(3) The fields of possible application of the modi-
fied carbon sorbents with the highest capacity for CS2
are suggested.
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Abstract-Kinetics of sorption of carbon dioxide on potassium carbonate supported by different porous
matrices was studied in a flow reactor at 40oC. The structural and chemical changes of potassium carbonate3

aluminum oxide composite sorbents were studied by powder X-ray diffraction, thermogravimetry, and low-
temperature nitrogen sorption.

The capacity and selectivity of porous sorbents can
be increased by introduction in their pores of a com-
pound which reversibly reacts with the gaseous adsor-
bate. For example, the most promising composites of
this type are silica gel containing calcium chloride or
lithium bromide in its pores and used as a water sor-
bent [1, 2] and potassium carbonate3activated carbon
and potassium carbonated3aluminum oxide systems
used for sorption of carbon dioxide [3, 4]. In particu-
lar, the sorption capacity of these systems with respect
to CO2 is several times higher than that of conven-
tional sorbents such as activated carbons, aluminum
oxide, and zeolites [4]. Important advantages of these
composites are the absence of corrosion, low regenera-
tion temperature, and effective sorption of CO2 form
humid gaseous mixtures. These sorbents can be used
for removal of CO2 form waste gases of thermal
power plants, in creation of protecting and reducing
atmospheres, in survival systems of submarines, in
hydrogen production by steam conversion of methane,
etc. [3, 5].

Carbon dioxide sorption from humid gas mixtures
in a flow adsorber was studied and the time depen-
dence of the outlet CO2 concentration was measured
by Hayashiet al. [3, 4]. They suggest that potassium
carbonate3porous matrix composites sorb carbon di-
oxide owing to occurrence of reversible chemical
reaction

K2CO3 + H2O + CO2
6

4
2KHCO3. (1)

At T < 100oC the forward reaction prevails and the
reverse reaction used for sorbent regeneration occurs
at T > 150oC. The important parameters of com-

posite sorbents are the residual concentration of car-
bon dioxide at the outlet of an adsorberCout and the
dynamic sorption capacityAdyn. Hayashi et al. [4]
showed that the dynamic capacity of the tested sor-
bents strongly depends on the nature of the support
matrix and on the distribution of the active component
in its pores. For example, low activity of potassium
carbonate supported by silica gel can be due to reac-
tion of these components to form inert surface potas-
sium silicates, which is confirmed by electron micros-
copy [5]:

K2CO3 + SiO2 = K2SiO3 + CO2. (2)

When activated carbon is used as the matrix, large
salt crystals blocking penetration of the reagents in the
sorbent pores can be formed on the hydrophobic sur-
face of the carbons depending of their pore structure.
As a result, the reactive surface of potassium car-
bonate decreases, thus decelerating the sorption of
carbon dioxide [4]. Hayashiet al. [4] also studied
sorption of carbon dioxide from smoke on the potas-
sium carbonate3porous carbon composite. It was
found that the dynamic capacity of the sorbent can be
as high as 1 mol CO2/1 g sorbent. Unfortunately,
Hayashiet al. [4, 5] gave little attention to sorption
properties of potassium carbonate on other supports
and did not substantiate the choice of porous carbons
for practical application.

In this work we studied not only potassium carbo-
nate supported by silica gel and activated carbon but
also the potassium carbonate3vermiculite composite
and systematically studied the potassium carbonate3

aluminum oxide system. The detailed study of the
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Table 1. Texture parameters of the initial matrices and the potassium carbonate content in the sorbents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Matrix
³Size and shape of granules,³

Ssp (BET), m2 g31
³ Moisture capac-³ Salt content, ³

Sorbent³ mm ³ ³ ity, ml g31 ³ wt % ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Al2O3-1 ³Spheres,d = 0.230.25 ³ 248 ³ 0.7 ³ 28.4 ³ A1
Al2O3-2 ³Fraction 132 ³ 280 ³ 1.5 ³ 45.9 ³ A2
Carbon-1 ³Spheres,d = 335 ³ 450 ³ 0.6 ³ 25.3 ³ C1
Carbon-2 ³Cylinders,d = 1 ³ >1150 ³ 0.5 ³ 22.0 ³ C2
Silica gel KSK ³Fraction 132 ³ 350 ³ 1.0 ³ 36 ³ S1
Vermiculite ³Fraction 132 ³ 2.3 ³ 1.6 ³ 47.5 ³ V1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

(a)

t, min

Cout, vol %

Cout, vol %
(b)

t, minCout, vol %
(c)

t, min
Fig. 1. Carbon dioxide concentration at the outlet of ad-
sorber Cout as a function of timet. (a) (1) A1, (2) A2,
(3) S1, (4) V1, (5) C1, and (6) C2 freshly prepared samples;
(7) initial Al 2O3 matrix. (b) Sample A1: (1) freshly pre-
pared, (2) after the first sorption3regeneration cycle at
200oC, (3) freshly prepared and calcined at 350oC, (4) fresh-
ly prepared at calcined at 200oC, and (5) after the first
sorption3regeneration cycle at 350oC. (c) Sample C1:
(1) freshly prepared, (2) after the first sorption3regenera-
tion cycle at 200oC, and (3) after the second sorption3
regeneration cycle at 200oC.

latter composite was caused by the fact that it can
be used for removal of CO2 form gas mixtures, for
example, in short-cycle adsorption of carbon dioxide
[7]. To study the influence of the nature of the porous
matrix-host on the sorption of carbon dioxide by
supported potassium carbonate, we used both hydro-
philic (silica gel, aluminum oxides, inflated vermicu-
lite) and hydrophobic (porous carbon) matrices. In-
flated vermiculite is a mainly macroporous sorbent;
the other matrices are mainly mesoporous. Along
with the sorption kinetics of carbon dioxide in a flow
adsorber, we also studied, using X-ray diffraction
(XRD), thermogravimetry (TGA), and low-tempera-
ture nitrogen sorption, the changes in the texture and
phase composition of the sorbents during the sorption
and regeneration.

EXPERIMENTAL

The sorbents were prepared by impregnation of
porous supports (the parameters are presented in
Table 1) with 40% aqueous K2CO3, followed by dry-
ing on a water bath (T = 100oC) at continuous re-
moval of water vapor with a water-jet pump. The
content of potassium carbonate in the samples ranged
from 22 to 47% depending on the moisture capacity
of the sample. We studied sorption of carbon dioxide
at 40oC in an 5-ml adsorber (a 180-mm glass tube
6 mm i.d.). Air fed in the adsorber was saturated with
a water vapor to the dew point of 30oC. Then CO2
was introduced to its content in the inlet gas flow of
2 vol %. The flow rate of the gas fed in the adsorber
was 150 cm3 min31. The CO2 content at the outlet
was measured chromatographically with an accuracy
of 2% in the range of 1032

32.0 vol %.

As seen from Fig. 1a, the general shape of the
time dependences of the CO2 concentration at the
outlet of the adsorber depends on the nature of the
sorbent matrix. Freshly prepared alumina composites
A1 and A2 almost completely sorb carbon dioxide
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within the first 40350 min. The residual CO2 concen-
tration does not exceed (20325)01034 vol %. Then
the CO2 concentration at the outletCout increases up
to the inlet value. The dynamic capacity of these sor-
bentsAdyn defined as the ratio of the CO2 amount ad-
sorbed by the moment when the outlet CO2 concen-
tration starts to increase (i.e., by the start of break-
through) to the initial weight of the sorbent reaches
0.0630.094 g g31. This is 65375% of their limiting
capacity calculated in accordance with the stoichiom-
etry of reaction (1). The measured dynamic capacity
of the samples is about 20 times higher than that of
the initial Al2O3 matrix (Fig. 1a), i.e., the main part
of carbon dioxide is adsorbed by reaction (1).

The time of CO2 sorption on C1 and C2 sorbents
based on porous carbon is considerably shorter (53

12 min) (Fig. 1a). Then the outlet carbon dioxide con-
centration increases monotonically, with the increase
slightly decelerating atCout = 1.031.2 vol %. The
curves of CO2 sorption on potassium carbonate sup-
ported by silica gel (S1) and vermiculite (V1) indicate
breakthrough of CO2 already at the first steps of the
experiment. In the case of vermiculite sorbent the
curve flattens out at 50% adsorption of CO2 fed at the
inlet. The dynamic capacity of these sorbents is low
and does not exceed 0.006 g g31 (Table 2).

Thus, among the tested sorbents only potassium
carbonate3aluminum oxide composites having high
dynamic capacity and providing low CO2 concentra-
tion at the adsorber outlet are of practical interest. We
studied these composites in more detail. Since atT >
150oC equilibrium (1) is shifted to decomposition of
potassium carbonate, regeneration of the samples was
performed at 2003350oC in an air flow. However,
under these conditions the dynamic capacity of alu-
mina composites does not return to the initial value.
As seen from Fig. 1b, in the first step carbon dioxide
is completely sorbed on the initial A1 sorbent and the
sorbents regenerated at 200 and 350oC. Then CO2
breakthrough is observed, and the curve flattens out at
the level of 25340% sorption. The time to the break-
through increases with increasing the regeneration
temperature from 200 to 350oC but does not exceed
15330% of the time for the initial freshly prepared
sorbent A1. It should be noted that calcination of the
initial A1 and A2 sorbents at 2003350oC decreases
their dynamic capacity several times (Fig. 1b).

For comparison we studied regeneration of C1 and
C2 sorbents, since Hayashiet al. [4] found that the
sorption properties of composites based on porous
carbons can be completely regenerated by calcination.

Table 2. Dynamic capacity for carbon dioxide
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent

³ Adyn, g g31 (% of the maximal value*),
³ to indicated Cout, vol %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 0.005 ³ 1.0

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
A1 ³ 0.063 (73) ³ 0.067 (78)
A2 ³ 0.094 (64) ³ 0.121 (82)
C1 ³ 0.008 (10) ³ 0.044 (55)
C2 ³ 0.025 (35) ³ 0.034 (48)
S1 ³ 0 (0) ³ <0.001 (< 1)
V1 ³ 0 (0) ³ 0.006 (4)

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The maximal capacity of the sorbents was calculated in ac-

cordance with the stoichiometry of reaction (1).

Table 3. Specific surface areaSsp and mesopore volume
Vme of A1 sorbent calcined at different temperaturesTc
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Sample
³ Tc, ³ Ssp (BET), ³ Vme, m3 g31

³ ³ ³³ oC ³m2 g31 support³ support
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Initial A1 support³ 200 ³ 248 ³ 0.41
Initial sorbent ³ 200 ³ 142 ³ 0.34

³ 350 ³ 149 ³ 0.40
After CO2 sorption³ 200 ³ 173 ³ 0.35

³ 350 ³ 174 ³ 0.38
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Indeed, C1 and C2 sorbents were completely regene-
rated by heating at 1503200oC for 132 h (Fig. 1c).

To understand the different behavior of the sor-
bents, the changes in their texture and phase composi-
tion during the sorption and regeneration were studied
by XRD, low-temperature nitrogen sorption, and
TGA. The TG curves of A1 sorbent, measured on a
Rigaku Thermoflex thermobalance, have two regions

, deg
Fig. 2. Powder X-ray diffraction patterns of pure potassium
aluminocarbonate (1) KAl(CO3)2 .1.5H2O and (2) freshly
prepared A2 sorbent. (2q) Braggs’ angle; the same for
Figs. 3 and 4. (I) K2CO3 .1.5H2O, (II ) K2CO3, (III ) KHCO3,
and (IV) KAl(CO3)2 .1.5H2O.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

412 SHARONOV et al.

, deg
Fig. 3. Powder X-ray diffraction patterns of A2 sorbent:
(1) freshly prepared, (2) after the first sorption cycle, and
(3) regenerated at 200oC.

, deg

1

2

3

Fig. 4. Powder X-ray diffraction patterns of freshly pre-
pared (1) A1 and (2) A2 sorbent and (3) of A1 sorbent
calcined at 350oC.

of weight loss at 803100 and 3203350oC. The first
peak is assigned to elimination of the crystallization
water from K2CO3 .1.5H2O. The second peak is prob-
ably due to CO2 liberation in reaction of potassium
carbonate with the matrix. Similar reaction [reac-
tion (2)] was observed [5] between potassium carbo-
nate and silica gel. The TG curve of pure alumina
contains a single peak at 503130oC due to removal of
physically and chemically bonded water.

The specific surface area and pore sizedistribution
of the samples were determined by low-temperature
nitrogen adsorption performed on an ASAP-2400
Micromeritics unit. The results show that the surface
area accessible for nitrogenslightly decreases after in-
troduction of the salt (Table 3). Knowing the density
of potassium carbonaterK2CO3

= 2.428 g cm33,
we can estimate its content in pores accessible for ni-
trogen. The specific weight of potassium carbonate
(g g31) in alumina pores, normalized to the weight of
alumina Al2O3-1, is

mK2CO3
= Vwrs00.4 = 0.396,

wherers = 1.414 g cm33 is the density of a 40% solu-

tion of potassium carbonate at the impregnation tem-
perature (25oC).

The volume occupied by potassium carbonate,
mK2CO3

/rK2CO3
= 0.163 cm3 g31 Al2O3, is larger than

the decrease in the pore volume measured by nitrogen
porosimetry (Table 3). This is likely due to partial
fixation of potassium carbonate particles in the macro-
pores of the support. Interestingly, an increase in the
pore volume of the sorbents with increasing regenera-
tion temperature indirectly confirms reaction of potas-
sium carbonate with alumina matrix to form carbon
dioxide.

The phase transformations in the sorbents were
studied by powder X-ray diffraction performedex situ
(HXG-4 diffractometer, graphite monochromator,
CuKa radiation). Freshly prepared A1 and A2 sorbents
contain, along with anhydrous potassium carbonate
and its sesquihydrate, also potassium aluminocarbo-
nate KAl(CO3)2 .1.5H2O (Fig. 2) formed during prep-
aration of the sorbent. After sorption the reflections
of anhydrous potassium carbonate disappear and re-
flections of potassium hydrogen carbonate formed by
reaction (1) appear (Fig. 3), whereas the amount of
the aluminocarbonate phase decreases negligibly. The
reflections of the X-ray patterns of the composites
calcined at 350oC are strongly blurred, which makes it
impossible to determine the phase composition of the
samples (Fig. 4). The X-ray patterns of the spent and
initial A1 sorbents calcined at 200oC are similar to
that of the initial sample. However, some redistribu-
tion of the intensities of the reflections and their
broadening are observed.

As determined by XRD, the initial C1 sorbent con-
tains only the sesquihydrate and anhydrous potassium
carbonate. Potassium carbonate completely reacts with
carbon dioxide to form potassium hydrogen carbonate
which reversibly decomposes to the initial K2CO3 at
200oC. These transformations are similar to those
described by Hiranoet al. [3]. Potassium aluminosili-
cate prepared by the procedure in [6] and isolated in
the pure state weakly sorbs CO2. This can cause the
difference between the experimental dynamic capacity
of A1 and A2 sorbents and the maximal dynamic
capacity of these samples calculated from the stoi-
chiometry of reaction (1).

CONCLUSIONS

(1) Sorption of carbon dioxide on supported potas-
sium carbonate strongly depends on the chemical
nature and pore structure of the host matrix. Freshly
prepared composites based ong-alumina have the
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highest dynamic capacity (0.0630.094 g g31, which is
65375% of the limiting value) at 2-s contact of the gas
flow with the sorbent, with the CO2 concentration at
the adsorber outlet being less that 250 1034 vol %.

(2) The dynamic sorption capacity of the alumina
composites decreases 334 times after the first sorp-
tion3regeneration cycle, whereas the sorbents based
on porous carbons are regenerated reversibly.

(3) As determined by XRD, in the course of prep-
aration of A1 and A2 samples a solution of potassium
carbonate reacts with alumina to form KAl(CO3)2 .
1.5H2O which does not sorb CO2.

(4) Although the alumina composite has low
dynamic capacity, it can be used in gas purification
when application of zeolites is impossible because of
high humidity of the gas phase and adsoption purifica-
tion requires large investments (primarily in labora-
tories and small plants).
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Abstract-A study was made on separation of the Zr(IV) impurity from scandium(III) in hydrochloric acid
solutions by sorption with KRF-20t-60 cation exchanger, including sorption kinetics and sorption under
dynamic conditions. The sorbent regeneration with 5% ammonium fluoride or 10% potassium carbonate
at 22oC was considered.

Separation of Zr(IV) impurity from scandium(III)
is a complicated problem because of close chemical
properties of these elements. OS-99.9 grade scandium
oxide with 0.005% and lower ZrO2 content [1] was
prepared using precipitation methods (e.g., zirconium
iodate precipitation), or extraction with mixed ex-
tractants. However, these methods do not always
provide the required purity of the product. In this
work, we removed Zr(IV) from scandium(III) by sorp-
tion from hydrochloric acid solution with the H form
of KRF-20t-60 cation exchanger containing phos-
phonic PO(OH)2 functional group.

It was shown earlier that the recovery of cations
with KRF-20t-60 cation exchanger is characterized
with a mixed kinetics. The equilibrium in multicom-
ponent salt solutions is attained in several weeks.
A series of cation sorption selectivity (including the
above elements) in acid solution (i.e., under condi-
tions suppressing dissociation of phosphonic group) is
as follows: REE(III) << Sc(III) < Zr(IV) [2, 3].

Filatova et al. [4] believe that functional groups
of swollen phosphonic cation exchangers in the H
form are bound with each other by water molecules.
Probably, this feature of such resins explains the high
selectivity of KRF-20t-60 resin with respect to multi-
charged cations and the long time required to attain
the sorption equilibrium, because during sorption
from the multicomponent solution under conditions
suppressing dissociation of the ionogenic groups of
the resin the complex formation proceeds repeatedly.

The ability of KRF-20t-60 cation exchanger to
separate REE(III) and the other cations from Sc(III) in
acid solution was used for primary scandium concen-
tration [5]. To separate Zr from scandium, we used in

this work the greater affinity of the resin for Zr(IV) as
compared to Sc(III) and the capability of Zr(IV) to
displace Sc(III) from the resin phase because of com-
plex formation.

EXPERIMENTAL

The main physicochemical characteristics of
KRF-20t-60 cation exchanger are as follows: total
static exchange capacity 6.6 mg-equiv g31, bulk den-
sity 0.38 g ml31, equivalent moisture capacity coeffi-
cient 2.90 H2O g31, total pore volume 0.31 cm3 g31,
pKdis for the first stage 3.033.2, divinylbenzene con-
tent 20%, and grain size 0.531.0 mm.

Cation exchanger samples were preliminarily con-
ditioned by the standard method [6]. The scandium
chloride solution was prepared by dissolution of
OS-99.0 grade scandium oxide with the ZrO2 content
less than 0.1 wt % in chemically pure grade hydro-
chloric acid under boiling; the insoluble residue was
separated by filtration. The scandium and zirconium
concentrations were about 3 g l31 and 3 mg l31, re-
spectively.

The scandium concentration in the solution was
determined by titration with EDTA in the presence of
xylenol orange as an indicator. The impurity contents
were determined using inductively-coupled plasma on
a Labtam V-310 Plasma spectrometer and a Model
300 Perkin3Elmer AA spectrometer. The Zr detection
limit was 1035%; the determination error was no more
than 20%.

The degree of Zr sorption is independent of hydro-
chloric acid concentration within the 138.5 M range,
and at the taken water-to-sorbent volume ratioVw/Vs
is close to 100% (Fig. 1). Experiments on scandium
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purification procedure were performed with 1 M HCl.
This acidity is enough to suppress dissociation of the
cation exchanger phosphonic groups and to realize
complexing properties of the cation exchanger.

The kinetics of Zr(IV) sorption on KRF-20t-60
cation exchanger from the scandium chloride solution
was studied by the method of the limited solution
volume. The degree of conversion equal to the ratio of
Zr(IV) sorption at the instantt to the equilibrium
sorption value, after 6 h of sorption was equal to 84
and 74% for cation exchanger in the H and Sc forms,
respectively, i.e., Zr sorption is slow (Fig. 2).There-
fore, for sorption under dynamic conditions, we used
a sorption column with the sorbent bed height to
column diameter ratiod/h no less than 10: the solu-
tion flow velocity through the sorbentV did not ex-
ceed 0.4 ml min31 cm32.

During the experiment, the H form of the sorbent
was transformed into the Sc form by passing the
scandium chloride solution through the sorbent. The
comparison of the Sc(III) and Zr(IV) elution curves,
when metals are sorbed by the H form of KRF-20t-60
from solutions of various compositions (Fig. 3),
shows that Zr is efficiently sorbed by the cation ex-
changer also after the Sc concentration in the eluate
becomes equal to the initial Sc concentration. This is
explained by the preferential sorption of Zr(IV) during
complex formation.

It follows from the data obtained that at Sc con-
centration of 3 g l31, Zr concentration of 3 mg l31,
h/d ratio of 10, and the solution flow velocity of
0.4 ml min31 cm32 sorption with KRF-20t-60 allows
removal of Zr impurity from a scandium chloride
solution with a purification coefficient of 50 in the
solution volume greater than 42 resin volumes. When
the Sc and Zr concentrations were 2.94 g l31 and
28.1 mg l31, respectively (Zr was introduced addition-
ally), the purification efficiency under the same condi-
tions decreased. In this case, the required purification
degree for obtaining OS-99.9 grade scandium oxide
(~1.5 mg l31 of Zr) is attained for solution volume
equal to 1.532 resin volumes (Vrel = 1.532).

Calculation showed that in run no. 1 the sorbent
capacity was about 100 mg of Zr per liter of the resin;
in run no. 2 (Vrel = 2) 55 mg of Zr was sorbed. The
characteristics of the sorbent show that Zr occupies
0.02 and 0.03% of the ion exchanger capacity in run
nos. 2 and 1, respectively. Hence, poor separation of
Zr(IV) impurity in run no. 2 is probably due to the
insufficient time of cation exchanger contact with the
solution (~0.5 h), rather than to Zr excess over the

h, %

C, M

Fig. 1. Degree of Zr sorptionh from scandium chloride
solution on KRF-20t-60 cation exchanger in the Sc form
as a function of acid concentrationC. CSc(III) = 9.80 and
CZr(IV) = 1034 g l31; Vw/Vr = 2.0. Acid: (1) HCl and
(2) H2SO4.

t, h
Fig. 2. Kinetic curves of Zr(IV) sorption on KRF-20t-60
cation exchanger in (1) H and (2) Sc form. Solution com-
position (g l31): Sc(III) 2.91, Zr(IV) 0.027, and HCl 80;
Vw /Vr 20. (F) Degree of conversion equal to the ratio of
the sorption at the instantt to the equilibrium sorption;
(t) time.

Vrel

CSc(III), g l31 CZr(IV), mg l31

Fig. 3. (1, 2) Output curves of Zr and (3) Sc at their sorp-
tion on KRF-20t-60 in H form under dynamic conditions.
h/d = 10, v = 0.4 ml min31 cm32. (CSc(III)) Sc(III) concen-
tration, (CZr(IV)) Zr(IV) concentration; (Vrel) volume of
the solution passed, expressed in the resin volumes. Solu-
tion composition (g l31): (1) Sc(III) 3.00, Zr(IV) 0.0023,
HCl 73 (run no. 1); (2) Sc(III) 3.00, Zr(IV) 0.0281,
HCl 73 (run no. 2); (3) Sc(III) 3.00, Zr(IV) 0.003, HCl 80.

ion exchanger capacity. This problem can be solved
by repeated sorption under static conditions.

To regenerate the ion exchanger, it was washed
with distilled water to remove the initial solution and
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Vrel

CSc(III), g l31

Fig. 4. Sc(III) desorption from KRF-20t-60 cation ex-
changer with 5% NH4F. (CSc(III)) Sc(III) concentration in
NH4F solution; (Vrel) volume of NH4F solution expressed
in the resin volumes.

with 2% ammonia to neutralize the acid in the ion
exchanger pores, and then Sc(III) was desorbed with
5% NH4F at 20325oC (Fig. 4). The degree of Sc(III)
desorption was 90 and 99% when elution was per-
formed by the volume of the NH4F solutionVrel equal
to 4 and 8. Then, Sc(III) was recovered as scandium
fluoride by adding hydrochloric (or another) acid to
the resulting solution up to free acid concentration of
about 100 g l31 and calcination of the precipitate at
450oC. The residual Sc concentration in the mother
liquor did not exceed 10320 mg l31.

If required, scandium can be recovered as oxide by
calcination of scandium(III) hydroxide. In this case,
scandium desorption is performed with 10% potassi-
um carbonate at room temperature. The desorption
degree is close to 100% when the regenerating solu-
tion for scandium elution is taken in amount ofVrel =
10. Scandium hydroxide is precipitated from the car-
bonate medium by neutralization with hydrochloric
acid to pH~ 7. The residual Sc concentration in the
solution is 20330 mg l31.

After conversion of the cation exchanger into the
H form by treatment with 3% HCl, it can be used
again for scandium purification to remove Zr im-
purity.

Scandium oxide recovered from the solution in

run no. 1 by precipitation of scandium hydroxide with
25% NH4OH (chemically pure grade) followed by
drying and calcination contained less than 0.005%
ZrO2.

We should expect that the high affinity of phos-
phonic acid cation exchanger KRF-20t-60 for multi-
charged cations allows also efficient separation of
Th(IV) and U(VI) impurity from scandium under con-
ditions suppressing the dissociation of the phosphonic
acid group, when the complexing properties of resin
ionogenic groups can be realized.

CONCLUSION

A study of the kinetics and dynamics of the Zr(IV)
sorption from acidic scandium chloride solution with
KRF-20t-60 cation exchanger showed that the Zr con-
centration can be decreased by a factor of 50 and
more by sorption purification. Procedures of the sor-
bent regeneration with 5% NH4F or 10% potassium
carbonate at room temperature were proposed.
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Abstract-K-Selective solid-contact electrodes with potential-stabilizing transient layers based on two
different electron-conducting polymers, poly(3-octyl)thiophene, polyaniline, and also on their mixture are
developed. These electrodes are characterized by the operation limits, selectivity, and stability of the poten-
tiometric response as well as by their electrochemical impedance.

Improvement of the design of ion-selective elec-
trodes (ISEs) and search for novel materials for their
construction are regarded as the most important lines
in chemical sensor research. From the practical stand-
point solid-contact electrodes (SCEs), i.e., electrodes
having no inner filling solution, show considerable
advantages such as eliminated need in regular change
of the inner filling solution, possibility of any spatial
orientation of a sensor, easier transportation, etc.

The first SCEs were coated wire electrodes with a
film membrane in direct contact with an electronic
conductor [1, 2]. The potential of such electrodes
strongly and randomly varies in time. To stabilize the
potential at the membrane/lead interface, Stefanova
and others [335] proposed to introduce a polymer-
based redox system in the inner membrane layer
contacting with the electronic conductor. As such
potential-stabilizing systems they successfully used
powdered EO-7 and EI-21 ion-exchange redox resins
(redoxites). The potential of thus modified electrodes
appeared to be much more stable as compared to the
first wire electrodes with film membranes. However,
the modified electrodes were characterized by sudden
change in their potential by 0.531 mV, which causes
a need in regular (at interval of several hours) recali-
bration of the sensors. In industrial process control
such a frequent calibration is not always permitted, so
that further search for new potential-stabilizing ma-
terials for SCEs still remains urgent.

One of the reasons for insufficient stability of the
potential of SCEs with redoxites can be heterogeneity
of the transient layer. Indeed, even if every particle of
a finely dispersed resin is in ion-exchange equilibrium
with the membrane organic phase and the bulk of each

particle of the resin is in the state of the redox equi-
librium, these are insufficient conditions to maintain
the equilibrium potential in the transition zone from
ionic to electronic conductance. Keeping of the equi-
librium potential requires realization of a direct con-
tact of a lead with a great number of the resin par-
ticles. Only in this case one may expect that the elec-
tron current from the lead to the resin particles (and
back) will be sufficiently high to provide certain value
of the electrode potential stable in time and within a
series of electrodes. In this context redox couples
seems to be more favorable as compared to polymer
resins. In its turn, it was demonstrated in [335] that
the intrinsic drawback of these SCEs is that they are
sensitive to the redox potential of test solutions as
a result of diffusion of soluble redox couples from the
intermediate layers to the outer side of the membrane.

The combination of solubility and low mobility of
redox couples can be realized with the use of soluble
electron-conducting polymers (EPs) introduced in the
intermediate layer between the membrane and the
lead. More or less successfully such polymers were
used in various SCEs [6310]. The electronic conduc-
tance of EPs is caused by the presence of delocalized
p electrons in the polymer structure. Electron-conduct-
ing polymers become electron-ionic transducers by
the p andn doping mechanisms according to Eqs. (1)
and (2):

p doping: P0 + X3 = p+X3 + e, (1)

n doping: P0 + C+ + e = P3C+. (2)

The existing EPs are characterized by low conduc-
tivity [6 39]. The goal of this work is to develop a
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E, mV

log aK+

Fig. 1. emf of voltaic cell II E as a function of logaK+
for K+-SCEs based on various EPs: (1) PA, (2) POT,
and (3) POT + PA; the same for Fig. 2.

K-selective SCE stabilized with soluble EPs. The
distinctive feature of this work is that we used not
only the individual EPs, poly(3-octyl)thiophene (POT)
and polyaniline (PA), as was the case in [639], but
also their mixtures. Furthermore, we used a partly
soluble electron-conducting composite as a lead ma-
terial, instead of carbon glass used in [639], providing
more continuous transition from one type of conduc-
tance to another in the transition layer.

In this work we used the electron-conducting poly-
mers POT and PA (Application Technologies, France)
as ion-electronic transducers for K-selective SCEs.
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POT is soluble in most organic solvents. In the
undoped form it is ap semiconductor, showing non-
selective cationic response toward some alkali and
alkaline-earth metals [6]. Undoped PA in the form of
emeraldin base (EB) is poorly soluble in organic
solvents. However, PA can be doped (protonated) by
introducing organic acid molecules in its structure [9].
The resulting electron-conducting emeraldin salt (ES)
is readily soluble in certain organic solvents. In this
work PA was doped with di-(2-ethylhexyl) hydrogen
phosphate (HDEHP) (Aldrich).

Solutions of POT in THF were obtained by dis-
solution of 0.015 g of POT in 2 ml of freshly distilled
THF. To obtain a solution of PA in THF, 0.02 g of
PA in the form of EB was added to 0.05 M HDEHP

in THF (2 ml) [9]. In doped PA the molar ratio of
HDEHP to PA monomeric unit was 0.5. The resulting
mixture was allowed to stand for 3 days, and the in-
soluble fraction was then filtered off. The filtrate
(soluble fraction of PA-HDEHP in THF, where PA is
in the ES form) was used in manufacture of SCEs.

The K-selective membranes were prepared as
follows. Polyvinyl chloride (PVC) (matrix material),
dioctyl phthalate (DOP) (plasticizer), valinomycin
(membrane active compound), and potassium tetra-
p-chlorophenylborate (ion exchanger) were dis-
solved in THF. The PVC and DOP were taken in
1 : 3 ratio. The valinomycin and potassium tetra-
p-chlorophenylborate concentrations were 201033 and
101031 mol kg31, respectively. The electron-conduct-
ing polymers (POT, PA, or POT + PA equimolar
mixture) were added in amount of 1 wt % against the
membrane composition of the transition layer.

The membrane of SCEs consisted of two layers
successively applied to a support of an electron-con-
ducting composite (PVC : carbon black : DOP =
1 : 1 : 0.5). The inner transition layer contacting the
support was prepared by applying 200ml of the ap-
propriate composition using an HTL V-3 micropipet.
The outer layer directly contacting an aqueous solu-
tion was represented by the membrane composition
without EP, applied similarly over the transition layer
after it became dry. The thickness of the inner and
outer layers was the same (about 200mm).

The electrode characteristics of K-selective elec-
trodes were studied with liquid3junction voltaic cells I
and II (see below).
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³KCl ³
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³tion solution: ³
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solution
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³ ³KCl, MeClz ³ ³EP ³ ³

Solid-contact electrode

First of all we studied the K+ function of SCEs
in pure KCl solutions.

For comparison we performed measurements with
the ordinary K-selective electrodes with inner filling
solution. The results obtained for K+-SCEs 3 days
after they were brought in contact with 0.01 M KCl
solution are given in Fig. 1. The time of establishment
of stationary potential was 133 min, which practically
does not differ from that for the corresponding elec-
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trodes with inner filling solution. Figure 1 demon-
strates that for all K+-SCEs studied, regardless of the
nature of a polymer entering the composition of the
inner membrane layer, the operation limit was 10

103131 0 1035 M at a slope of the K+ function of
57+2 mV/pK+. Similar results were obtained for the
corresponding electrodes with inner filling solution. It
should be pointed out that the SCEs with two dif-
ferent polymers, POT and PA, showed K+ function
throughout the observation time (4 months).

However, in contrast to the electrodes with inner
filling solution, the potential of SCEs measured in
0.01 M KCl drifts with time (Fig. 2). It is seen that the
potential of SCEs with POT and PA decreased quite
rapidly (by 537 mV day31) in the first three weeks and
then the drift was at a level of 132 mV day31 in the
entire observation period (4 months).

For SCEs with POT + PA the potential increased in
the first several days and then decreased at a rate of
435 mV day31 in the entire observation period (about
40 days for these electrodes).

To elucidate the source of the observed instability
of the potential of the SCEs, they were studied by
the electrochemical impedance method in 0.01 and
0.1 M KCl. The impedance spectra were registered
and processed with an Autolab PGstat FRA 2 im-
pedance analyzer (Eco Chemie) over the frequency
range of the polarizing sine-shaped signal from
100 kHz to 0.01 Hz. The polarization amplitude was
+5 mV. The typical impedance spectra are presented
in Fig. 3. The spectra distinctly demonstrate semi-
circles corresponding to the bulk of the membrane
phase, whose resistance is practically independent of
the solution concentration. We found no indication
of a process decelerating the establishment of the
electrochemical equilibrium at the membrane/lead
interface.

In fact, electrochemical impedance data provide
information on the polarizability of an object (SCE in
our case) with electric current of a given amplitude
and frequency. The results obtained suggest that at
the membrane/lead interface the electrochemical equi-
librium is established between the oxidized (doped)
and reduced (undoped) forms of EP. At each moment
of time this equilibrium is controlled by the ratio of
the thermodynamic activities of these forms. The
corresponding electric potential should be stable for
certain time until this activity ratio is changed. How-
ever, this ratio can change as a result of, for example,
oxidation of the membrane components by atmospher-
ic oxygen, resulting in long-term drift of the electrode
potential.

E, mV

t, days

Fig. 2. emf of voltaic cell II E as a function of the contact
time with 0.01 M KClt for K+-SCEs based on various EPs.

Zi, mW

Zr, mW

b

b

b

Fig. 3. Impedance spectra in KCl solutions of K+-SCEs
based on various EPs.Zr andZi are the real and imaginary
parts of the total resistanceZ. KCl concentration (M): (1a3
3a) 0.1 and (1b33b) 0.01. EP: (1a, 1b) PA, (2a, 2b) POT,
and (3a, 3b) POT + PA.

Figure 2 shows that the potentials of all the SCEs
studied drift toward less positive values. But oxidation
of EP should initiate potential drift in the opposite
direction. Therefore, it is unlikely that oxidation with
atmospheric oxygen may be regarded as the major
reason for the insufficient stability of SCE operation.
Another possible reason can be spontaneous reduction
of the doped form of EP. It is this process that can
provide the observed potential drift.

At last we studied the K+ selectivity of SCEs in
the presence of various interfering cations. The selec-
tivity coefficients were estimated by the Nikol’skii
equation from the biionic potentials measured in
0.1 M solutions of the corresponding chlorides (see
table). The results show that initially (in the first
10 days) the SCEs studied practically do not differ
from the electrodes with inner filling solution in their
selectivity with respect to K+ in the presence of Na+,
NH+

4, Ca2+, and Mg2+. However, the K+ selectivity of
the SCEs decreases with time, which can be attributed
to diffusion of the membrane-active components,
primarily valinomycin, from the outer layer to the
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Selectivity coefficients of K+-ISEs determined by BIP
method
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Contact
³ log Ksel

K+/Mz+ for indicated M+

ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄtime ³ Na+ ³ NH+
4 ³ H+ ³ Ca2+ ³ Mg2+

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
K+-ISE with inner filling solution

3 ³ 33.82 ³ 31.91³ 34.50 ³ 34.11³ 35.12

K+-SCE with POT

3 h ³ 34.14 ³ 31.73³ 33.66 ³ 34.04³ 34.88
7 days ³ 33.61 ³ 31.67³ 33.39 ³ 33.86³ 34.55

14 days ³ 33.72 ³ 31.64³ 32.65 ³ 32.93³ 34.19
21 days ³ 33.31 ³ 31.51³ 32.99 ³ 32.85³ 33.52

102 days ³ 33.28 ³ 31.49³ 31.61 ³ 32.65³ 33.33

K+-SCE with PA

3 h ³ 33.79 ³ 31.68³ 33.24 ³ 33.93³ 34.61
7 days ³ 33.54 ³ 31.64³ 33.16 ³ 33.62³ 34.42

14 days ³ 33.37 ³ 31.52³ 32.34 ³ 32.89³ 34.01
21 days ³ 32.92 ³ 31.33³ 32.29 ³ 32.41³ 33.01

102 days ³ 33.27 ³ 31.51³ 31.54 ³ 32.40³ 32.72
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

plasticized supporting layer. As a result, the ionophore
concentration in the membrane gradually decreases,
causing deterioration in the selectivity.

It is typical that the SCE selectivity with respect to
K+ in the presence of hydrogen ions is lower than that
of the corresponding electrodes with inner filling
solution, and this parameter tends to substantially
decrease with time (see table). This is probably due to
the fact that the electron-conducting polymers (espe-
cially PA) entering the composition of the membrane
inner layer are pH-sensitive [10]. It follows from data
given in the table that SCEs with POT in the mem-
brane inner layer generally demonstrate higher selec-
tivity as compared to the PA-containing SCEs.

CONCLUSIONS

(1) The K-selective solid-contact electrodes studied
demonstrate the K function over the concentration

range 1010313101035 M at a slope of 57+
2 mV/pK+, which is well consistent with the charac-
teristics of the corresponding electrodes with inner
filling solution. The K+ function is preserved over
the entire observation period (4 months).

(2) The K selectivity of the SCEs in the presence
of various interfering cations in the first 10 days prac-
tically does not differ from that of the electrodes with
the classical design, but gradually decreases in the
subsequent period.

(3) The potential of the SCEs drifts at a rate of
537 mV day31 in the first 10 days and of 13
2 mV day31 thereafter. The electrodes can operate for
10 h without recalibration.
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Abstract-The influence of the electrolyte composition and process conditions on electrolytic deposition of
the zinc3cobalt alloy was studied.

Corrosion-resistant electroplated coatings for items
used in marine atmosphere are mainly prepared from
cadmium. However, cadmium and its salts are toxic,
which severely restricts their application. When look-
ing for a substitute for cadmium, it is necessary to
ensure not only high corrosion resistance of a coating
in marine atmosphere but also the low friction coeffi-
cient, so that screw joints be readily dismantlable and
articles be soft-solderable with acid-free fluxes. The
most promising in this respect can be zinc3cobalt
coating. The zinc3cobalt alloy can be electroplated
from acidic and weakly acidic [136], ammonium
chloride and sulfate [7311], and diphosphate [12] elec-
trolytes.

The goal of this work was to study the influence
of the composition of the ammonium chloride electro-
lyte and electroplating conditions on the composition
of the zinc3cobalt alloy, current efficiency (CE), and
physicomechanical properties and corrosion resistance
of the coating.

Semilustrous and lustrous coatings of the alloy are
deposited from ammonium chloride electrolyte. The
alloy composition and properties are influenced by the
concentration of discharging metal ion and electro-
plating conditions. The cobalt content in the alloy
increases with increasing Co(II) concentration in the
electrolyte at a Zn(II) concentration of 35 g l31, cur-
rent density of 1.5 A dm32, temperature of 20oC, and
pH 4.75 (Fig. 1, curve1).

In the range of Co(II) concentrations 2.5315 g l31,
under optimal electroplating conditions, the depen-
dence of the cobalt content in the alloy (%) on the
cobalt concentration in the electrolyte (g l31) is de-
scribed by the equation

[Co]all = 2.04 + 6.86 log [Co(II)] (R = 0.976). (1)

The alloy composition correlates with the concen-

tration ratio of Zn(II) and Co(II) in the electrolyte
as follows:

[Zn]all [Zn(II)]
logÄÄÄÄÄ = 0.79 + 0.43 logÄÄÄÄÄÄ (R = 0.955). (2)

[Co]all [Co(II)]

As the Co(II) concentration in the electrolyte is in-
creased, the current efficiency (Fig. 1, curve2) de-
creases, which is due to the fact that the overvoltage
of hydrogen evolution decreases with increasing con-
tent of cobalt in the alloy [13]. The current efficiency
of alloy deposition (%) linearly correlates with the
Co(II) concentration in the electrolyte:

CE = 94.67 3 0.37[Co(II)] (R = 0.996). (3)

When examining the influence of electroplating
conditions on the alloy composition and current effi-
ciency, each parameter was varied at fixed values of
the other parameters. With increasing current efficien-
cy from 1 to 2 A dm32, temperature from 20 to 40oC,
and electrolyte pH from 4 to 5.5, the cobalt content
in the alloy increases (Fig. 2, curves133); the current
efficiency decreases with inceasing current density
(Fig. 2, curve4) and grows with temperature (curve5)
and with increasing pH (curve6). The decrease in the
current efficiency at increased current densities may

C, g l31

Co, %

CE, %

Fig. 1. (1) Alloy composition (Co content) and (2) current
efficienct CE as functions of the Co(II) concentration in the
electrolyte C.
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CE, %

Co, %

ic, A dm32

T, oC

Fig. 2. (133) Co content in alloy and (436) current effi-
ciency CE as functions of the (1, 4) current densityic,
(2, 5) temperature, and (3, 6) pH.

be due to a shift of the cathode potential toward nega-
tive values and hence to increased contribution of
hydrogen evolution. The increase in the current effi-
ciency with temperature is due to the shift of the
cathode potential toward positive values and to in-
creasing ion mobility in the electrolyte.

To obtain lustrous coatings containing 335% Co
in the alloy, the following electrolyte composition can
be suggested (g l31): ZnCl2 (in terms of metal) 303
40, CoCl2 (in terms of metal) 234, NH4Cl 2203260,
boric acid 20330, and bone glue 233. Electroplating is
performed at room temperature, current density of
132 A dm32, and pH 4.535.0.

To optimize the compositions of the alloy and elec-
trolyte and the electroplating conditions for preparing
the alloy containing 335% Co, we performed a four-
factorial experiment. The optimization parameter was
the Co content in the alloyY, which should be 335%.
The factors affecting the alloy composition are Co(II)
concentration in the electrolytex1, current densityx2,
temperaturex3, and electrolyte pHx4.

After determining the coefficients of the regression
equation, we evaluated their significance by the Stu-
dent’s test. For this purpose, we performed three par-
allel experiments in the plan center (at the base level

Solderability of coatings of zinc, cadmium, and zinc3

cobalt alloy
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Coating ³ S, mm ³ t, s
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Zn ³ 18.3 ³ 6
Cd ³ 170 ³ 8
Alloy with Co content, %:³ ³

1 ³ 18.5 ³ 6
3.5 ³ 18.5 ³ 2
12 ³ 172 ³ 2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

of all the factors). The chemical analysis of the alloy
samples obtained gaveY1 = 3.6, Y2 = 4.0, andY3 =
4.4. Then, the insignificant coefficients of the regres-
sion equation were canceled, and the resulting model
was checked for adequacy using the Fisher’s test. The
regression equation adequately describing the effect of
the process parameters on the Co content in the alloy
is as follows:

Y = 4.2 + 0.9x1 + 1.15x2 + 1.0x3 + 0.8x4 + 0.15x1x2

+ 0.15x2x3 + 0.15x2x4. (4)

As seen from Eq. (4), the alloy composition is
influenced both by separate factors (Co concentration
in the electrolyte, current density, temperature, and pH
of the electrolyte) and by a combination of factors (to
an insignificant extent) current density3Co(II) concen-
tration in the electrolyte, current density3temperature,
and current density3pH of the electrolyte.

The phase composition of the coating at a cobalt
content in the alloy of 136% was studied with a
DRON-2 X-ray diffractometer. The alloy is a solid
solution of cobalt in zinc and consists of the homo-
geneous phaseg2 + zinc. Such a structure ensures
enhanced corrosion resistance of the coating.

The electroplated coatings of the alloy without
passivation are white, lustrous, and smooth under
magnification of 300, 1000, and 3000.

The solderability of the alloy coating was evaluated
by the timet and areaS of spilling of POS-61 solder
with an alcohol3rosin flux. The results obtained with
a 0.13-g portion of POS-61 are given in the table.

It is seen that, as the cobalt content in the alloy is
increased, the solderability is improved, and the alloy
containing 12% Co surpasses in this paremeter the
cadmium coating.

The antifriction properties of the Zn and Zn36%Co
coatings were studied without passivation of the coat-
ing on a special unit allowing determination of the
friction force at various loads on the couple. The
friction coefficient at a load of 503200 g for Zn and
Zn36% Co is 0.27 and 0.25, i.e., coating with the
alloy makes screw joints more readily dismantlable
than coating with zinc.

Climatic tests performed in a chamber with a humid
(93+3%) atmosphere at 40+2oC for 56 days and in
a chamber containing salt aerosol for 7 days [GOST
(State Standard) 9.308385] showed that the corrosion
resistance of the coating depended on the cobalt con-
tent. Tests in a chamber with humid atmosphere
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showed that the coatings containing 335% Co with or
without passivation well compare with the cadmium
coating in the corrosion resistance. The only change
observed was the change in the color of the passive
film. Tests with salt aerosol showed no corrosion for
the passivated alloy coating, whereas without passiva-
tion corrosion products were observed as a white
deposit. Thus, the passivated coatings of alloy con-
taining 335% Co well compare in the corrosion resis-
tance with the cadmium coating.

Based on the results obtained, we suggested the
electrolyte composition and process conditions for
deposition of alloys containing 1, 335, and 9311% Co.
Coatings with different cobalt content can be used
under different service conditions. The coating con-
taining up to 1% Co is more corrosion-resistant than
the purely zinc coating and can be used as protective
and decorative coating instead of zinc coatings. The
coating containing 335% Co approaches the cadmium
coating in corrosion resistance and can be used as
protective and decorative coating for items subjected
to impact of marine atmosphere. The coating contain-
ing 9311% Co well compares with the cadmium coat-
ing in corrosion resistance and can be used as a pro-
tective and decorative coating with a low friction
coefficient for parts subjected to impact of marine
atmosphere.
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Abstract-Results obtained in studying copper(II) recovery from sulfate solutions with concentrations less
than 1 g l31 in an electrolyzer with disperse graphite cathode are presented.

Closed systems with circulating water supply are
environmentally the safest. Technologies of this kind
can be used in electroplating, hydrometallurgy, and
other industries provided that washing water having
the form of low-concentration (< 1 g l31) solutions of
salts of non-ferrous metals is purified by nonchemical
methods.

One of promising methods for solving this problem
is electrolysis making it possible to obtain metals in
the most concentrated state requiring minimum energy
expenditure for further processing. However, elec-
trolytic recovery of non-ferrous metals from low-
concentration aqueous solutions is hindered by diffu-
sion limitations on the current. This problem can be
solved by using bulk-porous flow-through electrodes
and, in particular, cathodes made of fibrous carbon
materials [133].

The effect of carbon fiber splicing by crystals of
deposited metal and the resulting deterioration of the
electrode characteristics [4] necessitates a search for
disperse carbon materials with developed surface,
which would enable fabrication of a[pseudofluidized]
cathode devoid of this shortcoming.

The present study used thermally expanded graph-
ite as a material of this kind [5].

EXPERIMENTAL

Thermally expanded graphite with a bulk density
of 8310 g l31 was obtained by fast heating of GAK-2
natural graphite intercalated with sulfuric acid in an
electric furnace preliminarily heated to 900oC, with
(NH4)2S2O8 as oxidizing agent [5].

Voltammograms were taken with a PI-50-1.1 po-
tentiostat in a three-electrode glass cell, with the

working electrode polarized at potential sweep rate of
5 mV s31. As auxiliary electrode served a 400100
3-mm graphite plate. As reference electrode was used
saturated silver chloride electrode. The working elec-
trode was fabricated from compacted thermally ex-
panded graphite by pressing the disperse material in a
glass tube with inner diameter of 3 mm, placed in
a cell filled with electrolyte. The role of the working
surface was played by the lower edge of the obtained
graphite rod, and that of a current lead, by a copper
wire pressed into graphite.

The disperse working electrode was fabricated by
pouring 10 mg of thermally expanded graphite in a
glass tube 3 mm in diameter, placed in a cell filled
with electrolyte. A copper current lead 2.5 mm in
diameter was dipped into the tube to such a depth that
the lower edge of the column of thermally expanded
graphite was level with the edge of the glass tube.

As supporting electrolyte was used 0.01 N sodium
sulfate solution.

Copper(II) was deposited from solution in a flow-
through electrolyzer made of a glass tube 30 mm in
diameter and 150 mm long, with a disperse cathode in
its upper part. As current lead served a nickel foil
circle 29.5 mm in diameter and a Nichrome wire. The
electrolyte flow was effected through a clearance
between the edge of the nickel circle and the elec-
trolyzer wall. As anode was used graphite rod 6 mm
in diameter, placed in a glass tube to prevent its
coming in contact with cathode particles.

The electrolyte was pumped through using an
RR1-05 peristaltic pump providing solution flow rate
in the range from 0.1 to 200 ml min31. The pumping
rate was chosen so that the quantity of electricity
passed through a given solution volume (at a current
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established at voltage of 35 V across the electrolyzer
terminals) was sufficient for recovery of the entire
amount of copper contained in the solution. The elec-
trolyzer was connected to a B5-49 dc stabilized power
supply. The current strength was monitored with an
Shch-4300 multimeter.

The content of copper(II) in solution was deter-
mined by the method described in [6] with a KFK-
2MP photoelectric concentration colorimeter.

The solutions were prepared from analytically pure
grade chemicals.

Because of the specific character of the preparation
technology, thermally expanded graphite contains a
residual amount of the intercalating agent (sulfuric
acid) in its crystal lattice and various oxygen-contain-
ing groups (lactone, quinone, etc.) on its surface [5].
Therefore, cathodic polarization of electrodes made of
thermally expanded graphite is accompanied by dein-
tercalation and reduction of oxygen-containing groups.

The fact that the concentration of reducible oxygen-
containing groups on the working surface of the elec-
trode will decrease with increasing time of cathodic
polarization can account for the decrease in current in
electrode cycling. This made necessary a study of the
time dependence of the polarization current. For this
purpose, the electrode was polarized for 5 min in the
supporting electrolyte in the potentiostatic mode at a
potential of 1 V, and after that a voltammogram was
taken. Then the procedure was repeated. The obtained
voltammograms are shown in Fig. 1.

Upon cathodic polarization of a compacted elec-
trode for 30 min the current ceases to change. There-
fore, all further studies were performed on electrodes
subjected to preliminary polarization in a supporting
electrolyte for 30 min.

Introduction of Cu(II) ions into the solution
changes the shape of the polarization curves, and, at
a copper(II) content in solution of 20 mg l31, the proc-
ess of copper deposition on thermally expanded graph-
ite becomes predominant. The polarization curves
show portions of limiting currents depending on the
concentration of the depolarizing agent (Fig. 2).

The results of polarization studies on an electrode
made of compacted thermally expanded graphite indi-
cate that hydrogen starts to evolve on reaching a
potential of31.3 V, which enables this material to be
used in recovery of non-ferrous metals from aqueous
solutions.

The same phenomena are observed on a disperse
electrode made of thermally expanded graphite

I, mA

3E, mV

Fig. 1. Voltammograms of an electrode made of compacted
thermally expanded graphite, taken in the supporting elec-
trolyte. (I) Current and (E) potential; the same for Fig. 2.
(1) Without preliminary polarization; after polarization for
(2) 10, (3) 30, and (4) 40 min.

I, mA

3E, mV
Fig. 2. Cyclic voltammograms of a compacted electrode,
taken in solutions with varied copper(II) content. Copper(II)
content (mg l31): (2) 5, (3) 10, (4) 20, and (5) 50; (1) curve
taken with reverse potential sweep for (235).

I, mA

V
Fig. 3. Polarization characteristics of a disperse electrode
in solutions with varied copper(II) content. (I) Current and
(E) voltage. Copper(II) content (mg l31): (1) 0, (2) 0.1,
(3) 0.2, (4) 0.5, (5) 1.0, (6) 2.0, and (7) 5.0.

(Fig. 3), but the currents are an order of magnitude
higher than those in the case of compacted electrodes
and limiting currents of copper deposition start to be
observed at a copper content in solution of 2 mg l31.
The cathode current density is as high as 0.15 A dm32,
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Current efficiency CE by copper at varied copper content in solution
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run no.
³

I, mA
³ Cin ³ Cout ³

Degree of copper
³

CE %³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ ³ mg l31 ³ recovery, % ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 4.0 ³ 1 ³ 0.08 ³ 92.0 ³ 2.5
2 ³ 2.0 ³ 1 ³ 0.4 ³ 60.1 ³ 5.3
3 ³ 2.2 ³ 5 ³ 0.6 ³ 88.4 ³ 9.5
4 ³ 2.5 ³ 10 ³ 0.1 ³ 99.0 ³ 15.6
5 ³ 2.8 ³ 20 ³ 0.3 ³ 98.5 ³ 17.2
6 ³ 3.5 ³ 50 ³ 0.2 ³ 99.5 ³ 29.8
7 ³ 3.7 ³ 100 ³ 0.5 ³ 99.5 ³ 37.2
8 ³ 4.0 ³ 200 ³ 0.7 ³ 99.6 ³ 44.5
9 ³ 6.0 ³ 500 ³ 0.6 ³ 99.8 ³ 50.0

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

calculated per visible working surface area of the elec-
trode, which is quite acceptable for performing elec-
trolysis with sufficient intensity.

Owing to the occurrence of side processes at the
cathode made of thermally expanded graphite, the
current efficiency by the metal will not reach 100%,
which is confirmed by the results of electrolysis,
presented in the table.

As would be expected, the current efficiency by the
metal steadily grows with increasing copper(II) con-
centration in solution.

Comparison of the results of run nos. 1 and 2
shows that aqueous solutions can be purified to re-
move copper ions to residual concentrations corre-
sponding to the maximum permissible concentration
in an electrolyzer with disperse cathode made of
thermally expanded graphite at higher power con-
sumption.

CONCLUSION

The possibility is demonstrated of copper recovery
from dilute aqueous solutions in electrolyzers with
disperse cathode made of thermally expanded graphite.
Electrolyzers of this kind can be employed in straight-
flow water consumption schemes, although their use
in circulation schemes is preferable.
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Abstract-Complex formation of lead(II) was studied, and the solubility ofb-PbO was determined by
potentiometric titration in solutions containing sodium hydroxide (0.334 M) and a series of mono- and poly-
hydric alcohols. A correlation between the lead monoxide solubility and Pb(II) complex formation function
was considered.

The major fraction of the secondary lead raw ma-
terial is lead(II) oxide. Its processing involves treat-
ment with alkaline solutions in which fairly high
solubility of PbO is caused by formation of strong
Pb(II) hydroxo complexes [133]. To increase the
PbO solubility, it is suggested to add alcohols (e.g.,
glycerol [1]) into the alkaline solution.

In this work, the solubility ofb-PbO in alkaline
solutions containing additives of mono- and poly-
hydric alcohols (1-propanol, ethanol, ethylene glycol,
glycerol, and sorbitol) was determined. Simultaneous-
ly, complex formation of Pb2+ ions in these solutions
was studied to determine the correlation between the
PbO solubility and the lead(II) complex formation
function.

To determine the complex formation function, we
used potentiometric titration [2, 3].

It is known that in alkaline solutions Pb2+ ions
form strong complexes, mainly Pb(OH)3

3 [2].

To determine the composition of lead(II) hydroxo-
alcoholic complexes, we used a method developed by
us previously for studying complex formation of
Pb(II) in alkaline solutions with glycerol [3]. The
average ligand numbern in the complex was deter-
mined as a slope of the linear dependence of the in-
dicating lead amalgam electrode on the logarithm of
the ligand (hydroxide ion, alcohol) concentration [3].
The calculated3nOH3 and 3nalc are listed in the table.

As seen,3nOH3 is close to 3 for all alcohols, similar-
ly to glycerol [3]. Hence, complexes Pb(OH)3

3 prevail
in the solution [2]. Thenalc value shows that the
Pb(II)-to-alcohol ratio is 1 : 1 for sorbitol and 2 : 1 for
the other alcohols.

Thus, the composition of the prevailing complexes
in the solution can be presented by the formula
[Pb(OH)3 .C6H8(OH)6]3 for sorbitol and [2Pb(OH)3 .
alcohol molecule]23 for the other alcohols.

Using the known equation [4]

RT C0
Pb2+ RT

DE = ÄÄÄ lnÄÄÄÄÄ = ÄÄÄ lnF,
zF [Pb2+] zF

where DE is the experimental difference between
potentials of the indicating electrode in the initial
solution and in the solution containing sodium hy-
droxide, we calculated the complex formation func-
tion F as influenced by the hydroxide ion concentra-
tion for all the solutions studied.

Then, the functionsF were obtained for solutions
with fixed [OH3] and variable concentrations of al-
cohols. In Fig. 1, these dependences are shown for
[OH3] = 0.3 M. For the other sodium hydroxide con-
centrations such dependences are similar.

The presence of 1-propanol or ethanol in alkaline
solutions changes the lead(II) complex formation
function weakly (by no more than 10%). As for ethyl-

Average number of ligands in lead(II) complexes
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Alcohol ³ 3nOH3 ³ 3nalc
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 2.96+0.05 ³ 3

1-Propanol ³ 2.7+0.1 ³ 0.5+0.1
Ethanol ³ 2.7+0.1 ³ 0.5+0.1
Ethylene glycol ³ 2.8+0.1 ³ 0.5+0.1
Sorbitol ³ 3.0+0.1 ³ 1.0+0.1
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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0

0

Calc, M

Fig. 1. Complexation functionF as influenced by the
alcohol concentrationCalc in 0.3 M NaOH. Alcohol:
(1) 1-propanol, (2) ethylene glycol, and (3) sorbitol.

CNaOH, M

CPb, M

Fig. 2. b-PbO solubility CPb as a function of sodium
hydroxide concentrationCNaOH at Calc = 0.5 M. Alcohol:
(1, 2) none {(2) data of [8]}, (3) glycerol, and (4) sorbitol.

Calc, M

CPb, M

Fig. 3. b-PbO solubility CPb as a function of the alcohol
concentrationCalc in 1 M NaOH. Alcohol: (1) 1-propanol,
(2) ethylene glycol, (3) glycerol, and (4) sorbitol.

ene glycol or sorbitol,F increases practically linearly
with the alcohol concentration (Fig. 1). TheF values
exceeded those for alcohol-free solutions maximally
by about 70% for ethylene glycol and by a factor of

70 for sorbitol. It was shown in [3] that glycerol addi-
tion increasesF maximally by a factor of 4.5.

Spectroscopic study of Pb(II) complex formation
with ethylene glycol, glycerol, and xylitol [5] showed
that these alcohols are active ligands and form 1 : 1
complexes with lead(II). Participation of hydroxide
ions in complex formation and the Pb-to-OH3 ratio
in the complexes were not considered in that work.

The solubility of b-PbO in the solutions studied
was determined as follows. Solutions were stored for
a long time in a thermostat at 298+ 0.1 K contacting
with the solid phase at intermittent agitation. The lead
content in the solution was determined complexomet-
rically [6]. The equilibrium was thought to be reached
when in two successive measurements at a 7-day in-
terval the lead concentration changed by no more than
1%. On the average, the equilibrium was reached
in 30 days. After determination of the equilibrium
lead(II) concentration, the potential of the indicating
lead electrode was measured to calculate the lead(II)
complexation functionF.

The solubility of b-PbO in alcohol-free solutions
was studied within the 0.534.7 M NaOH concentra-
tion range and in solutions containing one of the
above alcohols with its concentration varied from 0.06
to 3.0 M and NaOH concentration varied from 1.0 to
4.0 M (Figs. 2, 3).

Earlier, the PbO solubility in the PbO3NaOH3H2O
system was studied in [7, 8] (in [8], at 298 K). For
comparison, the data of [8] are presented in Fig. 2.

In solutions free of organic additives, the PbO
solubility increases with the NaOH concentration. The
results reasonably agree with data of [8]. In solutions
containing glycerol and sorbitol, the PbO solubility
weakly decreases with increasing alkali concentration;
the optimal alkali concentration is about 1.0 M.

Curves in Fig. 3 show that the PbO solubility in
1.0 M NaOH initially increases with increasing con-
centration of glycerol or sorbitol, passes through
a maximum atCalc 0.5 M, and then noticeably de-
creases. For ethylene glycol, the solubility increases
monotonically with increasing alcohol concentration.

Visual observation showed that the decrease of
the PbO solubility in the solutions containing glycerol
and sorbitol atCalc > 0.5 M is caused by the change
of the solid phase composition: Dense yellowb-PbO
precipitate converts into voluminous white precipitate
(its composition was not determined). In solution con-
taining 2.5 M ethylene glycol, the PbO solubility is
3.7 times greater as compared to the solution contain-
ing no alcohol. In such solutions, theb-PbO phase is
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3ln CPb [M]

Fig. 4. b-PbO solubilityCPb as influenced by complexation
function F. Alcohol: (1) none, (2) glycerol, (3) ethylene
glycol, and (4) sorbitol.

stable for all ethylene glycol concentrations studied.
Propanol does not noticeably affect the PbO solubility.

In Fig. 4, the correlation between the PbO solubil-
ity and Pb(II) complex formation function is shown
for all solutions studied. As seen, within the experi-
mental error this correlation is linear in lnCPb3lnF
coordinates. Hence, in the systems under considera-
tion the PbO solubility is determined by Pb(II) com-
plex formation, with both hydroxide ions and alcohols
acting as ligands.

CONCLUSIONS

(1) In the b-PbO3NaOH3H2O3alcohol systems
studied, the hydroxo3alcoholic complexes of Pb(II)
are formed.

(2) The b-PbO solubility in the above systems
depends on the Pb(II) complexation.

(3) The optimal concentrations of sodium hydrox-
ide (1.0 M) and alcohols were determined in solutions
intended for b-PbO dissolution.
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Abstract-The structural and electrochemical characteristics of cadmium electrodes with nickel introduced
in metallic state into the active material of the electrode by electroless plating were studied. The specific role
played by heterophase interactions between nickel and cadmium in the mechanism of cadmium electrode
activation was substantiated experimentally.

The key role in the mechanism of the activating
action exerted by nickel on the operation of a cadmi-
um electrode is played by the interaction of cadmium
and nickel metallic phases in charged state [1, 2],
resulting in the formation of nonequilibrium solid
solutions of nickel in cadmium in the course of cy-
cling. This system being unstable, it decomposes
under certain electrode operation conditions into more
stable phases, in particular, into an intermetallic com-
pound (IMC) of cadmium and nickel, Cd21Ni5 [335].

Analysis of the whole body of experimental data
and theoretical concepts concerning the activating
effect of nickel suggests that the[concept of nonequi-
librium solid solution] as the sole reason for the for-
mation of a highly dispersed state of the charged cad-
mium electrode is of limited value. For example, it
follows from the experimental data [4] that the dis-
persity of the active material of a charged cadmium
electrode grows by an order of magnitude in the pres-
ence of nickel(II), which points to a rather strong in-
teratomic interaction between cadmium and nickel to
give covalent or mixed covalent-ionic type of bonding
[6]. At the same time, data on the saturated vapor
pressure of cadmium over cadmium3nickel melts in-
dicate the absence of noticeable departures from the
Raoult law for the cadmium vapor [7], suggesting
a weak interatomic interaction between the com-
ponents. The same is indicated by the Gibbs energy of
Cd21Ni4 IMC formation (DGf

0 ; 31 kJ mol31 [8]),
by the type of crystal lattice (g-brass) [9, 10] charac-
terized by metallic bonding between the atoms [6],
and by close electronegativities of the metals (1.7 for
cadmium and 1.8 for nickel) [11]. Consequently, the
mechanism of the high dispersing action of nickel on
the charged state of the cadmium electrode cannot be

accounted for only in terms of the interatomic interac-
tion of cadmium and nickel in the formation of solid
solutions.

With account of the fact that, according to chemi-
cal phase analysis, the amount of reduced nickel in the
cadmium electrode may be as high as 136 wt % [12],
the following conclusion is justified: Under equilibri-
um conditions, metallic nickel exists in charged cad-
mium electrodes in two forms: as a highly diluted
solid solution in cadmium and as an intrinsic finely
crystalline phase, which is X-ray amorphous [13].
The lack of a consistent concept of the dispersing
action of metallic nickel on the charged state of a
cadmium electrode is, in the authors’ opinion, due to
the misjudgment of the role played by the heterophase
interaction between metallic nickel and cadmium,
despite the apparent probability of the predominant
existence of nickel as an independent phase in ultra-
microdispersed state.

The present study is devoted to an experimental
substantiation of the important role played by hetero-
phase interactions between nickel and cadmium in the
activation of the cadmium electrode. A direct proof of
the possibility of a heterophase interaction between
nickel and cadmium could be furnished by high struc-
tural and electrochemical characteristics of cadmium
electrodes with metallic nickel introduced in the active
material. However, a complicated problem of achiev-
ing high dispersity and uniformity of nickel distribu-
tion in the active material is to be solved in this case.
Such a dispersity of mixture components can be
achieved either through occurrence of chemical proc-
esses in the solution bulk [e.g., by coprecipitation of
cadmium and nickel(II) hydroxides] or by depositing
nickel onto the surface of the disperse phase.
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Introduction of highly dispersed nickel by electro-
less plating onto cadmium oxide in hypophosphite
nickel-plating solutions was found to be a promising
method [14, 15]. In [15], the possibility was demon-
strated of obtaining a highly dispersed metallic phase
with grain size on the order of 0.01mm, depending
on the solution composition and thermolysis regime.

EXPERIMENTAL

To solve the problem at hand, we studied the struc-
tural and electrochemical characteristics of cadmium
electrodes made of cadmium oxide treated under
special conditions with hypophosphite-based electro-
less nickel plating solution. The cadmium electrodes
were fabricated by the technology of porous metallic
cadmium electrodes with 1 wt % polyvinyl alcohol
introduced as a binder in the form of an aqueous sus-
pension [16]. The cadmium electrodes under study
differed in the method of introduction of the nickel
additive and in its amount and had the following
composition: electrode 1 (control), cadmium oxide
and 3 wt % Ni/Cd in the form of coprecipitated nickel
and cadmium hydroxides; electrode 2, cadmium oxide
treated with blank electroless nickel plating solution
containing no nickel(II) ions; electrodes 337, cadmi-
um oxide treated with electroless nickel plating solu-
tion containing 0.8, 1.4, 2.4, 4.1, and 7.0 wt % Ni/Cd,
respectively.

Figure 1 shows the coefficient of cadmium utiliza-
tion, Ku, in the electrodes under study in cycling in
an 8.1 M KOH solution (idisch = 0.01 A cm32, ich =
0.005 A cm32). The electrodes with addition of metal-
lic nickel (Fig. 1, curve2) introduced by electroless
nickel plating onto cadmium oxide show higherKu
values [75380% against 68% for the control (curve1)].

Eliminating nickel from electroless plating solu-
tions (curve3) leads to a dramatic decrease inKu from
64% in the first cycle to 35% in the seventh. This
result, which is in good agreement with the behavior
of cadmium electrodes without activating additives
[12], indicates that the other components of the elec-
troless nickel plating solution exert neither positive
nor negative influence on how the high-activity state
of the cadmium electrode is formed.

The introduction of metallic nickel into the active
material of the cadmium electrode by the method of
electroless nickel plating also leads to a pronounced
increase in the specific surface area of the cadmium
electrodes, determined by the pulsed potentiostatic
method [17] (Fig. 2): with the nickel content increas-
ing from 0.8 to 7.0 wt % Ni/Cd, the specific surface

Ku, %

Fig. 1. Variation of Ku of cadmium in porous cadmium
electrodes in the course of cycling. (N) Cycle number.
Method of nickel compound introduction: (1) coprecipita-
tion of Ni(OH)2 + Cd(OH)2 (3 wt % Ni/Cd) and (2) electro-
less nickel plating; and (3) no nickel additive.

Ssp, m2 g31

m, wt %

Fig. 2. Ssp of charged cadmium electrode vs. the nickel
content m in its active material produced by electroless
nickel plating of cadmium oxide.

Ku, %

m, wt %

Fig. 3. Ku of cadmium in the active material of cadmium
electrodes vs. its nickel contentm at different discharge
current densities.idisch (A cm32): (1) 0.005, (2) 0.0135,
and (3) 0.027.

area changes from 8.8 to 27 m2 g31. The most pro-
nounced increase in the specific surface area of the
electrodes is observed on raising the concentration of
nickel to 233 wt % Ni/Cd.

The dependence ofKu on the nickel content in the
active material shows a maximum at 234 wt % Ni/Cd
(Fig. 3).

The presented structural and electrochemical char-
acteristics of cadmium electrodes fabricated from
cadmium oxide subjected to electroless nickel plating
point to the high activating effect of metallic nickel
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E, V

Q/Qtheor, %

Fig. 4. Discharge curves for porous cadmium electrodes
(fabricated from cadmium oxide subjected to electroless
nickel plating and containing varied amount of nickel) in
an 8.1 M KOH solution in the second cycle (idisch =
0.01 A cm32). (E) Potential and (Q/Qtheor) discharge capac-
ity normalized to the theoretical electrode capacity. Nickel
content (wt %): (1) 0.82, (2) 1.4, (3) 4.1, and (4) 7.0.

introduced into the cadmium electrode as an indepen-
dent phase in a highly dispersed state.

Figure 4 presents discharge curves for cadmium
electrodes 3, 4, 6, and 7 in the second forming cycle
(with the electrode potentials measured relative to a
reversible cadmium electrode in the same alkali solu-
tion). With the nickel content of cadmium oxide in-
creasing to 4 wt % Ni/Cd, a second potential delay
appears in the discharge curves of the cadmium elec-
trodes at polarizations of 1203140 mV. This delay is
associated with the formation in the course of elec-
trode charging of the Cd21Ni5 intermetallic phase
[335].

The formation of the Cd21Ni5 IMC already in
charging of the cadmium electrode can only be ac-
counted for by the occurrence of interphase interac-
tion of nickel with cadmium formed in the course of
charging.

In [18, 19], the possibility of occurrence of solid-
state diffusion processes with a sufficiently high rate
at temperatures lower than the melting points of the
systems in ultradispersed state (0.0130.10 mm) was
substantiated theoretically and confirmed experiment-
ally. Phenomena of this kind are characteristic of
some diffusion pairs with strongly different interdiffu-
sion coefficients of the components [20322]. A cer-
tain contribution to the mechanism of development of
mechanical strain in the diffusion zone may come
from the difference in density between the starting
components and the phase formed in the diffusion
zone. The initial introduction of nickel in the form of
an individual highly dispersed metallic phase enabled

a heterophase interaction between cadmium and nickel
already in the first forming cycles.

CONCLUSION

The heterophase interaction of cadmium and nickel
in the active material of charged electrodes, resulting
in the formation of Cd21Ni5 IMC, accounts for the
particularly strong activating effect of the nickel addi-
tive on the charged state of the cadmium electrode.
The mechanism of this activating effect can be under-
stood as follows: heterodiffusion in the cadmium3
nickel binary system gives rise to mechanical stresses
in the boundary region of the interphase contact with
the subsequent relaxation through formation of micro-
pores and cracks on the surface of active material
grains.
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Abstract-Results of investigations aimed at creating a material possessing selective sensitivity to gaseous
hydrogen sulfide are presented. Polycrystalline films of doped tin dioxide were obtained by pyrolysis of
an aerosol of appropriate organometallic compounds. The effect of copper and nickel oxides on the electrical
properties, actual structure, and composition of polycrystalline tin dioxide films was studied. The influence
of trace amounts of gaseous H2S on the electrical conductivity of the films was analyzed in detail.

The problem of determining trace amounts of hy-
drogen sulfide in the atmosphere is of particular in-
terest for environment protection in large cities, at
chemical centers, and at oil and gas fields. The high
toxicity of hydrogen sulfide and the presence, together
with H2S, of appreciable amounts of hydrogen, hy-
drocarbons, and other noxious gases in natural gas
additionally complicate detection of hydrogen sulfide.
In this connection, a search for materials that could be
used in gas sensors for hydrogen sulfide is aimed at
achieving their high sensitivity and selectivity [134].

Tin dioxide films are widely used in resistive
chemical sensors, which are of particular interest
because of their high sensitivity, simple design, and
low cost [5, 6]. The principle of operation of such
sensors is based on the dependence of the electrical
conductivity of the material on the content of trace
amounts of reducing or oxidizing gases in the ambient
atmosphere. The change in the electrical conductivity
of polycrystalline films can, as a rule, be accounted
for by the interaction at the surface of SnO2 grains
between chemisorbed O2

3 ions and molecules adsorbed
from the gas phase. Such interactions result in that the
electron concentration in the conduction band of tin
dioxide increases or decreases. The sensor character-
istics of the material: sensitivity, response time, selec-
tivity, and stability, are determined by a number of
factors, of which the most important are the micro-
structure of the films, their thickness, departures from
stoichiometry, and the type and concentration of
dopants. In the present study, it is proposed to im-
prove the sensitivity to hydrogen sulfide by using a

heterogeneous nanocrystalline system composed of
two oxides, one of which is chemically stable and
provides for the semiconducting properties of the
material, and the other enters into selective reaction
with a gas being analyzed (Fig. 1).

The oxides were chosen on the basis of criteria
among which of fundamental importance is the pos-
sibility of reversible chemical reaction with the sys-
tem upon a change in the composition of the ambient
atmosphere. Thermodynamic estimates of reactions
in heterogeneous systems including solid oxides,
metal sulfides, and gaseous hydrogen sulfide and air
demonstrated that in the range 1003500oC nickel and
copper oxides form sulfides in the presence of trace
amounts of hydrogen sulfide in air, whereas tin di-
oxide remains a stable phase. Such compositional
changes are reversible and may strongly affect the

Air

Fig. 1. Model of a heterogeneous nanocrystalline system.
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electrical properties of the system, since copper and
nickel oxides arep-type wide-band-gap semiconduc-
tors and sulfides of these metals are characterized
by metallic conduction. The possibility of using
SnO2(CuO) for detecting trace amounts of hydrogen
sulfide was first demonstrated in [7]. The increase
in the sensitivity of tin dioxide samples to H2S in the
concentration range 5031200 ppm upon doping with
copper oxide was confirmed in later studies [8, 9].
However, the main effort has gone into achieving high
sensor parameters, whereas the mechanism by which
the system reacts with hydrogen sulfide has not been
studied in detail and the role played by copper ions
in sensor signal formation has not been revealed.

EXPERIMENTAL

Synthesis of polycrystalline SnO2(CuO) and
SnO2(NiO) films by aerosol pyrolysis was described
in detail in [9311]. The film thickness was determined
on cross sections with a Jeol JSM-35 scanning elec-
tron microscope. The phase composition and micro-
structure of the films were studied by means of X-ray
diffraction analysis on a Siemens Cristalloflex instru-
ment with CuKa radiation.

The content of copper and nickel in the films was
determined using local X-ray fluorescence analysis
(Cameca-SX50). The analysis was made at four elec-
tron energies of 8, 12, 16, and 20 kV, with average
intensity ratio of sample and reference lines calculated
for each energy for the lines SiKa, SnLa, CuKa,
NiKa, and OKa. The obtained results were processed
using SAMx-Strata special-purpose software for thin
films and multilayer objects. The film composition
was calculated in terms of the Pouchou3Pichoir model
[12] for an SnO2(MO)/SiO2/Si(substrate) two-layer
structure.

The surface composition of the films was deter-
mined and layer-by-layer composition analysis across
the film thickness was made by Auger electron spec-
troscopy (AES) on a Jeol Jump IO-CCS instrument.
Local analysis was done at 638 points, with spectra
recorded in differential form in the energy range 503
1000 eV and intensities of the following Auger transi-
tions used in the analysis: Sn (432 eV), O (510 eV),
C (272 eV), Ni (848 eV), and Cu (924 eV).

The electrical resistance of the films was measured
in the temperature range 773523 K in the stabilized
voltage mode atU = 1 V. The change in the circuit
current, proportional to the conductivity of the films
under study, was recorded. The distance between

the current leads was 5 mm, and the film width was
4 mm.

The interaction of the obtained films with various
gas mixtures was studied in an automated cell allow-
ing control over the gas phase composition and tem-
perature. The measurement scheme was described in
detail in [13]. The electrical conductivity of the films
was measured in the temperature range 1003450oC in
an atmosphere of dry synthetic air and in gas mixtures
of varied composition (ppm): 300 CO, 80 C2H5OH or
1000 CH4 in dry air and 100 H2S in nitrogen. The
kinetics of variation of the electrical conductivity of
the films, measured in air (G0) and in the atmosphere
of the above gas mixtures (Gt) at different tempera-
tures, allowed estimation of the film sensitivitySt =
(Gt 3 G0) /G0.

The mechanism of interaction between SnO2(CuO)
and hydrogen sulfide was studiedin situ by Raman
spectroscopy with electrical properties recorded simul-
taneously. The Raman spectra were obtained on a
Dilor XY multichannel spectrometer with Ar laser as
radiation source (l = 514.5 nm, 50 mW). Thearea of
the analyzed section was 1mm2.

Sets of SnO2 and SnO2(MO) films were prepared,
with copper concentration varying within 0.093
2.5 at. %, and nickel concentration, within 0.163
2.83 at. %. According to X-ray phase analysis data,
the SnO2 phase (tinstone) is present in all the syn-
thesized films, with no copper- or nickel-containing
phases found in the samples. This may be due both
to the insufficient concentration of these phases and to
the small size of their crystallites. The average dimen-
sions of SnO2 crystal grains were evaluated using the
Debye3Scherrer formula on the basis of the reflection
broadening in X-ray diffraction spectra and was found
to be in the range from 3 to 10 nm, depending on syn-
thesis conditions. The obtained data were confirmed
by studying the film microstructure by transmission
electron microscopy. No significant influence of cop-
per or nickel in the concentration range 032.0 at. %
on the SnO2 grain size was revealed. An analysis of
the real structure of the films by scanning electron
microscopy indicated that they possess porous struc-
ture and are formed from agglomerates 503100 nm
in size.

A study of the composition of SnO2(CuO) and
SnO2(NiO) films across their thickness by AES with
the use of ion etching by means of an Ar+ beam dem-
onstrated that films doped with copper and nickel
oxides exhibit different kinds of impurity distribution
across the thickness. Films doped with nickel oxide
are characterized by uniform distribution of nickel
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Energy differenceD = E(O1s) 3 E(Sn3d5/2) in XPS spectra
of films
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

[M], at. %
³

D, eV
³ D 3 D1, eV

³ ³ ³(D1 = 43.95 eV)
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
SnO2 ³ 3 ³ 44.00 ³ 0.05
SnO2(CuO) ³ 1.26 ³ 43.90 ³ 30.05
SnO2(NiO) ³ 1.25 ³ 44.80 ³ 0.85
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

across the entire thickness of a film. An analysis of
the composition of an SnO2(NiO) film (0.89 at. % Ni)
gave values coinciding within measurement error for
the surface composition (INi /ISn = 0.13+0.1) and the
bulk average (INi /ISn = 0.13+0.1). In the case of
SnO2(CuO), a significant decrease in copper concen-
tration was observed in going from the surface of a
film into its bulk: ICu/ISn = 0.24+0.1 and 0.06+0.1,
respectively, for a film containing 1.84 at. % Cu. This
effect may be due to segregation of copper on the sur-
face of SnO2 grains. In this case the total concentra-
tion of copper can be represented as the sum

[Cu] = [Cu]s + [Cu]v,

where [Cu]s and [Cu]v are, respectively, the concen-
trations at the surface of a grain and in its bulk.

If we assume that [Cu]s > [Cu]v, then the obtained
experimental data can be explained by taking into
account the fact that [Cu]s makes a major contribution
to the composition of the surface layer of the film.

The state of copper and nickel in the synthesized
films was analyzed by X-ray photoelectron spectros-
copy (XPS). It was shown that the dopants are in
oxidized state. The electronic state of nickel corre-
sponds to NiO, whereas the data obtained for copper
indicate an intermediate oxidation level (CuO, Cu2O).
The intermediate oxidation level of copper, also ob-
served in studying the films by AES, may be due to
the effect of high vacuum and ion sputtering on the
composition of the surface being analyzed.

It is of interest to study the effect of copper and
nickel ions on the Sn3O bond energy. The table lists
the energy differencesD = E(O1s) 3 E(Sn3d5/2) for
films of pure and doped SnO2, compared with a simi-
lar value calculated from reference data for pure SnO2
(D1 = 43.95 eV). The obtained data indicate that
copper ions have no effect on the Sn3O bond energy
(D 3 D1 = 0.05 eV). Introduction of nickel in the same
concentration leads to a pronounced change in the
Sn3O bond energy (D 3 D1 = 0.85 eV). The different

effects of the same concentration of copper and nickel
ions on the Sn3O bond energy may be due to differ-
ences between the distributions of copper and nickel
ions between the crystal lattice and the surface of
SnO2 grains. It may be assumed that, at equal total
concentrations, most part of copper is distributed in
the form of segregates over the surface of tin dioxide
grains, whereas nickel is mostly incorporated in the
SnO2 crystal lattice, occupying Sn sites. This assump-
tion is in agreement with the results of layer-by-layer
analysis of the composition of SnO2(CuO) and
SnO2(NiO) films by AES. Calculations in terms of
the percolation theory [14] demonstrated that the con-
centration of copper ions in the samples studied is
insufficient for a thin (1 nm) copper oxide layer to be
formed on the surface of every SnO2 grain: a percola-
tion cluster can be formed in the case of copper oxide
distribution over boundaries of SnO2 agglomerates.

A study of the electrical properties of the obtained
films revealed a high sensitivity of the electrical con-
ductivity of the material to the content of copper and
nickel ions. Raising steadily the concentration of
dopants results in the increasingly pronounced rise in
resistance on lowering the temperature [15]. A portion
of thermally activated behavior appears in the logR3
(100/T) curves, with the activation energyEa, deter-
mined from the relationR ; exp(Ea/kT), gradually
growing with increasing dopant concentration to
become 0.530.6 eV in films containing 1.45 at. % Cu
and 0.45 at. % Ni. Raising the dopant concentration
further does not lead to any changes in the behavior of
the conductivity of the films. The data obtained indi-
cate that doping with copper or nickel oxides changes
the mechanism of conduction in tin dioxide films.
Presumably, with growing Cu and Ni concentration,
the barrier mechanism plays an increasingly important
role, with the barrier height (Ea) depending on the
concentration of doping impurities. The temperature
dependence of the electrical conductivity is in this
case expressed asG = G0exp(3Ea/kT). The appear-
ance of an energy barrier upon doping may be due to
lowering of the Fermi level because of the compensa-
tion of donor oxygen vacanciesVO

..
by acceptor-type

substitution defects CuSn" (NiSn") or to formation of
a p-CuO(NiO)/n-SnO2 junction near the surface of
tin dioxide grains.

The dynamic sensitivity of the films,St = (Gt 3
G0)/G0, was studied in relation to temperature, dopant
concentration, and gas phase composition. Figure 2
shows typical dynamic curves in theSt3t coordinates
for SnO2, SnO2(CuO), and SnO2(NiO) films under
the conditions of a cyclic change in the gas phase
composition at a temperature of 200oC. In the interac-
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tion of the samples with a 100 ppm H2S + N2 gas
mixture, the electrical conductivity of the films grows
and then decreases reversibly on replacing the at-
mosphere with dry air. Multiple cycling of the gas
phase composition (>100 cycles) has no effect on the
nature and magnitude of changes in the electrical con-
ductivity of the doped films. The long time necessary
for the maximum change in electrical conductivity to
be achieved is due to the relation between the measur-
ing cell volume (2 l) and the gas mixture flow rate
(4 l h31). The maximum sensitivities are observed
at 150oC for SnO2(CuO) films and at 250oC for
SnO2(NiO).

Figure 3a shows in the form of a three-dimen-
sional diagram the dependence of the sensitivity of
SnO2(CuO) films to 100 ppm H2S + N2 on the con-
tent of copper in the films and size of SnO2 crystalline
grains. The maximum sensitivities to hydrogen sulfide
correspond to average grain size of 536 nm and
copper content in the films of 1.231.4 at. %. A similar
analysis for SnO2(NiO) films demonstrated (Fig. 3)
that the maximum gas sensitivity is observed for films
with the same average grain size of 536 nm, but con-
taining 0.630.7 at. % Ni. The obtained optimal SnO2
grain size corresponds to doubled thickness of the
depleted layer in polycrystalline SnO2, evaluated
in [16].

An analysis of the whole set of the obtained experi-
mental data revealed the main distinctions between the
effects of copper and nickel oxides on the properties
of SnO2:

(1) According to AES and XPS data, copper oxide
is mainly concentrated on the surface of SnO2 grains,
whereas nickel oxide is evenly distributed between the
surface and the bulk of the crystalline grains.

(2) The interaction of SnO2(NiO) films with the
gas phase is much slower, compared with the case of
SnO2(CuO) films, in the entire temperature range
studied.

(3) In determining hydrogen sulfide, the optimal
working temperature of SnO2(NiO) films is 100oC
higher than that of SnO2(CuO) films.

(4) In contrast to the case of copper, introduction
of nickel into SnO2 increases the sensitivity of this
material to CO, C2H5OH, and CH4.

Thus, it would be expected that the reaction of the
SnO2(CuO) and SnO2(NiO) systems with hydrogen
sulfide gas occurs by different mechanisms.

The mechanism of the reaction between polycrys-
talline SnO2(CuO) and SnO2(NiO) films and hydro-

t, min

Fig. 2. Relative electrical conductivitySt of (1) SnO2,
(2) SnO2(CuO), and (3) SnO2(NiO) films in cyclic replace-
ment of dry air by a 100 ppm H2S + N2 gas mixture at
200oC. (t) Time.

(a)

Cu, at. %
l, nm

Ni, at. % l, nm

(b)

Fig. 3. SensitivitySt of (a) SnO2(CuO) and (b) SnO2(NiO)
films to 100 ppm H2S + N2 vs. content of doping impuri-
ties of Cu and Ni ions in the films and sizel of SnO2
crystalline grains.

gen sulfide was studied. Changes in the state of sur-
face atoms upon interaction of SnO2 and SnO2(CuO)
nanocrystalline films with an atmosphere containing
300 ppm of hydrogen sulfide in nitrogen was studied
by in situ Raman spectroscopy atT = 150oC (Fig. 4).
It was found that the intensity of vibrations of surface
SnO2 molecules (broad band at 570 cm31) decreases;
copper sulfide Cu2S (472 cm31) is formed in the
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Air Air

Air Air

n, cm31

Fig. 4. Changes in Raman spectra of SnO2(CuO) in cycling
replacement of dry air with 300 ppm H2S + N2 gas mixture
at 150oC. (n) Wave number.

atmosphere of hydrogen sulfide in samples doped
with copper oxide; tin sulfide SnSx (broad band at
350 cm31) is formed in pure and doped tin dioxide.

Thus, the mechanism of interaction of SnO2(CuO)
with the gas phase involves the following basic
processes.

(1) Adsorption of oxygen molecules onto the tin
dioxide surface, with a depleted layer formed and the
electrical conductivity decreasing because of the bind-
ing of a part of conduction band electrons by the
adsorbed oxygen

O2g
6

4
2Os,

Os + 2e 6

4
Os

23.

(2) Adsorption of hydrogen sulfide molecules and
their interaction with adsorbed oxygen

H2Sg + 3Os
23 = SO2g + H2O + 6e.

This reaction leads to an increase in the electron con-
centrationn in the SnO2 conduction band and makes
higher the electrical conductivity

G = enm,

where e is the electron charge,m = m0exp(3Ea/kT) is
the electron mobility, andEa is the height of the
barrier appearing at thep-CuO/n-SnO2 interface,
proportional to the concentration of introduced copper
in the range 031.5 at. %.

(3) Chemical reaction of copper oxide with hydro-
gen sulfide gas to give copper(I) sulfide

6CuOs + 4H2Sg = 3Cu2Ss + SO2g + 4H2O.

This reaction eliminates the energy barrier and thereby
leads to a dramatic increase in the electron mobility
m and, consequently, in the electrical conductivity.

In the absence of hydrogen sulfide molecules,
copper sulfide is reversibly converted into copper(II)
oxide upon reaction with atmospheric oxygen

Cu2Ss + 2O2g = 2CuOs + SO2g.

(4) Chemical reaction of tin dioxide with hydrogen
sulfide to give tin sulfide exerting no significant in-
fluence on the electrical properties of the system but
changing the state of the material surface.

(5) Oxygen diffusion from the bulk of SnO2 grains
toward their surface to give neutral and doubly ionized
vacancies

OO
x = VO

x + Os

VO
x = VO

.. + 2e.

The role of nickel in the interaction of SnO2(NiO)
with the gas phase may be due to the effect of Ni
redistribution between the bulk and the surface of an
SnO2 grain, depending on the redox properties of the
atmosphere. In an oxidizing medium (in air), Ni2+

cation [r(Ni2+) = 0.70 A] may occupy sites on the
cationic sublattice of SnO2 [r(Sn4+) = 0.69A], where-
as in a reducing atmosphere containing hydrogen sul-
fide, CO, C2H5OH, or CH4, reduction of nickel(II) is
possible, with its transport toward the SnO2 grain
surface. This eliminates the effect of compensation of
donor oxygen vacanciesVO

..
by acceptor-type sub-

stitution defects NiSn", making higher the electrical
conductivity of the material.

CONCLUSION

Nanocrystalline systems based on metal oxides are
of interest as sensitive materials for resistive gas sen-
sors. Introduction of copper and nickel oxides into the
tin dioxide matrix gives high-resistivity samples. The
increase in the resistance of SnO2(MO) films is due to
the compensation of intrinsic atomic defects by im-
purity centers and the formation of energy barriers
at contacts between grains of semiconductors with
different conduction types. Copper and nickel oxides
were found to exert strong influence on the sensor
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properties of tin dioxide films, leading to a 1023
103-fold increase in the sensitivity of films to hydro-
gen sulfide. The obtained results can be used in de-
veloping high-sensitivity sensors for hydrogen sulfide
gas. The mechanism of gas sensitivity is associated
with changes in the electronic state of copper and
nickel in the surface layer in relation to the gas phase
composition.
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Abstract-Problems associated with developing gas-sensitive inorganic materials are discussed. The principle
of operation of a semiconductor gas sensor of resistive type is considered, and main band structure parameters
sensitive to the gas phase composition are determined. Ways to solve the problem of selectivity of semicon-
ducting oxides are discussed. The influence of microstructure, dopants, and analysis temperature is looked
into on the basis of experimental results obtained in studying nanocrystalline tin dioxide and zinc oxide.
Prospects for use of systems based on two or more nanocrystalline oxides (nanocomposites) are considered.

Nanocrystalline materials are being extensively
studied with the aim of a search for novel properties
[1, 2]. Much progress has been made in the field of
directed synthesis of nanocrystalline systems based on
metal oxides possessing high gas sensitivity, which
can be used as catalysts and materials for gas sensors
[3, 4]. With decreasing crystallite size, the contribu-
tion from the surface energy to the total free energy of
the system increases dramatically, which leads to high
activity of materials of this kind in heterogeneous
interactions. The fact that the geometric dimensions of
nanocrystallites and molecular sizes are comparable
predetermines the difference between the kinetics of
chemical transformations in nanocrystalline systems
and similar processes in coarsely crystalline materials.
These specific features make nanocrystalline semicon-
ducting oxides very promising for development of
high-sensitivity fast-response gas sensors, in which
just surface processes play the key role in the forma-
tion of a sensor signal.

Despite the achieved high gas sensitivities, putting
semiconducting oxides into practice is hindered by the
poor selectivity of these materials and the lack of data
on the mechanism of their interaction with the gas
phase. The high rates of adsorption and redox proc-
esses make difficult studying the mechanism of sur-
face reactions experimentally by the conventional
methods. Under these conditions, the most complete
information could be furnished byin situ investigation
techniques.

The present communication discusses the nature of
the gas sensitivity of semiconducting nanocrystalline
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Reported at I Russian Conference[Surface Chemistry and

Nanotechnology.]

metal oxides, the principle of operation of gas sensors
on their base, and ways to improve the selectivity
of the sensors.

Scheme of compositional analysis of the ambient
atmosphere with a gas sensor

Object to be analyzed
2

Sampling
2

Filter, membrane
Sensor

Sensitive material
Signal converter

28
Control circuits

28
Data storage and transfer

Data processing

The main elements in analyzing the composition of
the ambient atmosphere are (see scheme) object being
analyzed, sampling system, filter, sensitive unit, sig-
nal converter, and a system for analysis control with
the possibility of processing of the electric signal and
information storage and transfer. According to the
classification presented in [5], semiconducting gas
sensors belong to the group of electric chemical sen-
sors furnishing information about the ambient com-
position directly in the form of an electric signal. The
possibility of combining in the same material the
functions of a sensitive element and signal converter
markedly simplifies the design of a sensor and con-
stitutes the main advantage of resistive-type sensors
over biochemical, optical, acoustic, and other devices.
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The principle of operation of semiconducting gas
sensors is based on the dependence of the electrical
properties of a material on the concentration of chemi-
sorbed molecules. The formation of surface acceptor
levels in real semiconductors may be due to oxygen
adsorption from the gas phase. This process involves
physical adsorption of O2 molecules and capture by
these molecules of electrons from the surface layer
of the semiconductor.

1/2O2(gas) + VO
x 6

4
Os, (1)

Os + 2e 6

4
Os

23, (2)

where VO
x are oxygen vacancies, and Os is oxygen

adsorbed onto the surface.

As a result, a depletion layer is formed near the
crystal surface, with the electron concentration lower
than that in the bulk. Figure 1 presents a band diagram
illustrating the effect of adsorption on the parameters
of the semiconductor band structure. The main of
these: band gapEg, Fermi level positionEF, elec-
tronic work functionj, and depletion layer widthL,
determine the electrical properties of a semiconduct-
ing material [7]. It should be noted that, in selecting a
material for gas sensors, the absolute values of these
parameters are not so important as their change upon
chemisorption. The depletion layer widthL is deter-
mined by the Debye screening length in the given
materialLD [7] and the height of the surface Schottky
barrier Vs [8].

L = LD (eVs/ kT), (3)

where e is the electron charge,k is the Boltzmann
constant, andT is absolute temperature.

The Debye screening length in a given material is
determined by the equation

LD = ekT/e2n, (4)

wheree is the dielectric constant of the material, and
n is the carrier concentration.

The surface barrier height is, in its turn, determined
by the surface chargeQs

2:

Vs = Qs
2/2ee0en. (5)

The presence in the atmosphere of molecules of
gases differing in their redox properties from at-
mospheric oxygen may lead, even under normal con-
ditions (T = 25oC), to a pronounced change in elec-
trical properties. Reducing gases, such as H2, CO, and

Surface states

Depletion layer

js

Vs Ec
EF

Ev

Eg

0 L Z
Fig. 1. Band structure of the surface layer of the semicon-
ductor: (Ev) valence band top, (Ec) conduction band bot-
tom, (Eg) band gap, (EF) Fermi level position, (j) elec-
tronic work function, (js) work function for emission of
an electron from a surface level, (Vs) surface barrier, and
(L) depletion layer width.

NH3, make the electronic work function lower and the
electrical conductivity higher, whereas the presence of
oxidizing gases (O3, NO2) leads to the opposite effect.
The interaction of the surface of a semiconducting
oxide with a reducing gas, e.g., CO, can be described
by the equations

COgas
6

4
COs, (6)

COs + Os
23 6

4
CO2(s) + 2e, (7)

CO2(s)
6

4
CO2(gas). (8)

Reactions (6)3(8) decrease the concentration of
oxygen adsorbed on the surface of crystal grains and
lead to delocalization of electrons, making the elec-
trical conductivity of n-type material higher (Fig. 2,
curve 1) and that of thep-type material lower. The
presence of oxidizing gases in the atmosphere leads to
decrease in the concentration of electrons in the sur-
face layer, increase in the height of intergrain barriers,
and decrease in the electrical conductivity ofn-type
materials (Fig. 2, curve2). The atmosphere-induced
changes in the electrical properties of semiconducting
materials are reversible in the temperature range 1003
500oC.

The height of the surface barrier is also fundament-
ally important in selecting a material for gas sensors.
By analogy with the Schottky barrier at the metal3
semiconductor interface, the height of the barrier at
the semiconductor surface can be represented as [6, 8]

Vs = X(js 3 j), (9)

wherejs is the work function for emission of an elec-
tron from a surface level,j is the thermionic work
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G, W31

Gas Gas Gas Gas

t, min
Fig. 2. Variation of the electrical conductivityG of poly-
crystalline ZnO with timet in the presence of (1) reducing
gas and (2) oxidizing agents.

Fig. 3. ParameterX vs. difference of electronegativities
Dc of the anion and cation forming the semiconductor.

function, andX is a chemical parameter depending
on the nature of a semiconductor.

The parameterX is defined as a coefficient of a
linear dependence relatingVs andjs and can be inter-
preted as a manifestation of the sensitivity of the elec-
trical properties of a semiconductor to the state of its
surface. Figure 3 presents the parameterX in relation
to the difference of electronegativitiesDc (by Pauling)
of the anion and cation forming the semiconductor.
The abrupt change in theX value atDc = 0.8 corre-
sponds to a transition from materials with covalent
bonding (Si, Ge, GaAs) to those in which ionic bonds
predominate (ZnO, SnO2). Thus, the highest sensitiv-
ity to changes in the concentration of molecules ad-

sorbed onto the surface and, consequently, to changes
in the gas phase composition is exhibited by materials
with predominantly ionic bonding. Oxides charac-
terized by exceedingly high resistivity, SiO2 and
Al2O3, are not used in resistive gas sensors in pure
state because of the difficulties encountered in elec-
trical conductivity measurements.

Despite the considerable success in improving the
sensitivity and speed of response of semiconducting
gas sensors, there remain a number of problems
among which the most important are the poor selec-
tivity and the sensitivity to atmospheric moisture,
which is due to the nonselective nature of adsorption.
Let us consider successively the effect of microstruc-
ture and dopants on the gas-sensitive properties of
the material.

The contribution of the surface to the electrical
properties of a semiconductor can be achieved by
passing from a single crystal to a polycrystalline
system. In this case, each crystalline grain is to be
considered a closed volume with a depletion layer
near its surface (Fig. 4). The decrease in the carrier
concentration at grain boundaries leads to formation
of intergrain energy barriers whose height determines
the electrical conductivity of a polycrystalline material
as a whole. The strongest influence of the state of
the surface on the electrical properties of the material
is observed when the following condition [3] is met:

l /2 < L, (10)

where l is the crystallite size andL is the depletion
layer width, varying between 3 and 10 nm for various
oxides.

All other conditions being the same, the depletion
layer width depends on the redox properties of chemi-
sorbed molecules. The reducing gases H2, CO, H2S,
and NH3 make the depletion layer narrower, whereas
the oxidizing gases O3 and NO2, conversely, lead to
an increase in the depletion layer width, being in-
volved in competitive adsorption together with at-
mospheric oxygen. Thus, when forming the real struc-
ture of an oxide, account should be taken of the
chemical nature of a gas being analyzed: the optimal
grain size for detecting molecules possessing reducing
properties is to be smaller, compared with the case of
oxidizing gases.

In order to raise the adsorption activity, semicon-
ducting oxides are doped with noble metals: Pt, Pd,
Au, and Ru. It has been established that these metals
form on the oxide surface clusters whose presence
facilitates adsorption and dissociation of reducing
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gases. The presence of Pd, Pt, or Au clusters, in par-
ticular, lowers the electronic work function and de-
creases the activation energy of the reaction occurring
on the surface of the semiconducting oxide. However,
in addition to the catalytic effect, the above metals
exert influence on the electrical properties and real
structure of the polycrystalline matrix and can also
change the intrinsic chemical state on the oxide sur-
face. It has been shown that the state of Pt (Pt or
PtO2) in SnO2 depends on the cluster size and changes
depending on the gas phase composition. The authors
believe that the transition of platinum from the oxi-
dized state (in air) to the metallic state (in a gas mix-
ture of 900 ppm CO in N2) leads to high gas sensitiv-
ity of SnO2(Pt) films. Reaction with a gas mixture
containing 1% H2 in nitrogen results in the reduction
of palladium to metallic state, accompanied by a
1000-fold increase in the electrical conductivity of the
films. The photoelectron spectrum of the surface of
an SnO2(Pd) film annealed in an inert atmosphere of
N2 contains peaks corresponding to both states of
palladium: Pd and PdO. The manifestation of reduc-
ing properties by an inert medium is due in this case
to the lack of oxygen in the gas phase, which makes
lower the concentration of adsorbed oxygen on the
oxide surface.

Recently, complex nanocrystalline systems (nano-
composites) containing two or more oxides have
been widely used for solving the problem of selectiv-
ity of materials. The nanocomposite composition can
be represented as M1O/M2O, where M1O is the nano-
crystalline matrix and M2O is the doping oxide distri-
buted between the surface and the bulk of the M1O
nanocrystalline grain. The advantage of nanocom-
posites over simple nanocrystalline oxides, when used
in gas sensors, is associated with the redistribution of
M2 between the bulk and the surface of M1O grain,
depending on the redox properties of the gas phase.
Low oxidation levels of M2 cation, corresponding to
larger ionic radius and predominant distribution of M2
over the surface of M1O grains, occur in the reducing
atmosphere. By contrast, cations in higher oxidation
states are formed in an oxidizing atmosphere, with
increasing probability that M2 cations occupy regular
cationic positions in M1O. The lability of the chemi-
cal state of the M2 cation in the nanocrystalline sys-
tem may result in a dramatic change in the state of
grain boundaries and in modification of the electronic
properties of the material in the presence of even trace
amounts (0.1310 ppm) of reducing or oxidizing gas
molecules in the gas phase. The table lists as exam-
ples nanocomposites that are of interest for creating
gas-sensitive materials. The oxides to be used in creat-

e e

Fig. 4. Scheme of formation of intercrystallite electrical
barriers in the polycrystalline system: (1) electrode, (2) po-
tential barrier, (3) crystallite bulk, (4) depletion layer,
(5) height of potential barrier in air, and (6) height of
potential barrier in the presence of a reducing gas.

ing nanocomposites are chosen with account of the
ionic radii of the elements [12].

CONCLUSION

The effect of gas sensitivity of nanocrystalline met-
al oxides is based on the chemisorption process and
chemical reactions on the surface, involving chemi-
sorbed oxygen. High gas sensitivity can be achieved
with systems based on simple and complex semicon-
ducting oxides. An important parameter is the high
dispersity of a material with microstructure stable
under conditions of prolonged annealing at 603100oC.

M1O/M2O nanocomposites for creating gas-sensitive
materials
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

M1O/M2O
³

r(M1),
³ r(M2), A

³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ A ³oxidized form³ reduced form

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Cr2O3/SnO2 ³Cr3+ 0.61³ Sn4+ 0.69 ³ Sn2+ 0.93

³ 3d34s0 ³ 4d105s0 ³ 4d105s2

³ ³ ³SnO2/CuO ³Sn4+ 0.69³ Cu2+ 0.73 ³ Cu1+ 0.96
³ 4d105s0 ³ 3d94s0 ³ 3d104s0

³ ³ ³SnO2/MoO3 ³Sn4+ 0.69³ Mo6+ 0.42 ³ Mo5+ 0.63
³ 4d105s0 ³ 4d05s0 ³ 4d15s0

³ ³ ³Ga2O3/Fe2O3 ³Ga3+ 0.62³ Fe3+ 0.64 ³ Fe2+ 0.77
³ 3d104s0 ³ 3d54s0 ³ 3d64s0

³ ³ ³In2O3/NiO ³In3+ 0.79³ Ni3+ 0.60 ³ Ni2+ 0.70
³ 4d104s0 ³ 3d74s0 ³ 3d84s0

³ ³ ³WO3/ TiO2 ³W6+ 0.58³ Ti4+ 0.60 ³ Ti3+ 0.67
³ 5d06s0 ³ 3d04s0 ³ 3d14s0

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Abstract-A study was made of the low-temperature hydrolysis of high-moleculer-weight polyacrylamide
Praestol under the action of NaOH in dilute aqueous solution. The performance of the hydrolyzed and nonhy-
drolyzed polymer when combined with aluminum sulfate in treatment of natural water was estimated.

The most important reaction in polymer-analogous
transformations of polyacrylamide (PAA) is alkaline
hydrolysis. It is often used for partial replacement of
the amide groups in PAA macromolecules by car-
boxylate groups. The degree of hydrolysis can affect
the flocculating power, viscosity, and adhesion prop-
erties of the polymer [1, 2]. There are numerous pub-
lications on hydrolysis of PAA and its behavior in
various media, but published data on low-temperature
hydrolysis of PAA in dilute aqueous solutions are
scarce [3, 4]. These investigations are motivated by
the possibility of modifying PAA during application.
For this reason, hydrolyzed PAA in a number of cases
is preferable over acrylamide3sodium acrylate co-
polymers. In this connection, we studied in this work
hydrolysis of high-molecular-weight PAA Praestol
25001 which currently receives much attention.

EXPERIMENTAL

We used Praestol 2500 produced by Stockhausen
(Krefeld, Germany) with [h] = 1550 cm3 g31 andMh =
8.70106; pure grade aluminum sulfate Al2(SO4)3 .
18H2O [GOST (State Standard) 3758365]; pure grade
SO brand kaolin [TU (Technical Specifications) 21-
5494310392]; and distilled water. Other chemicals
were of chemically pure grade.

In the laboratory experiments, Praestol 2500 was
dissolved at room temperature under continuous stir-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Moscow3Stockhausen3Perm Russian3German enterprise,

Joint-Stock Company.

ring (stirrer rotation rate 600 rpm during feeding of
the polymer and 300 rpm during the subsequent 1-h
period). Hydrolysis was carried out in a three-necked
flask equipped with a power-driven stirrer, a ther-
mometer, and a tube for taking samples. In the course
of the reaction we took samples from the reaction
solution at regular intervals so as to determine the
degree of hydrolysis of the polymerA [mol % of the
units of sodium acrylate (SA)] by potentiometric
titration [5]. The relative standard deviation and rela-
tive error of determination were within 1.4 and 3.3%,
respectively [5].

In industrial tests, hydrolysis of Praestol 2500 was
combined with its dissolution in the acting unit for
preparing the polymer solution,2 and the degree of
hydrolysis was monitored [5].

Potentiometric measurements were carried out with
a pH-121 pH-millivoltmeter with an ESL-43-07 glass
inidicating electrode and an EVL-1M3 silver chloride
reference electrode.

The intrinsic viscosity [h] was determined in 0.5 M
NaCl solution at 25oC, and the data obtained were
used for calculating the viscosity-average molecular
weight of the hydrolyzed Praestol 2500 by the Mark3

Houwink equation [h] = kMh
a, with the constantsk

anda varied depending on the degree of hydrolysis of
the polymer; their values were taken from [6]. In ac-
cordance with [739], we judged the effective size of
the macromolecular coils�r2

�
1/2 of the hydrolyzed

ÄÄÄÄÄÄÄÄÄÄÄÄ
2 Water treatment works of the Kazan’orgsintez Joint-Stock

Company.
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(a)A, mol %

A, mol % (b)

A, mol % (c)

A, mol % (d)

t, min

Fig. 1. Content of the SA units in the copolymerA as
a function of the timet in hydrolysis of PAA. (a)Initial
mass ratio [PAA]/[NaOH] = 5; 20oC; [PAA], %: (1) 0.005
and (2) 0.1. (b) [PAA] = 0.05%, 22oC, initial mass ratio
[PAA]/[NaOH]: (1) 3.3, (2) 1.6, and (3) 0.5. (c) [PAA] =
0.05%, initial mass ratio [PAA]/[NaOH] = 1.6. Tempera-
ture, oC: (1) 5, (2) 15 and (3) 25. (d) [PAA] = 0.5%,initial
mass ratio [PAA]/[NaOH] = 1.6; 25oC. Water: (1) riverine,
(2) tap, and (3) distilled.

Praestol 2500 indirectly, from the reduced viscosity
hsp/Cp (as measured in water atCp = const).

Sedimentation analysis was carried out in 0.14%
kaolin suspensions in a sedimentometer with VT-500
torsion balance scales after tenfold stirring of the sus-
pension with a disk stirrer with perforations.

In industrial tests, the quality of the water after
treatment was monitored basing on the standards set
in the Sanitary Rules and Regulations (SanPiN) [10].

To prepare modified PAA suitable for natural water
treatment [11], we chose the hydrolysis conditions at
which the degree of hydrolysis of the polymer did not
exceed 30 mol %. Namely, hydrolysis was carried out
for 1.5 h in dilute aqueous solutions ([PAA] = 0.053

0.1%) intended for preparing polymer solutions at
water treatment plants, in the presence of NaOH at 5,
15, and 25oC.

Under the actual conditions, PAA is hydrolyzed by
the scheme

3(3CH23CH3)n3 + mNaOH + H2O
³
CONH2

6 3(3CH23CH3)n3m3(3CH23CH3)m3 + mNH4OH.
³ ³
CONH2 COO3Na+

Figure 1a presents the kinetic curves for PAA hy-
drolysis obtained by the potentiometric method. The
polymer concentration in the experiments was varied
at [PAA]/[NaOH] = const. Figure 1a shows that with
increasing concentration of the polymer the initial
rate of hydrolysis and the content of the SA units
in the hydrolysis products tend to increase (going
from curve1 to curve2). Individual kinetic curves in
Fig. 1a evidence high rates of hydrolysis in the initial
stages of the reaction, which can, probably, be attri-
buted to anchimeric promotion of hydrolysis of the
amide groups by the neighboring hydrolyzed (car-
boxylate) groups [12]. Figure 1a also evidences de-
celeration of hydrolysis in the course of the reaction.
This is probably due to the electrostatic repulsion
between the OH3 ions and the carboxylate anions
COO3 accumulating in the macromolecules during
hydrolysis.

The influence of the NaOH concentration on the
hydrolysis kinetics was elucidated at [PAA] = const,
other conditions remaining unchanged. As seen from
Fig. 1b, with increasingNaOH concentration the ini-
tial rate of hydrolysis tends to increase, and the macro-
molecules of the forming copolymer get enriched with
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the SA units (going from curve1 to curve3). This is
due to increase in the concentration of OH3 ions in
the reaction system.

Figure 1c presents the kinetic curves characterizing
hydrolysis of Praestol 2500 over the 5325oC range
at constant concentrations of the polymer and NaOH.
It is seen that the initial rate of hydrolysis and the
content of the SA units in the macromolecules of the
forming copolymer tend to increase with rising tem-
perature (going from curve1 to curve3). This depen-
dence is consistent with the general relationships in
alkaline hydrolysis of polyvinylamides.

Figure 1d demonstrates the influence of the medi-
um on hydrolysis of Praestol 2500. The reaction was
run in distilled, tap (turbidity 1.1 mg l31, color index
15 deg), and riverine (turbidity 4.9 mg l31, color index
46 deg, total alkalinity 1.6 mg l31) water. In this series
of runs, the concentrations of the polymer and NaOH,
as well as the temperature (25oC), were kept constant.
Figure 1d shows that the initial rate of hydrolysis and
the SA content in the forming copolymer tend to de-
crease in the series distilled water > tap water > river-
ine water.

This is explained by the fact that this series charac-
terizes the decrease in the efficiency of alkaline hy-
drolysis of the polymer with increasing content of
the impurity.

The impurity hydrocarbonates contained in tap, and
in a greater amount, in riverine water could react with
NaOH, thus decreasing its concentration and, thereby,
the hydrolysis efficiency.

To determine the degree of hydrolysis of Praestol
2500 ensuring the greatest flocculation effect, we
studied sedimentation of the model kaolin suspension
under the action of aluminum sulfate and Praestol
2500 samples differing in the degree of hydrolysis and
having closeMh values (Table 1). The sedimentation
conditions were chosen basing on the results of our
previous investigations [13]. As known [14], when
added to an aqueous kaolin suspension, aluminum
sulfate is hydrolyzed to form positively charged par-
ticles of aluminum hydroxide adsorbed on the nega-
tively charged kaolin particles (z potential of the
kaolin surface was34.2 mV) forming complex aggre-
gates. Upon subsequent introduction of Praestol 2500,
larger floccules formed, which caused joint floccula-
tion of all the partciles. Figure 2 demonstrates the
flocculation effect as a function of the content of the
SA units in the hydrolyzed Praestol 2500. The floccu-
lation effect was estimated by the formula

D = (t0 3 t) /tz,

Table 1. Characterization of Praestol 2500 based floc-
culants
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sam-³ [h], ³

Mh0
³Content of indicated units, mol %

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄple
³cm3 g31³ 1036

³ AA ³ SAno. ³ ³ ³ ³
ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 1500 ³ 4.4 ³ 89 ³ 11
2 ³ 1500 ³ 4.0 ³ 83 ³ 17
3 ³ 1500 ³ 3.8 ³ 80 ³ 20
4 ³ 1500 ³ 3.2 ³ 76 ³ 24
5 ³ 1600 ³ 4.4 ³ 72 ³ 28

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

wheret0 and t are the times required for accumulation
of 50% of the sediment mass on the pan of the torsion
balance with and without polymer, respectively (for
0.14% kaolin suspensiont0 = 30 min).

The D = f (A) dependence presented inFig. 2
(curve 1) has an extremum due to the parallel run of
the hsp/Cp = f (A) plot (curve 2). This fact suggests
that the flocculation effectD is strongly dependent on
the parameter�r2

�
1/2 for hydrolyzed Praestol 2500.

It takes a maximal value atA ; 20 mol % (curve1),
which corresponds to the greatesthsp/Cp values
(curve 2). It can be assumed that this composition of
the macromolecule corresponds to the optimal relation
between the charge density and the flexibility of the
chains and, therefore, the largest�r2

�
1/2 values. As

a result, polymer bridges link a greater number of kao-
lin particles, which favors formation of large floccules
and accelerates their sedimentation. The greatest
flocculation power of the hydrolyzed Praestol was
observed atA ; 20 mol %, which is consistent with
the previous data [15]. For this reason, in industrial
tests Praestol was hydrolyzed up to the degree of hy-
drolysis of 19 mol %, and the resulting hydrolyzed
polymer (HP) was used for water tretament. Its per-
formance was compared with that of nonhydrolyzed

hsp/Cp, cm3 g31

A, mol %
Fig. 2. (1) Flocculation effectD and (2) reduced viscosity
hsp/Cp as functions of the content of the SA units in the
copolymerA in hydrolyzed Praestol2500.Cc = 6.401034%,
hsp/Cp was measured in water at 25oC at Cp = 0.0002%.
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Table 2. Efficiency of treatment of natural water under
the action of flocculants P and HP withA = 19 mol % in
combination with aluminum sulfate coagulant*
ÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Date

³ Cc ³ Cf ³ Purified water
ÃÄÄÄÄÁÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³

mg l31
³ turbidity, mg l31³ Al(III), mg l 31

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄ
³ ³ P ³ HP ³ P ³ HP

ÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
1.06³ 13 ³0.015³ 1.10 ³ 0.97 ³ 0.33 ³ 0.28
2.06³ 13 ³0.017³ 1.16 ³ 1.09 ³ 0.32 ³ 0.27
3.06³ 14 ³0.013³ 1.12 ³ 1.02 ³ 0.30 ³ 0.24
5.06³ 13 ³0.010³ 1.34 ³ 1.26 ³ 0.38 ³ 0.29

10.06³ 16 ³0.017³ 1.16 ³ 1.15 ³ 0.24 ³ 0.17
11.06³ 14 ³0.013³ 1.20 ³ 1.11 ³ 0.19 ³ 0.16
12.06³ 16 ³0.016³ 1.01 ³ 0.90 ³ 0.21 ³ 0.15
13.06³ 16 ³0.013³ 1.31 ³ 0.61 ³ 0.18 ³ 0.16
ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* (Cc, Cf) Concentrations of coagulant and flocculant, respec-

tively.

polymer (P) combined with coagulant, aluminum sul-
fate, in treatment of the water samples taken from the
Volga river and intended for potable water and in-
dustrial water supply purposes. Praestol 2500 was
hydrolyzed in the operating unit for preparing polymer
solution.

The water treatment flowsheet comprised two lines
with identical sets of the water treatment facilities
(flocculation chambers, horizontal settlers, and quartz
filters) with the capacity of 1700 m3 h31. The P poly-
mer was fed to one line, and HP, to the other, and in
both lines the quality of the treated water was assessed
basing on the standards of SanPiN [10]. The results
are summarized in Table 2. It is seen that the indices
of water treated with P and HP satisfy the standards
(SanPiN [10] sets the MPC for turbidity at 1.5 mg l31

and for aluminum(III), at 0.5). Other indices of the
water after treatment also satisfied the SanPiN stand-
ards. It should be noted that owing to largeMh
values, very low doses of Praestol 2500 were suffi-
cient for improving the standardized indices. The
tabulated data also evidence that on changing from P
to HP the turbidity of the treated water decreased by
18%, and the content of Al(III), by 26%. The latter
fact is due to the presence in the HP macromolecules
of carboxylate groups able of forming complexes with
Al(III) ions. Thus, low doses of HP afforded more
efficient treatment of natural water compared to P.

CONCLUSIONS

(1) Alkaline hydrolysis of Praestol 2500 in dilute
aqueous solutions at 5325oC yields polymers with
controllable degree of hydrolysis (up to 30 mol %).

(2) The water treatment efficiency was improved
on going from P to HP with the degree of hydrolysis
of 19 mol% when the polymers were used in combi-
nation with aluminum sulfate.
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Abstract-The influence of natural polyelectrolytes, sodium alginate and chitosan, on the efficiency of water
treatment by flotation to remove fish oil was elucidated by studying the kinetics of formation of adsorption
layers at the aqueous polyelectrolyte solution3air and aqueous polyelectrolyte solution3fish oil interfaces.
The stability of fish oil emulsions stabilized by sodium alginate and chitosan was studied.

Removal of fatty substances from water and aque-
ous solutions has become an especially urgent prob-
lem [1]. Fat-containing wastewater is not appropriate
for biological and other water treatment works be-
cause fat impurities depositing on pipeline walls pre-
vent transportation of wastewater and disturb opera-
tion of the water treatment works. Fat removed from
wastewater can find use as a valuable supplement to
mixed feed for domestic animals and poultry.

The biopolymers studied in this work, sodium al-
ginate ANa and chitosan, are not toxic and exhibit a
set of properties making them suitable for removal of
fat and protein substances from wastewater generated
by food industry enterprises with their subsequent uti-
lization as food supplement [237].

Wastewaters generated at fish enterprises are com-
plex disperse systems whose main components are fat
and protein. Fat occurs in wastewater as emulsions
and films.

Coarsely dispersed systems are treated, in partic-
ular, by flotation and settling; finer emulsions are
broken down by coagulation, flocculation, and chem-
ical and biological methods. Additives of natural
polyelectrolytes such as ANa and chitosan can be used
for intensifying the flotation treatment of water, as
they can affect the stability of fat droplets and air
bubbles and their hydrophobic and hydrophilic prop-
erties. The suitability of ANa and chitosan as floccu-
lants in wastewater treatment was pointed out in a
number of publications [2, 5, 7311]. However, in
Russia these polymers have not as yet found wide
application because of their relative expensiveness [5].
Recently, a fairly inexpensive electrochemical method
of preparing polyelectrolytes of diverse nature from

hydrobiontics has been developed [12].1 Sodium al-
ginate and chitosan prepared by this method have low
prime cost and are suitable for development of waste-
free technologies and closed water circuits,e.g., in
production of hydrolyzates, isolates, and concentrates
from hydrobiontics.

The aim of this work was to elucidate how natural
polyelectrolytes ANa and chitosan affect the effi-
ciency of the flotation treatment of water to remove
fish oil.

EXPERIMENTAL

We used ANa and chitosan with molecular weights
of 13000 and 14000, respectively.1 As fat addi-
tives served food-grade fish oil [GOST (State Stand-
ard) 3714372]. We prepared aqueous solutions of
ANa with concentrations ranging from 0.000025 to
0.25 g l31. Chitosan solutions of the same concentra-
tions were prepared in 1% acetic acid. The acidity of
the medium was adjusted using 0.1 M HCl and 0.1 M
NaOH. The pH value was measured with an I-135
pH-meter. The kinetics of formation of the adsorption
layers at the water3air and water3fish oil interfaces
were monitored by variation of the surface tension of
the solutions at the interface with timet. The surface
tension of the solutions was determined by the Wil-
helmi’s method [13]. The half-relaxation time was cal-
culated by the procedure described in [14]. The fish
oil3water emulsions were prepared using a PT-2 tissue
microcrusher (rotation rate 20 rps, stirring time 15 s),
and the content of ANa and chitosan additives in the
aqueous phase was varied within 0.231 g l31. The
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Protein Joint-Stock Company, Murmansk.
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s, mN m31

t, min

Fig. 1. Variation with time of the surface tensions of solu-
tions of (1, 3) ANa and (2, 4) chitosan at (1, 2) solution3air
and solution3fish oil interface. Solution concentration
0.000025 g dl31, T = 20oC, pH 5.536; the same for Fig. 2.
(t) Time.

t1/2, s a, %

C, g l31

Fig. 3. Variation of (1, 2) half-time of breakdownt1/2 and
(3, 4) degree of removal of oil by flotationa with the poly-
electrolyte concentrationC. Oil content in the emulsion
40% of the total amount; initial oil concentration in the
solutions subjected to flotation treatment 0.5 g l31; T =
20oC; flotation time 15 min.

stability of the emulsions was estimated from the time
of breakdown of the half of the initial amount of the
emulsiont1/2 [15] and from the lifetime of droplets at
the interface [16]. The conformations taken by the
molecules of the biopolymers were determined by the
procedure proposed in [17]. To this end, we measured
the viscosity of aqueous solutions of ANa and chito-
san with a capillary viscometer at various pH values.

The flotation treatment of water to remove oil im-
purities was carried out on a pilot setup for pressure
flotation.2 The flotation time was 15 min at the pres-
sure of 0.25 Pa cm31. The oil content before and after
flotation was determined photometrically using phos-
phovanillin reagent [18]. The experimental results are
presented in Figs. 134 and in Tables 1 and 2.

The efficiency of removal of emulsified hydro-
phobic substances by flotation is governed by a num-
ber of factors [19]. The deciding factor is the state of
the adsorption layers on the surface of the particles
and air bubbles being floated [20]. The maximal
ÄÄÄÄÄÄÄÄÄÄÄÄ
2 Murmansk State Technical University.

log (s
t
3 s

i
) [mN m31]

t, min
Fig. 2. Variation of log (s

t
3s

i
) with time t of formation

of the adsorption layers of (1, 3) ANa and (2, 4) chitosan at
(1, 2) solution3air and (3, 4) solution3fish oil interface.
(s
t
, s

i
) Surface tension of the solution at the momentt

and equilibrium surface tension, respectively.

a, %

Fig. 4. Variation of the degree of removal of oil from water
a by pressure flotation in the presence of (1) ANa and
(2) chitosan with the pH of solution. Initial oil concentra-
tion 0.25 g dl31; flotation time 15 min.

degree of removal will, evidently, be achieved in the
case when the adsorption layers form at both inter-
faces with equal intensity. This will involve floccula-
tion of the oil molecules by the[bridge] mechanism
and coalescence of oil droplets with air bubbles via
the polymer [bridge.] If the polyelectrolyte is ad-
sorbed predominantly at the solution3air interface,
only polyelectrolyte is removed from the solution.
In the case of the predominant adsorption at the solu-
tion3oil interface, the oil3surfactant macromolecule
complex will remain in the solution. The removal will
be less intensive. Thus, it can be assumed that the
degree of oil removal by flotation will be at a maxi-
mum for a polymer for which the rates of formation of
the adsorption layers at the solution3air and oil3air in-
terfaces will be approximately the same. It is believed
that efficient flotation implies surface tension at the
interface of 60365 mN m31. At greater surface ten-
sions intense frothing is observed, and at smaller,
the size of the bubbles increases and their number
decreases. As a result, the flotation efficiency de-
creases [21].
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Figure 1 presents the kinetic curves showing a de-
crease in the surface tension of the polyelectrolyte
solutions of interest (concentration 0.000025 g l31) at
the solution3air and solution3fish oil interfaces at
the solution temperature of 20oC and pH 5.536. For
polyelectrolytes with the concentrations of 0.00025
and 0.0025 g l31 we obtained analogous curves.

Since the procedure of interest implies taking the
first measurement within 435 s after formation of the
layer, thes0 values shown in the figure are essentially
the surface tensions at the initial moment of the layer
formation which differ from the surface tension of the
solvent. For double-distilled waters0 = 72.44 mN m31

at 25oC.

As seen from Fig. 1, thesurface tension decreases
to the greatest extent within the first 10315 min of
formation of the adsorption layer for both polyelectro-
lytes studied and for both interfaces. The equilibrium
surface tension is achieved for chitosan at the solu-
tion3air and solution3oil interfaces 100 min after the
onset of formation of the adsorption layer (curves2, 4)
and for ANa, after 100 min at the solution3oil inter-
face (curve3) and after 250 min at the solution3air
interface (curve4). In the case of ANa under the ac-
tual conditions the surface tension decreases to the
greatest extent at the solution3air interface: 153
20 min after the onset of formation of the adsorption
layer the surface tension is equal to 62365 mN m31

(curve 1). Our experimental data suggest that both
ANa and chitosan exhibit surface activity at the solu-
tion3oil interface. The surface activity (ds /dC)C6 0
calculated from thes3C plots for ANa and chitosan
at the solution3air interface is equal to 0.40 1034 and
2.40 1033 N m2 mol31, respectively, and at the
solution3oil interface, to 2.610 1036 and 2.650
1036 N m2 mol31, respectively. Low surface activity
of certain derivatives of chitin was mentioned in [22].
It should be noted that in the case of chitosan at the
aqueous solution3oil interface (curve4), 30 min after
the onset of formation of the adsorption layer the
curve s3t exhibits a minimum. This is, evidently,
due to formation of a microemulsion at the chitosan3

fish oil interface. The influence of the impurities con-
tained in chitosan on its surface activity also cannot
be ruled out [23].

Formation of the adsorption layers was quantita-
tively estimated by the procedure described in [14],
using the equation proposed originally by Rebinder:

log (s
t
3 s

i
) = log(s0 3 s

i
) 3 (t/2.3q),

where,s ands
t

are the surface tensions of the solu-

Table 1. Relaxation timeq of solutions (0.000025 g dl31)
of ANa and chitosan at the solution3air and solution3fish
oil interface. Temperature 20oC; pH 5.536
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Biopolymer
³ q, min, at indicated interface
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ solution3air ³ solution3fish oil

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
ANa ³ 45 ³ 18
Chitosan ³ 15 ³ 10
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Lifetime of oil droplets at the oil3aqueous poly-
electrolyte solution interfacetav at various values of solu-
tion pH. Temperature 20oC; time of formation of the ad-
sorption layer 150 min; polyelectrolyte concentration
0.25 g l31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
pH ³ tav, min

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Chitosan

2.8 ³ 0.7
3.5 ³ 2.1
4.14 ³ 4.2
4.5 ³ 12.1
5.1 ³ 10 (day)
5.4 ³ 10 (day)
7.1 ³ 1.5 (day)
8.0 ³ 0.2
9.0 ³ 0.3
9.9 ³ 9.5

11.6 ³ 10.8

Sodium alginate

3.8 ³ 0.3
6.6 ³ 1.1
9.7 ³ 0.2

12.0 ³ 5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

tion at the initial moment and the momentt, mN m31,
respectively;s

i
is the equilibrium surface tension,

mN m31; q is the relaxation time, min; andt is the
time, min.

By graphically solving this equation, we deter-
mined the relaxation times for the systems under
study.

Trapeznikov et al. [24] studied solutions of an
amphoteric polyelectrolyte (protein) and found that
initially the surface tension sharply decreased and then
log (s0 3 s

i
) = f (t) exhibited a linear section with

a smaller slope. From the log (s0 3 s
i

) plot, we can
estimate the so-called relaxation timeq corresponding
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to adsorption and rearrangement of the adsorption
layers and desorption [24].

Figure 2 presents the log (s
t
3 s

i
) = f (t) plots for

the adsorption layers of ANa and chitosan. Basing on
the procedure proposed in [24], we estimated from
the initial straight-line sections of these plots the
relaxation times for ANa and chitosan at the solution3

air and solution3oil interfaces (Table 1).

Table 1 shows that the maximal relaxation time of
45 min is characteristic of ANa at the solution3air
interface. For chitosan the relaxation time is smaller
compared to ANa for both interfaces. As seen from
Fig. 2, for both polymers and the solution3oil inter-
face (curves3, 4) the slope of the second section in
the plot is very small. This suggests that virtually
no rearrangement of the adsorption layers and desorp-
tion occur [24]. This can probably be explained by
formation at the interface of a thin oil microemulsion
stabilized by polyelectrolytes. In the case of chitosan,
irreversible adsorption is probably due to electrostatic
interaction of the positively charged functional groups
of the chitosan macromolecules with negatively
charged groups of oil molecules.

The rate of formation of the adsorption layers of a
surfactant affects the stability of the emulsions: The
higher the rate, the greater the stability of the emul-
sion by the moment of its formation [25].

Figure 3 (curves134) shows the stability of the
fish oil emulsions stabilized by the biopolymers
studied and the degree of removal of oil by flotationa

as functions of polyelectrolyte concentration in solu-
tion (pH of the polyelectrolyte solutions 5.536). Fig-
ure 3 shows that at concentrations lower than 0.2 g l31

(Fig. 3, curve2) chitosan exerts a sensitizing effect:
t1/2 tends to markedly decrease, and at concentrations
up to 1 g l31 it does not exceedt1/2 for emulsions
without these additives. In accordance withFig. 2,
chitosan has a somewhat greater surface activity at the
solution3oil interface compared to ANa. At low con-
centrations chitosan is rapidly adsorbed at the surface
of oil droplets, favoring coalescence of droplets and
affecting flocculation by the[bridge] mechanism [26].
At chitosan concentrations corresponding to formation
of saturated adsorption layer (over 0.2 g l31) the
macromolecules are adsorbed on the entire surface
of the oil droplets, thus increasing the stability of
the emulsions within this range of the polyelectro-
lyte concentration. Figure 3 suggests that the most
stable emulsions are formed in the presence of ANa
(curve 1): t1/2 for them is by a factor of 536 greater
than for emulsions forming in the presence of chitosan.
It should be emphasized that although ANa is some-

what less surface-active than chitosan, it is superior to
chitosan in the emulsifying power. This can be ex-
plained in our case by a greater viscosity of chitosan
solutions, which is responsible for the fact that under
identical intensity of stirring the emulsions stabilized
by chitosan will be less dispersed and will break
down at a higher rate than those stabilized by ANa.

Figure 3 shows the degree of removal by flotation
of oil from water (curves3, 4) depending on the poly-
electrolyte concentration. The oil3polyelectrolyte solu-
tion contact time was 15 min, which correponds to the
maximal rate of decrease in the surface tension at the
interface (Fig. 1). The maximal degree of removal of
oil by flotation in the case of chitosan is achieved at
the concentration of 0.2 g l31. This can be explained
by the flocculation effect of chitosan: The minimum
in the t1/23C curve corresponds to the maximum in
the a3C curve (Fig. 3, curves2, 4, respectively). In
the case of ANa the decrease in the degree of removal
of oil from water in the concentration range 0.23

0.6 g l31 is probably due to its relatively high surface
activity at the solution3air interface (Fig. 1, curve3).
This is responsible for formation of stable air bubbles
during frothing and, thereby, for increased degree of
removal of oil from water. In the case of ANa the re-
moval of oil is less efficient (Fig. 3, curve3), as ANa,
compared to chitosan, forms more stable emulsions
with oil. With increasing time of contact between oil
particles and polyelectrolyte solution before flotation
to 1003150 min the residual amount of oil in water
significantly increases.

It is known that the stability of the adsorption
layers widely varies with time and attains maximal
values after establishment of the adsorption equilibri-
um [25]. This effect is, evidently, manifested not only
under static conditions of formation of the adsorption
layer but also under treatment of emulsions by flota-
tion. Thus, under actual conditions the optimal time of
contact of oil with polyelectrolyte solution during
flotation is 10315 min. To explain the influence of the
polyelectrolyte on the stability of the emulsions and
the removal of oil by flotation it is also necessary to
take into account the conformation of the polyelectro-
lyte macromolecules in solution, which is markedly
affected by the pH of the solution.

The influence of pH on the stability of the emul-
sions was estimated from the average lifetime of oil
droplets at the oil3aqueous polyelectrolyte solution
interfacetav. The time of formation of the adsorption
layer was 150 min, which corresponds to the time
required for establishment of the adsorption equilibri-
um at this interface (Fig. 1). The concentration of
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the polyelectrolyte corresponded to formation of
saturated adsorption layer and was equal to 0.25 g l31.
The results obtained are presented in Table 2.

As follows from Table 2, the longesttav for chito-
san is observed at pH 5.137 and 9312, and for ANa,
at pH 6.6 and 12. The influence of pH on the lifetime
of the droplets is probably due to the conformational
changes in the polyelectrolyte macromolecules.

Our findings concerning the conformation taken by
the chitosan macromolecules as influenced by pH of
the medium suggest that in acidic medium (pH < 3)
the chitosan macromolecules take the most unfolded
conformation. At pH 437 they roll up into loose
globules. In alkaline medium compact dense struc-
tures, globules, form. This is consistent with the
nature of the macromolecules of chitosan, which are
cationic surfactants, and with the solubility of chito-
san whose isoelectric point is at pH 5.2 [3].

The ANa macromolecules in alkaline medium take
the most unfolded conformation. On going to acidic
medium, the viscosity of the solution of this polyelec-
trolyte decreases, which suggests formation of com-
pact structures. Acidification of the medium (pH < 4)
does not change the viscosity, as this pH value,
evidently, corresponds to the most compact polymeric
ANa chains. This dependence is explained by the fact
that ANa is anionic surfactant which is virtually in-
soluble in acidic media [3, 27].

Thus, under actual conditions (at pH 5.536) the
chitosan and ANa macromolecules take loose coil
conformation corresponding to formation of the most
stable oil3water emulsion (Table 2). It should be
noted that in strongly alkaline medium (pH 11312) the
lifetime of droplets also increases. A possible reason
is the presence of a large amount of alkali in the poly-
electrolyte solution. Probably, owing to oil hydrolysis
certain amount of the molecules (more precisely,
alkaline salts) of free fatty acids forms at the polyelec-
trolyte solution3oil interface. These molecules present
an additional structural and mechanical barrier in the
form of ultramicroemulsion and hinder coalescence of
oil droplets with the allied surface.

Figure 4 presents the degree of removal of oil by
flotation depending on the pH of the polyelectrolyte
solutions. It is seen that the maximal degree of re-
moval of oil from water corresponds to pH 5.536.
At this pH the macromolecules of the polyelectrolytes
occur in a loose coil conformation.

Our results suggest complex interaction between
the natural polyectrolytes and fat components con-
tained in water. Evidently, it is also necessary to

take into account the fact that polyelectrolytes are
solubilized by lipid substances as pointed out in [28].

CONCLUSION

The polyelectolytes sodium alginate and chitosan
acting as surfactants at the solution3air and solution3
oil interfaces affect the stability of the oil3water emul-
sions and intensify removal of fat and protein compo-
nents from water by flotation. The stability of the
emulsions and the efficiency of water treatment by
flotation depends on the conformation taken by the
polyelectrolyte macromolecules in solution.
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Abstract-The formation and development of a gas3fluid jet outflowing from a single-flare atomizer of
a spray absorber are analyzed theoretically, and a hydrodynamic model taking into account the nonuniformity
of spraying density and gas flow velocity across the jet is developed on the basis of this analysis.

Developing methods for calculating mass-exchange
processes in spraying apparatus requires a detailed
theoretical study of jet flows. Such flows occur, in
particular, in direct-flow spray absorbers.

One of important kinds of jet flows is a flow of
drops formed in spraying a fluid with a single-flare
atomizer. It is known that a gas jet is always formed
inside such a drop flow. Thus, the jet of atomized
fluid, considered as a whole, is a gas3fluid jet.

The main distinction of single-jet atomizers is that
fluid drops are present within the entire flare cone.

Let us represent the structure of the jet flow under
consideration as the following scheme (Fig. 1). The
gas3fluid jet is conventionally divided into three
zones. In the first zone, the fluid jet outflowing from
the atomizer1 is deformed and then disintegrates into
drops and some coarse formations of indeterminate
shape, which, in turn, also disintegrate into large and
fine drops. There are no formations of this kind in
the second and third zones, and inclusions of the
disperse phase are only composed of large and fine
drops. The mechanisms of interaction between phases
are different in these zones.

As the gas3fluid jet moves, its flare expands, with
the volume density of the fluid phase, corresponding-
ly, decreasing:

Vl
b = ÄÄÄÄÄÄ, (1)

Vg + Vl

where Vl and Vg are, respectively, the fluid and gas
volumes in the gas3fluid jet.

In the initial part of the first zone, the forming
drops are so close to one another that their hydro-
dynamic boundary layers come in contact. This gives

rise to a certain structure of interconnected fluid phase
inclusions, with the motion of gas through this struc-
ture comparable with the filtration process.

In the final part of the first zone, beginning with
the instant when theb value becomes approximately
equal to 0.02 [1], there is no mutual influence of
drops any more and they move further entirely in-
dependently of one another. In this case, the momen-
tum exchange between the fluid and the gas will
depend on the size, shape, and relative velocities of
drops and of fluid formations whose disintegration
into drops continues in the flow zone in question.

In accordance with the results obtained in experi-
mental studies of the hydrodynamics of the gas3fluid
jet by the photographic method [2], the mentioned
disintegration is complete at the instant whenb
becomes 0.003. It should be noted that the estimated
b values at which moving drops cease to affect one
another may be somewhat different for atomizers of
special types. For example, for atomizers in which

Fig. 1. Structure of gas3fluid jet in fluid spraying with
a single-flare atomizer: (1) atomizer and (I3III ) jet zones.
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Fig. 2. Distribution of gas flow velocity and fluid spraying
density across the flare: (1) atomizer, (2) conventional flare
boundary, (3) distribution of spraying densityJ (m s31),
and (4) distribution of gas flow velocityvi (m s31).

the fluid flow is divided into separate small jets form-
ing chains of drops thisb value may be much lower
than 0.02.

In the second zone, the momentum of the gas jet
formed inside the drop flow steadily grows because of
the drop deceleration [2] which can be described by
the known hydrodynamic equations [3]. Here, it is im-
portant to take into account the fact that drops in this
zone do not change their shape and size.

A distinctive feature of the third zone is that the
drops in it have already lost a major part of the initial
momentum. Therefore, the momentum that can be
transferred by drops to gas in this stage of develop-
ment of the gas3fluid jet can be considered negligibly
small as compared with the momentum of the gas jet
formed in the second zone.

Consequently, the momentum of the gas jet in the
third zone remains constant. The motion of a jet satis-
fying the conditions of the third zone corresponds to
the known model of a submerged gas jet with disperse
inclusions [4].

Thus, the relative phase motion velocities are com-
paratively low in the third zone of the gas3fluid jet. It
is this fact that gives no way of effectively performing
in this zone such mass-exchange processes in which
the main resistance to mass transfer is associated with
the gas phase. In this connection, it is advisable to
ensure by using one or another factor (pressure of the
fluid outflowing from the atomizer nozzle, drop size,
shape and size of apparatus, directed jet flow, fluid jet
flare angle, etc.) sufficiently high relative velocities

of phases throughout the reaction volume of the ap-
paratus. Under such conditions, no third zone appears
in the gas3fluid jet.

Therefore, it is advisable, when studying the flow
of gas3fluid jets in spray mass-exchange apparatus
intended to perform processes with the main resist-
ance to mass transfer associated with the gas phase, to
limit the zone of problem setting to the first two flow
zones.

Models have peen proposed [537] describing the
flow of a gas3fluid jet in the first and second of the
considered zones. In describing the relative motion of
gas and fluid in these zones [6], the flow of a gas was
identified with the process of its filtration through
a disperse fluid medium. In doing so, the Ergun equa-
tion, originally proposed for describing the process in
an apparatus with solid filter, was employed as an
equation relating the hydraulic resistance of the dis-
perse medium to the relative velocity of phases and
the volume concentration of the disperse phase.

However, the use of this approach in modeling the
flow in question is only justified for the first zone of
the jet. In the second zone, the volume concentration
of the disperse phase goes beyond the validity limits
of the Ergun equation.

A shortcoming of [5] consists in the assumption of
a uniform distribution of the gas flow velocity over
the gas3fluid jet. In doing so, the authors determine
the jet boundary from the initial flare angle and trajec-
tory of drop motion at the thus determined jet bound-
ary.

Actually, as indicated by the results obtained in
experimental studies of flows of this kind [2, 8], the
distribution of the gas flow velocity in the jet is not
uniform, but resembles a Schlichting profile.

Figure 2 shows a typical gas flow velocity distribu-
tion and spraying density (amount of fluid passing
through unit cross-section of the gas3fluid flow) across
the flare at a certain distance from the atomizer [9].

In using [5] the assumption of a uniform gas flow
velocity distribution in the gas3fluid jet, it is rather
essential how a method for reliably determining the
gas jet boundary is chosen (Fig. 2). Galustov [5]
determines the boundary of the gas flow with gas
velocity uniformly distributed across the gas3fluid jet
from the boundary of the drop flow. The latter is pre-
liminarily found from the prescribed spraying density
J defined as a fluid flowQl passing through a jet flare
cross-sectionS

J = Ql /S. (2)
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Meanwhile, it is known that the gas flow boundary
should be found from the type of gas flow velocity
distribution across the jet. However, with this method
used, the boundaries of the drop and gas flows are
found to be in different places of the flare. Thus, the
condition used to introduce the gas flow boundary
determines the cross-section area of the gas3fluid jet
and the intensity of momentum exchange between the
fluid and gas in the jet. Consequently, the adequacy of
the hydrodynamic model [5] describing the flow of
a gas3fluid jet with uniform cross-sectional distribu-
tion of the gas to the actual process strongly depends
on a method used to determine the jet boundary, not
specified in [5]. It should be noted that developing
such a method is a complicated independent task.

The main problem to be solved in a theoretical
analysis of a gas3fluid jet flow in the first and second
zones, made in this study, is to construct a flow model
free of the above shortcomings. The model was
developed under the following assumptions. The jet
flow is considered to be established. There is no drop
fragmentation or coagulation in the second zone of
the jet. There is no heat exchange within the jet. The
distribution of the spraying density in the gas3fluid jet
is axially symmetric. The stresses in the turbulent gas
jet developed inside the flare in the first and second
zones of the gas3fluid flow are negligibly small as
compared with the stresses created in this jet by the
moving fluid.

The size distribution of drops formed in fluid jet
fragmentation is the same across the flare. The process
of drop fragmentation in the gas3fluid jet is complete
at a volume concentration of the disperse phaseb =
0.003. Since the intensity of new drop formation
markedly decreases along the first zone, it is natural to
use in constructing the model the assumption that
changes in the average drop size withb varying bet-
ween 0.02 and 0.003 can be considered negligible.

In order to take into account the nonuniformity of
spraying density distribution across the jet flare, let us
divide the flare with conical surfaces inton separate
jets within which the flow rate remains the same
(Fig. 2a), i.e. the following condition is met for an
arbitrary ith jet:

Gi = const, (3)

where Gi is the mass flow rate of the fluid (kg s31).

Let us determine the variation of the gas flow
momentum along theZ-axis within ith jet. To do so,
let is distinguish a thin layer of the cone with height
dz, as shown in Fig. 3a. Let us consider the cross-sec-

(a)

(b)

Fig. 3. Schematic of how the gas3fluid flow flare is sub-
divided by flow lines: (a) volume scheme and (b) section
in a plane passing through theZ-axis.

tion of this layer in a plane passing through theZ-axis
(Fig. 3b). We assume that the velocityvi and pressure
Pi of the gas are constant within eachith layer.
Changes in the momentum of the gas flow between the
cross-sectionsab andcd occur for the following three
reasons: stresses appearing in fluid deceleration, par-
tial momentum transfer resulting from the shift of the
gas flow through lateral surfacesbd andac toward the
Z-axis, and pressure dropDP across the distanceDz.

With account of the aforesaid, the following equa-
tion can be written for the variation of momentum in
the distinguishedith layer of the cone:

D(rgQgivz i) + rgvz(i + 1)DQy
g(i + 1) 3 rgvz iDQy

gi + SiDPi

+ GiDuzi = 0, (4)

whererg is the gas density (kg m33); Si, the area of
cross-sectionab (m2); vi, the gas velocity withinith
layer (m s31); Qgi, the volumetric flow rate of gas
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through areaSi (m3 s31); DQy
g(i +1) and DQy

gi are,
respectively, the part of the volumetric gas flow rate
coming to layeri from layer i + 1 and that coming to
layer i from layer i 3 1; Pi, the gas pressure in layeri
(N m32); and uzi, the fluid velocity along theZ-axis
(m s31).

With account of the introduced designations, the
quantityDQgi, equal to the change in the gas flow rate
in ith layer from sectionab to sectioncd, is defined
by the equation

Qgi = DQy
g(i + 1) 3 DQy

gi. (5)

The quantityDQy
g(i + 1) appearing in Eq. (4) can be

determined from the condition for conservation of
the gas flow rate in a jet of radiusyi:

i

DQy
g(i + 1) = SDQgi. (6)

i + 1

Let us denote the radial gas flow velocity inith ele-
ment of space (i.e., in theabcd element) byvyi, and
that in (i + 1)th element, byvy(i + 1). With account of
these designations the volumetric flow rate of gas
coming into ith element through its lateral surface
from (i + 1)th element of a distinguished layer of a
gas3fluid jet of height dz can be expressed as

DQy
g(i + 1) = 32pyi + 1vy(i + 1). (7)

From relations (6) and (7) we obtain, passing from
finite differences to differentials, the following con-
servation equation for the gas flow rate in the form

i

S (dQgi /dz) = 32pyi + 1vy(i + 1). (8)
i = 1

In order to obtain equations describing changes in the
momentum in a layer of the cone, bounded by a lateral
surface of radiusyi and horizontal sectionsz and z +
Dz, we sum Eq. (4) fromi = 1 to i. In doing so, ac-
count should be taken of the fact that, by virtue of the
axial symmetry, there is no gas flow along theY-axis
at theZ-axis of the jet, and, therefore,DQy

g1 = 0. As
a result of the summation, we obtain, passing fromDz
to dz, the sought-for equation in the following form:

d i i i

ÄÄS (rgQgivzi) + rgvz(i + 1)S (dQgi /dz) + S Gi(duzi /dz)
dz i = 1 i = 1 i = 1

i

+ S Si(dPi /dz) = 0. (9)
i = 1

To determine thePi value, we use the following
considerations. Within an elementary volumeabcdof
the jet (Fig. 3b) there exists some gas pressurePi.
The gas flow velocity along theY-axis is constant
within the volumeabcd. Under these conditions, the
variation of the pressurePi in the direction of the
Y-axis will be entirely determined by the stress created
by the flow of drops along theY-axis in the element-
ary volume in question. This dependence is expressed
by the relation

(Pi+1 3 Pi)02pyidz + Giduyi = 0. (10)

Further, we derive an expression describing the
variation of the fluid flow velocity inith elementary
volume of the abcd space. Let us assume that the
direction of the Z-axis coincides with that of the
gravity force. In obtaining this expression, account
should be taken of the fact that, by virtue of the dif-
ferent kinds of mutual influence of moving drops
within these regions, this expression will have dif-
ferent forms for regions of the first zone of the jet,
satisfying the conditionsb > 0.02 (initial region of the
first zone) andb < 0.02 (final region of the first zone
and the second zone).

Let us first find the expression describing the varia-
tion of the fluid flow velocity along theZ-axis in the
initial part of the first zone of the gas3fluid jet, satisfy-
ing the conditionb > 0.02. For this purpose, let us
write an equation characterizing the deceleration of
the fluid flow G under the action of the gas-medium
resistance forceFri and the gravity forceFgri:

Gi duzi = 3(Fricosa 3 Fgri), (11)

wherea is the angle between theZ-axis and the direc-
tion of action of the resistance forceFri.

The Fgri value is given by

Fgri = g GiDzi/uzi, (12)

where g is the acceleration of gravity.

In deriving the expression for the mentioned resist-
ance force for the initial part of the first zone of the
jet, we can rely upon an analogy between the mech-
anism of gas3fluid interaction in the gas3fluid jet and
that of gas filtration through a packing bed moving
as a whole [6]. The reason for applying the above
analogy is the sufficiently high volume density of the
fluid phase in the considered initial part of the first
zone of the jet, where, as mentioned above,b > 0.02.
With account of the analogy, the force arising in the
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fluid deceleration in ith elementary volume of the
abcd space will be given by the filtration pressure
drop dPfi across the mentioned volume

Fri = SfidPfi. (13)

If a straight line is drawn through the planesab and
cd in the direction coinciding with that of theFri
force, then these planes will intercept a portion dl on
the straight line. To obviate unnecessary graphical
complications, this line portion is not shown in Fig. 3.
Apparently, the ratio ofSi to Sfi will be proportional
to the ratio of dl and dz, which allows use of the fol-
lowing relation in further analysis:

Si /Sfi = dl /dz. (14)

Then, for the considered initial part of the first
zone of the jet, the variation of the fluid velocityuzi
in a layer of thickness dz will be given, with account
taken of expressions (11)3(14), by

duzi /dz = (Si dPfi cosa)/Gi dl + g/uzi. (15)

To determine dPfi /dl, we use the known calculation
procedure [10] based on the Darcy equation

dPf /dl = xrgu2
rel /2deq, (16)

whereurel is the relative motion velocity of fluid and
gas, deq is the equivalent packing channel diameter,
and xf is the filtration resistance coefficient.

For packings of arbitrary shape thexf value can be
determined using the Ergun relations [11]

xf = 133/Reg + 2.34. (17)

The equivalent dimater of packing channels is
determined using the known relation [10]

deq = 4e/a, (18)

where a is the specific surface area of the packing
(m31) and e is the packing bed porosity.

To apply this method for dPf /dz calculation to the
gas3fluid jet in the region in question, it is necessary
to find the relationship betweendeq and the size of
the forming drops. We assume thatdeq is constant in
fluid jet disintegration into drops. Then, with account
of e = 1 3 b, it follows from (18) that

deq = 4(1 3 b)/a. (19)

At the end of the zone in which the jet disintegrates

into drops theb value is small and the specific surface
area of the fluid becomes equal to the specific surface
areaad of drops in the disintegrated jets. Thead value
can be determined from the average volume-surface
diameter, or the Sauter diameterd32, using the relation

ad = 6/d32. (20)

From (19) and (20) follows that

deq = 2d32/3. (21)

Relation (21) gives an expression describing the
variation of the velocityuzi within ith elementary
volume abcd. This expression can be written, with
account of Eqs. (15)3(17), in the form

duzi /dz = 3Si xf 3rgu2
relcosa /4Gi d32 + g/uzi. (22)

The same equation written for the projections onto
the Y-axis has the form

duyi /dz = 3Si xf rgu2
relsina /4Gi d32. (23)

In deriving Eq. (23), which is simpler than Eq. (22),
account was taken of the fact that theY-component
of the gravity force is zero.

In the part of the gas3fluid jet satisfying the condi-
tion b < 0.02, drops move independently of one
another. Therefore, the variation of the fluid motion
velocity can be evaluated from that of the velocities of
separate drops. The expression describing this varia-
tion has the form

duzi /dz = 33xdrgu2
relcosa / 4d32uzi + g/uzi, (24)

duyi /dz = 3xdrgu2
relsina /4d32uzi, (25)

wherexd is the resistance coefficient of a drop moving
in a gas medium.

A formula for determining thexd value is chosen
depending on the Reynolds number Re. For the condi-
tions under consideration, we can use the formula
valid for the range 0.1 < Re < 1000 [3]:

xd = 24(1 + 0.125Re0.72)/Re. (26)

Using the apparent relationsuy = dy/dt, we can obtain
an expression necessary for determining the depen-
dence yi(z)

dyi /dz = uyi/uzi. (27)

Thus, the developed hydrodynamic model of a free
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flare of atomized fluid includes 6n first-order differen-
tial equations for 10n unknowns: Qgi, vzi, vyi, uzi,
uyi, urel, Pi, Si, yi, and ai, which are to be supple-
mented with an appropriate number of closing rela-
tions with apparent meaning. These are algebraic
equations of the form

Qri = Si vzi, (28)

Si = p(y2
i 3 y2

i 3 1), (29)

urel = [(uyi 3 vyi)
2 + (uzi 3 vzi)

2]1/2, (30)

ai = arctan [(uyi 3 vyi)/(uzi 3 vzi)]. (31)

In accordance with the assumption of a practically
instantaneous establishment of a stationary gas3fluid
jet flow immediately after the fluid outflow from the
atomizer nozzle, the constructed system of equations
of the hydrodynamic model should only be supple-
mented with boundary conditions. Atz = 0, Gi = Gi

(0),
uzi = uzi

(0), uyi = uyi
(0), vzi = uzi

(0), vyi = uyi
(0), yi = yi

(0),
ai = ai

(0); at y = 0, vy1 = 0.

On the outer boundary of the jet, i.e., aty > yn,
vy(n+ 1) = 0, vz(n+ 1) = 0, Gn+ 1 = 0, Pi + 1 = Pa, where
Pa is the atmospheric pressure (Pa). This system can
be solved numerically by the Runge3Kutta method.

CONCLUSIONS

(1) A detailed theoretical analysis of the gas3fluid
jet formed by an atomizer in a spraying apparatus
served as a basis for constructing a hydrodynamic
model taking into account the nonuniformity of gas
velocity distribution and the variation of gas pressure
in the jet.

(2) The main advantage of the developed model
consists in that there is no need to preliminarily deter-
mine the gas jet boundaries in applying the model to
calculations of spraying mass-exchange apparatus.
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Abstract-A comparative analysis is made of the operation of apparatus of rotary-pulsation and ejector types
with self-suction turbine agitator. The dependence of the efficiency of operation on the output capacity and
energy-related characteristics determining power consumption for agitation of gas3fluid mixtures were
determined experimentally.

One of the main parameters characterizing the effi-
ciency of a gas3fluid apparatus is the phase surface
contact area. Present attempts to raise its value are
commonly associated with reducing the geometric
dimensions of gas bubbles by using, as a rule, various
bubbling and mechanical stirring devices [133]. How-
ever, gas3fluid apparatus presently used in chemical
and other industries have a number of serious disad-
vantages and frequently fail to satisfy modern require-
ments to the output capacity, quality, and energy ex-
penditure per unit product. Therefore, development of
new absorber designs and improvement of the exist-
ing types of apparatus are, beyond any doubt, urgent
tasks. One of possible ways to solve this problem is to
provide intensive stirring ensuring a significant rise
in the phase boundary area and concentration of a
considerable amount of energy in small volumes. It is
known that the use of low-frequency (20320000 Hz)
acoustic elastic vibrations allows in most cases a sub-
stantial intensification of the homogenization process.
In this case, such phenomena as cavitation, acoustic
pressure, and pulsing microflows occur in the medium
being treated, making higher the rate of physicochem-
ical processes in heterogeneous systems [3].

Acoustic vibrations are generated by means of hy-
drodynamic transmitters. In transmitters of this kind,
acoustic vibrations are generated by rotary-pulsation
devices. In view of their great potentiality, it may be
assumed that that use of gas3fluid rotary-pulsation
apparatus (RPA) for performing absorption will allow
a substantial intensification of this process.

The goal of this study was to analyze the efficiency
of conventional gas3fluid apparatus (of ejector type
and with turbine agitator) and RPA for performing

nitrosation of diphenylamine (DPA) in an organic
solvent (trichloroethylene, TCE, fluid phase) with a
mixture of nitrose gases, NO and NO2 (gas phase),
with the aim to develop a multifunction apparatus for
intensifying processes of absorption, homogenization,
and dispersion.

In the first stage, the influence exerted by the main
parameters (temperature, concentration, solubility of
the gas phase, its amount and means of delivery) on
the time of process completion was studied. For this
purpose, a laboratory rig was designed and fabricated.
The experiments were performed as follows. A pre-
treated 1.01 : 1 gas mixture of nitrogen oxides, NO +
NO2, was fed through a rotameter into the reactor,
together with a 15% solution of DPA in TCE. The
temperature of the reaction mixture was monitored
with a thermocouple; its prescribed value was main-
tained with thermostat and supply lines for a cooling
agent. The reactor of volume 0.650 1033 m3 was
equipped with a mechanical agitator and a bubbling
device. Samples were taken at 30-s intervals and
analyzed for the content of DPA in solution by thin-
layer chromatography and spectrometry on an SF-46
instrument.

Originally, the effect of the nitrosing agent flow
rate on the time of complete DPA conversion was
studied. Analysis of the results furnished by mathe-
matical processing of experimental data shows that at
a gas phase flow rate exceeding 0.3 m3 h31 the time in
which the process is complete remains practically
unchanged. Therefore, in further experiments, the gas
phase flow rate was taken to be, in a certain excess,
0.35 m3 h31. Then the dependence of the time of com-
plete DPA conversion on the process temperature was
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Table 1. Time of process completiont at varied flow rates
of the gas (Qg) and fluid (Qf) phases in the extractor
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Qg, m3 h31
³ t, min, at indicatedQl, m3 h31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 0.2 ³ 0.275 ³ 0.35

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
0.66 ³ 70 ³ 70 ³ 70
1 ³ 59 ³ 58 ³ 57
1.5 ³ 38 ³ 33 ³ 28.7
2 ³ 32 ³ 26.7 ³ 21.4

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 2. Maximum output capacityVl of ejector-type
apparatus at varied gas component flow rateQl and work-
ing phase flow rateW
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Qg, m3 h31
³ Vl, m3 h31, at indicatedW, m3 s31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 10.46 ³ 14.38 ³ 18.3

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
0.66 ³ 0.01543 ³ 0.01543 ³ 0.01543
1 ³ 0.0183 ³ 0.01862 ³ 0.1895
1.5 ³ 0.02842 ³ 0.03273 ³ 0.03763
2 ³ 0.03375 ³ 0.04045 ³ 0.05047

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

studied in the range 10330oC with a step of 5oC. It
was found that the shortest time (1.5 min) is achieved
at a temperature of 20+2oC [4]. The dependences of
the process duration on the intensity of stirring and
method of gas phase feeding into the reactor (into the
over-solution space or through a bubbler situated at
the bottom) were studied. It was found that the time
of complete DPA conversion decreases with increas-
ing agitator speed. The minimum time corresponds to
an agitator rotation rate of 157 s31. In this case, the
method by which the gas phase is fed has virtually no
effect on the time of process completion. Analysis of
experimental data shows that under the found optimal
conditions [temperature 20+2oC, atmospheric pres-
sure, nitrogen oxide mixture composition NO : NO2 =
(1.0131.04) : 1, initial DPA concentration 15 wt %,
stirring intensity Re = 50 103] the DPA nitrosation
is kinetically controlled. Vigorous stirring eliminates
the effect of the mass exchange at the phase boundary
on the rate of the chemical reaction.

After the basic process parameters were found, the
most efficient of the three kinds of gas3fluid apparatus
(with ejector, with self-suction turbine agitator, and of
rotary-pulsation type) was determined. The DPA ni-
trosation was studied on a semicommercial installa-
tion comprising rotameters and control equipment
serving to vary the flow rates of components within
prescribed limits, reaction unit including one of the

compared apparatus, and redox potentiometer for
determining the completion time of the chemical reac-
tion. The reaction mixture volume was constant
(0.018 m3) in all the experiments.

As a criterion for comparing the operation of the
three apparatus served the efficiency

E = V /(Nt), (1)

whereV is the reaction mixture volume (m3), N is the
power consumed for performing the process (W), and
t is the process duration (min).

The power consumed for performing the process
consists of the following components:

N = N1 + N2 + N3 + N4 + N5,

where N1, N2, N3, N4, and N5 are, respectively, the
powers consumed for stirring of the gas3fluid system,
preparing the starting solution, cooling the oxidizing
agent, pumping the cooling agent to lower the tem-
perature of the reaction unit, and feeding the gas. The
N23N5 values are approximately the same in perform-
ing the same process in apparatus of different types.
Therefore, they can be disregarded in comparing the
efficiencies of the apparatus under study. TheN1
values were determined for each apparatus experi-
mentally.

In each experiment the duration of DPA nitrosation
is a function of the flow rates of fluid and gas phases
without taking into account conditions common to all
of the three apparatus studied. The ejector-type ap-
paratus comprises an ejector and a bottom reactor.
A chemical reaction occurs in the mixing chamber of
the ejector during motion of the fluid and gas phases,
with the fluid simultaneously saturated with dissolved
gas. The reaction continues in the lower part of the
reactor, but the amount of gas phase dissolved in
the fluid phase is smaller, compared with that in the
ejector. The residual kinetic energy of the jet goes
to agitation of the reaction mixture, which leads to
leveling of substance concentrations over the entire
volume. For the studied flow rate ranges for the fluid
(0.230.35 m3 h31) and gas phases (0.6632 m3 h31),
the minimum (10 m s31) and maximum (20 m s31)
velocities of the fluid outflowing from the ejector
nozzle of diameter 2.60 1033 m were taken according
to the known recommendations [5]. The obtained ex-
perimental data are presented in Table 1. Mathemati-
cal processing of these data for the batch mode yielded
the dependence

t = 115.43 3 68.26Qg 3 32.22QgQl + 16.15Qg
2. (2)
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In the continuous mode, the maximum output
capacityVl of the ejector-type apparatus was studied
experimentally at different velocitiesW of working
medium outflow from the nozzle and different gas
flow rates (Table 2). Analysis of the experimental
results shows that shorter timet is achieved in the
batch mode at ejector flow velocity of 20 m s31 and
gas phase flow rate of 2 m3 h31. In the continuous
mode, the maximum output capacity of the installa-
tion is achieved at the same flow rates.

The total hydraulic loss of pressure,DP, in the
circulation circuit consists of losses in suction and
pumping lines and in the ejector itself. The working-
medium pressure at the nozzle outletPw = 0.1 MPa,
whereas the total loss of pressure in the circulation
circuit will be given, with account of the working-
medium pressure, by

DP = DPsuc + DPpump + DPej + Pw. (3)

Figure 1 shows the dependence ofDP on the fluid
phase flow rateQl, described by the equation

DP = 8.02Q2
l 3 1.256Ql + 1.97. (4)

With account of (4), the power consumed for pumping
the working medium through the circulation circuit is
given by

724.35Ql
2 3 267.22Ql + 35.81

N = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (5)
h

where h = 0.55 is the pump efficiency.

With account of expressions (1), (2), and (5) and
V = 0.018 m3, the formula for determining the effi-
ciency of ejector-type apparatus will have the form

E = [(73.17Ql
2 3 26.99Ql + 3.6)(115.433 68.26Qg

3 32.22QgQl + 16.15Qg
2)]31. (6)

Analysis of (6) shows that the highest efficiency is
achieved for apparatus of this type at a fluid phase
nozzle velocity of 10.43 m s31 and gas phase flow rate
of 2 m3 h31 (Table 2).

In studying the operation of a self-suction turbine
agitator (STA), the gas phase was delivered, under the
action of the pumping effect created by the mixer, into
the central, hollow part of the rotating shaft and dis-
persed directly into the fluid phase. The flow rate of
the nitrose gases was varied between 1 and 2 m3 h31.
The rotation speed of the mixer was 110 s31, volume

P 0 1035, Pa

Ql, m3 h31

Fig. 1. Total loss of the pressureP of the working medium
in the circuit vs. the fluid phase flow rateQl.

of the reaction mixture 0.018 m3, and volume of
apparatus with STA 0.01 m3. In the batch mode, the
time of process completion in the entire volume of
the reaction mixture was determined. The obtained
experimental data are presented in Table 3.

The equation describing the timet (min) of com-
plete conversion in relation to the flow rate of the gas
phase in an apparatus with STA has the form

t = 9.9Qg
2 3 43.02Qg + 66.3. (7)

The self-suction turbine-type agitator used in the
experiments had the following characteristics: diam-
eter 0.1 m, number of blades 6, blade width 0.01 m.
In calculating the power consumed by the STA for
agitation of the gas3fluid system, two circumstances
were taken into account: (1) the dynamic viscosity
coefficient of the main component was chosen as

Table 3. Process completion timet for apparatus with
STA and RPA
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ t, min, at indicatedQg, m3 h31

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄno. ³ 1 ³ 1.25 ³ 1.5 ³ 1.75 ³ 2
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

Self-suction turbine agitator

1 ³ 33.04 ³ 28.44 ³ 24.34 ³ 21.47 ³ 19.94
2 ³ 33.07 ³ 28.34 ³ 24.33 ³ 21.34 ³ 19.83
3 ³ 33.04 ³ 28.42 ³ 24.39 ³ 21.42 ³ 19.96

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
Average³ 33.05 ³ 28.4 ³ 24.35 ³ 21.41 ³ 19.91
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

Rotary-pulsation apparatus

1 ³ 32.53 ³ 26.05 ³ 21.71 ³ 18.24 ³ 16.57
2 ³ 32.56 ³ 26.03 ³ 21.68 ³ 18.27 ³ 16.59
3 ³ 32.56 ³ 26.04 ³ 21.72 ³ 18.23 ³ 16.61

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
Average³ 32.56 ³ 26.04 ³ 21.70 ³ 18.25 ³ 16.59
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
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Table 4. Experimental values of powerNe
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Flow rate, m3 h31 ³
Ne, WÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´

gas phase in RPA³ fresh solution ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ 0.03318 ³ 37.70
1.25 ³ 0.04147 ³ 36.62
1.5 ³ 0.04976 ³ 35.77
1.75 ³ 0.05916 ³ 35.16
2 ³ 0.06510 ³ 34.80

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

the key factor for a reaction mixture with gas satura-
tion j < 0.3, and (2) the reaction mixture density
rm (kg m31) in the apparatus was calculated at gas
flow rates in the range from 1 to 2 m3 h31 by the
equation

rm = 38.86Qg
2 3 181.37Qg + 1327.8. (8)

Under these conditions, the values of the centri-
fugal criterion Rec are within (2.18324)0 105. For the
turbine agitator of the given type [1], the power cri-
terion KN remains constant (0.76) in the above range
of Rec values. Then, use of the known formula [1] and
expression (8) gives a theoretical relation for deter-
mining the power consumptionNt (W) for agitation
with STA:

Nt = 0.041rm = 1.59Qg
2 3 7.43Qg + 54.4. (9)

However, analysis of the experimental dependence

Ne = 1.68Qg
2 3 8.9Qg + 56.1 (10)

shows that, with increasing flow rate of the gas com-
ponent, the experimental power values are somewhat
lower than the theoretical values, which is presumably
due to lower density of the reaction mixture near the
agitator.

With account of (7) and (10), the dependence of the
efficiency of a gas3fluid apparatus with STA on the
flow rate of the gas component can be represented as

E = 101033(0.92Qg
4 3 8.9Qg

3 + 58.3Qg
2

3 166.78Qg + 206.56)31. (11)

Analysis of (11) shows that the efficiency of an
apparatus with STA grows with increasing flow rate
of the gas phase because of the decreasing power con-
sumed for agitation and shorter process duration.
An RPA of original design has been developed to in-
tensify gas3fluid processes [5].

The rotary-pulsation apparatus operates as follows.
The fluid phase is fed into the working cavity via the
inlet pipe. Under the action of inertia forces created by
a rotating rotor it passes through rectangular slits in
the rotor and stator rings. With the shaft rotating, the
slits are periodically closed. In this zone of strong tur-
bulence, there exist pulsation forces and high velocity
gradients. The gas phase delivered via two pipes goes
through channels inside the stator teeth and arrives in
the space formed by slits in the rotor ring. During
rotor rotation, the outlet channels are periodically
closed at the same frequency, which favors fine dis-
persion of the gas phase.

Thus, to achieve complete interaction of the gas
and fluid phases, a unit volume of fluid is subjected to
multiple treatment in the active zone of theRPA. The
clearance between the rotor and stator teeth was 10

1034 m, and the speed of rotation, 314 s31. The main
goal of the performed sets of experiments was to de-
termine the timet of completion of diphenylamine
nitrosation in RPA at gas phase flow rates in the range
from 1 to 2 m3 h31 and reaction mixture volume of
0.001 m3. The obtained experimental data are pre-
sented in Table 3.

The equation obtained by processing the data in
Table 3 has the form

t = 12.37Qg
2 3 53.02Qg + 73.16. (12)

The powerNe consumed for agitation of the gas3

fluid mixture in RPA was measured experimentally at
varied flow rates of the gas and fluid phases; the
averaged results are given in Table 4.

The obtained experimental data are described by
the regression equation

Ne = 1.95Qg
2 3 8.76Qg + 44.5. (13)

Analysis of Eq. (13) clearly shows that the con-
sumed power decreases somewhat with increasing
flow rate of the gas phase, which is presumably due to
a decrease in the density of the gas3fluid mixture in
the active zone of the apparatus.

The operation efficiency of an installation with
STA can be calculated using Eqs. (12) and (13). Then
the dependence of the RPA efficiency on the gas
phase flow rate has the form

E = 1 0 1033(1.34Qg
4 3 11.75Qg

3 + 64.34Qg
2

3 166.75Qg + 181.1)31. (14)

To compare the efficiencies of the apparatus under
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study, the following parameter values are taken: for
apparatus with ejector,Qg = 2 m3 h31, flow velocity
of the fluid phase 10.46318.3 m s31; for apparatus
with STA and for RPA,Qg = 132 m3 h31, output

capacity 0.03230.065 m3 h31.

Graphical interpretation of the obtained relations
describing the dependence of the efficiency of the
apparatus on their output capacity is done in Fig. 2.

Analysis of the experimental data in Fig. 2 shows
that the apparatus with STA has much lower effi-
ciency than its competitors, becoming comparable
with an ejector-type apparatus only at an output capac-
ity of 0.05 m3 h31. In contrast to the apparatus under
consideration, the ejector-type apparatus shows high
efficiency only at low output capacities, and its effi-
ciency steeply decreases when this parameter grows.
Already at an output capacity of 0.0425 m3 h31 it
becomes comparable in efficiency with RPA. An
undisputed leader in efficiency, beginning with output
capacity of 0.045 m3 h31, is RPA, and it is this ap-
paratus that should be used to perform the process
under consideration.

The results obtained in studying the operation of a
semicommercial RPA in performing gas3fluid proc-
esses were used to produce an intermediate,N-nitroso-
diphenylamine, in manufacture of an antioxidant for
rubber articles Diafen FP1 and commercialp-nitroso-
phenol.2

CONCLUSIONS

(1) The dependences of the time in which di-
phenylamine nitrosation is complete on the flow rates
of the gas and fluid phases were obtained for ap-
paratus with a self-suction turbine agitator and those
of rotary-pulsation and ejector types. Mathematical
models of the occurring processes were developed for
these cases. The power expenditure for agitation of
the gas3fluid system under study was found for these
apparatus.

(2) The efficiencies as functions of the output
capacity were compared for apparatus with ejector or
self-suction turbine and apparatus of rotary-pulsation
type in performing a gas3fluid process. It was found

ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Azot Joint-Stock Company, Kemerovo.
2 NVKh Khimtekh (Berezniki, Perm oblast).

E 0 106, m3 W31 min31

Ql, m3 h31

Fig. 2. Efficiency E of an installation vs. its output capacity
Q. Apparatus: (1) with ejector, (2) with STA, and (3) of
rotary-pulsation type.

that the ejector-type apparatus is the most efficient
at low output capacities (up to 0.042 m3h31), and the
rotary-pulsation apparatus, at higher values of this
parameter (more than 0.045 m3 h31).
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Abstract-The capability of cationic dyes in which the onium group is not conjugated with the chromophore
system to form aqueous dispersions in a weakly alkaline medium was examined. Such dyes can be fixed on
a fiber in increased amounts owing to their binding not only in the cationic form but also in the hydrolyzed
monomolecular form.

Dispersible dyes are widely used for dyeing of
manmade fibers, including heat-resistant fibers based
on polyheteroarylenes (PHAs). These dyes are practi-
cally insoluble in water but can be used in the form
of aqueous dispersions. The degree of dispersity of the
dye in the aqueous phase strongly affects the coloristic
properties and color fastness.

One of the ways to prepare the molecularly dis-
persed form of a dye is to use cationic dyes in which
the onium group is not conjugated with the chromo-
phore system. Owing to the presence of such a cati-
onic center, these dyes are water-soluble. In a weakly
alkaline solution, the onium groups are eliminated to
give particles of size close to that of separate mole-
cules [1, 2]. Of interest in this connection are ammo-
nium compounds derived from tertiary amines (in-
cluding heterocyclic amines) with hydrogen, alkyl,
or arylalkyl substituents. Quaternization of tertiary
amines with alkyl halides occurs in organic solvents.
The resistance of quaternary ammonium salts to hy-
drolysis depends on the nature of substituents at nitro-
gen. Published data on cationic dyes of such structure
are consistent with the well-known stabilizing effect
of alkyl substituent on onium compounds. Alkyl sub-
stituents exert a +I effect and weaken the polar char-
acter of NH and NC bonds [1]. Cationic dyes in which
the ammonium group is not conjugated with the chro-
mophore are hydrolyzed in alkaline solutions with
release of the tertiary amines. The presence of elec-
tron-withdrawing substituents at nitrogen (as, e.g.,
in aniline and diphenylamine derivatives) facilitates
cleavage of the onium compounds. The hydrolysis
pathways of quaternary ammonium bases are as fol-

lows [1]:

OH3 + R3CH23CH23N
+(CH3)3

³
6 R3CH23CH23OH + :N(CH3)3

+H2O ³

776³6 R3CH=CH2 + H2O + :N(CH3)3
³
³
6 R3OH + CH33CH23OH + :N(CH3)3.

EXPERIMENTAL

Below are the structural formulas of the selected
cationic (I ) and dispersible (II 3IV ) dyes:
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Spectrophotometric studies showed that the state of
cationic dyes depends on pH of the aqueous solution.
This is illustrated in Fig. 1. As pH is increased from
3 to 11, the absorption intensity decreases, and at
pH > 12 a dispersion of the base released from the
cationic dye is formed (Fig. 2). Figure 3 shows the
spectra of the cationic dye and its hydrolyzed form.
Hydrolysis of the dye was performed in 1 N NaOH
at 98oC for 30 min. Comparison of the spectra of dis-
persible dyesII 3IV and of the hydrolyzed form of
cationic dyeI shows that the changes in the spectra
are due to base hydrolysis of the cationic dye and
release of a new dye in the form of a dispersion.

The kinetics of cleavage of the initial cationic dye
was monitored by measuring the amount of the molec-
ularly dispersed form from the hypsochromic shift of
the short-wave absorption band withlDmax = 610 nm,
which corresponds to a 100% content of the cationic
dye. The short-wave absorption band atlDmax =
565 nm was considered to correspond to a 100% con-
tent of the hydrolyzed form. This is confirmed by
analysis of fiber samples dyed with the cationic dye
under conditions of hydrolysis and with a dispersible
dye as a component of a composite dye bath in the
presence of appropriate tertiary amine. Hydrolysis of
the cationic dye was performed in aqueous solution at
pH 10.5 for 100 min at 90 and 98oC. The content of
the hydrolyzed dye was evaluated from the shift of the
absorption bands in the range 5003600 nm, moni-
tored with a 2-nm step. The results are shown in
Fig. 4. The kinetic curves of hydrolysis of the cationic
dye exhibit two sections. In the section corresponding
to the content of the hydrolyzed form of up to 739%,
the hydrolysis proceeds actively with increasing rate.
The amount of the dye hydrolyzed in the first 20 min
is 6.88% at 90oC and about 10% at 98oC. As the
molecularly dispersed form of the dye accumulates,
the degree of aggregation increases; it is determined
by the solubility of the chromophore at these values
of pH and temperature.

Comparison of the electronic absorption spectra of
alcoholic solutions of dispersible dyesII 3IV and
hydrolyzed form of cationic dyeI shows that the
product of base hydrolysis of the onium dye contain-
ing the chromophore structure is structurally similar
to dye II .

Thus, cationic dyes containing onium fragments
can be cleaved with release of the insoluble chromo-
phore structure in the monomolecular state, which
facilitates its diffusion into the substrate. This proper-
ty of cationic dyes in which the onium group is not
conjugated with the chromophore allows dyeing to be

l, nm

Fig. 1. Absorption spectra of aqueous solutions of the cati-
onic dye at pH (1) 3, (2) 7, and (3) 11. (D) Optical density
and (l) wavelength; the same for Fig. 3.

Fig. 2. Effect of pH on the absorption spectra of cationic
dyes. (D) Optical density.

l, nm

Fig. 3. Absorption spectra in 3.20 1034% solutions of
(1) cationic dye and (2) its hydrolyzed form in aqueous
acetic acid.
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a, %

t, min

Fig. 4. Kinetic curves of hydrolysis of the cationic dye at
(1) 90 and (2) 98oC. (a) Amount of the hydrolyzed form
relative to the amount of the initial sample; (t) time.

b, %

t, min

Fig. 5. Kinetic curves of uptake by the fiber of the hy-
drolyzed form of the cationic dye at (1) pH 10.33 and
(2) pH 9.05. (b) Uptake relative to the amount of the initial
sample; (t) time.

combined with treatment of aramide fibers with alka-
line agents to remove or neutralize structurally bound
acidic impurities. Furthermore, the hydrolysis condi-
tions can be adjusted so as to make the rate of sorp-
tion of the hydrolyzed form equal to the rate of cleav-

age of the initial dye (Fig. 5). As follows from the
Langmuir and Henry’s data, dyeing under such condi-
tions allows simultaneous fixation of the soluble and
insoluble forms of the cationic dye, which increases
the extent of dyeing of PGA fibers with a dense chem-
ically inert microstructure and difficultly accessible
nanostructure.

The process suggested in [2] successfully passed
industrial trials at the Gor’kii Silk-Twisting Factory
(Moscow) and Sport Private Company.

Dyeing of PGA fibers with cationic dyes in which
the ammonium group is not conjugated with the chro-
mophore moiety gives intense uniform colorings
highly resistant to wet treatments [3].

CONCLUSIONS

(1) The cationic onium dye is hydrolyzed in an
alkaline solution with release of the chromophore
structurally similar to the dispersible dye.

(2) Quaternary ammonium bases in which the pos-
itively charged nitrogen atom is not conjugated with
the chromophore moiety can be efficiently used for
dyeing of highly oriented polyheteroarylene fibers.
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Abstract-A procedure was suggested for preparing vicasol in an approximately 85% yield in a two-phase
system consisting of concentrated (~536 M) aqueous solution of NaHSO3 and a solution of 2-methyl-1,4-
naphthoquinone in an incombustible organic solvent (e.g., chloroform or trichloroethylene).

Vicasol (sodium 2-methyl-1,2,3,4-tetrahydronaph-
thalene-1,4-dione-2-sulfonate) is a water-soluble form
of vitamin K3 [1, 2]. More than 90% of the produced
vicasol is used in cattle-breeding [3], and only up to
10%, in medicine. The use of vicasol in cattle-breed-
ing increases the productivity by 17323% depending
on the species and age of animals [4]. Vicasol is
added to forage in amount of 234 g per ton of forage
[5] in the form of vitamin additives (premixes) to-
gether with vitamins A, E, and D and with microele-
ments. The demand of Russia for vicasol today is
about 45350 tons annually and tends to grow.

Vitamins of group K are noy produced in Russia
and CIS countries. In some other countries, vicasol
is produced from 2-methylnaphthalene by outdated
processes [1] which cannot be used in Russia because
of environmental problems and the lack of the re-
quired raw materials.

We have developed the principles of the new Vika-
sib process for production of vicasol and other vita-
mins of group K [6] starting froma-naphthol which
is, in turn, a petrochemical product.1 In this process,
the final stage is reaction of 2-methyl-1,4-naphthoqui-
none (menadione) dissolved in an organic solvent with
an aqueous solution of sodium hydrosulfite [7, 8]:
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=
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The equilibrium constant of reaction (1) is high
(~1 0 106 l mol31 [9]); therefore, the 100% yield of
vicasol is readily attainable. However, isolation of
vicasol from the reaction mixture involves problems.
Vicasol is readily soluble in water [2], and therefore
it cannot be quantitatively recovered from aqueous
solution. Furthermore, vicasol is thermally unstable
and in the course of boiling readily isomerizes into
sodium 3-methyl-1,4-dihydroxynaphthalene-2-sulfo-
nate [10, 11] showing no vitamin properties:
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Such isomerization slowly proceeds even in the
course of prolonged storage of vicasol at elevated
temperatures [12]. Therefore, aqueous solutions of
vicasol should not be concentrated by evaporation,
and crystallization of vicasol should occur without
heating.

Previously [13], crystallization of vicasol was per-
formed in the presence of a large excess of NaHSO3
which acted as a salting-out agent. However, the re-
sulting vicasol contained up to 33% NaHSO3 [14].
At the same time, the presence of only up to 2%
NaHSO3 in vicasol is prescribed by the State Phar-
macopeia [15], and this amount is necessary and suf-
ficient for enhancing the resistance of vicasol to light
at subsequent storage [16].
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Up to the 1970s, vicasol was prepared by mixing
solid menadione with an aqueous solution of NaHSO3
containing Na2SO3 impurities [17]. The resulting
vicasol was contaminated with unchanged menadione
and its decomposition products. In [14] it was sug-
gested to dissolve menadione in CCl4 with subsequent
addition of water and excess Na2S2O5 and vigorous
stirring of the resulting two-phase system. We sug-
gested [8] to perform reaction (1) in the two-phase
system CHCl33H2O, with the aqueous phase contain-
ing 436 M NaHSO3 prepared from pure Na2SO3 and
SO2. In this case the amount of water taken for syn-
thesis is reduced, and pure vicasol can be obtained
even from crude menadione prepared in the preceding
stage of the Vikasib process [6].

EXPERIMENTAL

Menadione was prepared by catalytic methylation
of 1-naphthol [18] followed by oxidation of the result-
ing 2-methyl-1-naphthol with solutions of phospho-
molybdovanadic heteropoly acids [19, 20]. Along
with the main substance (88390%), the product con-
tained an impurity of dimeric quinones C22 and poly-
mers Cx.11. Recrystallization from methanol gave
98399% pure menadione.

Aqueous 4.036.5 M solutions of NaHSO3 were
prepared from analytically pure grade anhydrous
Na2SO3 and pure gaseous SO2 from a cylinder. These
solutions were stored in the dark for no more than
a week, because of occurrence of slow oxidation
HSO3

3
6 SO4

23 [21].

Vicasol was prepared in a 1.1-l three-necked flat-
bottomed shaked cylindrical vessel with one wide
neck. The vessel was placed in a shaker operating at
a rate of 400 shakings per minute. As solvents for
menadione we used pure grade chloroform and tri-
chloroethylene. For washing of vicasol and its addi-
tional precipitation from aqueous solution we used
chemically pure grade isopropanol.

The sum of HSO3
3 + SO2 in NaHSO3 solution was

determined by iodometric titration [22], and the con-
tent of Na+ was calculated from the weight of the
initial Na2SO3.

The menadione content in solutions was deter-
mined by GLC using a 40-m capillary column coated
with SE-30; the internal reference was duroquinone.
Analysis was performed with a Tsvet-500 chromato-
graph; the results were processed with a Multichrom
automated system [23].

The main substance content in crystalline vicasol

was determined by iodometric titration after hydrol-
ysis of vicasol to menadione in the presence of LiIO4
and lithium borate buffer solution [24]. The content of
excess NaHSO3 in vicasol was determined by iodo-
metric titration, and the content of Na2SO4 impurity,
colorimetrically with poorly soluble barium chlorani-
late Ba(C6Cl2O4)2 .xH2O whose colored C6Cl2O4H3

anion passed into solution in the presence of SO4
23

anions [25].

Concentrated solutions of NaHSO3 were prepared
from the calculated amount of anhydrous Na2SO3 by
bubbling of SO2 through an aqueous suspension of
Na2SO3 .7H2O. A 1-l volumetric cylinder containing
700 ml of water and a 361.5-g portion of anhydrous
(98%) Na2SO3 (2.81 mol) were weighed. The first
(~1203150 g) portion of Na2SO3 was suspended and
partially dissolved with vigorous stirring, so as to
avoid formation of Na2SO3 .7H2O clots. Through the
resulting solution of Na2SO3 containing suspended
Na2SO3 .7H2O, SO2 was bubbled at a rate of 503
200 ml min31 through a glass tube with a capillary tip.
The bubbling rate was adjusted so as to ensure com-
plete dissolution of the rising SO2 bubbles. In the
process, the solution warmed up, and its volume in-
creased by approximately 15%.

After the first portion of Na2SO3 mostly dissolved,
the remaining Na2SO3 (~2103240 g) was gradually
added, with the bubbling of SO2 being continued.
The cylinder with the Na2SO3 + SO2 solution was
intermittently cooled and weighed. After the solution
took up 1803182 g of SO2 (2.8132.84 mol), the feed-
ing of SO2 was stopped, and the solution volume was
brought to 1 l.

The resulting 5.62 M solution of NaHSO3 had pH
~435. Its composition was as follows (M): [Na+] =
5.62, [SIV] = [HSO3

3] + 2[S2O5
23] + [SO2 (impurity)] =

5.6235.65.

Vicasol was prepared at a molar ratio [NaHSO3] :
[menadione] from 1.5 to 1.7, starting from both puri-
fied and crude menadione. For example, 75.4 g of
crude (88%) menadione was dissolved in chloroform
to obtain 200 ml of a brown solution containing
66.4 g (0.347 mol) of menadione. The solution was
filtered and transferred into the reactor, and 105 ml of
a 5.62 M aqueous solution of NaHSO3 (0.58 mol) was
added. The solution was purged with nitrogen or CO2,
and the vessel was sealed and vigorously shaken. In
the course of shaking, a thick suspension of fine vica-
sol crystals formed, and the mixture warmed up from
20 to 40oC. Intermittently the shaking was stopped,
a sample was taken for analysis, and the reactor was
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turned to change the shaking direction and eliminate
dead zones. The total time of reaction (1) was~2 h.

The resulting suspension having a brown color due
to tar impurities was transferred onto a Nutsch filter,
and the liquid phases were thoroughly separated. The
filtrate consisting of aqueous and organic phases was
separated for subsequent recovery of the second por-
tion of vicasol from the aqueous phase. The crystals
on the filter were washed first with 40 ml of CHCl3
and then with 436 20-ml portions of anhydrous iso-
propanol until the filtrate became colorless.2 The re-
sulting yellowish white finely crystalline mass was
placed on an enameled tray and air-dried to constant
weight (101 g). The product composition was as fol-
lows (%): main substance (vicasol) 96.3, NaHSO3 +
Na2S2O5 0.8, Na2SO4 2.7, which meets the require-
ments of the State Pharmacopeia [15]. The yield of
vicasol recalculated on dry substance was 97.3 g
(0.295 mol, 85%).3

From the filtered aqueous phase, after combining
with the filtrates containing isopropanol, we isolated
an additional 15 g of vicasol. The main substance
content in this fraction was 65385%, the remainder
being NaHSO3 (Na2S2O5) (15325%) and Na2SO4.

With pure (recrystallized) menadione, the synthesis
is performed similarly. In this case, however, there is
no need to wash the obtained vicasol crystals with
chloroform.

To prepare NaHSO3 solution, it is preferable to use
analytically pure grade Na2SO3

4 rather than technical-
grade Na2S2O5 containing much more impurities.

In synthesis of vicasol by reaction (1), solvents
other than CHCl3 (preferably incombustible, e.g., tri-
chloroethylene [8]) can be also used. In any case the
reaction takes about 2 h.

The long time of reaction (1) is due to two factors.
First, concentrated aqueous solutions of NaHSO3 are
a complex system containing three anions. The dimer-
ic anion S2O5

23 (hydrosulfite) prevailing in solution
occurs in equilibrium with the monomeric anions
HOSO2

3 (protonated sulfite with the O3H bond) and
HSO3

3 (sulfonate with the S3H bond) [26, 27]:
ÄÄÄÄÄÄÄÄÄÄÄÄ

2 After washing the filtrate containingCHCl3 was combined
with the organic phase, and the filtrates containingi-C3H7OH,
with the aqueous phase.

3 If required, vicasol was sieved through a 0.2-mm sieve. It was
stored at room temperature in a dark glass vessel.

4 Analytically pure grade Na2SO3 can contain an Na2SO4 im-
purity. Therefore, to prepare very pure solutions of NaHSO3,
it is appropriate to start fromNaHCO3 or Na2CO3.

KiSO Kdim
2HOSO32 776 2HSO33 776 S2O5

23. (3)
477 477

3H2O

The active nucleophile attacking the molecule of
menadione (or another quinone) is apparently sulfo-
nate HSO3

3.5 The equilibrium between it and the
HOSO2

3 anion is shifted toward HSO3
3 (KiSO ~4.9

[28]). However, at a high total concentration of
NaHSO3 the equilibrium between the monomers and
the dimer S2O5

23 is shifted toward the dimer.6 There-
fore, the low rate of vicasol formation may be due to
the low concentration of HSO3

3 in concentrated aque-
ous solutions which are actually solutions of Na2S2O5
and contain HOSO2

3 and HSO3
3 only in low equilib-

rium concentrations.

The second and apparently the major cause of the
low rate of reaction (1) is the high viscosity of the
three-phase system consisting of the aqueous Na2S2O5
solution, solution of menadione in CHCl3, and sus-
pension of the forming vicasol. Reaction (1) occurs on
the boundary of the aqueous and organic phases and is
controlled by diffusion of menadione from the bulk of
the organic phase to the phase boundary. When the
third phase (suspended vicasol) appears, the concen-
tration of menadione in the organic phase decreases,
the viscosity grows, and hence the diffusion of mena-
dione and the reaction as a whole decelerate.

Although the rate of reaction (1) is low, the use of
~536 M solutions of NaHSO3 (~2.533 M solutions
of Na2S2O5) containing the minimal amount of water
ensures the most complete crystallization of vicasol
and its isolation in up to 85% yield. In less concen-
trated (~233 M) solutions of NaHSO3 [7] reaction (1)
is faster but it is possible to isolate no more than 60%
of the forming vicasol.

CONCLUSIONS

(1) The use of a two-phase system consisting of a
concentrated (~536 M) aqueous solution of NaHSO3
and a solution of menadione in chloroform or trichlo-
ÄÄÄÄÄÄÄÄÄÄÄÄ

5 Sulfonate ions HSO3
3 attack by hidride atom the 3-position

of menadione having the lowest electron density; this results
in formation of vicasol and not of the isomeric 3-methyl-1,4-
dihydroxynaphthalene-2-sulfonate.

6 Published data on the dimerization equilibrium constantKdim
are contradictory; in any case, it increases with increasing
ionic strength of theNaHSO3 solution. In ~4.9 M NaHSO3
solution it is about 0.34 l mol31 [29]; therefore, in the 5.62 M
solution the fraction of the reactive species HSO3

3, apparently,
does not exceed 5310%.
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roethylene allows preparation of the purest vicasol in
a yield of about 85% owing to its more complete crys-
tallization from aqueous solutions containing smaller
amount of water.

(2) By addition of anhydrous isopropanol to the
aqueous phase of the mother liquor, it is possible to
isolate an additional amount of 65385% vicasol.
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Abstract-Crystalline polyvinylenes were prepared by phase-transfer dehydrochlorination of binary
copolymer of vinyl chloride with vinyl acetate (9 : 1 molar ratio) and ternary copolymer with vinyl acetate
and vinyl alcohol (27 : 1 : 2 molar ratio), and the chemical and electrical properties of these substances and
of products of their thermolysis were studied.

Polymers with a system of conjugated bonds in the
main chain, including polyvinylenes, are of particular
interest due to their semiconductor, paramagnetic, and
other properties, which are not typical of common
macromolecular compounds. The variety of specific
properties is due to the features of their electronic
structure and conformation of conjugated molecules.
These properties depend on the polymer structure; and
the presence of the crystalline phase in the polymer
increases the electrical conductivity and decreases the
concentration of paramagnetic centers as compared
with the amorphous sample [1]. The crystalline struc-
ture provides high anisotropy of the polymer proper-
ties, necessary for application in microelectronics.

The properties of crystalline polyvinylenes formed
by acetylene polymerization using Ziegler3Natta
catalysts are described in detail (e.g., [2, 3]). A meth-
od for preparing highly crystalline polyvinylene by
dehydrochlorination of polyvinyl chloride under the
conditions of phase-transfer catalysis was developed
in [4]. The resulting polyvinylene exhibits unique
chemical and physical properties. It is highly stable
with respect to oxidants and is easily dehydrogenated
at high temperatures [4]. The products of its thermoly-
sis exhibit high strain sensitivity [5] and paramagnetic
properties [6].

Crystalline polyvinylenes were also prepared by
phase-transfer dehydrochlorination of a binary copoly-
mer of vinyl chloride with vinyl acetate and a ternary
copolymer with vinyl acetate and vinyl alcohol [7].
Some properties of these polyvinylenes were studied
in this work.

EXPERIMENTAL

In our work we studied crystalline polyvinylenes
prepared by phase-transfer dehydrochlorination of
commercial samples of a binary copolymer of vinyl
chloride with vinyl acetate (9 : 1 molar ratio) and a
ternary copolymer of vinyl chloride with vinyl acetate
and vinyl alcohol (27 : 1 : 2 molar ratio) in aqueous
solutions of potassium hydroxide in the presence of
phase-transfer catalysts [7].

The properties of crystalline polyvinylenes were
compared with those of amorphous samples prepared
from the same vinyl chloride copolymers [7] and of
crystalline polyvinylenes prepared from polyvinyl
chloride (PVC) [4]. The products of conversion of
vinyl chloride homo- and copolymers are coarse black
or dark brown powders (0.831.0 mm particle size).

The polymer structure was studied using polariza-
tion-optical microscopy. The polyvinylene crystals
prepared from copolymers are significantly smaller
than those prepared from polyvinyl chloride and larger
than the crystals obtained by acetylene polymeriza-
tion: the crystal size is 132 [7], 10103 [4], and (235)0
1033 mm [8], respectively.

The thermal treatment of the samples at 1003
1200oC was carried out in a quartz tube in a vacuum
(;1033 mm Hg); at higher temperatures a ceramic tube
was used. The sample was heated with a heating rate
of 1.5 deg min31 and kept at chosen temperature for
2 h. All manipulations were performed under argon.

The specific electrical resistivity was measured by
the four-probe procedure in cells equipped with stain-
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Dm, wt %

t, days

Fig. 1. Kinetic curves of oxidation with atmospheric oxy-
gen of polyvinylenes of (1, 2, 5) crystalline and (3, 4) amor-
phous structure prepared by dehydrochlorination of
(1, 3) copolymer of vinyl chloride with vinyl acetate,
(2, 4) copolymer of vinyl chloride with vinyl acetate and
vinyl alcohol, and (5) polyvinyl chloride. (Dm) Weight gain
and (t) oxidation time.

less-steel electrodes using an E 738 ac potentiometer
(1 kHz). The design of the measuring cells allowed
preparation of 503300-mm thick polymer pellets. The
samples were oxidized with air dried over P2O5.
The stability with respect to thermal oxidative degra-
dation was studied using an MOM derivatograph
(0.08 deg s31 heating rate, 0.101033 kg sample
weight).

The nucleophilic properties of polyconjugated sys-
tems determine their interaction with electrophilic
reagents, e.g., molecular oxygen. Polyvinylenes are
the polymers with a system of conjugated double
bonds prepared by phase-transfer dehydrochlorination
of vinyl chloride copolymers; they are easily oxidized
with oxygen, with the color changing from black to
red and light yellow. The reactivity of polyvinylenes
is also determined by packing of the polymer mole-
cules. On passing from crystalline to amorphous sam-
ples the X-ray diffraction (XRD) patterns of these
polymers demonstrate shifting of the diffraction peaks
toward larger scattering angles. Due to higher ordering
of crystalline polyvinylenes as compared with amor-
phous polymers, the rate and the extent of their oxida-
tion are lower. As seen from Fig. 1 (curves1, 2 and
3, 4), the kinetic curves of oxygen uptake, illustrating
the polymer oxidation, by the crystalline samples lie
below those corresponding to the amorphous samples.

Polyvinylenes prepared from copolymers of vinyl
chloride with vinyl acetate and vinyl alcohol are the
products with the polyene structure of thetrans poly-
acetylene type. The IR spectra of these compounds,
similar to those prepared fromPVC, contain no
stretching (304433057 cm31) and in-plane (1249,

1329 cm31) and out-of-plane (740 cm31) bending vib-
rations of the =C3H group of thecis configuration.
The IR spectra exhibit the bands at 1292, 30103

3015 cm31 belonging to the in-plane bending and
stretching vibrations of the =C3H group of thetrans
configuration. The IR spectrum of the product of PVC
conversion exhibits a strong peak at 100031015 cm31

belonging to the out-of-plane bending vibrations of
=C3H in the trans configuration of the3(CH=CH)n
units (n >> 2). In the spectra of the conversion prod-
ucts of the vinyl chloride copolymer this band is split
in two bands at 1008 and 996 cm31. Moreover, new
peaks appear at 980 and 940 cm31, which are due to
the vibrations of shorter polyvinylene series (n = 2
and n = 1) [9]. The presence of smaller conjugation
blocks in the macromolecules of polyvinylenes pre-
pared from vinyl chloride copolymers, in contrast to
those prepared fromPVC, decreases their reactivity
toward oxygen, because the nucleophilicity of poly-
conjugation systems decreases with decreasing con-
jugation length [10]. However, as seen from Fig. 1,
these polyvinylenes react with oxygen more actively
than the product of PVC dehydrochlorination: their
kinetic curves of oxygen uptake (curves1, 2) lie
higher as compared with curve5.

As for molecules forming a crystal, their reactivity,
determined by the electronic structure, is less decisive
for the reaction than the mode of crystal packing [11].
The diffraction peak in the XRD pattern of crystalline
polyvinylene prepared from vinyl chloride copolymer
is shifted toward larger angles (2q = 21o) as compared
with the sample prepared from vinyl chloride homo-
polymer (2q = 20o), which suggests lower ordering of
the polymer structure. The oxidation of crystalline
samples is probably controlled by diffusion of the
oxidant gas into the polymer bulk, which is more
hindered in the perfect crystal lattices of polyvinylenes
prepared from PVC as compared with those prepared
from vinyl chloride copolymer with less ordered struc-
ture. Moreover, the polyvinylene crystals prepared
from vinyl chloride copolymers are smaller than
those prepared from PVC (132 and 10 103 mm, re-
spectively).

Oxidation of polyvinylenes with similar supramo-
lecular structure prepared from binary and ternary
vinyl chloride copolymers proceeds with similar rate
(Fig. 1, curves1, 2 and3, 4). Since the history of these
polyvinylenes does not affect their heat resistance and
electrophysical properties, in our further work we
studied only the products of conversion of the binary
copolymer of vinyl chloride with vinyl acetate.

The thermal oxidative degradation of polyvinylene
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prepared from vinyl chloride copolymer with sig-
nificant weight loss starts at 2003220oC and yields
volatile (predominantly benzene) and viscous products
of aromatic nature. At higher temperature almost no
benzene is observed in the pyrolysis products. The
supramolecular polymer structure affects the degrada-
tion processes. In the crystalline polyvinylene the
degradation of the polymer macromolecules proceeds
with a lower rate than in the amorphous samples
(Fig. 2, curves1, 2). As compared with the product
of PVC dehydrochlorination, the less ordered poly-
vinylene prepared from vinyl chloride copolymer
promotes degradation processes: curve1 lies above
curve 3 (Fig. 2).

The rigid crystalline structure hinders cleavage of
the polyvinylene fragments of the macromolecule, but
promotes carbonization during its thermal treatment.
Dehydrogenation of the crystalline polymer prepared
from vinyl chloride copolymer starts at 3503400oC,
proceeds with a greater rate as compared with amor-
phous polymer (Fig. 3, curves1, 2), and yields com-
pletely carbonized samples at 140031500oC, whereas
the carbonization of the amorphous polyvinylenes
starts at 4503500oC and is completed at temperatures
higher than 2000oC. The less ordered structure of
crystalline polyvinylene prepared from vinyl chloride
copolymer shifts the processes of hydrogen elimina-
tion toward higher temperatures as compared with
the polymer prepared from PVC (Fig. 3, curves1, 3).
In the latter case elimination of hydrogen starts at
2503300oC and terminates at 110031200oC.

Dehydrogenation of polyvinylenes follows the
common dependences of hydrocarbon dehydrogena-
tion. At a given temperature the following dehydro-
genation3hydrogenation equilibrium is attained:
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which is confirmed by the fact that the kinetic curve
of hydrogen loss is a curve with saturation. The above
equilibrium shifts toward dehydrogenation with in-
creasing temperature. At thermal treatment at 300oC
of polyvinylenes prepared from vinyl chloride homo-
and copolymers, virtually constant C/H ratio in the
polymer is attained within 2 h (Fig. 3, curves1`, 3`).
With increasing temperature to 400oC the C/H ratio
increases and reaches a constant value within for 2 h

T, oC

3Dm, wt %

Fig. 2. Weight loss Dm as a function of temperature
during thermal oxidative degradation of polyvinylenes of
(1, 3) crystalline and (2) amorphous structure prepared
from vinyl chloride (3) homo- and (1, 2) copolymers.

t, h

T, oC
Fig. 3. C/H ratio as a function of (1`34`) time and (133) tem-
peratureT of thermal treatment of polyvinylenes of (1`34`,
1, 3) crystalline and (2) amorphous structure. Polyvinylenes
prepared from vinyl chloride (3, 3̀, 4`) homo- and (1, 2, 1̀,
2`) copolymers. Thermal treatment: (1`, 3`) at 300oC after
preliminary heating of polyvinylenes to 200oC and (2`,
4`) at 400oC after preliminary heating of polyvinylenes
to 300oC.

(Fig. 3, curves2`, 4`). Hydrogen elimination proceeds
without catalysts and hydrogen acceptors at tempera-
tures significantly lower than the temperature of olefin
dehydrogenation (>500oC).

The chemical and electrophysical properties of the
polymers in question are determined by the specific
electronic structure of polyvinylenes and especially by
conjugation chains and delocalization ofp electrons in
them. The synthetic polymers with a linear conjuga-
tion system exhibit low electrical conductivity at room
temperature [1]. The specific electrical conductivity
s20 of crystalline and amorphous polyvinylenes pre-
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T, oC

Fig. 4. Specific electrical conductivitys of polyvinylenes
of (1, 3) crystalline and (2) amorphous structure as a func-
tion of the temperature of thermal treatmentT. Poly-
vinylenes prepared from vinyl chloride (3) homo- and
(1, 2) copolymers.

P, GPa

Fig. 5. Specific electrical conductivitys of (133) crystal-
line and (1`33`) amorphous polyvinylenes prepared from
copolymer of vinyl chloride and vinyl acetate and heat-
treated at (1, 1̀) 100, (2, 2̀) 600, and (3, 3̀) 900oC as
a function of pressureP.

pared from vinyl chloride copolymers does not exceed
10313 W31 cm31, i.e., they are actually insulators. It is
known that the charge transfer involves the intrachain
transfer along the conjugated chains and the interchain
transfer. The transfer of the charge carriers along the
conjugated bond system in macromolecules and bet-
ween the molecules is probably more hindered in
these polymers than in the product of PVC conversion
(s20 = 1039 W3 1 cm31). This is due to more random
packing of macromolecules and the presence of shorter
blocks of conjugated bonds as compared with the
above copolymer. The decrease in the length of con-
jugated blocks decreases the polymer conductivity due

to the increase in the band gap and in the number of
intermolecular barriers.

The probability of the electron exchange, i.e., the
mobility of the charge carriers should increase with
decreasing distance between the separate sections
during thermal treatment [12]. In this case, the supra-
molecular structure of polyvinylenes affects the result-
ing electrical conductivity. The carbonized samples of
crystalline polyvinylene have greater electrical con-
ductivity as compared with the pyrolysis products of
amorphous polymer, because the dependences of the
specific electrical conductivity of the polymer samples
on the temperature of their thermal treatment for crys-
talline polyvinylenes lie above those of the amorphous
samples (Fig. 4, curves1, 2). This phenomenon is
probably due to easier transfer of the charge carriers
between macromolecules as compared with the amor-
phous polymer. During pyrolysis of these polyvi-
nylenes at low temperatures (up to 4003500oC) s20
monotonically increases. In this temperature range
these polymers undergo transformations accompanied
by formation of three-dimensional structures and ac-
cumulation of double bonds. Thes20 values of these
products are lower as compared with the pyrolysis
products of polyvinylenes prepared from PVC and
fired at the same temperatures (Fig. 4, curves1, 3).
The specific conductivity of the products of poly-
vinylene pyrolysis at 6003700oC becomes approxi-
mately equal. As seen from Fig. 3, the composition of
the products obtained at 6003700oC can be described
by the formula 3(CxH)n3, where x > 2.0.

High-temperature pyrolysis (above 4003500oC) in-
creasess20 by 9310 orders of magnitude to values
typical of semiconductors. Such a sharp change in the
electrical properties is probably due to the steep in-
crease in the number and size of conjugated blocks,
which facilitates the electron transfer.

The increase in the electrical conductivity with in-
creasing mobility of the charge carriers can be also
attained by compression of the polymer sample, which
decreases the intermolecular distances and increases
the overlap of the electron orbitals of the neighboring
atoms, and thus decreases the energy barrier between
the conjugation blocks [1]. With increasing pressure,
the electrical conductivity reaches saturation at
0.2 GPa. At the same time, the electrical conductivity
of the crystalline polyvinylenes prepared from vinyl
chloride copolymers only slightly changes with in-
creasing pressure (Fig. 5, curves1, 1̀). The effect of
pressure is stronger on passing to the heat-treated
samples and increases at pyrolysis temperatures of
6003700oC. Sharp increase in the electrical conduc-
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T, oC

Fig. 6. Relative change in the electrical conductivity
s0.9/s0 in the samples of heat-treated polyvinylenes of
(1, 3) crystalline and (2) amorphous structure as influenced
by the pyrolysis temperatureT. Polyvinylenes are the prod-
ucts of conversion of (1, 2) vinyl chloride and vinyl acetate
copolymer and (3) polyvinyl chloride.s0.9 ands0 are the
specific electrical conductivities at uniaxial pressure of
0.9 GPa and without pressure.

tivity is observed for the samples treated at 6003

700oC with the (C2H)n3 composition: The increase in
the specific electrical conductivity with increasing
pressure to 0.9 GPa reaches nearly three orders of
magnitude (Fig. 5, curve2). With increasing pyrolysis
temperature above 700oC the effect of pressure on
the electrical conductivity of the polymers in question
decreases.

The extrema are the most pronounced in the tem-
perature dependence of the function log (s0.9/s0),
wheres0.9 and s0 are the specific electrical conduc-
tivities at uniaxial pressure of 0.9 GPa and without
pressure, respectively (Fig. 6).

The strain sensitivity of the heat-treated crystalline
polyvinylene prepared from vinyl chloride copolymer
is higher than that of the amorphous polymer, but
lower as compared with the heat-treated polymer
prepared fromPVC.

There is no hysteresis in the pressure dependence
of the specific electrical conductivity of the heat-
treated crystalline polyvinylenes (Fig. 5, curve2).
This feature is also typical for the pyrolysis products
of polyvinylenes prepared from PVC and vinyl chlo-
ride copolymer, but distinguishes them from known
semiconductors.

CONCLUSIONS

(1) As compared with amorphous samples, the
ordered structure of crystalline polyvinylenes prepared
by phase-transfer dehydrochlorination provides smaller
rate and extent of their oxidation with atmospheric
oxygen, lower rate of the weight loss, and higher rate
of hydrogen elimination at high temperatures.

(2) The electrical conductivity and strain sensitiv-
ity of heat-treated crystalline polyvinylenes (conver-
sion products of vinyl chloride copolymer) are higher
than those of the amorphous samples, but smaller than
those of the heat-treated products of polyvinyl chlo-
ride conversion.
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Abstract-The resistance of crystalline polyacetylenes of various density to oxidants and high temperatures
was studied. The electrophysical and magnetic properties of these polymers and of the products of their
thermolysis were determined.

Polyacetylene (PAc) is a polymer with a linear
system of conjugated double bonds, which possesses
semiconductor and magnetic properties due to the
presence of delocalizedp electrons in the macro-
molecule [1]. This compound is promising for elec-
tronics, which utilizes predominantly crystalline semi-
conductor materials in the form of single crystals or
thin mono- and polycrystalline layers [2].

Crystalline PAc is prepared by polymerization of
acetylene using Ziegler3Natta catalysts [3]. The PAc
films and powders are agglomerates of randomly
bound fibrils with the thickness of 10380 nm and
length of tens micrometers. The resulting films are
rather porous; the pore volume reaches 2/3 of the total
polymer volume, and the apparent volume density is
0.4 g cm33. The PAc samples with the density reach-
ing 0.731.1 g cm33 were also prepared [4]. The prop-
erties of these samples are significantly different. For
example, the specific electrical conductivity of the
foam-type material (0.0230.04 g cm33) is nearly two
orders of magnitude smaller than that of the pressed
films (0.130.4 g cm33 density) [5].

Crystalline PAc can be prepared by conversion of
polyvinyl chloride (PVC) under the conditions of
phase-transfer catalysis [6]. The crystals of the poly-
mer prepared by this method are the largest; their size
reaches 1.00 103 mm. This procedure allows control
of the packing density of the polymer crystals and
yields samples with a density of 1.1531.20 and 1.303
1.35 g cm33.

Here we report on some properties of crystalline
PAc of various densities prepared by phase-transfer
dehydrochlorination of PVC.

EXPERIMENTAL

We studied crystalline PAc prepared by phase-
transfer dehydrochlorination of PVC with 50% aque-
ous solutions of potassium hydroxide in the presence
of phase-transfer catalysts [6]. The polymer of
1.2 g cm33 density was obtained using potassium hy-
droxide solution in the amount of 0.42 g (recalculated
on the dry weight) per 1 ml of the organic phase (PVC
solution in nitrobenzene), and that of 1.35 g cm33

density, with a smaller amount of KOH (0.25 g ml31).
The product of PVC conversion is a coarse black or
dark brown powder (0.831.0 mm particle size).

The polymer structure was studied using optical
(Amplival Poi U unit) and electron (EMMA-4 unit)
microscopy. The X-ray diffraction (XRD) patterns
were registered on a DRON-2 diffractometer (CuKa
radiation).

The thermal treatment of the samples was carried
out in a quartz tube in a vacuum (;1033 mm Hg); at
higher temperatures a ceramic tube was used. The
sample was heated with a heating rate of 1.5 deg min31

and kept at a chosen temperature for 4 h. All mani-
pulations were performed under argon. The thermal
stability was studied using a du Pont 900 derivato-
graph at a 3 deg min31 heating rate in a helium flow
(40 ml min31).

The specific electrical resistivity was measured by
the four-probe procedure in cells equipped with stain-
less-steel electrodes using an E 738 ac potentiometer
(1 kHz). The design of the measuring cells allowed
preparation of 503300-mm thick pellets. The magnetic
susceptibility of the powdered PAc samples was meas-
ured by the Faraday procedure [7] in the 203100oC



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

SOME PROPERTIES OF CRYSTALLINE POLYACETYLENES 479

temperature range and at the 2315 kOe magnetic field
intensity.

The samples were oxidized with atmospheric oxy-
gen and ozone; oxygen was dried over P2O5. The
ozone3oxygen mixture (132 vol % ozone concentra-
tion) was passed through a 70 0.5-cm tube packed
with the polymer at room temperature, at a rate of
235 l h31.

According to the data of electron microscopy, the
PAc sample (1.20 g cm33 density) prepared by phase-
transfer dehydrochlorination of PVC contains the
crystals of three modifications with the following
lattice parameters (A): hexagonala = b = 5.2, c =
2.52; orthorhombica = 4.0, b = 7.9; and monoclinic
a = c = 3.9, b = 2.52. It was found that the crystal
modifications with analogous parameters are also
present in the PAc sample (1.35 g cm33 density),
which is confirmed by similar electron microscopic
patterns. Their diffraction patters are also similar: The
scattering angles (2q = 20o) and reflection intensities
are equal. Thus, the XRD densities of both PAc sam-
ples are equal, whereas their pycnometric densities are
different. These difference in the XRD and pycnomet-
ric densities can be due to different content of closed
pores [8]. At similar XRD density the porosity is
lower in the samples with higher pycnometric density.

As seen from the reactions of PAc with electro-
philic reagents, in particular atmospheric oxygen and
ozone, the volume of micropores affects the chemical
and physical properties of crystalline PAc. The PAc
sample with the pycnometric density of 1.20 g cm33

absorbs up to 1.2 wt % of atmospheric oxygen in
60 h, whereas the polymer with the 1.35 g cm33 den-
sity does not noticeably absorb oxygen. The polymer
with a small density flames up immediately on contact
with ozone, whereas the reaction of ozone with the
high-density polymer is relatively slow: the polymer
weight increases by only 5% after ozone bubbling for
5 h. Thus, the polymer oxidation is probably con-
trolled by diffusion of oxygen and ozone into the
sample bulk, and in the high-density polymer the dif-
fusion is significantly hindered.

The behavior of PAc samples with different crystal
packing at high temperature is also different. In gen-
eral, thermal degradation of the macromolecules of the
crystalline polymer with significant weight loss starts
at 3003320oC and is complete at 6003650oC with
formation of a coke residue (yield 35345%). In the
PAc sample of 1.20 g cm33 density the polymer de-
gradation proceeds at a higher rate and with a lower
yield of the coke residue as compared with the less-

Dm, wt %

T, oC

Fig. 1. (1, 2) Weight lossDm and (1`, 2`) C/H ratio of crys-
talline PAc as functions of pyrolysis temperatureT. Poly-
mer density (g cm33): (1, 1̀) 1.20 and (2, 2̀) 1.35.

porous high-density polymer: curve1 of the weight
loss lies below curve2 (Fig. 1).

The decrease in the content of closed pores in crys-
talline PAc hinders release of the volatile products of
the polymer degradation and carbonization. The dehy-
drogenation of crystalline PAc of 1.20 g cm33 density
starts at 250oC and yields, via formation of several
intermediate structures, completely carbonized sam-
ples at 110031200oC. In the high-density polymer
elimination of hydrogen is hindered: The dependence
of the C/H ratio characterizing hydrogen loss with
temperature for the PAc sample of 1.35 g cm33 den-
sity lies below that for the sample of 1.2 g cm33 den-
sity (Fig. 1). The elevated thermal stability of high-
density PAc is probably due to the hindered diffusion
of hydrogen in the compact sections and possible hy-
drogen bonding between thep electrons and H atoms
of the neighboring molecules.

The samples of crystalline PAc with different den-
sities exhibit different electrophysical properties. The
polymer with a high density (i.e., with a low porosity)
exhibits higher specific electrical conductivitys than
the low-density sample: 1039 and 10310 W31 cm31,
respectively. High density and regular packing of the
polymer probably facilitate the transfer of the charge
carriers (e.g., electrons in the case of electronic con-
ductivity) between macromolecules owing to high
stability of high-density crystalline PAc to oxidation
with atmospheric oxygen; its increased electrical
conductivity is preserved for about 500 h on storage
under argon or in air.

The electrical conductivity of the PAc sample
slowly increases on heating to 4003500oC, and this
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T, oC

Fig. 2. Specific electrical conductivitys of crystalline PAc
as a function of the pyrolysis temperatureT. Polymer
density (g cm33): (1) 1.20 and (2) 1.35.

P, GPa

Fig. 3. Specific electrical conductivitys of (1, 2) initial
samples of crystalline PAc and samples heat-treated at
(3, 4) 500 and (5, 6) 600oC. (P) Pressure. Polymer density
(g cm33): (1, 3, 5) 1.20 and (2, 4, 6) 1.35.

T, oC

Fig. 4. Relative change in the electrical conductivity
s0.9/s0 of crystalline PAc provided by uniaxial pressure of
0.9 GPa as influenced by the pyrolysis temperatureT. Poly-
mer density (g cm33): (1) 1.20 and (2) 1.35.

process intensifies at higher temperatures (Fig. 2).
This is probably due to the fact that the probability of
electron exchange, i.e., the mobility ofcharge carriers
should increase with decreasing distance between the
separate conjugated blocks during the thermal treat-
ment [9]. The difference in the electrical conductivity
is also observed in the products of PAc pyrolysis with
the initial density of 1.20 and 1.35 g cm33 (Fig. 2).

The increase in the mobility of the charge carriers
can be also attained by compression of the polymer
sample, which probably decreases the intermolecular
distances and thus decreases the energy barrier bet-
ween the neighboring conjugation blocks [7]. The
uniaxial pressure only slightly increases the PAc con-
ductivity (Fig. 3), which reaches a constant value at
0.2030.24 GPa.

The thermal treatment of crystalline polymer yields
the products whose electrical conductivity significant-
ly increases with compression. At the same tempera-
tures of heat treatment, in the pressure range 03
0.9 GPa, crystalline PAc with high density of crystal
packing exhibits higher electrical conductivity than
the low-density polymer samples (Fig. 3, curves3, 4
and 5, 6). As seen from the dependences ofs of the
polymers at pressure of 0.9 GPa on the temperature of
their thermal treatment, the heat-treated samples of
PAc polymer with a high density are more strain-sen-
sitive than the low-density samples (Fig. 4). The curve
for the high-density PAc sample lies higher than that
for the low-density polymer in the entire temperature
range studied. These curves pass through a maximum;
the greatest change ins (by nearly 4.5 orders of mag-
nitude) is observed for the high-density polymer
(1.35 g cm33) heat-treated at 400oC.

The intrinsic paramagnetism of the polymers with a
system of conjugated double bonds distinguishes PAc
from the other polymers. We observe a single strong
signal in the ESR spectrum withg = 2.003 typical
for a free electron. Thep electron is a paramagnetic
center or a defect, which determines the magnetic
properties of the polymer including its magnetization
in an applied magnetic field.

The crystalline PAC prepared by phase-transfer de-
hydrochlorination of PVC is a weakly magnetic ma-
terial; its static magnetic susceptibility does not ex-
ceed 1036 g31. The static magnetic susceptibilityc is a
response of the material on the applied magnetic field
and characterizes the electronic effects related to struc-
tural features of the solid polymer and determined by
only the physical nature of the given material [10].
The PAc susceptibility depends on the field intensity
(Fig. 5a) with the saturation attained at relatively low
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field intensities, which suggests that the polymer con-
tains certain ordered areas where the cooperative spin
interaction is possible. This polymer belongs to mag-
netically hard materials, because magnetization takes
place at the magnetic field intensitiesH > 1033 Oe.
In the area of field intensities studied (2315 Oe) the
magnetic susceptibilityc of the samples with densities
of 1.20 and 1.35 g cm33 is negative, which suggests
their diamagnetism.

The crystalline polymer with the lower density is
more diamagnetic than the high-density polymer. This
is due to the fact that the magnetic susceptibility
depends on the mutual location of the molecules in
the solid. The stronger electron interaction in the
sample with higher density probably increasesc.

The susceptibility of the molecules without intrin-
sic magnetic moment is equal to the sum of diamag-
netic cd component characterizing the Langevin dia-
magnetism and paramagnetic componentcp charac-
terizing the van Vleck paramagnetism [7]:

c = cd + cp.

Diamagnetism originates from the interaction of
the magnetic field with the partially or completely
occupied electron orbitals, whereas paramagnetism is
due to the interaction with unpaired electrons and
uncompensated electron orbital moments. Therefore,
the van Vleck paramagnetism should be proportional
to the number of electrons.

Obviously, the contribution of the van Vleck para-
magnetism to the susceptibility of the PAc molecule
is predominant, because with increasing magnetic
field intensity the polymer magnetization increases,
which is typical for classical paramagnets (Fig. 5a).
With increasing temperature (H = 14 kOe) c of
crystalline polymer with low density (1.2 g cm33)
decreases, whereas in the high-density polymer
(1.35 g cm33) it linearly increases (Fig. 5b).

The magnetic susceptibility is sensitive to the
changes in the electronic structure occurring in the
course of thermal treatment. Upon thermolysis, PAc
passes from the diamagnetic to paramagnetic state;
c becomes positive and decreases with increasing
field intensity (Fig. 5a). The increase in the packing
density of the PAc crystals decreases their paramag-
netism: The curve ofc vs. field intensity for the pyrol-
ysis products of high-density polymer lies below the
curve determined for low-density crystalline PAc
(1.20 g cm33) heat-treated at the same temperature
(Fig. 5a). The temperature dependence of the mag-
netic susceptibility of the pyrolysis products differs

c 0 1036, g31

H, kOe

(a)

(b)c 0 1036, g31

103/T, K31

Fig. 5. Static magnetic susceptibilityc of the (1, 2) initial
and (3, 4) heat-treated at 450oC samples of crystalline PAc
as a function of (a) field intensityH and (b) temperatureT.
(a) Temperature 20oC; (b) field intensity 14 kOe. Polymer
density (g cm33): (1, 3) 1.20 and (2, 4) 1.35.

from that found for the crystalline samples with low
density. It increases with temperature, which corre-
sponds to the increase in the number of paramagnetic
centers due to the activation process. The apparent
activation energy of the appearance of paramagnetic
carriers is 1.1 eV.

Thus, the density of crystal packing in the initial
polymer sample determines the properties of crystal-
line PAc and of the products of its thermal treatment.

CONCLUSIONS

(1) The chemical, electrophysical, and magnetic
properties of crystalline polyacetylene prepared by
phase-transfer dehydrochlorination of polyvinyl chlo-
ride depend on its density. As compared with low-
density polyacetylene (d = 1.20 g cm33), the high-
density polymer (d = 1.35 g cm33) is more resistant to
atmospheric oxygen, ozone, and high temperatures.

(2) This polymer and the products of its pyrolysis
exhibit higher electrical conductivity and strain sen-
sitivity as compared with the low-density samples.

(3) The initial crystalline high-density polyace-
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tylene exhibits lower diamagnetism, whereas the
products of its thermolysis exhibit lower paramagnet-
ism as compared with the corresponding low-density
polymer samples.
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Abstract-A study was made of cross-linking of gelatinous compositions to obtain products classed with gels
of the first type in which a part of the plasticizer is firmly retained by the gel structure of the elastomer. The
elastic-hysteresis properties of the rubbers were studied.

According to the existing physicochemical con-
cepts of structure formation and properties of elasto-
mer blends, enhancement of fatigue-strength proper-
ties of rubbers based on them is due to a specific
structure of the boundary zone between the polymer
phases, incorporating along with the segmental inter-
diffusion layer also the boundary layers [1]. A thin
contacting layer of one of the phases is characterized
by a less close packing of macromolecules and in
some cases by the lower degree of cross-linking [2].
The thinned layers provide efficient relaxation of
stresses, which is one of the causes of the mutual
reinforcement effect. Apparently, addition and distri-
bution in a rubber stock of microparticles of a poly-
meric substance witha fortiori thinned stated of
macromolecules due to filling of the interchain space
with a plasticizer could enhance the conformational
mobility of chains and accelerate relaxation of local
overstresses arising under applied mechanical field.

In this work we examined the efficiency of using as
such disperse phase swollen chemically cross-linked
polymer gels. Usually swollen polymer gels (polymer
jellies) are obtained from primary polymers [3]. How-
ever, in our case it is interesting to prepare gels from
secondary polymeric materials, e.g., from spent rub-
bers, since products of spent rubber reprocessing are
widely used as components of rubber stocks, decreas-
ing their cost and modifying their properties.

EXPERIMENTAL

Polymer jellies were prepared by plasticization of
crushed resins (CRs) of model composition and of
crushed spent heating tubes (HTs) which are an in-

evitable waste of tire production. Plasticization was
performed in hydrocarbon media at 1603200oC; the
CR : plasticizer ratio was 1 : 3. Model rubbers were
prepared from SKI-3 rubber; the polymer base of HT
rubbers was a combination of SKI-3 and SKD rub-
bers. As a plasticizer we used Vaseline oil which is
well compatible thermodynamically with SKI-3 and
SKD rubbers, and also PN-6sh aromatic oil whose
thermodynamic affinity for these rubbers is lower.

Plasticization at 1603200oC was performed until
visually uniform compositions were obtained; owing
to a low content of the polymer gel fraction and a
high content of the plasticizer, these gels can be
classed with jellies of the second type (swollen gels
with a physical network) [4]. Degradation of the vul-
canization structure of CRs was monitored by varia-
tion of the content of the sol (S) and gel (G) fractions
and from the variation of the equilibrium swellingQ
of the insoluble fraction in toluene.

We calculated the index of degradation of the vul-
canization structure of the resinsId by the formula [5]

Id = Q(100 3 S),

where Q and S are expressed in percents.

For example, at the process temperature of 180oC
Id of the rubber in the final product obtained from
vulcanized unfilled SKI-3 rubber was 40.5, and the
viscosity-average molecular weight of the sol fraction
of the rubber was 42000.

Figure 1 shows variation with time of the gel frac-
tion content in HT reprocessing products heated in air
and in the Vaseline oil medium. It is seen that the
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Fig. 1. Variation of the gel fraction contentG in HTs in the
course of heating (a) in air and (b) in Vaseline oil (1 : 3)
at (1) 160, (2) 180, and (3) 200oC. (t) Heating time.

initial stage of plasticization in the oil at 1603180oC
is characterized by increase in the content of the in-
soluble fraction until a maximum is reached. This is
probably due to cross-linking of the elastomer under
the action of vulcanizing agents that had not reacted
in the course of primary vulcanization and subsequent
crushing. Cross-linking can also be effected by active
sulfur fragments released in rearrangements of poly-
sulfide bonds. On further heating, the gel fraction
content decreases. At 200oC, no maximum is detected,
which shows that degradation essentially prevails.
With increasing temperature the apparent rate constant
of gel degradation increases (Table 1).

Heating of HTs in air at 180 and 200oC in the
absence of the plasticizer initially also causes the
gel fraction content to decrease. After reaching a
certain minimum, the amount of the gel starts to grow,
suggesting the prevalence of cross-linking.

The degradation processes are more pronounced at
160oC. Comparison of the curves in Figs. 1a and 1b
shows that addition of oil prevents cross-linking and
accelerates thermal degradation of the gel. Analysis
of the obtained curves shows that it is appropriate to
perform thermal degradation of HTs at 180oC. At
160oC the process takes long time: After heating for
6 h, gel particles of~1 mm size are still detected visu-
ally in the composition. When the process is per-
formed at 200oC, the polymer strongly degrades be-
fore the composition becomes visually uniform, which
is indicated by a decrease in viscosity.

Table 1. Kinetics of gel degradation during thermal plasti-
cization of HTs in Vaseline oil
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC ³Apparent rate constant of gel degradation, h31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
160 ³ 0.426
180 ³ 0.616
200 ³ 0.912

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

When developing a procedure for preparing swol-
len chemically cross-linked gels, we took into account
the following facts. The high content of the plasticizer
certainly determines the specific features of cross-
linking of rubber macromolecules. As noted in [3],
an important condition for cross-linking of the poly-
mer in such systems is the contact of separate mole-
cules. Otherwise, either three-dimensional aggregates
can form from a limited number of macromolecules,
or separate macromolecules can undergo intramolecu-
lar cross-linking. The concentration of the polymer in
the jellies under consideration exceeds the level theo-
retically required to ensure mutual contact of the
revolution spheres of separate macromolecules in the
unrolled state (several tenth fractions of percent [3]).
Nevertheless, in the presence of a plasticizer the rela-
tive contribution of intramolecular cross-linking inevi-
tably increases, and that of intermolecular cross-link-
ing decreases [3, 6]. Another specific feature of the
swollen gels in hand is the decreased (owing to strong
degradation in the stage of secondary reprocessing)
molecular weight of the rubber component. Therefore,
it seems apparently necessary to take cross-linking
agents in larger amounts as compared to cross-linking
of a high-molecular-weight rubber. When choosing
the type and content of cross-linking agents, we took
into account in this case the recommendations given
in [7].

The curing of the compound prepared by thermal
degradation of HTs in Vaseline oil at 180oC [vulca-
nizing group, wt parts per 100 wt parts of rubber com-
ponent): mercaptobenzothiazolyl disulfide 6.0, di-
phenylguanidine 3.0, zinc oxide 15.0, stearic acid 9.0,
sulfur 45.0] is characterized by data inFig. 2. It is
seen that addition of sulfur is accompanied by an
increase in the content of the insoluble fraction and
a decrease in the degree of its swelling. At a certain
instant marked with a triangle in the curves, the vis-
cosity of the compound sharply increases, and its
stirring with a power-driven propeller stirrer becomes
impossible. This instant was identified as gelation
point.

However, when a jelly prepared from HTs and
Vaseline oil at 200oC was heated under similar con-
ditions with the same amounts of the cross-linking
agents, no gelation was observed at the vulcanization
temperature. Apparently, in this case vulcanizing
agents add mostly intramolecularly without formation
of a common three-dimensional structure, which is
probably due to the significantly decreased molecular
weight of the rubber and fairly uniform distribution
of macromolecules in the plasticizer. After cooling to
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room temperature, this compound acquires a jelly-like
consistence.

Figure 3 shows the kinetics of curing of compounds
prepared by dispersion of HTs in PN-6sh oil at 200oC
with various amounts of sulfur (20 and 40 wt parts per
100 wt parts of rubber) in the presence of accelerators
and activators whose content and type are given
above. As seen, compounds with PN-6sh oil as plasti-
cizer differ from those with Vaseline oil in the higher
concentration of free sulfur at the same curingtime.
Gelation occurs also in compounds prepared at 200oC.
This is presumably due to worse thermodynamic com-
patibility of SKI-3 and SKD with aromatic PN-6sh
oil, owing to which the fragments of the rubber chains
can be more densely packed in microvolumes and
hence can be cross-linked more readily. The gel con-
tent in all the examined compounds does not exceed
a definite level of 15318 wt %. The initial gel content
in the compounds before degradation of HTs in the
plasticizers is 20%. This means that the degree of
cross-linking of the rubber macromolecules is fairly
high. After cooling, the compound vulcanized at
143oC for 60 min with the vulcanizing group contain-
ing 40 wt parts of sulfur is a soft elastic pasty mass.
After heating for 5 h and subsequent cooling, the
product becomes solid. The jelly-like consistence of
the compound with 20 wt parts of sulfur is preserved
after curing.

We have examined the possibility of accelerating
curing of swollen gels with ultraaccelerators, in par-
ticular, zinc dimethyldithiocarbamate (Zimate). In
parallel, we performed for comparison vulcanization
of jellies with sulfur in the presence of other, less
active accelerators. In both cases we also used acti-
vators. The content of vulcanizing substances in the
jellies and the vulcanization temperatures are listed
in Table 2.

The vulcanization time of the jellies was 60 min.
The products were added to tread rubber stocks in
amounts of 10 and 15 wt parts per 100 wt parts of
rubber. The stocks containing chemically cross-linked
jellies prepared by cross-linking of the components
with sulfur at 143oC and with sulfur in the presence
of various amounts of zinc dimethyldithiocarbamate
at 70 and 90oC are similar to the common rubber
stock in the vulcanization rate. The physicomechanical
characteristics of tread rubbers with additions of
swollen gels, prepared using various vulcanizing
systems, are listed in Table 3.

Data in Table 3 show that the properties of rubbers
depend on the content and composition of jellies and
on the temperature of their vulcanization. The best

(a)

(b)

(c)

t, h
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%

G, %

Q, %

Fig. 2. Kinetic curves of curing of the HT3Vaseline oil
compound (1 : 3) prepared at 180oC. Vulcanization temper-
ature 143oC; the same for Fig. 3. (St, Sb) Content of total
and bound sulfur; (G) gel content; (Q) equilibrium degree
of swelling; (t) process time; the same for Fig. 3. Sulfur:
(1) total and (2) bound.

Sb,
St,
%

G, %

Q, %

(a)

(b)

(c)

t, h

Fig. 3. Kinetic curves of curing of the HT3PN-6sh oil com-
pound (1 : 3) prepared at 200oC. Content of (1, 2) bound
and (1`, 2`) total sulfur. Amount of added sulfur, wt parts
per 100 wt parts of rubber: (1, 1`) 20 and (2, 2`) 40.

combination of the elastic-strength and endurance
characteristics is attained with chemically cross-linked
jellies formed at 143oC in the presence of 20 and
25 wt parts of sulfur in combination with Altax and
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Table 2. Composition of the vulcanizing group of ingredients at various temperatures of vulcanization of swollen gels.
Content, wt parts: ZnO 15, stearic acid 9
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

T, oC
³ Content, wt parts per 100 wt parts of rubber component

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄno. ³ ³ sulfur ³ Zimate ³ Altax ³ diphenylguanidine
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 70 ³ 20 ³ 4 ³ 3 ³ 3

2 ³ 70 ³ 25 ³ 4 ³ 3 ³ 3

3 ³ 90 ³ 20 ³ 1 ³ 3 ³ 3

4 ³ 90 ³ 25 ³ 1 ³ 3 ³ 3

5 ³ 143 ³ 20 ³ 3 ³ 6 ³ 3
6 ³ 143 ³ 25 ³ 3 ³ 6 ³ 3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Physicomechanical parameters of tread rubbers with addition of swollen gels obtained with vulcanizing systems
of various compositions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter

³

Initial

³ Content of swollen gel, wt parts per 100 wt parts of rubber
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ 10 ³ 15 ³ 10 ³ 15 ³ 10 ³ 15
³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
³ rubber ³ vulcanizing composition no.
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ 1 ³ 2 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Nominal stress at 300% elongation, MPa³ 10.0 ³ 9.8 ³ 10.0 ³ 10.0 ³ 10.5 ³ 9.9 ³ 9.8
Nominal tensile strength, MPa ³ 19.0 ³ 17.5 ³ 15.0 ³ 16.0 ³ 16.0 ³ 18.0 ³ 16.1
Relative elongation at break, % ³ 520 ³ 500 ³ 480 ³ 460 ³ 420 ³ 500 ³ 480
Abradability (MIR-1 machine), m3 TJ31³ 55.6 ³ 63 ³ 69 ³ 63 ³ 78 ³ 57 ³ 91
Heat build-up, oC ³ 25 ³ 21 ³ 20 ³ 21 ³ 21 ³ 23 ³ 23
Endurance at repeated stretching (e0 = ³ 17.4 ³ 24.5 ³ 21.1 ³ 22.0 ³ 8.3 ³ 48.6 ³ 46.8
150%), thousand cycles ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter

³

Initial

³ Content of swollen gel, wt parts per 100 wt parts of rubber
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ 10 ³ 15 ³ 10 ³ 15 ³ 10 ³ 15
³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
³ rubber ³ vulcanizing composition no.
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ 4 ³ 5 ³ 6

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Nominal stress at 300% elongation, MPa³ 10.0 ³ 9.8 ³ 7.9 ³ 9.7 ³ 9.9 ³ 9.3 ³ 9.8
Nominal tensile strength, MPa ³ 19.0 ³ 17.6 ³ 15.5 ³ 18.5 ³ 18.4 ³ 18.4 ³ 18.6
Relative elongation at break, % ³ 520 ³ 510 ³ 500 ³ 550 ³ 540 ³ 570 ³ 520
Abradability (MIR-1 machine), m3 TJ31³ 55.6 ³ 63 ³ 87 ³ 48 ³ 49 ³ 47 ³ 50
Heat build-up, oC ³ 25 ³ 20 ³ 20 ³ 20 ³ 22 ³ 21 ³ 20
Endurance at repeated stretching (e0 = ³ 17.4 ³ 54.9 ³ 52.6 ³ 36.3 ³ 36.8 ³ 42.8 ³ 36.2
150%), thousand cycles ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

diphenylguanidine. The rubbers containing these jel-
lies, exhibiting the modulus of strength similar to that
of serial samples, show higher endurance, lower heat
build-up, and lower abradability. The rubbers contain-
ing jellies prepared using zinc dimethyldithiocarba-
mate exhibit somewhat worse characteristics.

When evaluating the structural features of rubbers
prepared with addition of swollen gels with a chemi-
cal network of cross-links between rubber macromole-
cules, it should be taken into account that a part of the
plasticizer is firmly retained in the gel structure. This
is suggested by the fact that, when such samples are
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treated with toluene, the amount of the extracted plas-
ticizer is appreciably lower (60.7, 66.2, and 55.3 wt %
for compound nos. 2, 4, and 6, respectively) than its
total amount in the swollen gel (73375 wt %). It
should be noted also that in the case of vulcanization
with sulfur in the presence of Altax and diphenylgua-
nidine at 143oC the vulcanization network incorpo-
rates a larger amount of the plasticizer then in vulcani-
zation in the presence of Zimate at 70 and 90oC. This
may be due the higher density of the vulcanization
network formed at 143oC. Apparently, the effect of
the ultraaccelerator at a large amount of the plasticizer
is manifested in more efficient intramolecular addition
of sulfur.

The properties of rubbers containing swollen gels
are largely affected by the character of dispersion of
the gels in the matrix rubber stock. The particle-size
distribution of swollen chemically cross-linked gels
dispersed in the matrix of butadiene3styrene rubber
by stirring [8, 9] is given in Table 4.

Table 4 shows that the swollen gels whose poly-
meric fraction is cross-linked in the presence of com-
mon accelerators of sulfur vulcanization at 143oC are
readily dispersed in the rubber matrix. The content of
fine (503200mm) particles is 70%. At the same time,
in the jellies cross-linked using Zimate the majority
of particles have a size of 2503350 mm. These data
suggest that the prevalence in the swollen gel of intra-
molecular sulfur bridges (compound no. 4) makes the
resulting compound more rigid, since vulcanization is
accompanied by formation of a new type of the poly-
mer with the molecular structure containing chemical-
ly bound sulfur. As a result, the cohesion energy den-
sity increases, the difference in solubility between
the butadiene3styrene rubber and the newly prepared
polymer becomes more pronounced, and coarser jelly
particles are formed on mixing.

Thus, the structure of the rubber stock containing
swollen chemically cross-linked polymer gels can be
represented as a combination of elastomers of differ-
ent chemical nature. The specific feature of such
structure is the increased conformational mobility of
macromolecules in dispersed phase particles and the
decreased particle modulus, which enhances the en-
durance of the compounds [10]. The mass transfer
of excess plasticizer to the matrix mixture forms a
boundary layer around particles with a higher plasti-
cizer content and hence with a decreased modulus.
This layer also enhances the endurance, since it pro-
vides relaxation of local stresses. A valuable property
of such compositions is decrease in the hysteresis
loss, manifested in decreased heat build-up under con-

Table 4. Particle-size distribution of swollen chemically
cross-linked gels in the rubber matrix
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Compound³ Particle size, ³ Volume fraction

no. ³ mm ³ of particles, %
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

2 ³ 0.0530.10 ³ 6.5
³ 0.1130.20 ³ 18
³ 0.2130.25 ³ 11
³ 0.2630.35 ³ 64.5³ ³

4 ³ 0.0530.10 ³ 4
³ 0.1130.20 ³ 8
³ 0.2130.25 ³ 8
³ 0.2630.35 ³ 80³ ³

6 ³ 0.0530.10 ³ 44
³ 0.1130.20 ³ 26
³ 0.2130.25 ³ 15
³ 0.2630.35 ³ 15

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ditions of repeated deformations at constant elastic-
strength characteristics.

CONCLUSIONS

(1) Thermal plasticization of crushed model rub-
bers based on SKI-3 rubber and spent heating tubes
based on SKI-3 + SKD rubbers in plasticizers and in
air at 1603200oC was studied. The kinetic features
of degradation of the three-dimensional structure of
the vulcanized rubbers were found, and the apparent
rate constants of gel degradation were determined.
Swelling in hydrocarbon media makes formation of
jellies of the second type less probable. At decreased
molecular weight, rubber macromolecules preserve the
long-chain structure in thermal plasticization products.

(2) The process for preparing chemically cross-
linked gels by sulfur cross-linking of thermal plasti-
cization products of the above-mentioned rubbers in
the presence of accelerators and activators was stud-
ied. When added to rubber stocks, swollen chemically
cross-linked gels are broken down to microparticles
in the course of mixing under the influence of shear
stress and give the disperse phase. The resulting elas-
tomer compounds acquire enhanced elastic-hysteresis
properties after vulcanization.
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Abstract-Emulsion polymerization of methyl methacrylate initiated by a carboxyl-containing azo initiator
in the presence of a polymeric stabilizer (dextran or its functionalized derivatives) was studied with the aim
to prepare monodisperse microspheres of polymethyl methacrylate with surface carboxy, amido, and aldehyde
groups. The optimal conditions for formation of monodisperse microspheres were found, allowing control
of their diameter in the submicrometer range and of the nature and content of surface functional groups.

Synthesis of monodisperse microspheres in the
presence of polymeric stabilizers shows promise since
stabilizers not only enhance the aggregative stability
of particles in the course of polymerization but also,
in subsequent transformations, play the role of spacers
containing functional groups for covalent binding of
ligands. With biologically active substances (BASs)
as ligands, such microspheres are used in immuno-
assay as immunoreagents visualizing the progress
of immunochemical reactions. Most often BASs are
bound to microspheres via surface carboxy groups
capable, after activation, to form amide bonds with
BAS amino groups, or via aldehyde groups reacting
with a amino groups under very mild conditions to
form Schiff bases [133]. Suitable polymeric stabilizers
in preparation of microspheres can be dextran and its
functionalized derivatives which are widely used for
modification of water-soluble pharmaceuticals with
the aim to prolong their effect and reduce the toxicity
[4, 5]. Preparation of polystyrene [6] and polyalkyl
cyanoacrylate [7] microspheres in the presence of
dextran andb-cyclodextrin was reported previously.
Of interest for immunoassay are also microspheres
based on polymethyl methacrylate (PMMA), a poly-
mer with a higher density and a lower refractive in-
dex, which is advantageous for processes involving
fast sedimentation or optical monitoring of immuno-
chemical reactions [8]. Samples of PMMA micro-
spheres obtained both in the absence and in the pres-
ence of dextran were tested in immunization processes
[9, 10]. The microspheres in this case acted not only
as carriers of immunoreagents but also as an adjuvant
enhancing the immune response. It was found that the
microspheres undergo slow biodegradation, which

facilitates elimination of PMMA from the body. At
present, additional surface modification of dextran-
coated microspheres is performed with the aim to
obtain active functional groups. For example, hydroxy
groups of dextran are oxidized to aldehyde groups
with periodate. To obtain directly in the course of
synthesis monodisperse PMMA particles with the car-
boxylated surface coated with a polymeric stabilizer,
it seems promising to perform emulsion polymeriza-
tion of MMA initiated with a carboxyl-containing azo
initiator in the presence of dextran. It is also interest-
ing to study the features of a similar process per-
formed in the presence of functionalized dextran
derivatives, with the aim to introduce into the micro-
sphere surface layer not only carboxy but also other
functional groups, to increase the surface concentra-
tion of functional groups, and to control their content
depending on the nature of the derivative in hand.

EXPERIMENTAL

Methyl methacrylate, isoamyl alcohol, and dimeth-
ylformamide (DMF) were purified by standard proce-
dures. The procedures for purification and characteris-
tics of 4,4̀-azobis(4-cyanovaleric acid) (CVA) are
described elsewhere [2]. Synthesis was performed in
double-distilled water as dispersion medium. Dextran
(M 60000+10000) produced by the St. Petersburg
Academy of Pharmaceutical Chemistry was used
without additional purification.

Dextran derivatives differing in the nature of func-
tional groups and degree of substitution (DS) were
prepared and characterized according to [4, 5]. We
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(a)

(b)

Fig. 1. Influence of the nature of the initiator on the size
of PMMA microspheres. Initiator: (a) potassium persulfate
and (b) CVA.

prepared carboxymethyl dextran (CMD) (DS 0.6),car-
boxyethyl dextran (CED) (DS 0.91), dextran polyal-
dehyde (DPA) (DS 1.15), and carboxyethyl dextran
amides (CEDAs) containing both carboxy and amide
groups (CEDA1: DScarb 0.31, DSamide0.32; CEDA2:
DScarb 0.27, DSamide 0.58).

The CVA-initiated emulsion polymerization was
performed at 348+1 K by the procedure described in
[2, 3] in the presence of dextran or its derivatives.
The ratio of MMA to the aqueous phase was 1 : 10,
the initiator concentration was 0.2 wt % relative to

Table 1. Influence of dextran concentration in the reaction
mixture on the diameterd of PMMA latex particles*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Dextran, wt % ³ d, mm
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0.10 ³ 0.2930.48
0.15 ³ 0.3030.43
0.20 ³ 0.42
0.25 ³ 0.37
0.30 ³ 0.46
0.35 ³ 0.54
0.40 ³ 0.36

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Concentrations: MMA 10 wt %, CVA 0.2 wt %, Na2HPO4

0.02 M, and NaOH 0.0168 M.

water, and the dextran content was varied from 0.1 to
0.4 wt % relative to water. To reveal the effect of the
nature of the initiator on the characteristics of the
forming PMMA microspheres, polymerization in the
presence of dextran (0.2 wt %) was also initiated with
potassium persulfate, which is commonly used for
preparing monodisperse latexes. The polymerization
temperature in this synthesis was decreased to 343 K,
since even at this temperature the rate constant of
persulfate decomposition (logK = 31.3 [11]) is higher
than that of CVA at 353 K (logK = 33.94 [12]). In
some runs the conversion of the monomer in the
course of polymerization was monitored by gas chro-
matography, with isoamyl alcohol as internal refer-
ence (determination error 5%).

The particle diameters in the forming latexes were
determined with a JEM 100 S electron microscope
(JEOL, Japan). After triple washing of the latexes to
remove water-soluble impurities by successive centri-
fuging and redispersion, the surface concentration of
carboxy groups was determined by conductometric
titration [2]. The surface concentration of aldehyde
groups was determined by the same method, after re-
action of the aldehyde groups with hydroxylamine
hydrochloride [13].

We found that monodisperse PMMA particles
(Fig. 1) are formed when the polymerization is initi-
ated with both carboxyl-containing azo initiator CVA
and persulfate. However, in synthesis with CVA the
particle diameter was larger (0.42mm) than with per-
sulfate (0.18mm). Also considerably higher was the
concentration of carboxy groups on the particle sur-
face (1.47 vs.0.42 mg-equiv m32), which is advan-
tageous for subsequent chemical binding of BASs.
Thus, the carboxyl-containing azo initiator is appar-
ently more efficient for preparing PMMA micro-
spheres in the presence of dextran.

As shown in [3], in emulsifier-free emulsion poly-
merization of styrene initiated by CVA the diameter
of the forming microspheres is largely affected by the
ionic strength and pH of the dispersion medium [3];
therefore, to control the particle size, it is advisable
to choose appropriate buffer systems. Therefore, we
performed a series of experiments on preparation of
PMMA microspheres in the presence of Na2HPO4
(to provide weakly alkaline medium) and 0.2 wt %
dextran (Table 1). We found that PMMA particles
obtained in the presence of dextran and without it at
low concentration of the buffer additive Na2HPO4
have a comparable size (Fig. 2). As the concentration
of Na2HPO4 was increased to 0.08 M, the diameter
of PMMA microspheres formed in the presence of
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dextran linearly increased, with the monodispersity
and stabillity of the latex being preserved. On the
contrary, in the absence of dextran the particle size
drastically increased with increasing ionic strength,
a large amount of coagulum formed, and the latex lost
monodispersity. Thus, at high Na2HPO4 concentration
the electrostatic barrier produced by repulsion of ion-
ized carboxy groups appears to be insufficient to
provide the aggregative stability of the forming latex,
whereas steric stabilization of microspheres with
dextran imparts to them additional stability in the
course of polymerization. This fact makes it possible
to finely control, by varying the salt concentration, the
diameter of microspheres in the submicrometer range,
with the monodispersity being preserved.

As shown in [6], dextrans with the molecular
weight ranging from 70000 to 2000000 enhance the
resistance of polystyrene dispersions formed in their
presence to the action of electrolytes. This trend was
explained in [6] by formation of highly viscous strong
surface adsorption layers consisting of dextran and the
forming polymer, preventing the particle coalescence.
The highest stability is attained atM > 500000. How-
ever, experiments in [6] were performed at constant
molar concentration of dextrans of different molecular
weights, so that with increasingM the weight content
of dextran in the reaction mixture increased, and the
surface concentration of the polymeric stabilizer could
increase also. By contrast, in this work, to determine
the synthesis conditions ensuring aggregative stability
and monodispersity of the resulting PMMA latexes,
we took the same dextran sample (M = 60000) and
varied its concentration in the range 0.130.4 wt %, at
an Na2HPO4 concentration of 0.02 M (Table 1). We
found that the aggregative stability of the latex in the
course of the synthesis, evaluated by the amount of
the forming coagulum, largely depends on the dextran
concentration in the reaction mixture (Fig. 3). At a
dextran concentration of 0.2030.25 wt %, no coagu-
lum was formed. At lower concentrations of the steric
stabilizer, as expected, the aggregative stability of the
latex decreased. However, the latex stability also
decreased at dextran concentrations above the optimal
level; it is interesting that the concentration of the
carboxy groups on the particle surface increased in
parallel with the amount of the coagulum. If the ag-
gregative stability were controlled by the electrostatic
factor, an opposite trend would be expected. Appar-
ently, the experimentally observed decrease in the
aggregative stability of microspheres with increasing
concentration of carboxy groups in the surface layer
consisting of dextran and the forming polymer is due

d, mm

C, M

Fig. 2. Diameterd of the forming PMMA microspheres as
a function of the concentrationC of Na2HPO4 (1) in the
presence (0.2 wt %) and (2) in the absence of dextran.

A, % B, mg-equiv m32

C, wt %

Fig. 3. Influence of dextran concentrationC in the reaction
mixture (1) on formation of coagulumA and (2) on concen-
tration of surface carboxy groupsB.

to destabilization of the surface layer as a result of
mutual repulsion of the ionic groups.

To obtain microspheres with different surface func-
tional groups, we performed a series of experiments
in the presence of various dextran derivatives, taken
in a concentration of 0.25 wt % (Table 2). We found
that the concentration of carboxy groups on the sur-
face of particles obtained in the presence ofCMD,
CEDA1, and CEDA2 is higher as compared to the
microspheres prepared in the presence of dextran
(Fig. 3). This may be due to incorporation of carbox-
yl-containing polymeric stabilizers into the surface
layer of the microspheres. The diameter of these mi-
crospheres is somewhat larger than that of the parti-
cles formed in the presence of unmodified dextran.
This fact suggests differences in the character of the
particle stabilization and hence in the structure and
strength of the forming surface layer, which may be
caused by mutual repulsion of the ionic carboxy
groups of the dextran derivatives as it was observed
in preparation of microspheres in the presence of large
amount of unmodified dextran.

The degree of ionization of carboxy groups in the
surface layer of the particles was decreased by replac-
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Table 2. Characteristics ofPMMA latexes prepared in the presence of dextran derivatives*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Stabilizer
³ MMA conversion, %³ Coagulum, %³ pH ³

d, mm
³ Concentration of sur-

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ by the end of synthesis ³ ³

face 3COOH groups,
³ ³ ³ mg-equiv m32

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Na2HPO4

Dextran ³ 99 ³ 0 ³ 7.38 ³ 0.37 ³ 1.10
CMD ³ 99 ³ 2 ³ 7.00 ³ 0.51 ³ 2.70
CED ³ 98 ³ 0 ³ 7.20 ³ 0.49 ³ 1.12
CEDA1 ³ 81 ³ 18 ³ 7.20 ³ 0.49 ³ 1.42
CEDA2 ³ 99 ³ 14 ³ 7.30 ³ 0.50 ³ 1.57

KH2PO4

Dextran ³ 99 ³ 0 ³ 6.70 ³ 0.63 ³ 1.18
CMD ³ 96 ³ 1 ³ 5.25 ³ 0.5031.60 ³ 3

CEDA1 ³ 72 ³ 0 ³ 6.20 ³ 0.3830.56 ³ 3

DPA ³ 96 ³ 0 ³ 6.30 ³ 0.44 ³ 0.82
³ ³ ³ ³ ³ 1.22 (3CHO)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Concentrations: polymeric stabilizer 0.25 wt % and salt 0.02 M.

ing Na2HPO4 by KH2PO4 providing a more acidic
medium. We found that, in the presence of dextran
and KH2PO4, coarser monodisperse microspheres are
formed (Table 2), which suggests that the electrostatic

a, %

t, min

(a)

(b)

Fig. 4. Variation with timet of MMA conversiona. Poly-
mer added: (1) none, (2) dextran, and (3) DPA (0.25 wt %).
Salt added: (a) Na2HPO4 and (b) KH2PO4.

factor also contributes to their stabilization. This
assumption is also supported by the polydispersity of
latexes prepared in the presence of carboxylated dex-
tran derivatives in a weakly acidic medium. By con-
trast, synthesis under the same conditions of a PMMA
latex in the presence of a dextran derivative with non-
ionic aldehyde groups (DPA) gave a monodisperse
latex in a good yield.

To examine the influence of the composition of the
reaction mixture on polymerization, we studied the
conversion of MMA in the course of the synthesis in
the presence of dextran or DPA, or without addition
of a polymeric stabilizer. The reaction medium also
contained Na2HPO4 or KH2PO4 (Fig. 4). In the weak-
ly alkaline medium (Fig. 4a), the initial linear sections
of the kinetic curves coincide for experiments per-
formed in the presence and in the absence of dextran.
However, in the presence of dextran this section is
followed by sharp acceleration of the process, and the
resulting particles are appreciably smaller than the mi-
crospheres obtained without adding dextran (Table 3).
In the weakly alkaline medium, the kinetic curves of
synthesis of PMMA microspheres in the presence of
dextran or DPA show practically no linear section
(Fig. 4b). The shape of the conversion curves depends
on the nature of the steric stabilizer, which may be
due to different structures of the forming surface
layers. In the presence of dextran, highly viscous
surface adsorption layers can form, restricting penetra-
tion of the growing radicals from the aqueous phase
inside polymer3monomer particles (PMPs); as a re-
sult, the lifetime of the macroradical in PMP becomes
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Table 3. Diameter d and numberN of particles formed
in experiments on determination of MMA conversion
(Fig. 4)*
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Stabilizer
³

d, mm
³ Number of particles

³ ³ N 0 10312, ml31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Na2HPO4

3 ³ 0.73 ³ 0.40
Dextran ³ 0.50 ³ 1.20

KH2PO4

3 ³ 0.72 ³ 0.39
Dextran ³ 0.63 ³ 0.58
DPA ³ 0.30 ³ 5.80

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Concentrations: polymeric stabilizer 0.25 wt % and salt

0.02 M.

longer and the gel effect is enhanced. Presumably,
with DPA formation of adsorption layers can be ac-
companied by grafting of PMMA by reaction of the
growing radicals with DPA aldehyde groups. This
process accelerates formation ofPMPs at the begin-
ning of the synthesis and enhances the aggregative
stability of the PMPs owing to formation of stronger
surface layers with chemical links between PMMA
and DPA. Therefore, the number of particles formed
in the presence of DPA appreciably increases
(Table 3).

CONCLUSION

Emulsion polymerization of methyl methacrylate,
initiated with a carboxyl-containing azo initiator and
performed in the presence of dextran or its derivatives,
allows preparation of monodisperse polymethyl meth-
acrylate microspheres. The optimal preparation condi-
tions were found, allowing control of the particle di-
ameter (in the submicrometer range) and functionality
(introduction into the surface layer of carboxy and
aldehyde groups required for binding immunoreagents
and of amide groups improving the biocompatibility
of these microspheres).
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Abstract-Radical polymerization of methyl methacrylate initiated by dicyclohexyl peroxydicarbonate in the
presence of a chain-terminating agent,C-phenyl-N-tert-butylnitrone, as a potential source of stable nitroxyl
radicals, was studied.

[Pseudoliving] radical polymerization is a relative-
ly new field of synthetic polymer chemistry; in the
past decade, it received much researchers’ attention
[136]. The main feature of such processes is termina-
tion of material chains by recombination of macrorad-
icals with stable radicals added to control the chain
propagation. In this case, a labile bond is formed at
the end of the polymer chain, capable of cleavage with
regeneration of the active macroradical:

~Pn
. + A. 6

4
[~Pn3A], (1)

[~Pn3A] + M 6 [~Pn+ m3A], (2)

where A. is a stable radical.

As a result, the periods of[sleep] and [life] of
polymer chains alternate, and the molecular weight of
the polymer successively increases; as a result, poly-
mers with narrow MWD are formed. The most widely
used stable radicals acting as chain-terminating agents
are sterically hindered nitroxyls [133]. In this case the
[pseudoliving] mechanism is realized at relatively
high temperatures exceeding 100oC. Under these con-
ditions the chain termination on nitroxyls becomes re-
versible. It was shown previously that polymerization
of methyl methacrylate (MMA) initiated by azobis-
(isobutyronitrile) (AIBN) in the presence of spin traps
as potential sources of stable nitroxyl radicals, e.g.,
C-phenyl-N-tert-butylnitrone (PBN) [7] or 2-methyl-
2-nitrosopropane (MNP) [8], occurs by the mechan-
ism of pseudoliving chains at lower temperatures
(3233343 K).

In this connection, it is interesting to study poly-
merization of MMA in the presence ofPBN, initiated

by the widely used commercial initiator, dicyclohexyl
peroxydicarbonate (CPC).

EXPERIMENTAL

The monomer was purified by a common proce-
dure [9]. PBN was prepared following the protocol
in [10]. The physicochemical constants of the com-
pounds agreed with published data. The polymeriza-
tion kinetics was monitored gravimetrically, dilato-
metrically [11], and calorimetrically [12]. The samples
were pretreated by the following procedure: The mon-
omer was placed in a glass ampule, degassed by three
freeze3pump3thaw cycles, and polymerized at a resid-
ual pressure of 1.3 Pa. The molecular weight was de-
termined viscometrically [13]. The molecular-weight
distribution (MWD) of polymethyl methacrylate
(PMMA) was determined by gel-permeation chroma-
tography (GPC) using a set of five styrogel columns
with a pore diameter of 10 105, 3 0 104, 1 0 104,
1 0 103, and 250A (Waters, the United States). The
detector was an R-403 differential refractometer (Wat-
ers), and the eluent was tetrahydrofuran. Narrow-
MWD polystyrene references were used for calibra-
tion [14]. The recalculation of the average molecular
weight from polystyrene to PMMA was done by the
formula logMPMMA = 1.019 log (0.664MPS).

We found that PBN as a potential source of stable
nitroxyl radicals can efficiently control the kinetic
parameters of CPC-initiated polymerization of MMA
and the molecular-weight characteristics of the result-
ing polymer. Figure 1 shows the kinetic curves of
polymerization, obtained gravimetrically. It is seen
that addition of PBN in amount comparable with that



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

CONTROLLED POLYMERIZATION OF METHYL METHACRYLATE 495

a, %

t, h
Fig. 1. Kinetic curves of MMA polymerization in the pres-
ence of PBN at 323 K. Initiator: 0.1 MCPC; the same for
Fig. 2. (a) Conversion and (t) time; the same for Fig. 2.
(1) No additives; (2) 0.4 mol % PBN added.

of the initiator suppresses the autoacceleration effect.

It is interesting and important from the practical
viewpoint that PBN exerts no appreciable inhibiting
effect on the propagation rate of the polymer chain
(Table 1): The initial polymerization rateVp, deter-
mined dilatometrically, in the presence of PBN de-
creases insignificantly. This fact is of major practical

Table 1. Kinetic parameters of MMA polymerization in
the presence of PBN and molecular-weight characteristics
of polymers. [Initiator] = 0.1 mol %;T = 323 K
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
[PBN], ³ Vp 0 104, ³ Conversion,³ Polydispersity coef-
mol % ³ mol l31 s31³ % ³ ficient of polymer
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

AIBN initiator

3 ³ 3 ³ 11.8 ³ 2.1
0.4 ³ 3 ³ 7.2 ³ 1.8
0.8 ³ 3 ³ 2.2 ³ 1.8
0.8 ³ 3 ³ 7.3 ³ 1.8
0.8 ³ 3 ³ 31.4 ³ 1.8
0.8 ³ 3 ³ 61.4 ³ 1.7
0.8 ³ 3 ³ 74.3 ³ 1.7

CPC initiator

3 ³ 5.8 ³ 9.1 ³ 1.6
3 ³ 5.8 ³ 82.0 ³ >3

0.1 ³ 4.6 ³ 7.3 ³ 3
0.2 ³ 4.1 ³ 10.1 ³ 3
0.4 ³ 3.0 ³ 5.8 ³ 3
0.8 ³ 1.7 ³ 7.5 ³ 3
0.4 ³ 3 ³ 3.1 ³ 1.6
0.4 ³ 3 ³ 11.0 ³ 1.7
0.4 ³ 3 ³ 35.8 ³ 1.9
0.4 ³ 3 ³ 62.1 ³ 2.5
0.4 ³ 3 ³ 82.2 ³ 2.5

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

importance, because a significant drawback of pres-
ently known chain-terminating agents is their substan-
tial decelerating effect on polymerization [133], which
somewhat limits the efficiency of their industrial use.

The effect of nitrone on the kinetics of CPC-initi-
ated polymerization of MMA is revealed still more
clearly from the differential kinetic curves obtained
calorimetrically at 323 K (Fig. 2). At successively
increased concentration of nitrone, the autoaccelera-
tion effect considerably decreases and the lifetime of
the polymer chain increases, which allows the gel
effect, undesirable in commercial polymerization proc-
esses, to be practically totally suppressed.

The decrease in the gel effect is indirectly con-
firmed by the ratio ofVp of CPC-initiated MMA
polymerization in the presence of various concentra-
tions of PBN to the maximal rate, i.e., therate in the
stage of the gel effectVg. As seen from Table 2, this
ratio gradually decreases as the PBN concentration is
increased and becomes close to 3.5 at a PBN concen-
tration of 0.4 and 0.8 mol %.

Our results show that in the presence of CPC and
PBN polymerization of MMA occurs by the mechan-
ism of pseudoliving chains. The chain-terminating
agents are stable nitroxyl radicals containing a macro-
molecular fragment and formed by the scheme

~P.n + Ph3C=N3C4H9 6 ~PnPh3CH3N3C4H9. (3)
9 2 9 9
H O Ph O.

A.

Then, the chain grows in the[living] chain mode
[Eqs. (1), (2)].

The most exhaustive information on the possibility
of realization of this mechanism under specific ex-
perimental conditions is furnished by measuring the
molecular weight of the polymeric product as a func-
tion of conversion and by studying in detail the MWD
of the synthesized samples.

The dependence on conversion of the MWD of
PMMA prepared using the PBN3CPC system at a
fixed concentration of nitrone is shown in Fig. 3.
With increasing conversion, the curve shifts toward
higher-molecular-weight products. The polydispersity
coefficients somewhat increase with conversion but
remain considerably lower than those of PMMA pre-
pared with CPC initiator in the absence of PBN
(Table 1). The increased polydispersity of PMMA
synthesized with CPC initiator may be due to occur-
rence, along with the living mechanism, of bimolec-
ular chain termination resulting in formation of a
certain amount of the[dead] polymer.
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t, min
Fig. 2. Differential kinetic curves (dP/dT) of MMA poly-
merization in the presence of PBN at 323 K. (t) Time.
[PBN], mol %: (1) 0, (2) 0.1, (3) 0.2, (4) 0.4, and (5) 0.8.

V, rel. units
Fig. 3. GPC curves for PMMA samples of various conver-
sions prepared at 323 K in the presence of 0.1 mol % CPC
and 0.4 mol % PBN. (V) Volume. Conversion, %: (1) 3.1,
(2) 11.0, (3) 35.8, (4) 62.1, and (5) 82.2.

Considerable differences between the polydisper-
sity coefficients of polymers synthesized in the pres-
ence of PBN with AIBN and CPC initiators are prob-
ably due to the following factors.

First, the rate constants of the reactions of nitrone
with the radicals produced by decomposition of these
initiators differ. The rate constant of scavenging by

Table 2. Ratio of the rate in the gel effect stage to the
initial rate of MMA polymerization.T = 323 K, [CPC] =
0.1 mol %
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

[PBN],
³ Vg 0 104 ³ Vp 0 104 ³

Vg /VpÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´mol % ³ mol l31 s31 ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

3 ³ 45.9 ³ 5.8 ³ 7.9
0.1 ³ 25.9 ³ 4.6 ³ 5.6
0.2 ³ 18.9 ³ 4.1 ³ 4.6
0.4 ³ 10.9 ³ 3.0 ³ 3.6
0.8 ³ 5.8 ³ 1.7 ³ 3.4

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

the spin trap of the alkoxy radical RO
.

generated by
thermal decomposition of CPC is 1073108 l mol31 s31,
whereas for tertiary carbon-centered radicals, e.g.,
[(CH3)2C(C=N)

.
] or polymethyl methacrylate propa-

gating radical, it is less than 0.80 104 l mol31 s31

[15]. In polymerization of MMA, the propagation rate
constant is 0.70 103 l mol31 s31 [16], and the rate
constant of addition of the alkoxy radical across the
>C=C< bond is about 1033104 l mol31 s31 [17]. Prob-
ably, in the initial period of CPC-initiated MMA
polymerization nitrone will be largely consumed for
reaction with radicals generated by decomposition of
CPC, in contrast to the AIBN-initiated MMA poly-
merization, because the constants of scavenging of
alkoxy radicals with PBN are 234 orders of magni-
tude higher than those of the radicals generated by
decomposition of AIBN and of similar radicals. Thus,
in CPC-initiated MMA polymerization the chain prop-
agation is controlled by nitroxyl radicals with the
lower-molecular-weight fragment as compared to the
AIBN-initiated polymerization when the nitroxyl spin
adducts contain macromolecular polymeric chains.
The structural differences between the nitroxyl spin
adducts are responsible for some specific features of
CPC-initiated MMA polymerization in the presence
of PBN and for the increased polydispersity coeffi-
cients. Thus, nitroxyl radicals incorporating macro-
molecular fragments react with the propagating mac-
roradical to form a less strong and hence more labile
bond, which allows living polymerization to be per-
formed under milder conditions.

Second, as noted above, the propagation constant
in MMA polymerization and the rate constant of addi-
tion of the alkoxy radical to the double bond are 334
orders of magnitude lower than the rate constant of
scavenging of the alkoxy radical by PBN.However, as
the concentration of PBN is as low as 0.230.8 mol %
relative to the monomer, the probability of reaction
of the alkoxy radical with the monomer is many times
higher than that of the reaction with PBN, which can
result in formation of the dead polymer.

Third, at a relatively high initial concentration of
nitroxyl radicals at the beginning of the process the
decay of the propagating radicals mainly occurs by
reversible recombination with nitroxyl radicals. In
a certain period, polymerization continues owing to
both reinitiation and initiation due do decomposition
of the initiator. It should be noted that the half-life of
CPC is much longer than that of AIBN at 323 K (40
and 4.5 h, respectively). Apparently, PBN initially
reacts mostly with alkoxy radicals generated by de-
composition of CPC to form a labile adduct capable
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0

a, %
Fig. 4. Molecular weightM of PMMA as a function of
conversiona. Initiator: 0.1 mol % CPC. Molecular weight:
(1, 2) viscosity-average and (3) number-average. [PBN],
mol %: (1) 0 and (2, 3) 0.4.

of subsequent decomposition and chain propagation.
Owing to further radical generation byCPC, common
radical polymerization occurs along with the living
process, which results in formation of the dead poly-
mer and hence in the increased polydispersity coeffi-
cient.

The data obtained indirectly show that polymeriza-
tion is accompanied by steady growth of the average
molecular weight of the resulting PMMA. To experi-
mentally confirm this assumption, we studied the
molecular weight of PMMA as a function of conver-
sion (Fig. 4). The results show that in the presence of
PBN the molecular weight linearly increases with
conversion. This fact proves that the number of prop-
agating chains remains constant in the course of poly-
merization, which is typical for polymerization in the
pseudoliving chain mode.

CONCLUSIONS

(1) The kinetic features of polymerization of meth-
yl methacrylate in the presence ofC-phenyl-N-tert-
butylnitrone and the molecular-weight characteristics
of the resulting polymer show that in this system radi-
cal polymerization occurs in the living chain mode.
In the presence of excessC-phenyl-N-tert-butylnitrone
relative to dicyclohexyl peroxydicarbonate, the main
decay pathway of the propagating radicals is their
reaction with nitroxyl radicals. This fact determines
the living character of polymerization, namely, steady
increase in the molecular weight throughout the proc-
ess, with practical absence of the gel effect.

(2) Our results allowC-phenyl-N-tert-butylnitrone
to be considered as agent terminating the polymeric
chain and controlling its lifetime; it shows promise for
preparing macromolecules of preset structure under

conditions of industrial synthesis of polymethyl meth-
acrylate.
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Abstract-Effect of molecular weight of poly-(1,2-dimethyl-5-vinylpyridinium methyl sulfate) on flocculation
of aqueous kaolin suspension is studied.

Up-to-date water treatment processes suggest the
use of reagents providing destabilization and enhanced
separation of a dispersed phase contained in water
[1, 2]. Among these reagents cationic polymer electro-
lytes usually show high performance. Their dissocia-
tion in a solution with formation of high-molecular-
weight polycations ensures a complex flocculating ef-
fect by virtue of neutralization of a negative surface
charge of suspended particles and simultaneous forma-
tion of bridging bonds between them [2, 3]. In our
opinion, poly-(1,2-dimethyl-5-vinylpyridinium methyl
sulfate) (poly-1,2-DM-5-VPMS) shows promise as
such a cationic polyelectrolyte.

Previously we demonstrated that poly-1,2-DM-
5-VPMS with desired molecular and rheological char-
acteristics can be synthesized in the presence of a
series of peroxide initiators,tert-butylperoxypropanol
being the most efficient among them [4, 5]. Based on
this result a process for synthesis of poly-1,2-DM-
5-VPMS was developed and production of KF-91
cationic flocculant based on it was organized. This
flocculant was tested in various processes [6], and its
high performance as a reagent for water treatment is
beyond question. However, we believe that the effi-
ciency of using KF-91 may be increased by virtue of
optimization of the process conditions.

In this work we studied the effect of the molecular
weight of poly-1,2-DM-5-VPMS on flocculation of
aqueous kaolin suspension.

EXPERIMENTAL

Poly-1,2-DM-5-VPMS was synthesized and iso-
lated as in [5]. As a dispersion phase we used kaolin

(KSD brand) with a mean particle size of 7mm.

In flocculation experiments the kaolin concentra-
tion was 4%, and the poly-1,2-DM-5-VPMS concen-
tration Cp was 0.012532.0 mg/g kaolin. The system
was stirred, and the travel time of the flocculi/super-
natant boundary from the first to the second mark on a
cylinder was measured to estimate the sedimentation
rate Vs. Also the turbidity of the supernatantt was
measured 30 min after.

From the experimental data thus obtained we deter-
mined the optimal concentrations of the polyelectro-
lytes. The criterion was the minimal turbidity of the
supernatant, i.e., the maximaldegree of clarification,
and the maximal rate of floccule sedimentation. The
clarification and flocculation factorsDt and DV were
estimated by the following equations:

Dt = (t0/tmin) 3 1, DV = (Vmax/V0) 3 1,

where t0 and tmin are the supernatant turbidity, re-
spectively, without and with the polyelectrolyte added
in the optimal concentration; andV0 and Vmax are
the floccule sedimentation rates under the same con-
ditions.

Introduction of poly-1,2-DM-5-VPMS of various
molecular weights considerably increases both the
suspension sedimentation rate and the rate of sedimen-
tation of flocculi of the kaolin suspension (Fig. 1).
The supernatant turbidity plotted against the floccu-
lant concentration shows extrema (Fig. 1a), which is
typical of the systems solid3water3polyelectrolyte [1].
The polyelectrolyte concentration providing floccula-
tion of the dispersed system ranges from 0.025 to
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0.750 mg g31. Beyond this range the turbidity of
treated water increases. In the case of lower concentra-
tions this can be attributed to the presence of unfloc-
culated and partially flocculated particles. AtCp >
0.750 mg g31 this is due to stabilization of the suspen-
sion by the polyelectrolyte, which is particularly pro-
nounced in the case of the lower-molecular-weight
poly-1,2-DM-5-VPMS withMh = 1.70 106. For this
sample efficient flocculation is observed only at a
concentration of 0.12530.200 mg g31. With increasing
molecular weight of the flocculant the instability
range of the system kaolin3water3flocculant expands.

Data on the floccule sedimentation rate are given in
Fig. 1b. The concentration dependences of the sedi-
mentation rate have extrema also. For the poly-1,2-
DM-5-VPMS sample withMh 1.70 106 the sedimen-
tation rate only slightly changes with the concentra-
tion, ranging within 0.00330.004 m s31. For the other
samples the maximal sedimentation rate is observed at
the flocculant concentration of 0.75030.875 mg g31.

Figure 2 demonstrates the effect of the molecular
weight of the polyelectrolyte on the clarification and
flocculation factors. The clarification factor character-
izing the degree of suspension sedimentation remains
practically unchanged for the samples having lower
molecular weights, and considerably increases with
increasing molecular weight to (335) 0 106. The floc-
culating effect increases rapidly toMh 3.50 106 and
remains practically unchanged with further increasing
molecular weight of the flocculant.

The results show a considerable effect of the
molecular weight of poly-1,2-DM-5-VPMS on floccu-
lation (Fig. 2). Most likely this effect is due to differ-
ent flocculation mechanisms (surface charge neutrali-
zation and bridging bond formation mechanisms)
prevailing at a givenMh. In the case of the flocculant
with lower Mh having a high charge density on the
polycation, flocculation proceeds predominantly by
the charge neutralization mechanism. As a result, the
clarification effect remains constant atMh = (1.733)0
106 (Fig. 2). In this case bridge formation contributes
insignificantly because of small size of the macro-
molecules, as clearly demonstrated by data on the
sedimentation rate, which does not increase with in-
creasing concentration of the lowest-molecular-weight
flocculant with Mh = 1.70 106 (Fig. 1b). Increasing
sedimentation rate and flocculation effect with in-
creasing Mh is associated with increasing size of
the flocculi primarily by the bridging bond formation
mechanism. Therefore, a combination of a high mo-
lecular weight [Mh = (335) 0 106] and charge density
(~ 4 mequiv g31) provides a condition for effective

(a)
t, cm31

Cp, mg g31

(b)

Cp, mg g31

Vs, m s31

Fig. 1. (a) Residual turbidity of the supernatantt and
(b) floccule sedimentation rateVs as functions of the con-
centrationCp of the polyelectrolyte of various molecular
weights.Mh 01036: (1) 1.7, (2) 2.62, (3) 2.75, and (4) 5.31.

Mh 0 1036

Fig. 2. Flocculation factorDt and clarification factorDV
as functions of the molecular weight of poly-1,2-DM-5-
VPMS Mh.

adsorption of the polymer on the dispersed particles,
decreasing surface charge, and formation of bridging
bonds. However, to confirm the proposed flocculation
mechanism, it is necessary to study adsorption of
poly-1,2-DM-5-VPMS on the dispersed particles as
well as the polyelectrolyte effect on the electrokinetic
properties and disperse composition of the dispersions
in more detail.

At present time widely spread flocculants are vari-
ous cationic and anionic derivatives of polyacrylamide
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(PAA). It was demonstrated [7, 8] that sequential in-
troduction of PAA cationic and anionic derivatives
provides the best flocculation effect for kaolin. How-
ever, in this caseDV changes from 3 after introduction
of a cationic derivative to 10 after additional treatment
with an anionic PAA [9], whereas introduction of
poly-1,2-DM-5-VPMS increasesDV to 9370.

The results obtained showed that the flocculation
efficiency of poly-1,2-DM-5-VPMS as a function of
Mh is the highest atMh = (335)0106. This fact should
be taken into account in practical use of commercial
flocculants based on poly-1,2-DM-5-VPMS from
various sources. Thus, the molecular weight of poly-
1,2-DM-5-VPMS of PPS brand is (1.531.8)0 106 [10]
or 2.50 106 [9]. Therefore, according to our results,
its flocculating effect is relatively low. KF-91 floccu-
lant has a higherMh [(334) 0 106] [5, 6], so that it
can be recommended for separation of dispersions.

Indeed, it was demonstrated in [6] that KF-91 floc-
culant shows higher performance in treating waste-
water of various origins as compared to other floc-
culants. Water treated with KF-91 is characterized by
the lowest residual content of suspended and oxidiz-
able (organic) compounds. The performance of this
flocculant is well comparable with that of Sedipur
(BASF) [6]. Furthermore, KF-91 has the maximal bio-
dissimilation coefficient (BDC = COD/BOD) charac-
terizing biodegradation of the residual flocculant in
water. The high BDC of KF-91 (0.84) (for compari-
son, BDC of Sedipur is 0.58) characterizes it as the
most environmentally friendly reagent among the
related ones.

CONCLUSION

Poly-(1,2-dimethyl-5-vinylpyridinium methyl sul-
fate) demonstrates high flocculation effect on aqueous
kaolin suspension, which allows recommendation of
this polyelectrolyte for treatment of water to remove
suspended material. The results obtained suggest that

higher-molecular-weight samples of poly-1,2-DM-5-
VPMS with Mh = (335) 0 106 should provide stronger
flocculation effect in separation of concentrated sus-
pensions and dewatering of precipitates. The optimal
flocculant concentration was found to be 0.033

0.90 mg g31, depending on the dispersion nature and
concentration.
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Abstract-An experimental study is made of the effect of the solution ionic strength and the nature of a
cation (Li, Na, K, Mg, Ca, Sr, and Ba) on fixation of counterions on polysulfonate anions in aqueous solutions
of poly-2-acrylamido-2-methylpropanesulfonic acid and copolymers of acrylamide andN-vinylpirrolidone
with 2-acrylamido-2-methylpropanesulfonic acid.

It is well known that the nature of interaction of
polyions with counterions considerably influences the
thermodynamic and hydrodynamic properties of poly-
electrolyte solutions [1] and also controls the con-
formation state and reactivity of macroradicals grow-
ing in radical polymerization of ionic monomers in
ionizing media [2]. It was demonstrated previously
that the nature of a cation has an effect on radical
polymerization of Li, Na, and K [3] and Mg, Ca, and
Ba salts of 2-acrylamido-2-methylpropanesulfonic acid
(HAMS) [4] and copolymerization of acrylamide
(AA) with Li, Na, and K salts of HAMS in aqueous
solutions [5] and also on flocculating properties
of poly-2-acrylamido-2-methylpropanesulfonic acid
(HPAMS) salts [6]. To gain a better insight into the
effect of the nature of cations on polymerization and
copolymerization of HAMS salts in aqueous solutions
and also on the properties of the resulting polymers,
in this work we studied the features of fixation of
single-charged (Li, Na, K) and double-charged cations
(Mg, Ca, Ba) on polysulfonate anions in aqueous
solutions of HPAMS and copolymers of acrylamide
and N-vinylpirrolidone (N-VP) with HAMS salts.

EXPERIMENTAL

In the work we used samples of NaPAMS and
copolymers of AA andN-VP with NaAMS obtained
by radical polymerization and copolymerization of the
monomers in aqueous solutions. For polymerization
we used HAMS [Lubrizol 2404, mp 185oC (Lubrizol
Corp., the Great Britain)]; acrylamide [mp 84.5oC
(Mitsubishi Chem. Ind., Ltd., Japan)]; andN-vinylpir-
rolidone (Merck, FRG) purified by vacuum distilla-

tion in the presence of 0.1% KOH. All other chemi-
cals used were of chemically or analytically pure
grade. NaAMS was prepared by neutralization of
HAMS to pH 9 in an aqueous solution by titration
with NaOH. The copolymerization procedure was as
in [7]. After copolymerization the resulting polymers
were precipitated by adding aqueous solutions into
acetone, filtered, washed with acetone, and vacuum-
dried to constant weight at room temperature. The
characteristics of the polymers used in this work are
summarized in the table.

Before carrying out viscometric measurements
the samples of NaPAMS and AA/NaAMS and
N-VP/NaAMS copolymers were converted into the
H form on KU-208 cation-exchange resin.

The intrinsic viscosity [h] of the polymers was
determined in 0.5 NaCl at 25+0.5oC using an Ubbe-
lohde viscometer (capillary diameter 0.56 mm). The
viscosity-average molecular weight of the polymers
Mh was estimated as follows [8]:

[h] = 1.950 1035M
h
0.83,

where [h] is expressed in dl g31.

The composition of AA/NaAMS andN-VP/NaAMS
copolymers (SO3H group content) was determined by
titration with NaOH after conversion of the copoly-
mers into the H form on KU-208 cation-exchange
resin.

The reduced viscosityhsp/Cp, wherehsp is the spe-
cific viscosity andCp is the copolymer concentration,
was determined at various solution ionic strengthsm
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Characteristics of polymers and copolymers studied
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

[h],
³

Mh01036
³ Monomeric unit content,

index*
³

cm3 g31
³ ³ mol %

³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ
³ ³ ³ N-VP ³ AA ³ HAMS

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
A ³ 130 ³ 0.63 ³ 3 ³ 3 ³ 100
B ³ 84 ³ 037 ³ 3 ³ 3 ³ 100
C ³ 157 ³ 3 ³ 3 ³ 61 ³ 39
D ³ 130 ³ 3 ³ 3 ³ 88 ³ 12
E ³ 180 ³ 3 ³ 11 ³ 3 ³ 89
F ³ 169 ³ 3 ³ 23 ³ 3 ³ 77

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* Structural formulas of the macromolecules:

cCH2
cCHc(c )cn
g

CcO
g

R

, cCH2
cCHc(c )cn
g

CcO
g

cCH2
cCHc( )cm
g

CcO
g

RNH2

c c c

,

A, B C, D

c(cCH2cCHc)nc(cCH2cCHc)mc,
g

CckO R
g

Nd
C
j

C kO2H
gg

C2H CH2
ccc

E, F

where R = 3NH3C(CH3)23CH23SO3Na.

provided by adding inorganic salts. The measurements
were performed with a VPZh-3 viscometer (capillary
diameter 0.43 mm) at 30oC andCp = const. In deter-
mination of hsp/Cp the viscosities of the polymer
solutions and a solvent was measured at the samem.

In studying the state of the macromolecules of
HPAMS salts and copolymers of AA andN-VP with
HAMS salts in water and aqueous salt solutions one
should take into account the effect of the medium on
the ionization equilibrium of ionic groups:

A3X+ 6
4 A3ºX+ 6

4 A3+ X+,

I II III

where A3 is a macroanion, X+ is a cation, andI, II ,
and III are, respectively, contact ion pairs, ion pairs
separated by a solvent, and freeions.

Increasingm and the degree of association of cat-
ions with polysulfonate anions results in a shift of the
ionization equilibrium to the left and hence in weaken-
ing of the Coulombic repulsion between similarly
charged units along the macromolecular chain. This
leads also to decreasing effective size of the macro-
molecular globules�r2�1/2 and manifests itself in de-

creasinghsp/Cp measured atCp = const. Therefore, the
shape and size of the polyelectrolyte macromolecules
can be characterized on the basis ofhsp/Cp [9, 10].
The reduced viscosity can be used also in solving the
reverse task,i.e., in determination of thedegree of
association of cations with the polyanions, as we
made in this work. The effect of the nature of cations
on the degree of their association with the polyanions
was studied with HPAMS samples of various molecu-
lar weights (samplesA and B), and in the case of
copolymers of AA andN-VP with HAMS, with sam-
ples of various molecular weights (estimated from
[h]) and various chemical compositions of the macro-
molecules (samplesC, D, E, F).

Let us analyze the dependence ofhsp/Cp of HPAMS
(sampleA) solutions onm preset by additions of in-
organic salts of single-charged (Li2CO3, NaCl, KCl)
and double-charged cations (MgCl2, CaCl2, SrCl2,
BaCl2) (Fig. 1a). The results show that the reduced
viscosity decreases with increasingm, which can be
attributed, as noted above, to decreasing effective size
of the macromolecular globules as a result of weaken-
ing Coulombic repulsion between similarly charged
units along the macromolecular chain. At a givenm
the reduced viscosity decreases in the order Li+ >
Na+ > K+ > Mg2+ > Ca2+ > Sr2+ > Ba2+ (Fig. 1a,
curves137). Similar pattern was observed for another
HPAMS sample (B) atCp = 0.5%. These effects are
due to increasing degree of association of the coun-
terions with polysulfonate anions with increasingm
and cationic radius in the order Li+ < Na+ < K+ <
Mg2+ < Ca2+ < Sr2+ < Ba2+.

These results are consistent with the fact that the
degree of association of Na+ in NaPMS solutions in-
creases with the ionic strength [11] and also with data
on the degree of association of alkali and alkaline-
earth metal ions in solutions of other strong polyelec-
trolytes such as poly-p-styrenesulfonic and poly-
ethenesulfonic acids, obtained by various physico-
chemical methods [12].

The degree of association of single- and double-
charged cations with the polyions of AA/HAMS co-
polymers was determined for samplesC andD having
different chemical composition and [h]. Data on
hsp/Cp for sample C (AA/HAMS copolymer) as a
function of m preset by addition of salts of single-
(LiCl, NaCl, KCl) anddouble-charged cations (MgCl2,
CaCl2, SrCl2, BaCl2) are given in Fig. 1b. The results
show that asm increases, the reduced viscosity de-
creases as a result of reduction of the size of macro-
molecular globules�r2�1/2. At m = consthsp/Cp de-
creases in the order K+ < Na+ < Li+ < Ba2+ < Sr2+ <
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(a)

m, M

(b)

m, M

(c)

m, M m, M

hsp/Cp, cm3 g31 hsp/Cp, cm3 g31

hsp/Cp, cm3 g31

hsp/Cp, cm3 g31

(d)

Fig. 1. Reduced viscosityhsp/Cp of aqueous solutions of samples (a)A, (b) C, (c) E, and (d)F as a function of the ionic strength

m at Cp = 0.1%. Supporting electrolyte: (a) (1) Li2CO3, (2) NaCl, (3) KCl, (4) MgCl2, (5) CaCl2, (6) SrCl2, and (7) BaCl2;
(b) (1) KCl, (2) NaCl, (3) LiCl, (4) BaCl2, (5) SrCl2, (6) CaCl2, and (7) MgCl2; and (c, d) (1) KCl, (2) NaCl, (3) Li2CO3,
(4) BaCl2, (5) CaCl2, and (6) MgCl2.
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Ca2+ < Mg2+ (Fig. 1b, curves137). The similar pat-
tern was obtained for sampleD also. Figure 1b dem-
onstrates strong decrease inhsp/Cp on passing from
single- to double-chagred cations (atCp = const),
which can be attributed to more effective shielding by
them of the polyanion charges and also to contraction
caused by the chelation effect. Results obtained with
copolymers with various molecular characteristics over
a wide range of the supporting electrolyte concentra-
tions suggest that the degree of association of the
cations with polysulfonate anions of the AA/HAMS
copolymers increases with increasingm. Depending on
the nature of the cation the degree of association in-
creases in the order K+ < Na+ < Li+ < Ba2+ < Sr2+ <
Ca2+ < Mg2+.

As in the case of AA/NaAMS copolymers (Fig. 1b),
for N-VP/HAMS copolymers with various molecular
characteristics (samplesE and F) the degree of as-
sociation of cations with the polyanions increases with
increasingm. Similarly, depending of the nature of the
cation the degree of association increases in the order
K+ < Na+ < Li+ < Ba2+ < Ca2+ < Mg2+ (Figs. 1c
and 1d).

Thus, in the case of AA/HAMS andN-VP/HAMS
copolymers the effect of the nature of cations on the
degree of association differs from that observed for
HPAMS homopolymers. It should be pointed out that
under the experimental conditions changing chemical
composition and molecular weight of the polymers
(see table) did not change the order of variation of the
degree of association of cations with the polyanions. It
may be suggested that the observed trends are caused
by interaction between the sulfonate and amide groups
in the case of AA/HAMS [13] andN-VP/HAMS
copolymers [14].

To conclude, the general nature of observed trends
of counterionic association in solutions of the poly-
electrolytes studied was demonstrated in experiments
with polymers and copolymers with various molecular
characteristics over wide concentration ranges of co-
polymers and supporting electrolytes. The results ob-
tained allows general interpretation of the effect of the
nature of a cation on the kinetics of homopolymeriza-
tion of HAMS salts [3, 4] and of their copolymeriza-
tion with AA [5] and N-VP in aqueous solutions.

CONCLUSIONS

(1) In poly-2-acrylamido-2-methylpropanesulfonic
acid solutions the degree of association of cations
with the polyanions increases with increasing ionic
strength and cationic radius in the order Li+ < Na+ <
K+ < Mg2+ < Ca2+ < Sr2+ < Ba2+.

(2) In the case of AA/HAMS andN-VP/HAMS
copolymers the degree of association of cations with
the polyanions increases with increasing ionic strength
also, but the effect of cations on the degree of associa-
tion differs from that for HPAMS, changing, respec-
tively, in the order K+ < Na+ < Li+ < Ba2+ < Sr2+ <
Ca2+ < Mg2+ and K+ < Na+ < Li+ < Ba2+ < Ca2+ <
Mg2+.
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Abstract-Kinetic features of homogeneous radical copolymerization of acrylamide with magnesium 2-acryl-
amido-2-methylpropanesulfonate in concentrated aqueous solutions in the presence of the initiating system
potassium peroxosulfate3sodium hydrosulfite at pH 9 and 50oC were studied by dilatometric technique.

Copolymers of acrylamide (AA) with salts of
2-acrylamido-2-methylpropanesulfonic acid (H-AMS)
are the efficient flocculants, stabilizers, lubricants, and
thickening agents. They are used in water purification,
hole drilling, and oil production [1, 2]. Valuable com-
mercial characteristics of copolymers, insufficient data
on their synthesis, and specific kinetic effects in co-
polymerization of ionogenic monomers [3, 4] moti-
vate the urgency of studying copolymerization of AA
with salts of H-AMS. It is well known [3, 4] that one
of the factors of the efficient control of (co)polymeri-
zation of ionogenic monomers is ionic strength of a
solutionm. The effect of the ionic strengthm on poly-
merization [5, 6] and copolymerization of AA with
salts of single-charged cations and H-AMS [7] was
studied previously. In this report, we considered the
effect ofm on the features of radical copolymerization
of AA with magnesium salt of H-AMS (Mg-AMS) in
aqueous and aqueous-salt solutions.

EXPERIMENTAL

We used acrylamide produced by the Mitsubishi
Chem. Ind. Ltd. (mp 84.5oC), H-AMS (mp 185oC)
produced by the Labrizol Corp., cation exchanger
KU-208 [GOST (State Standard) 10896378], dis-
tilled water, and other chemicals of chemically pure
grade. The copolymer of Mg-AMS was produced by
neutralization of H-AMS to pH 9 in aqueous solution
under the action of 20% suspension of Mg(OH)2 and
was used in the form of aqueous solution.

Copolymerization was carried out in dilatometers
to low conversion (x < 4%) and in glass weighing
bottles to high conversion. The procedures of copoly-

merization and dilatometric study of copolymerization
kinetics were similar to those described in [7]. After
completing the copolymerization, the copolymers
were precipitated from aqueous solutions to acetone,
washed with acetone, and dried at room temperature
in a vacuum drier to constant weight. The yield of
copolymers was determined gravimetrically, and the
chemical composition was determined by elemental
analysis for sulfur [8].

Potentiometric measurements were carried out on
a pH-121 unit with the use of glass (ESL 63-07) and
silver chloride (EVL 1M3) electrodes at 25oC.

The molecular weight of copolymers was evaluated
from the intrinsic viscosity [h] of the solutions, deter-
mined by isoionic dilution in 0.5 M NaCl in an Ubbe-
lohde viscometer (dc = 0.5 mm) at 25oC.

Copolymerization of AA (M1) with Mg-AMS (M2)
was carried out in concentrated aqueous solutions
of the monomeric mixture ([M1 + M2] = 10320%)
at pH 9 and 50oC. The reaction was initiated by the
system potassium peroxosulfate (PP)3sodium hydro-
sulfite (SHS), which is widely used and is highly ef-
ficient in polymerization of water-soluble monomers.
The reaction was carried out at PP concentration of
5.20 1034 and SHS concentration of 3.50 1034 M.
The pH was kept at the level of 9, which excluded
hydrolysis of Mg-AMS [9] and imidization of amide
groups [10] and also provided highly efficient initia-
tion of copolymerization by the system PP3SHS [11]
and constancy of the initiation rate at variation of Mg-
AMS concentration and addition of low-molecular-
weight salts, since the rate of PP decay in alkaline
media is independent ofm [12]. Preliminary experi-
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Table 1. Parameters of copolymerization of AA with
Mg-AMS in aqueous solutions. [AA] = 0.35 [PP] = 5.20
1034, [SHS] = 3.50 1034 M
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
[Mg-AMS], ³ v0 0 105, ³

kc
³ Yield in ³ [h],

M ³ mol l31 s31 ³ ³ 2 h, % ³ cm3 g31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
0.13 ³ 1.9 ³ 0.11³ 3 ³ 3

0.16 ³ 2.7 ³ 0.12³ 3 ³ 3

0.20 ³ 4.1 ³ 0.13³ 3 ³ 94
0.23 ³ 4.4 ³ 3 ³ 41 ³ 102
0.35 ³ 9.0 ³ 0.15³ 62 ³ 3

0.39 ³ 12.3 ³ 0.17³ 63 ³ 133
0.46 ³ 15.8 ³ 0.16³ 63 ³ 142
0.53 ³ 20.0 ³ 0.16³ 73 ³ 152
0.59 ³ 23.8 ³ 0.16³ 68 ³ 172

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

ments confirmed that under experimental conditions
copolymerization of AA with Mg-AMS does not
proceed in the absence of initiators and, in the pres-
ence of initiators, proceeds under homogeneous condi-
tions at any conversion owing to sufficiently high
solubility of the monomers and copolymers in water.

The effect of the ionic strength on copolymeriza-
tion of AA with Mg-AMS was evaluated in experi-
ments with variation of the initial concentration of
Mg-AMS and addition of the low-molecular-weight
salt MgCl2. In so doing, we took into account that
the apparent reactivity in copolymerization of AA is
independent ofm [13, 14]. The kinetic data on the
process were obtained from the linear portions of
the kinetic curves of copolymerization, plotted from

v0 0 105, mol l31 s31

[MgCl2], M

Fig. 1. Initial rate of copolymerization of AA with
Mg-AMS v0 in aqueous solutions as a function of concen-
tration [MgCl2]. [AA + Mg-AMS] = 10%, molar ratio
[AA] : [Mg-AMS] = 5 : 5.

the dilatometric data at low conversions (x < 4%).
The kinetic parameters of copolymerization are listed
in Table 1. It is seen that with increasing initial con-
centration of Mg-AMS the initial rate of copolymeri-
zation v0, yield, and molecular weight of copolymers
increase in parallel. The ratev0 also increased with
an increase in the concentration of the low-molecular-
weight electrolyte MgCl2 in the range 0.130.5 M in
the experiments performed at a constant concentration
of the mixture M1 + M2 (Fig. 1). To determine the
reaction order of copolymerization with respect to
Mg-AMS concentration, we analyzed data in Fig. 2.
In the studied range of Mg-AMS concentrations the
dependence logv03log [Mg-AMS] is not linear
(Fig. 2a, curve1). In passing to solutions with higher
concentrations of the monomer (0.3530.59 M) the
reaction order with respect to Mg-AMS increases
from 1.5 to 1.7. The similar variation of the reaction
order with respect to the monomer was observed in
polymerization ofN,N-diethylaminoethyl methacrylate
hydrochloride [15], potassium and sodium salts of
H-AMS [5, 6], and also in copolymerization of AA
with Na salt of H-AMS [7], which is caused by an
increase in viscosity of the reaction mixture [5].

To establish the equation for the total rate of co-
polymerization of AA with Mg-AMS, we performed
the experiments for variable concentrations of AA and
the components of the initiating system with the con-
centrations of the other components and the reaction
conditions kept constant. The effect of the AA con-
centration on copolymerization was evaluated in
the range 0.1430.48 M. It is evident from Fig. 2a
(curve2) that with an increase in AA concentrationv0
decreases, and the reaction order of copolymerization
with respect to AA is equal to 1. The effect of PP and
SHS concentrations on copolymerization is illustrated
in Fig. 2b and Table 2. From Fig. 2b and Table 2 it
follows that with increasing concentrations of PP and
SHS v0 and the yield of the copolymers increase
and the molecular weight decreases. The decrease in
the molecular weight with increasing concentration of
PP (Table 2) is caused by the increase in the concen-
tration of free radicals in the system, which is typical
of radical copolymerization. The decrease in the mo-
lecular weight with increasing concentration of SHS
(Table 2) may be due to growing contribution of chain
transfer to the macroradical~M., which can be re-
presented by the scheme

~M. + HSO3
3
76 ~MH + SO3

3 .. (1)

In aqueous solutions, HSO33 ions are formed at
20oC when [SHS] < 1033 M, which can be presented
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Table 2. Effect of concentrations of PP and SHS on copolymerization of AA with Mg-AMS. [M1 + M2] = 10%,
AA : Mg-AMS = 3 : 7
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
PP (SHS) con-³ v0 0 105, ³ Yield in ³ [h], º PP (SHS) con-³ v0 0 105, ³ Yield in ³ [h],
centration, M³ mol l31 s31 ³ 2 h, % ³ cm3 g31 º centration, M³ mol l31 s31 ³ 2 h, % ³ cm3 g31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
ºPotassium peroxosulfate º Sodium hydrosulfite
º0.031 ³ 11.3 ³ 60 ³ 85 º 0.00035 ³ 6.4 ³ 69 ³ 112

0.044 ³ 13.9 ³ 69 ³ 68 º 0.00084 ³ 6.7 ³ 72 ³ 108
0.070 ³ 18.2 ³ 77 ³ 74 º 0.00168 ³ 7.7 ³ 77 ³ 102
0.079 ³ 20.6 ³ 81 ³ 47 º 0.00224 ³ 9.5 ³ 80 ³ 60

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

by the scheme

S2O5
23 + H2O 76 2HSO3

3. (2)

From data in Fig. 2b, we determined the orders of
the copolymerization with respect to the concentra-
tions of PP and SHS, which are 0.5 and 0.1,respec-
tively. Based on the results of the experiment, we
found the empirical equation for the total rate of co-
polymerization of AA with Mg-AMS, which is as
follows:

vc = kc[AA] 1.0[Mg-AMS]1.5[PP]0.5[SHS]0.1, (3)

where kc is the rate constant of copolymerization.

In Eq. (3) kc = (kg/kt
1/2)(2f kdec)

1/2, where kg, kt,
and kdec are the rate constants of chain growth and
termination and of initiator decomposition, respec-
tively; f is the initiation efficiency.

Taking into account the reaction orders found by
Eq. (3), we evaluated thekc values presented in
Table 1. It is seen that with increasing the initial con-
centration of Mg-AMS thekc values initially increase
and then become constant at [Mg-AMS] > 0.35 M.
This variation ofkc can be caused by variation ofm.
The effect ofm on the rate constant of the reaction
between A and B ions can be determined from the
Debye3H1uckel theory by the simplified equation

logk = logk0 + 2ZAZBgm
1/2, (4)

wherek0 is the rate constant of the reaction atm = 0,
ZA and ZB are the degrees of oxidation of A and B
ions, andg is a constant for the given solvent and tem-
perature. Equation (4) can be used for estimation of
the effect of m on copolymerization with participa-
tion of ionogenic monomers. The experimental data
presented in the coordinates of Eq. (4) are shown in
Fig. 3. Theincrease inkc = (kg/kt

1/2)(2f kdec)
1/2 with

increasingm, observed in Fig. 3 at lowm, is caused by
an increase in thekg/kt ratio, since under the experi-
mental conditionskdec # f (m) [12]. An increase ofm
weakened the electrostatic repulsion of sulfonate

(a)

log [AA] + 2 [M]

log [Mg-AMS] + 1 [M]

(b)

log [SHS] + 4 [M]

log [PP] + 4 [M]

Fig. 2. Initial rate of copolymerization of AA with Mg-AMS
(v0) as a function of concentration of (1) Mg-AMS, (2) AA,
(3) PP, and (4) SHS. (234) [Mg-AMS] = 0.4, (4) [PP] =
5.201034, and (3) [SHS] = 3.501034 M. [AA] (M):
(1) 0.35 and (3, 4) 0.17. (a, b) For comments, see text.
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m
1/2 [M]

log kc + 1

Fig. 3. Dependence of logkc on m1/2 [M] in copolymeriza-
tion of AA with Mg-AMS in aqueous solutions. [AA] =
0.4 M.

[MgCl2], M

hsp/Cp, cm3 g31

Fig. 4. Reduced viscosityhsp/Cp of copolymer of AA with
H-AMS in water as a function of MgCl2 concentration.
Cp = 0.1%; 30oC; [h] = 157 cm3 g31, content of H-AMS
units 38.7 mol %.

v0 0 104, mol l31 s31 [h], cm3 g31

Fig. 5. Dependences of (1, 2) copolymerization initial rate
v0 and (1`, 2`) [h] of copolymers of AA with Mg-AMS on
the mole fraction of AA in the initial monomeric mixture
M1. [AA + Mg-AMS] (%): (1, 1`) 10 and (2, 2`) 20.

anions in Mg-AMS and in terminal units of Mg-AMS
macroradicals (in the events of chain growth) and also
between sulfonate anions at the ends of two macro-
radicals (in the events of chain termination). This
should favor increase inkg and kt. It is evident that
with increasingm the predominant increase in kg is the
reason of an increase inkg/kt

1/2 and kc values, since
in this case the molecular weights of the resulting
copolymers increased (Table 1). In the range of low
m the conformation state of the macromolecules also
varied, which was confirmed by data presented in
Fig. 4. As seen, with increasingm hsp/Cp decreased
(at Cp = const) owing to weakening of electrostatic
repulsions of like charges of macromolecules and con-
taction of macromolecular globules in the solution. At
high m, hsp/Cp varied slightly at changingm (Fig. 4).
This is caused by stabilization of the size of the co-
polymer macromolecules, which evidently leveled the
accessibility of the growing macroradical for the
ionogenic monomer and the reactivity of Mg-AMS in
copolymerization. As a result,kg and kt did not vary
and the ratiokg/kt

1/2 andkc were constant in the range
of high m (Fig. 3).

Let us consider the effect of the composition of the
initial monomeric mixture on copolymerization of AA
with Mg-AMS. As seen from Fig. 5, throughout the
studied range of the initial ratios of monomers at
[M1 + M2] = const an increase in the AA content in
the monomeric mixture results in an increase inv0
(curves1, 2) and a decrease in [h] (curves1`, 2`) of
the copolymers. These data suggest higher reactivity
of AA in copolymerization in comparison with
Mg-AMS and formation of copolymers with higher
molecular weight in monomeric mixtures enriched
with Mg-AMS units. It is also seen from Fig. 5 that
with increasing initial concentration of the monomeric
mixture M1 + M2 the v0 values (passing from curve1
to curve2) and the molecular weights (passing from
curve 1` to curve 2`) increase.

In Fig. 6 is presented the instant composition of the
copolymer as a function of composition of the initial
monomeric mixture in copolymerization of AA with
Mg-AMS. This curve corresponds to the relative ac-
tivities of monomersrAA < 1 andrMg-AMS < 1. The
values of rAA and rMg-AMS were not determined,
since in the system under consideration the variation
of the ionic strength of the solution under conditions
of synthesis (owing to variation ofm with variation
of the Mg-AMS concentration and in the course of
the reaction) results in variable copolymerization
constants; therefore, copolymerization cannot be de-
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Fig. 6. Composition of copolymer of AA with Mg-AMS as
a function of AA mole fraction in the initial monomeric
mixture M1 at the conversionx < 4%. [AA + Mg-AMS] =
10%. (m1) Mole fraction of AA units in the copolymer.

scribed by fixed constants with the use of classic
equations [4].

The above data suggested the possibility of produc-
tion of macromolecular copolymers of AA with
Mg-AMS with a high yield and controllable values of
v0, molecular weight, and copolymer composition by
copolymerization of monomers in concentrated solu-
tions in water and aqueous-salt solutions.

CONCLUSIONS

(1) The copolymerization ratev0 increases with
increasing concentration of the monomeric mixture
acrylamide + Mg 2-acrylamido-2-methylpropanesul-
fonate, acrylamide, Mg 2-acrylamido-2-methylpro-
panesulfonate, potassium peroxosulfate, and sodium
hydrosulfite, and also on addition of MgCl2. Thekg/kt
ratio increases with increasingm in the range of lowm
and does not vary in the range of highm.

(2) The intrinsic viscosities [h] of copolymers in-
crease with increasing concentration of the mixture
acrylamide + Mg 2-acrylamido-2-methylpropanesul-
fonate and Mg 2-acrylamido-2-methylpropanesulfo-
nate and also with decreasing concentration of potas-
sium peroxosulfate and sodium hydrosulfite.

(3) The reactivity of acrylamide in copolymeriza-
tion is relatively high in comparison with Mg 2-ac-
rylamido-2-methylpropanesulfonate.
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Abstract-The kinetic features of flocculation of an ocher suspension and thickening of its precipitate in
aqueous and aqueous-salt solutions containing ionic and nonionic acrylamide copolymers with different
composition and molecular properties were studied.

Water-soluble arylamide (co)polymers produced in
large scale are widely used in industry as highly effi-
cient, cheap, readily available, and technologically
safe flocculants and stabilizers of various dispersion
systems (DSS) [133].

The performance of polyacrylamide flocculants
(PAAFs) depends not only on their chemical nature
and molecular parameters, the nature and physico-
chemical properties of the dispersed phase (DP) (first
of all the specific surface area, concentration of the
adsorption centers, lyophilic nature of the surface,
etc.), and the nature of dispersion medium, but also
on the conditions of sedimentation of the DP (free or
hindered) and parameters of the flocculation process
[4]. The study of the correlation between flocculation
processes under conditions of hindered sedimentation
and thickening of the precipitates [5, 6] is of scientific
and practical interest since kinetics of these processes
is poorly understood [7, 8].

It should be noted that the liquid phase of a num-
ber of DSs used in practice contains various active
additives (in particular, salt additives) which can
strongly affect the flocculation.

In this work we studied the kinetic features of floc-
culation of model DS, an ocher suspension, and thick-
ening of the precipitate in aqueous and aqueous-salt
(0.5 N NaCl) media in the presence of nonionic and
ionic (anionic and cationic) PAAFs with different
compositions and molecular properties.

EXPERIMENTAL

We studied five samples of PAAFs differing in
the chemical nature of the copolymer and molecular

parameters: nonionic polyacrylamide (N) and ionic
(A1, A2, C1, and C2) copolymers of acrylamide with
different concentrations of ionic units. The viscosity-
average molecular weight of sample N with the struc-
tural formula

(3CH23CH3)n
|
CONH2

is
-
Mh = 7.40 106. Anionic PAAFs (A1 and A2) are

random copolymers of acrylamide with sodium acry-
late with viscosity-average molecular weight

-
Mh =

5.40 106 and
-
Mh = 7.660 105 and content of ionic

unitsb = 17.4 andb = 80%, respectively. Samples C1
and C2 are random copolymers of acrylamide and
dimethylaminoethyl methacrylate hydrochloride with
-
Mh = 2.30 106 and 1.060 106, b = 16.3 and 62%,
respectively.

The viscosity-average molecular weight
-
Mh of the

flocculants was calculated from the intrinsic viscosity
[h] by the Mark3Houwink equation

[h] = K
-

Mh
a, (1)

where K and a are tabulated constants [9, 10].

To eliminate the polyelectrolytic effect in determi-
nation of [h], 0.5 N aqueous solution of NaCl was
used as the solvent.

To provide more reliable and comprehensive esti-
mation of the flocculating properties of acrylamide
(co)polymers, we also studied polyoxyethylene (POE)
widely used in industry. The viscosity-average molec-
ular weight of POE having the structural formula
(CH23CH23O)n is

-
Mh = 2.20 106.
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The kinetics of sedimentation of an ocher suspen-
sion [[golden] trade name, TU (Technical Specifica-
tions) 301-019390] under hindered conditions [4] in
the presence of the tested polymeric additives (in all
experiments the initial concentration of DP wasCd =
8%) was studied in 2000-ml volumetric cylinders by
the shift of the boundary between the clarified and
nonclarified suspension. This method allows reliable
monitoring of the sedimentation in the steps of both
accelerated sedimentation (flocculation) and thicken-
ing of the precipitate [11, 12].

Ocher was kept in the dispersion medium for 1 day.
The suspension was mixed by 10-fold overturn of the
cylinders just before the experiment.

The flocculation effect was quantitatively charac-
terized by the specific dimensionless parameterD:

D = (
3
V/
3
V0) 3 1, (2)

where 3V and 3V are average sedimentation rates of DF
in the presence and in the absence of the flocculants,
respectively.

It should be noted that in all experiments3V and 3V0
were measured at constant degree of clarification of
the working suspensionQ = 0.5.

The efficiency of the polymeric additives was quan-
titatively estimated by the flocculating powerl [1]:

(
3
V /

3
V0 3 1) D

l = ÄÄÄÄÄÄÄÄÄ = ÄÄÄ, (3)
C C

where C is the flocculant concentration.

WhenD andl are positive, a polymeric additive is
a flocculant; atD < 0 and l < 0 it is a stabilizer.

Viscometric analysis of PAAF and POE solutions
was performed on an Ostwald viscometer with a capil-
lary 0.540 1033 m in diameter. The correction for the
kinetic energy of the flowing liquid was less than
1.5% and was neglected in calculation of the viscosity
numbers:

hsp t 3 t0
ÄÄÄ = ÄÄÄÄÄ, (4)
C t0C

where t and t0 are the time of effluence of solution
with the polymer concentrationC and the solvent,
respectively.

Let us consider the kinetics of flocculation of an
ocher suspension in water in the presence of PAAF
and POE. The kinetic curves are shown in Fig. 1. To
simplify comparison of curves237, the amount of

t, min
Fig. 1. Kinetic curves of sedimentation of an aqueous ocher
suspension. Flocculant: (1) none, (2) C2, (3) POE, (4) A2,
(5) C1, (6) PAA, and (7) A1. [PAAF] = [POE] = 201033%.
(Q) The degree of clarification and (t) time; the same for
Figs. 2 and 3.

flocculants introduced in the suspension was the same
(2 0 1033%). Considerable differences in the location
of curves5, 7 and2, 4 (Fig. 1) and hence in the floc-
culation effectsD and flocculation powerl (see table)
can be due to differences in the molecular weights

-
Mh

of the tested polymers and in the charge densities on
their macromoleculesb.

The molecular weights
-
Mh of copolymers A1 and

C1 are considerably higher than those of copolymers
A2 and C2. The root-mean-square size of these macro-
molecules� 3R2�0.5 varies in parallel with

-
Mh [9]. The

fact that� 3R2�0.5 of A1 and C1 is larger than that of A2
and C2 is also due to lower parametersb for A2 and
C1 since the shielding of the charges localized along
the macromolecules of A2 and C2 with higher content
of ionic groups is more pronounced. The stronger
shielding decreases the electrostatic potential of repul-
sion between similarly charged units of the macro-
molecules and hence decreases�

3R2�0.5 [13, 14]. The
higher � 3R2�0.5, the higher is probability of formation
of bonds of a macromolecule with two and more
ocher particles (bridge formation). As a consequence,
experimentalD and l of copolymers A1 and C1 are
considerably higher than those of copolymers A2 and
C2. These correlations between the flocculation pa-
rameters andM of ionic PAAF (A1, A2, C1, and C2)
confirm additionally the bridge mechanism of floc-
culation in the tested systems.

As seen from kinetic curves5 and 7 (Fig. 1) and
values of parametersD and l (see table), anionic
copolymer A1 is stronger flocculant with respect to
ocher than cationic copolymer C1.

Taking into account the negative charge of DP par-
ticles, the ratio between the flocculation parameters of
copolymers A1 and C1 additionally supports the bridge
mechanism of flocculation in the tested systems.
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Summary of data on flocculation of an ocher suspension and thickening of the precipitate in aqueous and aqueous-salt
(0.5 N NaCl) solutions in the presence ofPAAF and POE
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Sequence of³ Flocculant
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³

introduction
³ N-2000 ³ POE ³ A1 ³ C1 ³ A2 ³ C2³ of components³ ³ ³ ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
D0.5 ³F ³ 83.0 ³ 0.300 ³ 154 ³ 2.56 ³ 3.25 ³ 1.13

³NaCl + F ³ 54.5 ³ 3 ³ 142 ³ 1.94 ³ 3.25 ³ 3.25
³F + NaCl ³ 19.0 ³ 0.660 ³ 37.5 ³ 1.08 ³ 3.25 ³ 1.13
³(NaCl + F) ³ 36.6 ³ 0.850 ³ 9.00 ³ 1.50 ³ 4.72 ³ 1.13
³ ³ ³ ³ ³ ³ ³

l 01033, m3 kg31 ³F ³ 4.15 ³ 0.015 ³ 7.73 ³ 0.128 ³ 0.163 ³ 0.057
³NaCl + F ³ 2.73 ³ 3 ³ 7.09 ³ 0.097 ³ 0.163 ³ 0.163
³F + NaCl ³ 0.950 ³ 0.033 ³ 1.88 ³ 0.054 ³ 0.163 ³ 0.057
³(NaCl + F) ³ 1.83 ³ 0.043 ³ 0.45 ³ 0.075 ³ 0.236 ³ 0.057
³ ³ ³ ³ ³ ³ ³

g 0 105, s31 ³F ³ 132 ³ 18.3 ³ 95.0 ³ 35.4 ³ 10.1 ³ 14.7
³NaCl + F ³ 21.2 ³ 2.03 ³ 109 ³ 24.3 ³ 10.8 ³ 12.2
³F + NaCl ³ 52.7 ³ 18.1 ³ 64.8 ³ 19.3 ³ 14.9 ³ 10.3
³(NaCl + F) ³ 113 ³ 22.7 ³ 101.7 ³ 20.1 ³ 29.8 ³ 10.6
³ ³ ³ ³ ³ ³ ³

rpr 0 1033, kg m33³F ³ 1.25 ³ 1.28 ³ 1.24 ³ 1.24 ³ 1.26 ³ 1.19
³NaCl + F ³ 1.24 ³ 1.26 ³ 1.24 ³ 1.24 ³ 1.18 ³ 1.21
³F + NaCl ³ 1.24 ³ 1.26 ³ 1.24 ³ 1.24 ³ 1.21 ³ 1.22
³(NaCl + F) ³ 1.24 ³ 1.26 ³ 1.24 ³ 1.25 ³ 1.21 ³ 1.21

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
Note: F is flocculant;g is the constant of precipitate thickening;rpr is the precipitate density;g 0 105, s31 andrpr 01033, kg m33 for

ocher and ocher + 0.5 N NaCl are 4.22 and 16.3; 1.30 and 1.29, respectively.

The experimental relationsD(A1) >> D(C1) and
l(A1) >> l(C1) indicate different nature of ocher sorp-
tion on polymer A1 and C1 since these results cannot
be explained by the differences in

-
Mh and �

3
R2�0.5

becauseD and l of polymers with
-
M > 1 0 106 are

almost independent of
-
Mh [1, 4]. If the numbers of

PAAF macromolecules forming[bridge] and[anchor]
bonds (since adsorption occurs on a single DF particle,
these macromolecules are not involved in the floccu-
lation) with particles of the DP are denoted asN1
and N2 [4], respectively, then, apparently,y1(A1) >>
y2(C1) and y2(A1) < y2(C1) where

N1 N2
y1 = ÄÄÄÄÄÄÄ, y2 = ÄÄÄÄÄÄÄ,

N1 + N2 N1 + N2

The strong differences in parametersy1 and y2 for
copolymers A1 and C1 can be due to the presence of
both positively (owing to Fe3+) and negatively (owing
to silanol groups) charged areas on the surface of DP
particles [15]. To complete the analysis, it should be
noted that the tested PAAFs are irreversibly and
almost completely adsorbed on ocher particles (the
degree of adsorption isa > 0.98) [16].

The parametersy1 and y2 depend not only on the

macroion charge but also on the nature and concen-
tration of active centers on DP particles and the
[PAAF]/Cd ratio [1, 4].

As seen from curves3 and6 (Fig. 1) and the table,
PAA is more efficient flocculant than POE. The fact
that D andl of POE are lower than those of PAA is
due to more compact conformation of POE macromol-
ecules. This, in particular, is indicated by considerably
smaller values of �

3
R2�0.5 for POE, which can

be indirectly estimated by comparing the viscosity
numbers atC = const. For example, (hsp/C) 0 1033 for
PAA and POE atC=0.1% are 3.58 and 0.635 cm3 g31,
respectively.

Let us consider ocher sedimentation when PAAF
(or POE) and inorganic electrolyte (NaCl) are present
simultaneously. The influence of the ionic strength on
flocculation of ocher suspension in the presence of
PAAF under conditions of hindered sedimentation
(Cd = 6%) was studied in [17].

It was of interest to estimate the influence of the
ionic strength on the kinetics of ocher sedimentation
in the presence of not only anionic but also other sam-
ples of PAAF and POE. The influence of process
parameters on ocher sedimentation should be also
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taken into account, since, as noted in [18320], the sed-
imentation stability strongly depends on the sequence
of introduction of the active additives in the system.

Three modes of flocculant (F) introduction were
tested: (1) first NaCl and then F; (2) first F and then
NaCl; (3) simultaneous introduction of NaCl and the
flocculant in an ocher suspension. It should be noted
that the amount of PAAP and NaCl additives was the
same in all experiments. As seen from Fig. 2, the
flocculation effect strongly depends on the sequence
of introduction of the cationic flocculants C1 and C2
and NaCl electrolyte.

When F is introduced after NaCl, the flocculation
effect D is maximal (Fig. 2, curves5, 7).

These results suggest that introduction of NaCl into
an ocher suspension yields dense coagulation ag-
gregates of DP particles, which are suitable[nuclei]
for formation of relatively large floccules in subse-
quent introduction of the flocculant. The floccules
contain, along with DP particles and NaCl, macro-
molecules of cationic acrylamide copolymers with a
medium and high content of ionic groupsb.

The kinetic curves of ocher sedimentation in the
presence of copolymers A1 and A2 and NaCl electro-
lyte are shown in Figs. 3a and 3b. Even visual com-
parison of the kinetic curves shows that the floccula-
tion parameters of copolymer A1 are considerably
higher than those of A2 at all sequences of introduc-
tion of PAAF and NaCl. The quantitative difference
in these parameters is seen from the table:D(A1) >
D(A2) and l(A1) > l(A2).

The flocculation parametersD anl of ionic PAAF,
C1, C2 (Fig. 2) and A1 (Fig. 3b) in 0.5 N NaCl, as
influenced by the introduction mode, decrease in the
order F after NaCl > NaCl after F > NaCl + F simul-
taneously. Our experimental results show that macro-
molecular globules strongly[contract] at direct con-
tact of polymeric additives C1, C2, A1, with NaCl
coagulant. This is clearly confirmed by the results of
viscometric analysis (Fig. 4). Sharp decrease in the
viscosity numbers�3R2�0.5 changes similarly) with in-
creasing electrolyte concentration is due to weakening
of electrostatic repulsion of similarly charged groups
of the macromolecules owing to shielding of negative
charges of A1 and positive charges of C1 and C2. As
a result, the macromolecules roll up in globules. The
parameters�3R2�0.5, D, and l change similarly (see
table).

It should be noted that the flocculation parameters
of PAA and POE nonionic polymers with respect to

t, min

Fig. 2. Kinetic curves of sedimentation of an aqueous ocher
suspension (1) in the absence and (237) in the presence of
PAAF cationic flocculant [(2, 3, 5) C2 and (4, 6, 7) C1] and
NaCl electrolyte. Introduction mode: (5, 7) F after NaCl,
(2, 4) NaCl after F, and (3, 6) NaCl + F simultaneously.
[C1] = [C2] = 2 0 1033%, [NaCl] = 0.5 M.

t, min

(a)

t, min

(b)

Fig. 3. Kinetic curves of sedimentation of an aqueous ocher
suspension (1) in the absence and (234, 2`34`) in the
presence of anionic acrylamide copolymers (a,234) A2 and
(b, 2`34`) A1 and NaCl electrolyte. Introduction mode:
(3, 3̀) F after NaCl, (2, 2̀) NaCl after F, and (4, 4̀) NaCl +
F simultaneously. [A1] = [A 2] = 201033%, [NaCl] =
0.5 M.

ocher in aqueous media fundamentally differ from
those in aqueous salt media (see table). Unlike PAA,
introduction of inorganic electrolyte has virtually no
effect of the flocculation parameters of POE. This is
mainly due to globular conformation of POE macro-
moleculs. Low flocculation parameters of POE were
noted in [22].

This is also confirmed by the weak dependence of
the viscosity numbers of POE (Fig. 4, curves4) on
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hsp/Cp 0 1033, cm3 g31

I, M
Fig. 4. Viscosity numberhsp/C of (1) A1, (2) C2, (3) N,
and (4) POE flocculants as a function of the ionic strength
of the solution I = [NaCl]. [PAAF] = [POE] = 0.1%.

t, min
Fig. 5. Kinetic curves of thickening of precipitates of
an ocher suspension (1) in the absence of additives, (2) in
the presence of NaCl ([NaCl] = 0.5 M) and (335) in the
presence of C2 PAAF ([C2] = 2 01033%) and NaCl. Intro-
duction mode: (4) F after NaCl, (5) NaCl after F, and
(3) NaCl + F simultaneously. (Q) Degree of clarification
and (t) time.

the ionic strength of the solutionI. These results in-
directly indicate that�3R2�0.5 of POE remains virtually
the same since the dependenceshsp/C = f (I) and
�
3R2�0.5 = f (I) are similar.

As seen from Fig. 4(curve 3), hsp/C of PAA ap-
preciably decreases with increasing [NaCl]. This is
probably due to the fact that PAA contains small
amount (132 mol %) of carboxy groups formed by
hydrolysis of the amide groups during preparation of
the polymer. The decrease in the flocculation param-
etersD andl of sampleN with increasingI is manly
due to the decrease in the size of its macromolecules.

The aim of second step of our work was to study
the kinetics of thickening of ocher precipitates in the
presence of the same PAAFs. The kinetic curves of
thickening of an ocher precipitate in the presence of
copolymer C2 or NaCl or of their mixture are shown
in Fig. 5. Using theprocedure described in our previ-
ous work [7], we calculated the constant of the pre-
cipitate thickeningg from the slope of the ln [Qmax 3
Q(t)] = f (t) curves constructed from the experimental
data (Fig. 5).

As seen from the table, in all the tested systems the
constants of thickening of ocher precipitatesg in the
presence of PAAF and POE exceed those for pure
ocher and the ocher3NaCl system. This is obviously
due to flocculation in the first step of ocher sedimen-
tation in the presence of the polymers and NaCl
coagulant depending of the sequence of their intro-
duction.

It should be noted that the most important param-
eter of the precipitate is its densityrpr. The structure
of the precipitate and the degree of its thickening and
dehydration can be estimated fromrpr. The precipitate
densityrpr depends on the weight content and density
of its solid phase [6] and is calculated by the equation

m + (Vpr 3 m/r)r0
rpr = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (5)

Vpr

where r and r0 are the density of ocher (r = 2.70
103 kg m33) and water (r0 = 2.70 103 kg m33), re-
spectively, andm is the ocher weight.

The precipitate volume is calculated by the
equation

Vpr = (1 3 Qmax)V0, (6)

whereV0 is the working volume of an ocher suspen-
sion in a volumetric cylinder.

The experimental results presented in the table
show thatrpr of the precipitates formed in the pres-
ence of the flocculants and NaCl coagulant is slightly
lower than that of the ocher precipitate formed in the
absence of these additives. This is due to formation of
macromolecular bridges between particles of DP.
The floccules thus formed are more friable including
the region of Q values close toQmax.

CONCLUSIONS

(1) The kinetics of flocculation of an ocher sus-
pension and thickening of the precipitates in aqueous
and aqueous-salt (0.5 N NaCl) media in the presence
of nonionic and ionic (anionic and cationic) acryl-
amide copolymers having different composition and
molecular parameters was studied.

(2) The flocculation power was correlated with the
molecular parameters of the flocculants. The sedimen-
tation stability strongly depends on the sequence of
introduction of the flocculants and the electrolyte.

(3) The thickening constants and densities of ocher
precipitates formed in the presence of the flocculants
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in aqueous and aqueous-salt (0.5 N NaCl) media were
calculated.
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Abstract-Chemical activation of cellulose material was studied as a means to improve the mechanical char-
acteristics of experimental paper.

This report is a continuation of our previous article
[1] in which we suggested a principally new approach
to choosing a cellulose activator, based on thermody-
namic studies and a few available publications [238].
We showed in [1] that the degree of cellulose activa-
tion with an aqueous solution of a chemical reagent
depends on the structure of the solvent (liquid water),
which is, in turn, determined by the nature and con-
centration of the solute. Based on thermodynamic
studies (calorimetry, densimetry), we proved that
water in the presence of structure-breaking and struc-
ture-making electrolytes transforms the hydrophilic
and sorption properties of cellulose by affecting its
structure [133]. It was shown that the most promising
activating agent is biuret which, when added in small
concentrations (335 wt %), facilitates maximal devel-
opment of the capillary-porous structure of cellulose
and makes it more accessible for the liquid medium.

The goal of this study was improvement of the
paper-forming properties of the cellulose material by
optimization of cellulose activation with aqueous
solutions of organic substances. We studied the physi-
comechanical properties of experimental paper that
was obtained from cellulose activated with aqueous
solutions of biuret, dimethyl sulfoxide (DMSO), and
acetamide. Experiments were performed with bleached
sulfate cellulose (Arkhangelsk Pulp-and-Paper Plant,
Joint-Stock Company) which had the following char-
acteristics:a-cellulose content 91.8%, degree of poly-
merization 1700, degree of crystallinity 65%, and ash
residue 6%. Activated cellulose was prepared by stir-
ring a 6% cellulose suspension for 2 min in the pres-
ence of an activator, washed with distilled water, and
squeezed to a cellulose concentration of 50 wt %.
Experimental castings of 100+1 g m32 weight were
prepared on a sheet-casting machine and subjected to
standard physicomechanical tests. The concentration

of the organic component was varied within 035 wt%.
The results of physicomechanical tests are given in
Figs. 1 and 2 and in the table.

Figures 1a and 1b show that the effect of cellulose
activation with aqueous solution of an organic sub-
stance depends on its nature and concentration. The
breaking length BL and relative elongatione0 of paper
substantially increase as the concentrations of biuret
and DMSO are increased to 1.5 and 5 wt %, respec-

(a)BL, m

C, wt %

e, % (b)

C, wt %

Fig. 1. Effect of concentrationC of (1) biuret, (2) DMSO,
and (3) acetamide in aqueous solution on the (a) breaking
length BL and (b) relative elongatione0 of paper formed by
the traditional procedure.
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tively (Figs. 1a, 1b). As the concentration of the
organic substance is increased further, these param-
eters decrease. As seen from the table, the tear resis-
tance E varies in parallel with BL ande0.

Figure 2 shows the influence of cellulose activation
with biuret on the degree of polymerization of cellu-
lose and strength of a single fiber BL0. The degree
of polymerization was determined viscometrically at
25oC in a solution of the sodium iron tartrate complex
(SITC).

As seen from Fig. 2, treatment of cellulose with
biuret is accompanied by insignificant degradation of
cellulose and the loss of the strength of a single fiber.

The physicomechanical characteristics of the exper-
imental paper sample (see table;Figs. 1, 2) are consis-
tent with the previously measured [1] physicochemical
properties of cellulose (heat of wetting, water-retain-
ing power, and density) activated with biuret, DMSO,
and acetamide.

The parallel variation of the mechanical character-
istics of paper and physicochemical properties of acti-
vated cellulose allows us to explain the dependence of
these properties on the nature and concentration of the
organic agent. Addition of biuret and DMSO, which
are structure-breaking agents with respect to water,
increases the content of weakly associated water mol-
ecules whose penetration into previously inaccessible
very fine pores and capillaries of the cellulose fiber
becomes possible. For development in cellulose of
microareas comparable in size with water molecules,
biuret is preferable, since it contains a larger number
of groups actively interacting with water and breaking
its clusters. From this standpoint, it is possible to ex-
plain the dependence of the physicomechanical char-
acteristics of paper on the nature and concentration of
the organic additives.

Figures 1a and 1b show that BL,e0, andE increase
only at small concentration of the activator. This is
due to formation and growth of the total volume of
microareas of the cellulose fiber. In such a fiber, in
the course of dehydration of the fibrous mass for
paper production, the pores are closed to a greater
extent, ensuring formation of a uniform and less
strained macrostructure [1]. An increase in the pore
size at a higher content of the activator causes forma-
tion of fibers with a more strained and less regular,
and hence more defective, structure [1]. Furthermore,
swelling of cellulose in a biuret aqueous solution is
accompanied not only by weakening of hydrogen
bonds and alteration of the capillary-porous structure

C, wt %

DP; BL0, m

Fig. 2. Effect of concentrationC of biuret aqueous solution
on the (1) degree of polymerization DP and (2) strength of
the single fiber BL0.

of the polymer, but also by chemical processes de-
creasing the degree of polymerization (Fig. 2). Degra-
dation of cellulose macromolecules is responsible for
a decrease in the strength of single fibers and hence
in the strength of paper as a whole (Fig. 2). At a bi-
uret concentration less than 1.5 wt %, BL0 and the de-
gree of polymerization also slightly decrease (Fig. 2),
but the paper-forming properties of cellulose are not
noticeably affected.

Figures 1a and 1b show that acetamide (structure-
making agent with respect to liquid water) does not
enhance the strength of the experimental paper, and
at its content higher than 5 wt % the mechanical char-
acteristics of the paper drastically decrease. Measure-
ments [1] of the density, water-retaining power, and
sorption showed that addition of acetamide to the
cellulose3water system favors formation of a coarse-
porous structure of cellulose. The lack of developed
submicroscopic system of pores and capillaries im-
pairs the paper-forming properties of the cellulose
fiber and decreases the paper strength.

Tear resistance of paper produced from activated fibers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
Modifier (aque-³Activator concen-³ Tear resist-

ous solution) ³ tration, wt % ³ ance E, g
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

3 ³ 0 ³ 52
Biuret ³ 1.2 ³ 56

³ 1.6 ³ 64
³ 2.1 ³ 62
³ 3.7 ³ 58
³ 4.1 ³ 56

DMSO ³ 4.8 ³ 58
³ 6.1 ³ 54
³ 6.5 ³ 53

Acetamide ³ 3.5 ³ 52
³ 4.6 ³ 50
³ 5.3 ³ 47
³ 6 ³ 44

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
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Abstract-A possibility of production of nonporous magnetic matrices with two-layer coating based on cobalt
ferrite with the aim to use these matrices for fixation of biologically active substances was considered. The
function of the first layer (silica coating) is to shield the cobalt ferrite surface and provide conditions for
applying the second (polymer) layer containing various functional groups.

With advances in modern procedures of recovery
and purification of various chemical compounds, par-
ticularly biologically active substances, the necessity
arises to produce matrices with a set of useful specific
characteristics. In this connection, production of mat-
rices that, among other things, are capable of mag-
netization is an urgent problem. These matrices can be
used for fixation in bioengineering and also for re-
covery and purification of enzymes and other biologi-
cally active substances, when the use of standard
matrices is impossible (e.g., in the case of highly vis-
cous homogenate of biologically active substances). In
addition, carriers based on magnetic matrices can be
recovered from a suspension by applying magnetic
fields instead of centrifuging [1].

At present, magnetic matrices for affine sorbents
and supports are produced by KLB Co. (Sweden), IBF
(France), etc. They consist of agarose and acrylamide
gels, swelling in solvents, with admixed magnetite
(up to 7 wt %).

However, these matrices do not fully meet the re-
quirements placed upon them; the main requirements
are mechanical strength of the matrix material, chemi-
cal resistance to biologically active substances and
chemical reagents, insolubility in a wide range of
solution pH, the features of wettability and swelling in
the eluent, and the reactivity providing the possibility
of chemical modification [2].

Instead of the above gels of the organic origin,
a silica gel shell having low nonspecific sorption,
ideal rigidity, and soft hydroxyl cover can be used [3].
However, it should be borne in mind that in modifica-
tion of these matrices with hydrophobic radicals (ethyl

C2, octyl C8, and others) only about 40% of silanol
groups at the matrix surface are involved in the modi-
fication. The residual silanol groups can cause un-
desirable silanol reactions deteriorating the quality of
the operations. To avoid this, after modification the
surface of these matrices is additionally treated with a
low-molecular-weight hydrophobic modifier, e.g.,
trimethylchlorosilane. However, in this case, too,
shielding of the residual silanol groups is incomplete.

Another drawback of silica gel matrices is their
operating range of pH restricted to neutral and acidic
solutions (pH 338).

To eliminate the above drawbacks and produce
magnetic matrices most fully meeting the imposed
requirements, it seems appropriate to apply two-layer
coatings on the surface of powdered magnetic materi-
als. As the first layer, silica having active silanol
groups at its surface can be used, owing to which a
great variety of chemical compounds with various
functional groups can be fixed at the silica surface.
The second layer can be formed by macromolecular
compounds chemisorbed at the SiO2 surface and
shielding all the surface silanol gropus.

The possibility of applying silica coating on vari-
ous supports is described in sufficient detail in [436],
where the application conditions and characteristics
of protecting silica coatings on the surface of nickel,
iron, aluminum, and other oxides, and also various
metals and alloys are presented.

Thus, the aim of this work is to study a possibillity
of production of nonporous two-layer magnetic mat-
rices based on cobalt ferrite for fixation of biological-
ly active substances.
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, min
Fig. 1. Chromatogram of the test mixture uracil (1)3ben-
zene (2)3toluene (3). Support: cobalt ferrite with silica
coating and grafted C8 phase, pressure 154 bar. (t) Time;
the same for Fig. 2.

EXPERIMENTAL

As the initial magnetic material we used finely
dispersed powdered cobalt ferrite synthesized by the
procedure described in [7]. All chemicals (cobalt and
iron chlorides, and also sodium hydroxide) were of
chemically pure grade.

The procedure of applying silica coating on the
surface of cobalt ferrite particles was as follows.
Powdered cobalt ferrite was suspended at continuous
stirring in distilled water heated to boil. Then, dilute
sodium silicate solution with a concentration of
2 wt % recalculated to SiO2 and a silicate modulus
(SiO2/Na2O molar ratio) no less then 3 was slowly
added to the resulting suspension. The amount of
sodium silicate solution ensured the weight ratio of
cobalt ferrite to silicon dioxide of approximately 738.
In addition of sodium silicate solution, the volume of
the initial suspension was kept constant.

After addition of the required amount of sodium
silicate solution, heating was stopped, and the suspen-
sion was cooled to room temperature, decanted,
washed with distilled water on a filter, and filtered.
The resulting powder was dried in a drying chamber
at 150oC and subjected to heat treatment at 900oC in
a muffle for 5 h.

To rehydroxylate the silica surface and to provide a
possibility of its modification, the resulting powder

was kept in boiling 20% nitric acid for 20 h. In so
doing, dissolution of the magnetic support was not
observed. This suggests that the surface of cobalt
ferrite particles is completely coated with silica.

The second, polymeric, layer was applied on the
silica surface according to the procedure described
in [8, 9]. As a macromolecular compound, we used
copolymer of methyl methacrylate with octadecyl
methacrylate at a molar ratio of 1 : 1.

To assess the quality of coatings, the resulting
magnetic matrices with single- and two-layer coatings
were tested by the reversed-phase high-performance
liquid chromatography (HPLC).

This procedure was selected owing to its higher
efficiency and accuracy in comparison with the other
well-known procedures. The surface of magnetic
matrices with single-layer silica coating was modified
with octylsilane (C8).

In all chromatographic experiments, we used
columns 4.6 mm in diameter and 50 mm long.
A Beckman HPLC chromatograph equipped with
double-beam UV detector operating at 254 nm was
used. As an eluent, we used an acetonitrile3acetone
mixture with the component ratio of 30 : 70; the flow
rate of the eluent was 1 ml min31.

Figure 1 illustrate separation of a test mixture
(uracil, benzene, and toluene) in a column packed
with the magnetic matrix (particle size 1.5mm) with a
single-layer coating containing a grafted C8 phase.
The chromatogram shows that on the magnetic sup-
port it is possible to obtain a high-grade silica coating
with active silanol groups, to which the C8 phase can
be covalently grafted. However, the use of these
matrices as packing materials for reversed-phase
chromatography is beyond the scope of this report.
This chromatogram should be considered only as illu-
stration of possibility of applying a high-quality thin-
layer silica coating to magnetic support and blocking
its surface.

Figure 2 illustrates separation of a test mixture
(uracil, pyridine, phenol, and toluene) in a column
filled with the magnetic matrix (particle size 1.5mm)
with a two-layer coating. The chromatogram shows
that the retention time of pyridine (Fig. 2c, 0.475 min)
is less than that of phenol (Fig. 2d, 0.512 min). This
fact proves that[silanol] interaction of the surface of
the resulting matrices with pyridine is not manifested,
i.e., the surface of magnetic matrices with the two-
layer coating contains no silanol groups [10].

Thus, this study showed that film magnetic mat-
rices can be produced by applying a two-layer coating
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(a) (b)

(c)

t, min

(d)

t, min

Fig. 2. Chromatogram of (a) the test mixture uracil (1)3
pyridine (2)3phenol (3)3toluene(4) and (b3d) its com-
ponents. Support: cobalt ferrite with silica and polymer
coatings, pressure 130 bar.

to the surface of highly dispersed particles of mag-
netic materials. These film magnetic matrices com-
pletely conform to the requirements imposed on mat-
rices used for fixation of biologically active sub-
stances [2]. The specific surface area of the resulting
magnetic matrices is relatively low (133 m2 g31)
owing to their minimum porosity. Therefore, they are
more suitable for bulky biomolecules, for which the
problem of intraporous penetrability becomes of deci-
sive importance.

CONCLUSIONS

(1) On a magnetic support (cobalt ferrite), it is
possible to prepare a nonporous silica coating with
active silanol groups to which aliphatic chains of
various length can be covalently grafted.

(2) Application of the second layer, polymeric
coating, provides inactivation of silanol groups at the
matrix surface and also the presence of functional
groups required for fixation of biologically active
substances.
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Abstract-The feasibility of preparing dioxolanylmethyl methacrylates from aldehydes in two stages (without
purification of intermediate 4-hydroxymethyl-1,3-dioxane) was examined.

Proceeding with studies on synthesis of dioxolanyl-
methyl methacrylates (DMMs), we examined the feas-
ibility of their synthesis from aldehydes. Previously
[1, 2] we found conditions for preparing DMMs from
ketones and revealed specific features of preparation
of 4-hydroxymethyl-2-alkyl-1,3-dioxolanes (HMDs),
intermediates in DMM synthesis. We suggested that
these compounds are formed as mixtures of isomers.
The goal of this study is synthesis of DMMs both
from separate HMD isomers and their mixture.

The two-stage procedure for preparing dioxolanyl-
methyl methacrylates from aldehydes can be repre-
sented by the scheme
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Studies were performed with acetaldehyde (in the
form of paraldehyde) and propionaldehyde, following

the previously described synthetic and analytical pro-
cedures [2]. First, we examined the possibility of
formation of isomeric 1,3-dioxan-5-ol. For this pur-
pose we performed an independent synthesis of HMD
from 4-hydroxymethyl-2,2-dimethyl-1,3-dioxolane:
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Formation of the six-membered ring in reaction (3)
is impossible, and the occurrence of reaction (3) can
be judged from the release of acetone. The reaction
product in the chromatogram gave the same peaks
with the same retention time as the HMD prepared
from glycerol. This fact confirms the assumption
about the isomeric composition of HMD. Further-
more, these results showed that reaction (3) can be
used for preparing 1,3-dioxolane alcohols difficultly
accessible by the direct route, since reaction (3) oc-
curred under fairly mild conditions. We also prepared
HMD from glycidol, i.e., by reaction also excluding
formation of 1,3-dioxan-5-ol. The retention times of
HMD isomers prepared by this reaction and from
glycerol coincided. These facts convincingly prove
that reaction of glycerol with aldehyde does not yield
1,3-dioxan-5-ol, and HMD is formed as a mixture of
isomers.

To elucidate the full pattern of the two-stage syn-
thesis, it was important to determine whether all the
isomers undergo ester interchange. For this purpose,
we performed thorough fractional distillation of HMD
prepared from glycerol and propionaldehyde under
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reduced pressure in a nitrogen atmosphere on a 60-cm
column. Separation gave two low-boiling fractions
(68370oC at 537 mm Hg and 72374oC at 536 mm Hg)
and bottoms.

Chromatographic analysis of the fractions per-
formed on two different stationary phases showed that
the first fraction was a practically individual sub-
stance (92395% purity). The second fraction was,
apparently, a mixture ofcis and trans isomers (ap-
proximately 66 and 28%) with an impurity of a third
isomer. Published data on isomerism of heterocyclic
compounds suggest the possibility of formation ofcis
and trans isomers; with different substituents, the
number of isomers increases to four (two isomers for
each of thecis and trans forms) [3, 4]. The first frac-
tion, practically consisting of a single isomer, was
analyzed by1H NMR spectroscopy (Tesla BS-567
spectrometer, 100 MHz). The spectrum was consistent
with the structure of 1,3-dioxolane containing one
hydroxy group. The signal at 3.434.2 ppm (relative to
HMDS) corresponds to the 1,3-dioxolane ring [5].
Thus, the1H NMR and GLC data showed that a rather
complex mixture of isomers was formed. Detailed
study of its composition is beyond the scope of this
work.

The second stage involving reaction of HMDs with
methyl methacrylate (MMA) was performed under
conditions of ester interchange with HMDs based on
ketones [1]. The reaction vessel was equipped with a
distillation column. HMD was taken as a single iso-
mer and as an isomeric mixture. The results were as
follows. After removal of unchanged reactants by dis-
tillation under reduced pressure in a nitrogen atmos-
phere, DMM was obtained as a mixture of two iso-
mers, irrespective of whether the initial HMD was an
individual isomer or an isomeric mixture. It should
be noted that the ratio of the HMD isomers is deter-

mined by reaction conditions, mainly by the nature of
the acid catalyst. Thus, to prepare dioxolanylmethyl
methacrylates from glycerol, MMA, and aldehydes,
there is no need to separate the isomers formed in the
first stage. The yield of DMM based on glycerol is
about 60%. The physicochemical characteristics of
one of DMMs, 2-methyl-1,3-dioxolan-4-ylmethyl
methacrylate, are as follows: colorless transparent liq-
uid; bp 84386oC at 536 mm Hg;d4

20 = 1.079 g cm33;
nD

20 = 1.4540; molecular refraction: calculated 46.35,
found 46.40.

CONCLUSIONS

(1) Dioxolanylmethyl methacrylates are formed
from aldehydes, glycerol, and methyl methacrylate
as mixtures of two isomers, irrespective of whether
the intermediate 4-hydroxymethyl-1,3-dioxolane was
taken as individual isomer or isomeric mixture.

(2) 1,3-Dioxan-5-ol is not formed in reaction of
aldehydes with glycerol.
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Abstract-The fractional composition of black oil from Astrakhan condensed gas was studied with the aim
of its processing to produce commercial fuel.

The Astrakhan Gas Complex is the leading gas-
processing plant in the lower Volga region. The rated
annual production of separation gas is 12.00 109 m3.
Also, commercial petroleum products are produced:
gas sulfur, gasoline, diesel fuel, and black oil. The
Astrakhan Gas-Processing Plant (AGPP) sells black
oil containing 2.833.2 wt % sulfur as M-100 boiler
fuel. Because of high sulfur content, the demand for
such fuel is limited, and it is sold at a low price, since
the majority of heat and electric power plants in the
region tend to use gas as environmentally cleaner fuel.
The physicochemical characteristics of two samples of
black oil taken in different times are listed in Table 1.

As seen from Table 1, black oil from the Astrakhan
condensed gas deposit is characterized by a high con-
gealing point (30331oC) and a low coking capacity
(1.0531.11%); it contains three groups of compounds
in comparable amounts: (1) paraffins and naphthenic
compounds, (2) aromatic compounds, and (3) resins
and asphaltenets. The content of solid paraffins is
about 18%, and the sulfur content, 3%.

To examine the feasibility of depth processing of
the black oil, we obtained and examined its close-cut
fractions. Deep-vacuum distillation of the residual
components of the condensate under laboratory condi-
tions was performed with a Manovyan flask [1] al-
lowing distillation at temperatures up to 5603580oC
at a residual pressure of 40370 Pa without noticeable
decomposition. We also used a MINITOP automated
installation, following the ASTM D 2892390 testing
procedure. The characteristics of close-cut (10oC)
fractions of averaged black oil samples are listed in
Table 2.

It is seen that the content of sulfur in fractions
is approximately equal, being within 2.833.4 wt %.
Solid paraffins are distributed nonuniformly. For
example, in the 3203400oC fraction the content of

C203C25 is 8.77 wt % relative to black oil; the content
of C263C28 in the 4003430oC fraction, C293C31 in
the 4303450oC fraction, and C323C36 in the 4503
500oC fraction is 29.94, 17.94, and 37.20 wt %, re-
spectively. Oil distillates (3203500oC fraction)
amount to 13.5 wt % of stable condensate. They are
characterized by a high viscosity index; however, the
necessity of labor-consuming removal of sulfur and
paraffins makes unfeasible production of base oils in
the course of processing of condensed gas. The most

Table 1. Physicochemical characteristics of black oil from
Astrakhan Gas-Processing Plant
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Sample no.
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ 1 ³ 2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Nominal viscosity 0NV at 80oC³ 10.0 ³ 10.7
Ash residue, % ³ 0.10 ³ 0.09
Weight fraction, %: ³ ³

mechanical impurities ³ 0.20 ³ 0.15
water ³ 3 ³ 3

sulfur ³ 2.7 ³ 3.0
water-soluble acids and alkalis³ 3 ³ 3

hydrogen sulfide ³ 3 ³ 3

Coking capacity, % ³ 1.05 ³ 1.11
Density at 20oC, kg m33 ³ 934.5 ³ 935.0
Flash point in closed crucible,oC ³ 85.0 ³ 85.3
Open flash point,oC ³ 117.0 ³ 115.0
Congealing point,oC ³ 31.0 ³ 30.0
Heat of combustion (lower) for dry³41 680 ³41 590
fuel, kJ kg31 ³ ³
Component content, wt %: ³ ³

paraffins and naphthenic com-³ 37.8 ³ 38.5
pounds ³ ³
aromatic compounds ³ 32.0 ³ 31.8
resins ³ 27.8 ³ 27.3
asphaltenes ³ 2.4 ³ 2.4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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Table 2. Characteristics of close-cut (10oC) fractions of black oil*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Fraction, oC
³

m, %
³

r, kg m33
³

h, mm2 s31
³ Cp ³ C ³ CS

³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
3203360 ³ 10.97 ³ 920 ³ 8.9 ³ 8.670 ³ 0.027 ³ 3.0
3603380 ³ 3.39 ³ 921 ³ 9.0 ³ 8.709 ³ 0.028 ³ 3.3
3803390 ³ 4.73 ³ 925 ³ 11.61 ³ 9.832 ³ 0.039 ³ 3.4
3903400 ³ 5.61 ³ 929 ³ 12.75 ³ 8.118 ³ 0.053 ³ 3.1
4003410 ³ 3.95 ³ 929 ³ 15.52 ³ 28.626 ³ 0.078 ³ 3.4
4103420 ³ 5.72 ³ 935 ³ 18.42 ³ 28.787 ³ 0.092 ³ 3.0
4203430 ³ 4.62 ³ 935 ³ 27.02 ³ 32.509 ³ 0.092 ³ 2.8
4303440 ³ 6.70 ³ 936 ³ 50.85 ³ 17.652 ³ 0.164 ³ 3.2
4403450 ³ 1.72 ³ 938 ³ 39.36 ³ 19.098 ³ 0.190 ³ 2.9
4503460 ³ 2.40 ³ 942 ³ 49.81 ³ 40.212 ³ 0.284 ³ 2.8
4603470 ³ 3.21 ³ 944 ³ 50.80 ³ 34.657 ³ 0.295 ³ 3.2
4703480 ³ 5.75 ³ 944 ³ 66.70 ³ 37.547 ³ 0.336 ³ 3.2
4803490 ³ 6.08 ³ 945 ³ 83.0 ³ 37.086 ³ 0.560 ³ 3.0
4903500 ³ 2.20 ³ 947 ³ 83.1 ³ 37.110 ³ 0.561 ³ 3.1

>500 ³ 32.95 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* (m) Fraction amount (by weight), (r) density at 20oC, (h) viscosity at 50oC, (Cp) paraffin content, (C) coking capacity, and

(CS) sulfur content.

appropriate way to utilize wide-cut vacuum gas oil
and its close-cut fractions is production of high-vis-
cosity and motor fuel for low- and medium-speed ship
engines, since the requirements to the quality of such
fuel are less stringent.

As components of ship fuel we used black oil of
grade 100, wide-cut vacuum gas oil (3203500oC frac-
tion), and its close-cut fractions (3203400, 4003450,
and 4503500oC); for dilution and modification of the
structure and properties of petroleum residues, we
used straight-run and hydrorefined diesel fraction
from AGPP. The compounds prepared ensured the
optimal conditions of transportation and pumping of
the fuel; the sulfur content did not exceed the level
permitted by the standard [2].

The ship fuel compounds contained, along with
diesel fuel, 60% vacuum gas oil (3203400oC), 60 or
50% wide-cut distillate (3203500oC), or 20% black
oil and 40% 3203500oC fraction. The quality of these
compounds met the requirements imposed on high-
viscosity ship fuels [TU (Technical Specifications)
38.1011314390] of the following grades: light high-
viscosity SL, high-viscosity SVL, and also on DT and
DM motor fuels [GOST (State Standard) 1667368].

At present, AGPP has no facilities for vacuum
distillation; therefore, we examined the possibility of
preparing ship fuel by compounding black oil with
diesel fuel in a vortical-bed apparatus (VBA) of

V-105K-04 type. Compounds were prepared by the
vigorous stirring and dispersion in combination with
acoustic and electromagnetic treatments [3].

The compound containing 35% black oil and 65%
diesel fuel, prepared in a VBA at 140oC and treatment
time of 30 s, shows a high resistance to phase separa-
tion and a congealing point as low as310oC, whereas
the mechanical stirring as the only kind of treatmnent,
performed for 30 min, gives a product with a congeal-
ing point of 35oC. Because of improved low-tempera-
ture properties of the fuel, the weight fraction of high-
paraffin black oil could be increased to 45%. In this
case, the congealing point of the fuel was37oC. The
total sulfur content in the fuel was 1.5%, which met
the requirements of the standard.

The decreased congelaing point of the ship fuel is
apparently due to favorable conditions for dispersion
of black oil components in the bulk of the diesel fuel,
provided in VBA, so that the sizes of crystallizing
paraffins decrease and the structure of the compound
becomes more uniform and cross-linked.

CONCLUSIONS

(1) From black oil of stable condensate from the
Astrakhan Gas-Processing Plant, it is feasible to pro-
duce standard fuel for low-speed diesels by its com-
pounding with diesel fuel, followed by treatment in
a vortical-bed apparatus.
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(2) Using vacuum distillation facilities, it is feas-
ible to produce from this black oil, by direct com-
pounding with diesel fuel, commercial fuel of the SL
and SVL grades according to TU 38.1011314390 and
motor fuels of the DT and DM grades according to
GOST 1667368.
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Abstract-The feasibility was examined for improving the quality of commercial bitumen by its plasticization
with high-paraffin black oil and sulfur from the Astrakhan Gas-Processing Plant, with treatment of the mixed
components in a vortical-bed apparatus at 1303140oC for 25 s.

In the context of urgent problems of improving the
quality of bitumens produced in Russia, finding new
ways to involve sulfur in industrial processes, and
developing new sulfur-containing products, we per-
formed studies on modification of commercial bitu-
mens with sulfur. It is known that the influence of
sulfur on the structure of petroleum bitumens is the
most pronounced when sulfur is present as a conden-
sation structure and sulfur-containing asphaltenes are
formed at relatively low mixing temperatures (140oC).
Sulfur3bitumen binder was prepared by continuous
stirring of the components with a mechanical stirrer
for an optimal time [1, 2].

It is interesting to study the effect of electromag-
netic field in combination with mechanical treatment
on activation of compounding of the sulfur3bitumen
binder in a V-150K-04 vortical-bed apparatus. No data
are available on the combined effect of mechanical
treatment and electromagnetic field, in particular, on
preparation of sulfur-containing bitumens. Therefore,
we examined the feasibility of obtaining, using a com-
bined effect of electromagnetic field and mechanical
activation, the optimal disperse structure of sulfur-
containing bitumens by compounding viscous bitu-
mens with residual components of stable condensate
and sulfur from the Astrakhan Gas-Processing Plant
(AGPP).

As components of sulfur3bitumen binders we used
samples of viscous bitumen of the BND 60/90 grade
from West-Siberian oils, technical-grade sulfur, and
high-paraffin black oil from AGPP. Commercial BND
60/90 bitumen exhibits insufficient adhesion and
practically no margin with respect to the softening

point. The residual components of the stable conden-
sate from AGPP were used as diluents for the viscous
bitumen and plasticizers for the petroleum sulfur3

bitumen binder. Sulfur acts as a bitumen modifier
owing to interaction with active groups of asphaltenes
[2]; it also acts as a filler enhancing the heat resistance
of the compound.

Mechanochemcial activation of compound compo-
nents was performed in a vortical-bed apparatus
(VBA) with application of the rotating electromagnet-
ic field at the melting point of sulfur. As grinding
bodies were used iron needles. The sulfur3bitumen
compound was prepared as follows. A VBA ampule
was charged with BND 60/90 bitumen and black oil
in various proportions. The mixture was kept for
several minutes at 1303140oC. Then sulfur was added
in the molten or finely divided form. Electromagnetic
treatment of the mixture in VBA was performed at
130oC for 5325 s depending on the amount of the
added sulfur. At the mixing temperature, sulfur melts
and, under vigorous stirring, is uniformly dispersed
in the bulk of the binder.

Data on the influence of sulfur on commercial
characteristics of sulfur-containing bitumens with
various ratios of the dispersed phase to dispersion
medium are listed in the table. It is seen that the com-
pound prepared from BND 60/90 bitumen and black
oil in a 4 : 1 ratio exhibits a relatively narrow plastic
range, which is due to high concentration in high-
boiling black oil fractions of paraffins and naphthenic
hydrocarbons, including solid paraffins with a high
melting point (52370oC). Addition of sulfur (up to
5 wt %) increases the softening point and decreases
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Commercial characteristics of sulfur-containing bitumens
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
BND 60/90 bitumen : black³ Sulfur content, ³

Penetration0 10, mm
³

Softening point,oC
³

Brittle point, oC
oil weight ratio ³ wt % ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
4 : 1 ³ 0 ³ 200 ³ 27.0 ³ 312.0

³ 5 ³ 140 ³ 39.0 ³ 318.5
³ 10 ³ 89 ³ 47.3 ³ 325.0
³ 15 ³ 76 ³ 50.5 ³ 314.0
³ 20 ³ 70 ³ 53.0 ³ 312.5
³ ³ ³ ³3 : 1 ³ 0 ³ 260 ³ 21.0 ³ 311.5
³ 5 ³ 200 ³ 25.5 ³ 315.0
³ 10 ³ 180 ³ 31.0 ³ 316.0
³ 15 ³ 160 ³ 35.5 ³ 318.0
³ 20 ³ 120 ³ 38.0 ³ 319.0
³ 25 ³ 96 ³ 40.5 ³ 320.5
³ 30 ³ 72 ³ 47.0 ³ 322.0
³ 35 ³ 68 ³ 49.0 ³ 320.0
³ ³ ³ ³2 : 1 ³ 0 ³ 300 ³ 15.5 ³ 313.0
³ 5 ³ 280 ³ 17.0 ³ 314.0
³ 10 ³ 250 ³ 21.0 ³ 314.5
³ 15 ³ 210 ³ 25.5 ³ 316.0
³ 20 ³ 160 ³ 31.0 ³ 318.0
³ 25 ³ 110 ³ 38.5 ³ 320.0
³ 30 ³ 86 ³ 45.5 ³ 325.0
³ 35 ³ 79 ³ 47.5 ³ 320.5
³ ³ ³ ³1 : 1 ³ 0 ³ 380 ³ 3 ³ 311.0
³ 10 ³ 280 ³ 25.0 ³ 312.5
³ 20 ³ 220 ³ 29.0 ³ 318.0
³ 30 ³ 160 ³ 33.0 ³ 322.0
³ 40 ³ 110 ³ 41.5 ³ 324.0
³ 50 ³ 89 ³ 47.5 ³ 326.5
³ 60 ³ 78 ³ 49.5 ³ 321.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

penetration, which is due to increase in the heat resis-
tance and viscosity of the medium as a result of par-
tial dissolution of sulfur in the dispersion medium and
formation of an additional disperse phase of sulfur
particles. Low brittle points are due to relative in-
crease in the content of oil fractions of the compounds
as a result of partial dissolution of sulfur. As the sul-
fur concentration is increased further (>10 wt %), the
plastic range of bitumens increases. However, simul-
taneously the frost resistance gets worse, and with re-
spect to the brittle point such sulfur3bitumen binders
no longer meet the requirements of the standard. Such
a behavior is apparently due to separation of sulfur
from oil fractions.

As the amount of the dispersion medium is in-
creased, it becomes feasible to introduce sulfur in high
concentrations. For example, in compounds of bitu-
men with black oil at 3 : 1 and 2 : 1 ratios the optimal

concentration of sulfur is 30 wt %, and at a 1 : 1 ratio,
50 wt %. As seen from the table, the low-temperature
properties of the binders at various ratios of the com-
ponents (bitumen, black oil, and sulfur) are improved,
with the penetration (0.1 mm) being in the range 723

89 and the softening point, in the range 45.5347.5oC.
This is apparently due to treatment conditions in
VBA, providing the favorable structure of the binder
at optimal ratio of the components (oils, resins, and
asphaltenes).

Microscopic studies of the compound structure
show that sulfur is uniformly distributed in the bulk
of the binder, with colloidal size of sulfur crystals.
Thus, by adding 10350 wt % gas sulfur, it is feasible
to prepare high-quality sulfur3bitumen binders operat-
ing in a wide temperature range and meeting the main
requirements of GOST (State Standard) 22245390 to
BND 60/90 paving bitumens.
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CONCLUSIONS

(1) Electromagnetic and mechanochemical treat-
ment of compound components in a vortical-bed
apparatus at 1303140oC for 25 s allows prepara-
tion of a sulfur3bitumen binder resistant to phase
separation.

(2) Addition of finely dispersed gas sulfur and
residual components of the condensate from the Astra-
khan Gas-Processing Plant improves the frost-resistant
properties and plasticity of commercial BND 60/90
paving bitumen.

(3) With increasing ratio of the dispersion medi-
um to the dispersed phase in the compounds, the

concentration of gas sulfur can be increased to
50 wt %.
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AND CHEMICAL TECHNOLOGY

Academician V. A. Kistyakovskii’s Works in the Theory
of Passive State and Corrosion of Metals

(To 250th Anniversary of the Discovery of Metal Transition
into Passive State)

The first scientific description of the transition of a
metal into passive state was given by M.V. Lomono-
sov (171131765) in the paperO deistvii khimicheskikh
rastvoritelei (On the Action of Chemical Solvents),
published 250 years ago in 1750. Unfortunately, this
work, and also other scientist’s works in the field of
physics and chemistry, written in Latin, had been little
known to the scientific community till the early
XX century. Lomonosov observed and described fast
termination of the dissolution of iron in concentrated
nitric acid, and attributed this to a change in the
solvent properties [1]. Later, the behavior of iron in
nitric acid solutions was studied by quite a number
of other researchers [2, 3]. In 1836, a Swiss scientist
C. Schonbein (179931868) was, probably, the first to
name[passive] the state of iron appearing on its being
immersed in a sufficiently concentrated (50%) solu-
tion of HNO3. In Schonbein’s opinion,[the anomal-
ous behavior of iron has nothing to do with its affinity
for oxygen, but, rather, is based on something else.]

In the same year, by Schonbein’s initiative, M. Fara-
day (179131867) repeated and extended his experi-
ments. Faraday came to a conclusion that the reason
for passivation is the formation on the metal surface
of a very thin invisible film. The argument between
Faraday and Schonbein was considered in sufficient
detail by A.M. Sukhotin in his monograph [3].

In the beginning of the XX century, a great contri-
bution to investigations of the passivity and corrosion
of metals was made by V.A. Kistyakovskii, an out-
standing Russian scientist.

Vladimir Aleksandrovich Kistyakovskii was born
on October 12, 1865, in Kiev, into a family of intellec-
tuals, whose representatives gained wide acceptance.
His father, A.F. Kistyakovskii (183331885), was a
professor of criminal law at Kiev University, the
author of scientific works on the history of law and
justice in the Ukraine. Vladimir Aleksandrovich’s
younger brother, B.A. Kistyakovskii (186831920),
who also went into law, was a doctor of law, public
figure, and minister of the Ukrainian government in

Academician V.A. Kistyakovskii (photo taken in 19453
1946)

1918. B.A. Kistyakovskii’s son, Georgii(George)
Kistyakovskii (190031982), a known chemist, profes-
sor of Harvard University, held a number of positions
of responsibility in the United States, and was an
advisor in science and technology to President Dwight
Eisenhower (189031969) [4, 5].

In 1883, V.A. Kistyakovskii finished Second Kiev
Gymnasium and entered the physicomathematical
faculty of Kiev University. In 1885, he went to the na-
tural department of the physocomathematical faculty
at St. Petersburg University, having a very highly
skilled teaching staff at that time. Among the prof-
essors of the natural department were chemists
D.I. Mendeleev (183431907) and N.A. Menshutkin
(184231907), physiologist I.M. Sechenov (18293

1905), soil scientist V.V. Dokuchaev (184631903),
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and biologists A.O. Kovalevskii (184031901) and
A.N. Beketov (182531902). When being a senior
student, V.A. Kistyakovskii worked under direct
supervision of Professor M.D. L’vov (184831899), an
organic chemist and A.M. Butlerov’s (182831886)
pupil. The first Vladimir Aleksandrovich’s scientific
work Deistvie vodnykh rastvorov mysh’yakovoi kis-
loty na zhidkii izobutilen i amilen(The Action of
Aqueous Solutions of Arsenic Acid on Liquid Iso-
butylene and Amylene), published in 1899, was his
only study in the field of organic chemistry. Already
his diploma work was devoted to analysis of modern
concepts in the field of chemistry of solutions:Gipo-
teza Planka3Arreniusa (Planck3Arrhenius Hypothe-
sis) [6, 7]. This was one of the first works in Russia,
which presented the standpoints of S. Arrhenius
(185931927), J. van’t Hoff (185231911), W. Ostwald
(185331932), and M. Planck (185831947) concerning
the nature of electrolyte solutions and dissociation
processes. In the final part of the work V.A. Kistya-
kovskii discussed the possibility of bringing into
accord various theories of solutions by introducing the
concept of ion hydration. In 1889, he graduated from
the university with a candidate degree awarded by
the physicomathematical faculty.

In 188931890, V.A. Kistyakovskii continued, by
his own initiative, his education at Prof. Ostwald’s
laboratory in Leipzig (Germany), the center of the
nascent new disciplines, physical chemistry and elec-
trochemistry [739]. W. Nernst (186431941) and
Arrhenius worked together with Ostwald at that time.
All the three scientists were later awarded, in different
years, Nobel Prizes (in, respectively, 1903, 1909, and
1920). The work at Ostwald’s laboratory was very
important for the entire subsequent scientific activities
of Vladimir Aleksandrovich. He became particularly
closely associated with Arrhenius, having lived with
him for more than a month in Paris in 1889, during
the World Exhibition; their friendly relationship had
been preserved for years. Arrhenius became a foreign
corresponding member of the St. Petersburg Academy
of Sciences in 1903, an honorary member of the
Russian Physicochemical Society in 1909, and an
honorary member of the Academy of Sciences of the
USSR in 1926.

Having returned to Russia, V.A. Kistyakovskii
became, together with I.A. Kablukov (185731942), a
professor of Moscow University, a convinced sup-
porter and propagandist of new concepts concerning
the theory of solutions, not supported at that time by
leading Russia’s chemists. In 1890, Vladimir Aleksan-
drovich published an important work concerned with
the theory of aqueous solutions of double salts [10], in

which he considered complicated cases of electrolytic
dissociation and introduced the concept of complex
compounds into the Russian chemical literature.
Results of more detailed physicochemical and electro-
chemical studies of double salt solutions were pub-
lished by the scientist in 190131902.

In December 1901, V.A. Kistyakovskii presented a
large reportRazbor vozrazhenii na teoriyu elektroliti-
cheskoi dissotsiatsii(Analysis of Objections to the
Theory of Electrolytic Dissociation) at the XI Con-
gress of Natural Scientists and Physicians in St. Peter-
sburg. Vladimir Aleksandrovich demonstrated once
more his adherence to modern concepts of the nature
of electrolyte solutions and emphasized that[it will be
possible in the future to reveal the close relationship
between the chemical nature and electrolytic dissocia-
tion] [5, 11].

In 189131895, V.A. Kistyakovskii was compelled
to teach in schools (gymnasiums), and only in 1896
he became privatdocent of St. Petersburg University
and delivered courses of lectures on physical chemis-
try, electrochemistry, and photochemistry. Only in
August 1902, for the first time after graduating from
the university, V.A. Kistyakovskii was appointed
regular lecturer at a higher school institution: He was
invited to occupy the position of a senior laboratory
assistant in the newly formed St. Petersburg Polytech-
nic Institute [12, 13]. In June 1903, having backed his
master’s dissertation at Moscow University, he was
elected professor, and backed his doctoral dissertation
in chemistry at the same place in 1910.

Vladimir Aleksandrovich created at the Polytechnic
Institute the first Russia’s laboratory of physical
chemistry and theoretical chemistry, with excellent,
by that time, equipment. He delivered lectures on
physical chemistry and electrochemistry, himself did
laboratory with students, and supervised diploma
works. The central position among quite a number of
research directions pursued by V.A. Kistyakovskii
was held by investigations of the electrochemical
behavior of metals in aqueous media. Being an ex-
cellent experimenter himself, Vladimir Aleksandro-
vich got a chance to perform various electrochemical
investigations.

As far back as 1901, when determining the elec-
trode potential of magnesium in a potassium cyanide
solution, V.A. Kistyakovskii observed the passivity
phenomenon in this metal for the first time. In more
detail, he studied the electrochemical behavior of
magnesium in various media in 1907 [14]. Originally,
the passive behavior of magnesium was only attri-
buted to the formation of an invisible oxide film.
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Professor V.A. Kistyakovskii with a group of young lecturers of St. Petersburg Polytechnic Institute (from left to right): sitting:
I.I. Zhukov, V.A. Kistyakovskii, and F.E. Dreier; standing: F.F. Rotarskii and L.A. Rotinyants (photo taken in 1909).

Later, Vladimir Aleksandrovich interpreted this proc-
ess as formation of magnesium oxide hydrate. This
initiated analysis of thin films from the colloid-
electrochemical standpoint. Beginning in 1909, the
scientist developed his own original film theory of
metal passivity and corrosion as applied to magnesi-
um, iron, chromium, and, in part, aluminum. The
obtained experimental data were first summarized in
V.A. Kistyakovskii’s doctoral dissertation, which, in
conformity with the regulations of that time, was
published in full as a separate book [15].

The developed theory is based on the concept that
the electrodes under study are covered with an oxide
film both in active and in passive states. In the passive
state, this film has amorphous glassy structure, and
in the active, partly disintegrates through corrosion.
V.A. Kistyakovskii particularly emphasized (1912)
that the amorphous passivating film is also present on
iron, nickel, and chromium surfaces showing metallic
luster. The potentials of the passive electrodes are
regarded as oxygen potentials.

In studying the electrode processes, Vladimir
Aleksandrovich discovered and explained a number of
phenomena named by motor chemical or motor elec-
tric effects. These phenomena are based on the influ-
ence exerted by fluid motion on the transition of a
metal from the active into passive state. The concepts

of metal and passivity put forward by V.A. Kistyakov-
skii were developed to a full extent only in the second
half of the 1920s.

In 191231916 was published in several parts a
comprehensive course of electrochemistry, actually
the first textbook on this subject in Russia, written
by the scientist. The course also included the basic
concepts of the film theory of the passive state of
metals. In the summer of 1918, in connection with his
mother’s illness, Vladimir Aleksandrovich went to
Kiev, where his mother and brother lived. After
Soviets came to power in February 1919 and the Uk-
rainian Academy of Sciences was organized in March
of the same year, V.A. Kistyakovskii was elected its
member. He became the chairman of the Chemical
Committee intended to fulfil tasks assigned by the
Red Army. However, in view of deteriorating health,
he was forced to go away for medical treatment to the
North Caucasus already in January 1920. All difficul-
ties associated with his stay there were described in
detail in the scientist’s autobiography, which became
open to public only recently (publication by Yu.I. So-
lov’ev [5]). Only in the autumn of 1922 V.A. Kistya-
kovskii could return to St. Petersburg and resume his
pedagogical and research activities at the Polytechnic
Institute, interrupted for four years and later continued
till 1934, the time of his moving to Moscow.
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Beginning in 1925, the concepts of the film theory
of passivity took their final shape in V.A. Kistyakov-
skii’s works, and the relationship of the theory with
corrosion processes was underlined [16319]. The
scientist considered the film theory to be a variant of
the electrochemical theory of metal corrosion. The
reason for the occurrence of the passive state is the
formation of an amorphous, glassy electrically con-
ducting film of oxides, covering the metal with a con-
tinuous layer. The passivity effect can be observed
both in aqueous solutions and in air. The formation of
such a film, e.g., on iron placed in humid air, occurs
in three stages. The first, obligatory stage is the for-
mation of an amorphous film, in all probability having
a structure of colloid type, under the action of oxygen.
The second stage consists in the thickening of the
film, becoming pseudoamorphous, composed of crys-
tallites. In the third stage, certain crystallites of iron
oxides are formed. The second and third stages may
be more or less pronounced, depending on the corro-
sion conditions. According to the film theory, the sur-
face of metals that can become passive(Mg, Fe, Cr,
Ni, Co, Al, etc.) in humid air is covered with a film of
the corresponding metal oxides. The film structure
strongly affects the corrosion processes. Disintegra-
tion of the film, its [solidation] (the term introduced
by V.A. Kistyakovskii, with broader sense than crys-
tallization), leads to metal corrosion. The film theory
of corrosion was at that time a major contribution
to the theory of electrode potentials, serving as a
basis for the development of the theory of metal cor-
rosion [20].

The many-year’s all-round scientific activities of
V.A. Kistyakovskii were highly appreciated in our
country and abroad. In 1925, he was elected a corre-
sponding member, and in 1929, a full member of the
Academy of Sciences of the USSR. He was also a
member of the Paris Physicochemical Society and
Electrochemical Society of New York.

In 1930, V.A. Kistyakovskii organized in Lenin-
grad, at the Academy of Sciences of the USSR, the
Colloid-Electrochemical Laboratory (LAKE) [21].
The laboratory had the minimum number of staff
members (2 in 1930 and 7 in 1934) and several post-
graduate students and occupied part of a building on
Vasilyevsky Island (Volkhovskii lane, 1). The same
building housed quite a number of other scientific in-
stitutions of the Academy of Sciences of the USSR.
The laboratory was aimed to study colloid-electro-
chemical phenomena and, in particular, to investigate
disperse systems, thin films, problems of metal corro-
sion at temperatures of up to 50oC, and electrocrystal-
lization of metals. The closest associates of V.A. Kis-

tyakovskii at LAKE were A.N. Strel’nikov (depart-
ment of disperse chemistry), I.V. Krotov (metal corro-
sion), and K.M. Gorbunova (electrochemistry).There
is no escape from mentioning that the presently widely
accepted term[electrocrystallization] was introduced
by Vladimir Aleksandrovich. Among V.A. Kistya-
kovskii’s pupils at LAKE were also P.D. Dankov,
A.T. Vagramyan, Ts.A. Adzhemyan, and others.

In 1934 (May 303June 3) was held the 1st confer-
ence on metal corrosion at the Academy of Sciences
of the USSR. V.A. Kistyakovskii was elected itschair-
man and presented a large report concerned with the
problems of passive state and metal corrosion [22].

After the laboratory was transferred from Lenin-
grad to Moscow, together with a number of other in-
stitutions of the Academy of Sciences, LAKE was
much expanded by V.A. Kistyakovskii’s initiative and
transformed into the Colloid-Electrochemical Institute
(KEIN), Academy of Sciences of the USSR, and the
total number of staff members increased from 103

12 to 70 by 1936. Among those who worked at KEIN
were A.N. Frumkin (189531976), P.A. Rebinder
(189831972), N.A. Izgaryshev (188431956), B.V. De-
ryagin (190231994), and other known scientists. The
scope of the institute covered a wide variety of prob-
lems [13]. Academician Frumkin became director of
the Institute in 1939; in 1945, he initiated transforma-
tion of KEIN into the Institute of Physical Chemistry,
Academy of Sciences of the USSR.

In 1937, V.A. Kistyakovskii formulated rather
clearly the goals of the science he was developing,
colloid electrochemistry [23, 24]. It is based on the
hypothesis that the phase boundary is a transition
layer composed of mutually penetrating, by diffusion,
molecules, or adsorbed molecules, or a layer of chemi-
cal reaction products (oxide, oxide3adsorption, or
other films). The description of these transition layers
involves, in close association, concepts of colloid
chemistry and electrochemistry. Faraday’s idea, ac-
counting for the passive state of iron and steel, was
extended by V.A. Kistyakovskii to other metals
subject to passivation, with much attention given to
the nature of a film. The colloid electrochemistry in-
cludes the theory of electrocrystallization of metals as
processes related to the corrosion of these metals. The
film concept of the passive state, and the adsorption
concept which appeared later, do not contradict, but
only supplement each other [25].

In 1945, Vladimir Aleksandrovich’s 80th birthday
anniversary was celebrated. Reports concerned with
the life and activities of the scientist, his contribution
to the development of electrochemistry and the theory
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of metal passivity were delivered by Frumkin [26],
Izgaryshev [27], and Dankov [28]. V.A. Kistyakov-
skii’s achievements in studying the passive state of
metals were also noted in a monograph by Frumkin
and co-authors [29].

In a very brief review we in the first place dwelled
upon V.A. Kistyakovskii’s electrochemical investiga-
tions, leaving aside his works in the field of thermo-
dynamics of fluids, chemical kinetics, photochemistry,
and general problems of physical chemistry. We did
not consider the intensive scientific-organizational
activities of the scientist in the field of corrosion
protection of metals.

V.A. Kistyakovskii died in Moscow on October 19,
1952, at the age of 86. He devoted more than sixty
years of his life to research and teaching. These
60 years made an epoch in the development of physi-
cal chemistry, electrochemistry, and theory of corro-
sion and corrosion protection of metals. Academician
V.A. Kistyakovskii made a major contribution to the
coming-to-be and advances of these scientific discip-
lines in Russia.
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IV International Conference
[Polymeric Materials of Decreased Combustibility]

The IV International Conference[Polymeric Ma-
terials of Decreased Combustibility] took place on
November 17318, 2000 in Volgograd on the base of
the Volgograd State Technical University (VGTU).
The conference was supported by the Russian Founda-
tion for Basic Research (RFFI). The co-chairmen of
the conference were Corresponding Member, Russian
Academy of Sciences, Director of the Institute of
Chemical Physics, Russian Academy of Sciences
(IKhF) A.A. Berlin and Dr. Sci. (Chem.), Head of
VGTU, Prof. I.A. Novakov. The members of the
Organizing Committee were well-known Russian sci-
entists in the field of polymer combustion: R.A. And-
rianov (Moscow State Building University, MGSU),
A.N. Baritov (MGSU), G.E. Zaikov (Institute of Bio-
chemical Physics, Russian Academy of Sciences,
IBKhF, Moscow), A.D. Kuntsevich (IKhF), A.M. Li-
patov (Udmurt State University, Izhevsk), A.M. Mer-
zhanov (Institute of Macrokinetics, Russian Acad-
emy of Sciences, Chernogolovka, Moscow oblast),
A.I. Rakhimov (VGTU), and Tsyganov (RFFI).

About 400 scientists from 30 research centers of
Russia, Uzbekistan, South Korea, Ukraine, the United
States, and Belarus took part in the conference. The
program included 17 plenary lectures and 50 poster
presentations. The conference was opened by Berlin
and Novakov who emphasized the urgency and the
scientific and practical importance of the conference
subject field.

The scientific program of the conference was
opened by the N.A. Khalturinskii’s (IKhF) report
Physical Aspects of Polymer Combustion and the
Mechanism of Inhibitor Action. Problems of using
nanocomposites as fireproofing compounds for poly-
mers and composite materials were discussed in the
report made by Zaikov. O.I. Tuzhikov (VGTU) re-
ported on recent achievements of VGTU in the field
of using phosphorus-containing compounds as fire-
proofing compounds for polymers and polymeric
compositions (phosphorus-containing polymers and
low-molecular-weight additives to polymers). An
active interest was taken in results of development of
difficultly combustible foamed plastics for building
(Andrianov). The L.G. Panova’s (Saratov State Tech-
nical University) report was devoted to physicochem-

ical principles of fabrication of blended textiles of
decreased combustibility and of hybrid composite
materials based on them.P.M. Vasil’ev (Splain Re-
search and Production Center, Volgograd) reported on
the use of the Mikrokosm integrated computer system
for predicting the properties of fireproofing com-
pounds for polymeric compositions. R.M.Aseeva
(IBKhF) made two reports one of which was devoted
to carbooligoarylenes for composite materials of de-
creased combustibility and the other, to new environ-
mentally safe fireproofing coatings based on oxidized
polysaccharides. G.D. Bakhtina (VGTU) reported on
the use of phosphorus-containing methacrylates for
preparing polymeric materials of decreased combus-
tibility. Kim Von Duk (Samchok National University,
Samchok, South Korea) reported on synthesis of new
organosilicones of decreased combustibility for in-
dustry. Advances in the field of modified intumescent
epoxy compounds were discussed by S.G. Shukman
(Research and Educational Center of Chemical Phys-
ics, Udmurt Scientific Center, Ural Division, Russian
Academy of Sciences, Izhevsk). Yu.M. Evtushenko
(Elektroizolit Joint-Stock Company, Moscow) re-
ported on modification of epoxy resins with methyl-
phosphonoamidic acid. The problem of preventing
migration of fireproofing compounds in polymers was
discussed by A.Ya. Korol’chenko (MGSU). The last
three plenary lectures concerned development of proc-
esses for production of new fireproofing compounds
(F.M. Mudryi, Khimprom Joint-Stock Company,
Volgograd), certification of polymeric materials for
aircraft interior with respect to fire safety (Barbot’ko,
Russian Institute of Aviation Materials, Moscow), and
modification of elastic polyurethanes with phosphor-
us- and boron-containing compounds (S.N. Bondaren-
ko, Volzhskii Polytechnic Institute, Volzhskii, Volgo-
grad oblast).

Among poster presentations, studies on the follow-
ing subjects should be mentioned above all: features
of flame distribution over the surface of thin polymer
films containing microencapsulated fireproofing com-
pounds; structure of the surface of epoxy polymers
containing microencapsulated fireproofing compounds
under thermal impact, physical aspects of combustion,
and ways to optimize the composition of fireproofing
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mixtures with a synergistic effect; coking, structure
and properties of the carbonized layer formed in the
course of thermal oxidative degradation and combus-
tion of highly reinforced composite materials. Also
presented were poster reports concerning the mechan-
ism of coking in the presence of various additives,
theory of combustion of polymeric materials, synthe-
sis of new high-performance inhibitors of polymer
combustion, mechanism of the action of combustion
inhibitors, development of new polymeric materials
and compositions of decreased combustibility, toxici-
ty, and fuming in the course of combustion, equip-
ment and procedures for evaluating the fire resistance
of polymeric materials.

The conference demonstrated undoubted theoretical
and practical interest in the problems of combustibil-
ity of polymeric materials. Combustibility of poly-
mers is a cause of many fires, and polymer combus-
tion is accompanied by release of large amounts of
toxic substances.

The next International Conference[Polymeric
Materials of Decreased Combustibility] will be held
in 2002.

The conference proceedings are available from the
library of the Institute of Chemical Physics, Russian
Academy of Sciences.

G. E. Zaikov
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Addcon World 2000:
Plastics Additives and Modifiers Conference

The 6th International Plastics Additives and Modi-
fiers Conference took place on October 25326 in
Basel, Switzerland. It was organized by Rapra Tech-
nology and financially supported by Ciba Specialty
Chemicals, Clariant Huningue, DSM, Lonzagroup,
and Uniqema. The conference continued a series of
annual meetings held previously in Switzerland, Bel-
gium, Singapore, the United Kingdom, and Czechia.

Every year Addcon brings to participants’ notice
from 20 to 30 reports made by the leading companies
and worldwide known scientists on recent achieve-
ments in the field of development and practical use of
additives to polymers. Recently, cardinal changes
occurred in this field. Thanks to efforts of environ-
mental protection movement, the use of polyvinyl
chloride (PVC) was significantly restricted, which had
an effect on the use of the corresponding additives. It
should be noted, however, that rigid vinyl polymers
are still widely used in the building industry.

First and foremost, active attempts are made in
Europe to replace halogen-containing fire retardants
with environmentally clean fireproofing agents. Novel
stabilizers are being developed; nanocomposites grad-
ually gain the market.

Naturally, the producers of additives make efforts
to improve their products, facilitate their use, and
decrease the production cost. The goal of this (and
previous) conference was to aid in improving the
quality and performance of additives.

The conference program included 26 reports made
by scientists from the United States, Europe, Asia,
and Australia. The opening speech was made by Vice
President of the Great Lakes Chemicals corporation
(the United States) J. Teat who emphasized the ur-
gency and prospects of the conference.

R. Adams, a representative of BP Amoco Chemi-
cals (the United States) reported on parameters of
some plasticizers for flexible vinyl compounds and
actually initiated a discussion on the use of stabilizers
in various materials. Representatives of the British and
American Divisions of Velsicol Chemical (T. Bohnert
et al.) reported on development of an aromatic plasti-
cizer reducing the viscosity of plastisol. The use of a
model oxidation reaction for quantitative evaluation

of the performance of a stabilizer based on a phenolic
antioxidant in polypropylene was reported in a joint
presentation by E. Zeinalov (Institute of Problems of
Chemical Physics, Academy of Sciences of Azerbai-
jan) and H. Schroeder (BAM Company, Germany).
Unfortunately, this was the only report made by CIS
scientists. The Belgian division of Great Lakes Chem-
icals (C. Callierottiet al.) reported on achievements
in the use of physical methods for improving the
performance of additives. J. Malik and I. Bachert
(Clariant Huningue SA, France) proved that the pack-
age of stabilizers developed by them is useful for
development of new criteria for testing materials.

Consideration of environmental aspects of using
additives was initiated by the survey report made by
T. Galvanek (BRG, the United States). Successful
cooperation of basic and applied science was demon-
strated by representatives of the University of Sussex
(the United Kingdom) and divisions of EPI in the
United Kingdom, Canada, the United States, and
Malaysia, who reported on environmentally clean de-
gradable plastics based on polyethylene. J. van Hav-
eren (Agrotechnological Research Institute, the Neth-
erlands) discussed the possibilities and trends in using
additives based on renewable materials.

A. Litzenberger (DSBG BV, Germany) discussed
the criteria of optimal choice of flame retardants for
plastics. R. Herbiet (Alusuisse Martinswerk GmbH,
Germany) described in detail new metal hydroxides
which proved to be highly efficient as fireproofing
compounds. D. Eisermann (Ciba Specialty Chemicals,
Switzerland) reported on increase in productivity of
polypropylene film production through stabilization
with lactone technology. The first day of the confer-
ence was completed with a report made by R. Bes-
wick (BMS AG, Switzerland) on the role of market
research in development of the additives business.

The second day of the conference was opened with
a report of I. Wheeler (Silberline) on the properties of
metal pigments. Then D. Deutsch and J. Catino (Spe-
cialty Minerals, the United States) presented a method
for quick electron-microscopic analysis of service
properties of hybrid antiblocks. R. Rangaprasad and
Y. Vasudeo (Reliance Industries, India) reported on



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 3 2001

538 ZAIKOV, POLISHCHUK

studies of the efficiency of using special additives
in production of linear polyethylene.

S. Al-Malaika (Aston University, the United King-
dom) reported on an effective bioantioxidant for poly-
mer stabilization and brilliantly demonstrated the
significance of basic research for development of new
products. The results of cooperation of scientists from
different countries were presented in reports made by
staffmembers of the University of Sussex (the United
Kingdom) and Victoria University of Technology
(Australia) (N. Billingham et al., Evaluation of the
Stabilizer Performance in Polymers) and of the Insti-
tute of Macromolecular Chemistry (Czechia) and
Institute of Organic Chemistry (Germany) (J. Pospišil
et al., Optimization of Activity, Performance, and
Durability of UV Absorbers).

However, the majority of reports, as follows from
the conference goals, were devoted to commercial sys-
tems and products. J.-M. van Maren (Bennet Europe,
the Netherlands) reported on composites prepared
from polymer solutions. Compatible block copoly-
mers of PVC with polyolefins developed by BF

Goodrich Performance Materials were described by
N. Pourahmadyet al. J. Williams and K. Geick (Lon-
zagroup, the Netherlands) described the effect of the
plasticizer on the properties of low-density polyethyl-
ene films. Additives used in polymer processing were
considered by D. De Corte (Dyneon, Belgium).

The most recent advances were discussed by
J. McGowan (General Electric Specialty Chemicals
Europe, the Netherlands) in the reportA New Class of
Polyolefin Process Stabilizer; N. Ergenc (Ciba Spe-
cialty Chemicals, Switzerland) in the reportNew Ef-
fect Additives; I. Vulic (Cytec Industries, the Nether-
lands) in the reportUV Stabilisation of Pigmented
Systems; J. Ehretsmann (Aptechnologies, Switzerland;
Propension, France) in the reportNovel Additives for
Improvement of Polymer Properties.

In the concluding speech, the conference chairman
D. Pritchard (the United Kingdom) emphasized that
the conference was successful and announced that the
next conference will take place in 2001 in Berlin.

G. E. Zaikov and A. Ya. Polishchuk
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REVIEWS

Nikolaev, V.M., Karelin, E.A., Kuznetsov, R.A.,
and Toporov, Yu.G., Tekhnologiya transplutonievykh elementov

(Technology of Transplutonium Elements)
Dimitrovgrad: Nauchno-Issled. Inst. Atomnykh Reaktorov, Gos. Nauchn. Tsentr RF, 2000

Discovery of the phenomenon of radioactivity in
the very end of the XIX century has produced a very
striking effect on the progress of science in the XXth
century, becoming one of the most important factors
determining the major research lines in physics, chem-
istry, and chemical technology all over the world.
Among the most distinguished achievements of the
XXth century is discovery, characterization, and de-
velopment of production processes of near transurani-
um elements, neptunium and plutonium. Of a great
interest are also the transplutonium elements (TPEs)
(americium, curium, berkelium, californium, and ein-
steinium). It is worth noting that the technology of
TPEs is closely related to the problem of nuclear
waste management.

The monograph written by a group of expert re-
searchers from the Research Institute of Nuclear
Reactors, Russian State Scientific Center, summarizes
and critically evaluates the methods for preparation,
separation, and use of TPEs (including the methods
used in spent fuel reprocessing). Also a wide spectrum
of technological, economic, and environmental prob-
lems is discussed. The book includes an introduction
and six chapters. Each of them is supplemented with
vast bibliography (677 references on the total).

In the introduction (pp. 336) the authors justify the
urgency of the problems discussed in the book, noting
the point that no monograph dealing with the tech-
nological aspects of production, separation, purifica-
tion, and practical applications of TPEs was published
in Russia till now.

The first chapter (pp. 7324) is devoted to the physi-
cal principles of production of TPEs. By the essence
successive neutron capture in nuclear reactors is the
only method for production of practically significant
amounts of TPEs. The authors examine physical prin-
ciples of formation of TPEs by irradiation and the
methodology of estimating the yield of the resulting
nuclides as well as accumulation of actinides in the
irradiated fuel of power reactors.

In the second, central chapter (pp. 253152) are
examined the existing methods for TPE separation

and purification to remove fission products and non-
radioactive elements. It is indicated that in the chemi-
cal technology of TPEs a preference is given to the
extraction and chromatographic methods as the most
suitable for organization of remote-controlled proc-
esses providing high partition coefficients. For con-
centration and isolation of TPEs the precipitation
methods are mostly used. In this chapter extraction of
TPEs with neutral extractants, amines, and organo-
phosphorus acids is reviewed.

The third chapter (pp. 1533195) represents data
on partitioning of TPEs. The complexity of this prob-
lem is caused by the similarity in the properties of
TPEs in their typical oxidation state (III) and difficul-
ties in preparation of TPEs in oxidation states other
than III because of their low stability.

In the fourth chapter (pp. 1963226) a comparative
analysis is made of the existing methods of separation
of TPEs from irradiated targets.

The fifth chapter (pp. 2263257) is devoted to the
urgent problem of separation of TPEs from spent nu-
clear fuel. The authors indicate that at present only a
few countries (France, the Great Britain, Russia, and
Japan) regenerate uranium and separate plutonium
from spent fuel. At the same time the United States,
Germany, Sweden, Spain, and other countries prefer
long cooling of spent fuel followed by its disposal in
geological formations. In the chapter are discussed
the processes for recovery of actinides from high-
level radioactive waste, including wet and molten salt
processes.

The concluding sixth chapter (pp. 2583355) sum-
marizes data on ionizing radiation sources based on
TPEs. Production of such sources is presently the
major practical application area ofTPEs.

The book is of indisputable interest for a wide
spectrum of specialists working in the field of radio-
chemistry. The style of rendering makes the mono-
graph intelligible enough to be used as a handbook for
teaching staff and students specialized in chemistry
and chemical technology

A. G. Morachevskii
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REVIEWS

Geiss, F., Osnovy tonkosloinoi khromatografii
(planarnaya khromatografiya)

Moscow, 1999, Russian translation ofFundamentals of Thin-Layer Chromatography,
Mamaroneck, NY: Huethig, 1987

Thanks to an open sorbent layer, thin-layer chroma-
tography (TLC) is more simple and versatile tech-
nique as compared to other chromatographic methods.
At the same time the fact that in TLC a sorbent is in
contact with the gas phase makes it more difficult to
describe the partition processes. Because of their com-
plexity the molecular interactions between a sorbent,
sorbate, and solvent in TLC systems are poorly under-
stood, which does not allow formulation of criteria for
a priori decision on optimal solvents and sorbents for
solving a given task. Therefore, knowledge of TLC
fundamentals as well as of the principles common for
all the chromatographic techniques is the necessary
condition for successful application of TLC.

The translation of the worldwide known mono-
graph by Geiss became the first book in Russian de-
voted to the principles of TLC, including new tech-
niques, sorbents, solvents, and methods for optimiza-
tion of TLC procedure.

Russian translation of the monograph was initiated
by V.G. Berezkin. The book was submitted for pub-
lishing in 1989. However, only in 1998 V.G. Berez-
kin and L.N. Kolomiets succeeded (after changing the
publishing house) in organization of printing the mon-
ograph. Conscientious and competent translation of the
book was made byB.P. Lapin and M.A. Koshevnik.

The first chapter of the monograph represents the
guidance to the monograph and comparative examina-
tion of advantages and drawbacks of TLC and liquid
column chromatography.

The second chapter gives the background of TLC,
emphasizing the solvent flow in a porous medium
under the action of capillary forces. The factors re-
sponsible for erosion of chromatographic bands are
analyzed. With reference to the works by Giddings
and Guiochon the author examines various methods
for estimating the layer efficiency (mean theoretical
plate height, separation number).

The third chapter is important from the practical
standpoint. It is devoted to representation and analysis

of the TLC data. Attempts are made to assess the ap-
plicability of various methods for correctingRf. A par-
ticular attention is paid to the resolving power equa-
tion. To compare the applicability of different multi-
component eluents to separation of the same test mix-
ture, the author recommends to use the discriminating
power equation. Also a comparative analysis is given
of the potentialities of various elution modes.

With the advent of chemically grafted phases, par-
ticularly reversed phases, the requirements to the layer
activity control became less strict. However, the tradi-
tional sorbents such as silica gel and alumina remain
the most widely popular because of their low cost.
Therefore, the separation quality may depend on the
sorbent activity. In this connection the fourth chapter,
reviewing the properties of TLC sorbents and the
methods for activity control of hydrophilic sorbents, is
interesting and important for understanding the proc-
esses occurring in TLC separations.

The fifth chapter deals with the problems of opti-
mization ofRf and the selectivity, i.e., the parameters
characterizing solvents and eluents. The methods for
characterization of the eluting power are examined.

The system solvent3gaseous phase3sorbent is ex-
amined in the sixth chapter, including such topics as
saturation of a TLC box, presaturation of a sorbent
layer and its consequences, and changing composition
of the moving phase. The effects of the temperature,
pH, sorbent layer thickness, quality of a solvent, etc.
are discussed in the seventh and eighths chapters.

The theoretical and practical aspects of gradient
TLC are examined in the ninth chapter.

In the tenth chapter the points considered in the
fourth chapter are analyzed as applied to the problem
of how the results obtained in TLC separations can be
used for optimization of liquid column chromatog-
raphy separations. The author formulates the criteria
of successful application of TLC data to liquid col-
umn chromatography separations and analyses the
commonly spread sources of failure on this way.
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The eleventh chapter entitledQuantitative Process-
ing of TLC Data is written by S. Ebel. The chapter
outlines briefly the basic principles and methods of
quantization of TLC data.

In the twelfth chapter an algorithm is given for
optimization of separation conditions, and also recom-
mendations how to eliminate the typical errors.

Finally, in the Appendix are given the basic equa-
tions used in TLC, brief glossary of terms, and tables

for recalculation of the retention factors.

The book is of indisputable interest for a broad
spectrum of specialists working in the field of chro-
matography, including organic and medical chemists,
biologists, criminalists, and also analysts dealing with
analysis of drug preparations, environmental objects,
and foods.

L. S. Litvinova
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Abstract-Specific features of the hydrolysis of polyacrylamide and its derivatives under various conditions
are characterized. The most efficient procedures for performing hydrolysis in dilute and concentrated aqueous
solutions and suspensions, as well as during acrylamide polymerization in aqueous solutions and emulsions,
are discussed.

Polymer-analogous transformationsinvolving a low-
molecular-weight reagent are successfully employed
for modification of natural and synthetic polymers
with the aim to prepare products with improved set of
performance characteristics [1, 2]. A good example of
this is the hydrolysis of polyacrylamide (PAA) and its
derivatives, yielding partially hydrolyzed polymers
with greater application potential, compared with the
initial polymers. Such hydrolyzed polymers differing
in the molecular weightM and MWD pattern, chem-
ical composition, and distribution of the hydrolyzed
units along the chain (linear, branched, and cross-
linked) have different functional purposes and different
application fields (water treatment, flocculation of the
raw material flotation residue, concentration and re-
covery of minerals, intensification of petroleum pro-
duction, paper and textile processing) [336]. For ex-
ample, high polymers [M = (2318)0 106], whose ef-
ficiency grows with increasingM, serve as flocculants,
thickeners, structure- and film-forming agents and
lubricants, and low-molecular-weight polymers [M =
5 0103

34 0 105] can be used as petroleum thinning
agents, dispersing and stabilizing agents for muds,
and additives for hermetic sealing and for decreas-
ing the loss of cement slurries [339]. With regard to
preparing partially hydrolyzed polymers with various
molecular characteristics, it is worthwhile to consider
the potentialities of the chemical modification of PAA
and its derivatives by various methods. The relation-
ships in acid and alkaline hydrolysis of polyvinyl-
amides were discussed in review [10] and monograph
[6]. In view of these data, supplemented by more
recent publications, we consider in this work the spe-
cific features of hydrolysis of PAA and its derivatives

and the most efficient hydrolysis procedures in dilute
and concentrated aqueous solutions and suspensions
and during polymerization of acrylamide (AA) in the
presence of hydrolyzing agents in aqueous solutions
and emulsions. We do not consider copolymerization
of AA and other unsaturated amides with acrylic
(AAc) and methacrylic acid, since various aspects of
copolymerization in the systems of interest have been
discussed in monographs [6, 11, 12].

SPECIFIC FEATURES OF HYDROLYSIS
OF POLYACRYLAMIDE IN AQUEOUS

SOLUTIONS

Without hydrolyzing agents, polyacrylamide is re-
sistant to hydrolysis in aqueous solutions at room tem-
perature [13, 14], and at high temperatures (93oC) it is
hydrolyzed at an appreciable rate [15319]. The chem-
ical stability of aqueous solutions of PAA at 60 and
100oC at pH 4310 was studied in [20, 21]. The hy-
drolysis rate is at a maximum at pH 4, and at a min-
imum at pH~ 10. Hydrolysis of PAA in the presence
of acid catalysts yields AA3AAc copolymers:

Ä(ÄCH2ÄCHÄ)n 3 mÄ(ÄCH2ÄCHÄ)mÄ + mNH3.
gg

CONH2

6

gg
COOH

Ä(ÄCH2ÄCHÄ)nÄ + mH2O
gg
CONH2

Ä(ÄCH2ÄCHÄ)n 3 mÄ(ÄCH2ÄCHÄ)mÄ + mNH3.
gg

CONH2

6

gg
COOH

Ä(ÄCH2ÄCHÄ)nÄ + mH2O
gg
CONH2

As hydrolysis catalysts are used strong mineral
acids (hydrochloric, sulfuric, phosphoric, etc.) and
polysulfonic acid [20, 21]. Acid hydrolysis of PAA is
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Fig. 1. Variation of content of SA units in copolymerA
with time t in hydrolysis of PAA withMh = 3.20 106 at
different NaOH concentrations. [PAA] = 0.14 base-mol l31,
T = 50oC. [NaOH] (M): (1) 0.014, (2) 0.042, (3) 0.070,
(4) 0.097, (5) 0.14, and (6) 0.278.

typically accompanied by intra- and intermolecular
imidization yielding the following structures:
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Imidization yields partially or completely insoluble
products. The lost solubility can be recovered by treat-
ing the polymer with weakly alkaline solutions to
break down the secondary amide bridges between the
macromolecules:

3CO3NH3CO3 + NaOH 6 3CONH2 + 3COONa.

Imidization of PAA in acidic media occurs at an ap-
preciable rate at 75, accelerates at 85, and is very fast
at 110oC [21] and at high polymer concentrations.
Polymethacrylamide (PMAA) undergoes exhaustive
imidization at 65oC [3]. In contrast to PAA,N-alkyl-
acrylamide polymers do not undergo imidization.
Because of the occurrence of imidization, acid hy-
drolysis of the polymer has not found application in
preparing hydrolyzed derivatives of polyvinylamides.
Therefore, alkaline hydrolysis seems to be more suit-
able for these purposes.

Hydrolysis of PAA in the presence of base catalysts
(alkalis, carbonates and bicarbonates of alkali metals,
etc.) yields random copolymers of AA and AAc salts
whose macromolecules contain no block structures
[21]:

Ä(ÄCH2ÄCHÄ)n 3 mÄ(ÄCH2ÄCHÄ)mÄ + mNH3.
gg

CONH2

6

gg
COO3Na+

Ä(ÄCH2ÄCHÄ)nÄ + mNaOH
gg
CONH2

Ä(ÄCH2ÄCHÄ)n 3 mÄ(ÄCH2ÄCHÄ)mÄ + mNH3.
gg

CONH2

6

gg
COO3Na+

Ä(ÄCH2ÄCHÄ)nÄ + mNaOH
gg
CONH2

The kinetics of alkaline hydrolyis of PAA in aqueous
solutions has been extensively studied [20, 22330].
The reaction proceeds at a higher rate compared with
low-molecular-weight amides, but, in contrast to them,
it involves two stages. The first stage is characterized
by the highest rate and is complete at a degree of hy-
drolysis equal to 40 mol %. This is a first-order re-
action with respect to PAA and alkali. The second
stage of hydrolysis proceeds at a 10 times lower rate,
compared with that in the first stage and is complete
at a degree of hydrolysis equal to 70%. The high ini-
tial rate of the reaction is due to the fact that the car-
boxylate groups formed in hydrolysis accelerate the
hydrolysis of the neighboring amide groups (anchi-
meric contribution) [2]. The deceleration with increas-
ing conversion is due to the enhanced electrostatic
repulsion between the OH3 ions and the accumulating
carboxylate anions3COO3. Deceleration is also due
to the growing size of the macromolecular globules,
making higher the viscosity of the solutions and
hindering the diffusion of the reacting species. Raising
the NaOH concentration accelerates the hydrolysis
and enriches the forming copolymer in sodium acry-
late (SA) units (Fig. 1) [31]. Raising the tempera-
ture also accelerates the PAA hydrolysis. The activa-
tion energy of PAA hydrolysis grows with increasing
conversion and is estimated at 59.5, 74.0, 81.5, and
99.5 kJ mol31 for degrees of hydrolysis equal to 2, 8,
12, and 19 mol %, respectively [32]. A similar pattern
of variation of the activation energy with conversion
in the alkaline hydrolysis of PAA was observed in
[29]. Along with the regular influence of the tempera-
ture on the hydrolysis rate, the temperature-related
changes in the degree of dissociation of carboxylate
groups, in the character of the electrostatic interaction
between the carboxylate anions and OH3 ions, and in
the conformation taken by the macromolecules, af-
fected the activation energies of hydrolysis.

Hydrolysis in dilute aqueous solutions (0.0530.2%)
of PAA with Mh = 5.70 106 under the action of
NaOH was studied in [33]. The reaction was carried
out at 3, 25, and 50oC for a period of time ranging
from 3 h to 20 days. Lowering the polymer concentra-
tion (at [NaOH] = const) made higher the initial rate
and degree of hydrolysis of PAA owing to an increase
in the [NaOH] / [PAA] ratio. The hydrolysis was inten-
sified by raising the temperature and NaOH concentra-
tion (at [PAA] = const). The experiments showed that
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low-temperature hydrolysis of PAA in dilute aqueous
solutions is suitable for preparing copolymers with
controllable content of the SA units, which can be
used, e.g., for treatment of natural water.

Influence of the neighboring units.The influence
of the hydrolyzed groups on hydrolysis of the neigh-
boring amide groups in alkaline hydrolysis of PAA
was studied by Higuchi and Senju [25]. They anal-
yzed the reactivity of the amide units (B) of the mac-
romolecules with zero, one, or two neighboring car-
boxylate units (A), characterized by hydrolysis rate
constantsk0, k1, and k2, respectively. For the initial
rate of hydrolysis, Higuchi and Senju proposed the
equation

dx/dt = k0[a 3 (3 3 2k1/k0)x][OH3], (1)

wherex is the concentration of the hydrolyzed groups
at the instantt, and a is the initial concentration of
the amide groups.

In the course of the reaction, the amide groups
having no neighboring carboxylate groups disappear
at a degree of hydrolysis equal to 43 mol %, and
the amide groups with one carboxylate neighbor at
a degree of hydrolysis equal to 57 mol %. At a degree
of hydrolysis within 43357 mol % the reaction rate
can be described by the equation

dx/dt = 2k2(0.57a 3 x)[OH3]. (2)

The experimental data on the PAA hydrolysis are
adequately described by the relationk0 : k1 : k2 =
1 : 0.2 : 0 [25] and indicate a decelerating (with in-
creasing conversion) effect of the3COO3 groups (re-
pulsion of OH3 ions) on the hydrolysis of the neigh-
boring amide groups. For describing the rate of alka-
line hydrolysis of PAA with account of the influence
exerted by the neighboring groups, Fuosset al. [34]
proposed the equation

dx/[(a 3 x)(b 3 x)] = [k0e3at + k2(1 3 e3at)]dt, (3)

where a and b are the initial concentrations of PAA
and NaOH, respectively, anda is the probability
factor.

Data comparison made by Truonget al. [35]
showed that the kinetics of alkaline hydrolysis is ad-
equately described by Eqs. (1) and (2). It was also
found that the experimentally established (by NMR
spectroscopy) pattern of distribution of the carboxylate
units in the macromolecules of the hydrolyzed poly-
mer is in good agreement with that calculated for the
k0: k1: k2 = 1 : 0.2 : 0 ratio (Fig. 2). This suggests
the decisive role played by the effect of neighboring
groups in the kinetics of alkaline hydrolysis of PAA.

Fig. 2. Relative content of triads in hydrolysis of PAA.
(c, a, x) Concentrations of the triads and amide and car-
boxylate groups, respectively. (1) BBB, (2) (BBA + ABB);
and (3) ABA. (Points) Experimental data and (dashed
lines) calculation for k0 : k1 : k2 = 1 : 0.2 : 0.

Influence of the macromolecule structure.The
hydrolysis reaction is affected by the structure of
the polymer molecule. As shown in [36, 37], hydro-
lysis of PAA and PMAA, similarly to that of low-
molecular-weight amides, involves an intermediate
imidization stage. This was confirmed by spectral
studies: The characteristic absorption band of imide at
l = 235 nm appeared and subsequently disappeared
during hydrolysis. The transformations of low-mo-
lecular-weight amides in alkaline hydrolysis can be
represented as

CH2ÄCH2
gggg

H2NOC CONH2
3NH4

+
767

CH2ÄCH2
gggg

OCÄN3ÄCO

CH2ÄCH2
gggg

H2NOC COO3
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CH2ÄCH2
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H2NOC CONH2
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+
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CH2ÄCH2
gggg

OCÄN3ÄCO

CH2ÄCH2
gggg

H2NOC COO3
6c

OH3

The rate constants of imidization,ki, and hydro-
lysis, kh, for low-molecular-weight amides, such as
succinimide, glutarimide, and PAA, are estimated
at 25oC as follows: ki 0 1034 (s31): 2.7, 0.62, 4.4;
kh 0 1034 (s31): 1.03, 1.78, 1.06 [38]. These constants
evidence that the PAA macromolecules contain[head-
to-head] linked units that underwent imidization and
subsequent hydrolysis. The imidization and hydrolysis
become faster with increasing temperature, with the
activation energy of imidization exceeding that of hy-
drolysis [22].

Unlike low-molecular-weight amides that can be
hydrolyzed quantitatively [39], PAA is hydrolyzed in
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Fig. 3. Variation of the content of SA units in copolymer
A with time t in hydrolysis of PAA with Mh = 3.20 106

for various concentrations of NaCl. [PAA] = 0.14 base-
mol l31, [NaOH] = 0.14 M,T = 60oC. [NaCl], M: (1, 1`, 1``)
0, (2, 2`) 1.71, and (3, 3`, 2``) 3.42. Mh 0 1036: (133) 9,
(1`33`) 3.42, and (1``, 2``) 0.4.

Fig. 4. Variation of the content of Li (Na, K) acrylate units
in copolymerA with time t in PAA hydrolysis for various
concentrations of (1, 3, 5) LiOH, (2, 4, 6) NaOH, and
(2, 4, 7) KOH. [PAA] = 0.14 base-mol l31, T = 50oC.
[Alkali], M: ( 1, 2) 0.07, (3, 4) 0.096, and (537) 0.139.

the presence of base catalysts to typically no more
than 70 mol %. This is due to the fact that the amide
groups blocked by two neighboring carboxylate
groups become inactive [24], which can be repres-
ented schematically as

ÄCH2ÄCHÄCH2ÄCHÄCH2ÄCHÄ
gggggg

CO CO CO
gggggg

O3
. . . HNH O3

. . .

ÄCH2ÄCHÄCH2ÄCHÄCH2ÄCHÄ
gggggg

CO CO CO
gggggg

O3
. . . HNH O3

. . .

Copolymers of AA with AAc and AA with allyl
alcohol [20], polymethacrylamide, as well as copoly-
mers of methacrylamide with methacrylic acid, are
also hydrolyzed incompletely [38, 40]. The degree of
PAA hydrolysis can be increased by carrying out

the reaction in 10 M NaOH at 100oC [20]. Also, the
degree of hydrolysis can be brought to 96% in a two-
stage reaction, with the hydrolysis initially carried
out in the presence of NaOH at 20oC to the degree of
hydrolysis equal to 67 mol % and then in the presence
of HCl at 100oC [41]. Similar results were obtained
when PAA was initially hydrolyzed at 95397oC for
2 h to 60 mol % conversion and then at 1003210oC
[42]. It should be noted that at high temperatures
the hydrolysis may be accompanied by degradation of
the macromolecules [20, 43].

Influence of the ionic strength. The influence
of salt additives on the alkaline hydrolysis of PAA
in aqueous solutions was discussed in a number of
works. It was found that these additives accelerate hy-
drolysis at 50 [29, 33] and 93oC [44]. In [31], alkaline
hydrolysis of PAA with different molecular weights
in 1% aqueous solutions at 20360oC was studied as
influenced by addition of NaCl. In [45], the kinetics
of the process was studied potentiometrically. As seen
from the kinetic curves shown in Fig. 3, the initial
rate of hydrolysis of PAA remains unchanged with
Mh varied within (0.439.2)0 106 and upon addition
of NaCl. With increasing conversion, the influence of
NaCl on hydrolysis becomes appreciable, (compare
curves1 and 3, 1` and3`, and1`` and2``), and this ef-
fect is enhanced with increasingM. This follows from
the changes with conversion in the electrostatic inter-
actions in the system and in the conformation taken
by the macromolcules, as indicated by measurements
of the dynamic viscosity of the reaction solutions.

The above data show that the degree of PAA
hydrolysis grows with increasing ionic strength of
the solutions and molecular weightM of the initial
polymer.

Kurenkov et al. [31] studied the influence of
the ammonium sulfate impurity on the alkaline hy-
drolysis of PAA, this impurity being typical of PAA
produced by ammonia procedure. The experiments
showed that the initial rate of the reaction and the de-
gree of hydrolysis of the polymer decrease with in-
creasing concentration of the added ammonium sul-
fate. This is due to the decrease in the concentration
of NaOH consumed in the reaction with ammonium
sulfate. Thus, the degree of hydrolysis of the forming
copolymer may decrease in the presence of impurities
contained in PAA produced by ammonia procedure.

Influence of the nature of hydrolyzing agents.
The kinetics of hydrolysis of PAA withMh = 6.50
106 in 1% aqueous solutions in the presence of LiOH,
NaOH, and KOH at 50oC was studied in [46]. The
kinetic curves of hydrolysis are shown in Fig. 4. It is
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seen that the initial rate and degree of hydrolysis of
the polymer grow with increasing concentration of
the hydrolyzing agent (going from curves1, 2 to
curves3, 4 and 537). Data in Fig. 4 for fixed con-
centrations of added alkali show that the initial rate
and degree of hydrolysis of the polymer in the region
of low alkali concentrations increase in the order
LiOH < NaOH (KOH) (curves1, 2 and 3, 4), and
at higher alkali concentrations, in the order LiOH <
NaOH < KOH. According to the findings of Marina
and Monakov [47] and the measured dynamic vis-
cosities of the reaction solutions, the degree of bind-
ing of the cations to the copolymers of AA with AAc
salts increases in the order Li+ < Na+ < K+. Therefore,
the electrostatic repulsion between the carboxylate
anions and OH3 ions, which enhances the catalytic
activity of the alkalis, must weaken in the order
LiOH > NaOH > KOH. This dependence becomes
more pronounced with increasing alkali concentration
and time of hydrolysis.

The PAA hydrolysis can be carried out in the pres-
ence of sodium silicate-liquid glass which is an
aqueous solution of oligomers of general formula
[Na(OH2)x]2SimO2m+ 1, where m is the silicate
modulus (m = [SiO2] : [Na2O] 0 1.032). Sodium
silicate exhibits strong alkaline properties: pH 13314
and alkalinity corresponding to 334 N NaOH [14, 48].
This is due to dissociation of the oligomers in water

[Na(OH2)x]2SimO2m+ 1
6
4 (SimO2m+ 1)

23 + 2Na(OH2)+

and the subsequent hydrolysis of the oligomer ions

(SimO2m+ 1)
23 + 2H2O 6

4 2OH3 + H2SimO2m+ 1.

As known [49], alkaline hydrolysis of polyacrylo-
nitrile at 92396oC yields AA3SA copolymers. As hy-
drolyzing agent can serve sodium silicate [50]. How-
ever, high-temperature hydrolysis of polyacrylonitrile
is a multistage reaction complicated by the hetero-
phase nature of the process and degradation of the
macromolecules [51]. Therefore, it is more advisable
to prepare AA3SA copolymers by hydrolysis of PAA
at moderate temperatures (20350oC), which was
studied in [52, 53]. In these works, hydrolysis was
carried out in 0.5% aqueous solutions at 50oC for
1.5 h. It was shown that the initial rate and degree of
hydrolysis increase with growing silicate modulus of
sodium silicate owing to the increasing alkalinity and,
hence, hydrolyzing power. Raising the sodium silicate
concentration within 0.331.0% accelerated the reac-
tion and increased the degree of PAA hydrolysis.
Similar trends were observed on raising the poly-
mer concentration within 0.0530.5% [52], as well as
on elevating the temperature from 20 to 50oC [53].

Table 1. Characterization of hydrolyzing agents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

³ Density at 20oC, ³ AkaliHydrolyzing agent ³ g cm33 ³ content, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Etching bath effluent³ 1.435 ³ 40.0
Solid alkali wastes ³ 1.020 ³ 1.94
Degreasing solution ³ 1.023 ³ 2.03
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

This is the first-order reaction with respect to PAA
and sodium silicate, which is in agreement with
the data on the hydrolysis under the action of NaOH
[22, 24]. The results cited above confirmed the suit-
ability of sodium silicate for preparation at an ac-
ceptable rate of efficient flocculants with various de-
grees of hydrolysis [48].

Partially hydrolyzed PAA with various molecular
weights can be prepared by a two-stage procedure,
when hydrolysis under the action of sodium silicate
is followed by partial degradation of the polymer in
0.4% aqueous solutions under the action of potassium
peroxosulfate (5% relative to the polymer) at 50oC for
4 h [54]. It was shown thatM can be lowered by
factors of 2.3 and 3.5, compared with the initial PAA,
the degree of hydrolysis of the products being 42.0
and 16.2 mol %, respectively.

As hydrolyzing agents for PAA can serve various
alkaline process wastes. In [55, 56], hydrolysis of
PAA in 0.5% aqueous solutions at 30370oC under the
action of alkaline electroplating wastes was studied
(these wastes are characterized in Table 1). It was
shown that PAA samples with different molecular
weights Mh within (0.935.3)0 106 can be hydro-
lyzed at room temperature to a degree of 30 mol %.
Figure 5 illustrates how the hydrolysis is influenced

Fig. 5. Variation of the content of acrylate units in co-
polymer A with time t in hydrolysis of PAA with Mh =
5.30 106 for various hydrolyzing agents. [PAA] =
0.07 base-mol l31, T = 21oC. Hydrolyzing agent (0.01%):
(1) solid alkali wastes, (2) sodium hydroxide, (3) degreas-
ing solution, and (4) etching bath effluent.
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Fig. 6. Variation of (134) content of SA units in copolymer
A and (1`33`) Mh with time t in PAA hydrolysis at various
concentrations of NaOH. [PAA] = 0.343 base-mol l31;
[K2S2O8] = 0.033% of [PAA], T = 60oC. [NaOH], M:
(1, 1`) 0, (2) 0.116, (3, 2`) 0.437, and (4, 3`) 0.734.

by various hydrolyzing agents. It is seen that all
the hydrolyzing agents exhibit high catalytic activity
with respect to PAA. In the order of increasing cata-
lytic activity, the reagents can be arranged as follows:
solid alkali wastes (sodium hydroxide) < degreasing
solution < etching bath effluent. The difference be-
tween the efficiencies of the hydrolyzing agents is
evidently due to the impurities contained in thewastes.

The aforesaid suggests that alkaline electroplating
wastes are suitable for preparing partially hydrolyzed
PAA, a promising reagent for intensifying the treat-
ment of process wastewater and, in particular, elec-
troplating effluents [57, 58].

METHODS FOR PREPARATION
OF ACRYLAMIDE3SODIUM ACRYLATE

COPOLYMERS

Hydrolysis of PAA in aqueous solutions in the
presence of destructive agents.Alkaline hydrolysis
of PAA in the presence of minor amounts of destruc-
tive agents is suitable for controlling the chemical
composition and molecular weightM of the forming
products. The hydrolysis of PAA, combined with its
degradation, was studied in [59]. The reaction was
carried out at 30370oC in 2.4% aqueous solutions of
PAA with Mh 3 0 106 in the presence of K2S2O8 as
degradative agent. Hydrolysis was monitored poten-
tiometrically [45], and degradation, viscometrically.
Alkaline hydrolysis of PAA [60] and partially hydro-
lyzed PAA [61] in the absence of K2S2O8 did not
involve degradation, which is consistent with pub-
lished data [62]. Introducing K2S2O8 and raising
its concentraiton did not affect the hydrolysis but

were accompanied by a decrease inM as a result
of degradation of the macromolecules. Figure 6 illus-
trates how the NaOH concentration affects the process.
Without NaOH, hydrolysis does not occur (curve1),
whereas with increasing NaOH concentration, the hy-
drolysis becomes faster (going from curve2 to cur-
ve 4). It is seen that the degradation reactions are
intensified with increasing NaOH concentration (go-
ing from curve1` to curve3`). Raising the temperature
affected the degradation in a similar way. In the 303

70oC range, the activation energy of alkaline hydro-
lysis of PAA in the presence of the destructive agent
is estimated at 46.3 kJ mol31. The studies described
demonstrated the possibility of preparing partially hy-
drolyzed polymer with controllable molecular weight
M and chemical composition of the macromolecules.

PAA hydrolysis in suspensions.This method is
based on hydrolysis of the already prepared PAA in a
concentrated aqueous solution dispersed in a water-im-
miscible organic solvent (benzene, toluene, heptane,
hexane, cyclohexane, etc.). First, a suspension of an
aqueous PAA solution is prepared (20350% water +
20350% PAA) in an organic liquid containing 0.13
30% of an oil-soluble emulsifying agent with low hy-
drophilic3lipophilic balance. Also, an alkali-resistant
surfactant and 0.2330% (relative to the suspension
mass) of 50% aqueous solution of the hydrolyzing
agent (NaOH, KOH, Na2CO3, K2CO3, etc.) are in-
troduced into the suspension. The reaction is run at
10370 [63365] or 125oC under pressure to prevent
boiling of the reaction mixture [66]. Also, the hydro-
lyzing agent can be added in the form of an alkali sus-
pension in a hydrophobic organic liquid [63, 64]. As
stabilizing additives can serve oxyethylated alcohols
(oleyl and lauryl) [63, 65, 66] and oleic acid iso-
propylamide [67].

Also described was hydrolysis of a PAA suspension
with particle size of 0.00131.0 cm under the action
of alkaline agents in the form of solutions [68, 69] or
emulsions [68]. The degree of hydrolysis of the poly-
mer is controlled by varying the concentrations of the
hydrolyzing agents, temperature, and reaction time.

Powdered PAA can be hydrolyzed in aqueous-or-
ganic media in the presence of an alkali with such
organic liquids as C436 alcohols [69372], ketones,
ethers, and nitriles readily miscible with water [71].

The reaction rate and the degree of hydrolysis of
the polymer are governed by the ratio of the aqueous
and organic phases. Raising the fraction of water in
the mixture leads to higher degree of swelling of
the polymer particles and makes the amide groups of
the macromolecules more accessible to OH3 ions [73].
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The kinetic features of alkaline hydrolysis of
PAA with Mh = 3.40 106 and uniform particle size
(average size 0.04 cm) have been studied in water3

toluene suspensions ([PAA] = 14.2371.0%, water :
toluene volume ratio 1 : 8) at 60oC [45, 74]. NP-3
Sulfonol (sodium alkylbenzenesulfonate of general
formula CnH2n+ 1C6H4SO3Na with n = 10312) in
amount of 0.5% relative to that of toluene served as
stabilizing agent. The data reported in [45, 74] suggest
the possibility of changing the degree of hydrolysis of
the polymer by varying the NaOH concentration. It
was shown that alkaline hydrolysis in suspensions,
similarly to that in aqueous solutions, is a second-
order reaction (first-order with respect to the alkali
and PAA). Hydrolysis is accelerated by raising the
temperature; the activation energy is estimated at
63 kJ mol31.

In [45], the inflence of nonuniform particle-size
distibution pattern on alkaline hydrolysis of PAA was
studied. Figure 7 presents the kinetic curves of hydro-
lysis of a PAA sample with nonuniform particle size
(particle size 0.01530.24 cm) and fractions with uni-
form particle size. In the initial stage of hydrolysis,
the PAA samples with nonuniform and uniform par-
ticle sizes differ in the degree of hydrolysis. For sam-
ples with uniform particle size the initial rate of hy-
drolysis increases with decreasing particle size. This is
due to increase in the degree of swelling of PAA and
easier accessibility of the amide groups of the polymer
to OH3 ions. As seen from Fig. 7, at high conversions
(>40 mol %) the samples with nonuniform and uni-
form particle sizes exhibit identical degrees of hydro-
lysis. This is evidently due to the fact that the swell-
ing degree in the aqueous phase of the polymer at-
tained the limiting value for all the samples and the
amide groups became equally accessible to the hy-

Fig. 7. Variation of content of the SA units in copolymer
A with time t in hydrolysis of (1) unfractionated PAA
and (234) PAA fractions with the average particle sized.
[PAA] = 3.352 base-mol l31, [NaOH] = 6.704 M, water :
toluene = 1 : 8, [NP-3] = 0.5% relative to toluene,T =
60oC. d 0 10, cm: (2) 0.25, (3) 0.75, and (4) 1.2.

drolyzing agent. This demonstrates the possibility of
preparing polymers with controllable degree of hy-
drolysis by PAA hydrolysis in suspensions.

Polymerization of AA in concentrated aqueous
solutions in the presence of hydrolyzing agent.In
review [75], the AA polymerization in aqueous solu-
tions was studied as influenced by the pH of the me-
dium. Various procedures for AA polymerization in
the presence of hydrolyzing agents were described
in patents [76, 77]. This process occurs in the pres-
ence of free radicals R. and the OH3 ions, originat-
ing from NaOH dissociation and catalyzing the hy-
drolysis. The process can be represented by the gen-
eral scheme
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Of the two possible reaction routesI and II , the
main route is copolymerizationI. Only at low con-
versions (<3%) the contribution from routeII is com-
parable with that from routeI; for high conversions
(>30340%) the contribution from routeII is negli-
gible. The reaction is carried out with concentrated so-
lutions of monomers to prepare macromolecular prod-
ucts. However, it is accompanied by cross-linking as

a result of imidization coused by hydrogen ions pres-
ent in aqueous solutions. Adding alkali to an aqueous
monomer solution makes imidization and cross-link-
ing of the polymer less probable but decreases the mo-
lecular weight of the polymer. Formation of water-
soluble products is also favored by tris(2-carbamoyl-
ethyl)amine (CEA), characterized by high proton-ac-
cepting power. Under the polymerization conditions,
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Table 2. Influence of hydrolyzing agents onµh and
composition of the AA3SA copolymers [90]
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Hydrolyzing
³ Content of indicated unit,³

agent, M
³ mol % ³

Mh 0 1036
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´
³ AA ³ SA ³

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Water*

3 ³ 98.4 ³ 1.6 ³ 9.70
[NaOH]: ³ ³ ³

0.003 ³ 92.4 ³ 7.6 ³ 2.54
0.005 ³ 83.2 ³ 16.8 ³ 0.83
0.025 ³ 72.6 ³ 27.4 ³ 0.18

Water : toluene** = 1 : 8

3 ³ 99.5 ³ 0.5 ³ 3.00
[NaOH]: ³ ³ ³

0.028 ³ 98.0 ³ 2.0 ³ 1.66
0.083 ³ 96.6 ³ 3.4 ³ 1.53
0.220 ³ 92.0 ³ 8.0 ³ 0.32
0.443 ³ 79.0 ³ 21.0 ³ 0.20

[Na2CO3]: ³ ³ ³
0.052 ³ 96.5 ³ 3.5 ³ 2.60
0.083 ³ 94.6 ³ 5.4 ³ 1.73
0.150 ³ 90.9 ³ 9.1 ³ 1.09
0.3 ³ 81.6 ³ 18.4 ³ 0.27

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* [AA] = 0.704 M, [(NH4)2S2O8] = 0.1% of AA, 50oC, 5 h.

** [AA] = 0.625 M, [K2S2O8] = 0.1% of AA, 40oC, 2 h.

CEA is formed in the reaction of AA with sodium hy-
droxide and ammonia by the scheme

3CH2ÍCHCONH2 + NH3 6 (CH2CH2CONH2)3N.

CH2ÍCHCONH2 76 CH2ÍCHCOO3 + NH3,
OH3

3CH2ÍCHCONH2 + NH3 6 (CH2CH2CONH2)3N.

CH2ÍCHCONH2 76 CH2ÍCHCOO3 + NH3,
OH3

CEA forms redox systems with persulfates and af-
fects the initiation rate of polymerization [78]. Also,
CEA is a chain-transfer agent, and low-molecular-
weight products are formed in its presence, even in
concentrated monomer solutions [78380]. For ex-
ample, the intrinsic viscosity of the polymers pro-
duced by radiation-induced polymerization of AA
([AA] = 70%) in binary eutectic systems (AA + H2O)
decreases from 1350 to 400 cm3 g31 with the NaOH
concentration increasing from 0.45 to 1.46% [81].

Kurenkovet al. [82] studied the AA polymerization
in 20% aqueous solutions in the presence of Na2CO3
and NaOH under adiabatic conditions (initial tempera-
ture 25oC), with peroxosulfate-hydrosulfite as initiat-
ing system. The heat released in polymerization de-
creases the viscosity of the system and shifts the gel

effect to high temperatures. The decrease in the vis-
cosity of the reaction mixture facilitates diffusion of
the hydrolyzing agent toward the amide groups of
the macromolecules and makes the hydrolysis of the
polymer more efficient. It was found under conditions
simulating the polymerization [82] that CEA is not
formed in the presence of Na2CO3 and the degree of
hydrolysis of AA is not high. The initial polymeriza-
tion rate tends to decrease with increasing concentra-
tion of CEA, NaOH, and Na2CO3 additives in the
order CEA < NaOH < Na2CO3 (at fixed concentration
of the additives). The reaction order with respect to
CEA, NaOH, and Na2CO3 is 1.0, 0.8, and 0.1, re-
spectively. The molecular weightM of the resulting
copolymers tends to decrease in the presence of CEA
and NaOH additives. In contrast to NaOH, raising
the Na2CO3 concentration is not accompanied by any
increase in the CEA concentration or the molecular
weight M of the copolymer. The copolymers prepared
in the presence of Na2CO3 are characterized by
M < 4.20 1036 and content of the SA units of up
to 15 mol %.

In [83, 84], AA copolymers with SA or AAc were
prepared under the conditions of adiabatic polymeriza-
tion of AA in 28% aqueous solutions in the presence
of alkalis (pH < 13.5) and acids (boric, phosphoric).
On introducing radical initiators, the temperature in-
creased from 27 to 92oC owing to the exothermic
character of polymerization. Polymerization yielded
high copolymers containing 13 mol % ionic units. To
increase their content to 30335 mol %, the reaction
mass after polymerization was kept at elevated tem-
perature for 4320 h.

In [85], synthesis of macromolecular AA3SA co-
polymers in AA polymerization in 40% aqueous so-
lutions at initial temeprature of 20350oC [85] was
described. The reaction was run in buffer solutions
of a mixture of sodium tertraborate and sodium hy-
droxide (molar ratio 1 : 3) or disubstituted sodium
orthophopshate with sodium hydroxide (molar ratio
1 : 1), or sodium carbonate with sodium hydroxide
(at salt concentration in the buffer solution of 0.023

0.36 and sodium hydroxide concentration of 0.043

0.5 M) at pH 12.0312.4. The resulting reaction mass
was kept at 60375oC for 5 h in a vacuum or inert
medium. Drying yielded powdered AA3SA copoly-
mer with particle size of 0.0130.5 cm.

The AA3SA copolymers with content of SA units
of 30 mol % and M = 120 106 can be prepared
by radiation-induced polymerization of AA in the
presence of sodium hydroxide and boric acid [86].
Polymerization of AA in 20350% aqueous solutions
in the presence of a buffer mixture (pH > 12) under
the action of ionizing radiation (60Co) and with chem-
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ical initiation can yield AA3SA copolymers of various
compositions [87]. At low NaOH concentrations, hy-
drolysis of the salt component of the buffer mixture
increased the alkali content in the reaction mixure and
enabled control over the composition of the forming
copolymer.

Of indubitable interest is the possibility of prepar-
ing AA3SA copolymers in inverse emulsions. To this
end, a concentrated aqueous solution of the monomer,
with a hydrolyzing agent as additive, is dispersed
in a hydrophobic organic liquid (benzene, toluene,
xylene, cyclohexane, etc.) in the presence of a water-
in-oil emulsifying agent [88]. Polymerization is ini-
tiated by an oil- or water-soluble initiator. In this case,
polymerization and hydrolysis proceed in the aqueous
phase. The advantages of this method are the facile
heat removal and the occurrence of the reaction in
low-viscosity media (viscous aqueous solution of the
forming copolymer is the internal phase). The reaction
yields a latex suitable as a ready-to-use product. The
latex can easily be concentrated by azeotropic distil-
lation; if followed by drying, this yields a powdered
polymer [6, 88]. Various aspects of the AA poly-
merization in the presence of hydrolyzing agents in
inverse emulsions with various organic solvents,
emulsifying agents, and initiators have been discussed
[89398]. It was shown that the polymerization can
be accelerated by raising the NaOH concentration.
This is due to the enhanced influence of the SA mono-
mer yielded by hydrolysis, whose polymerization is
accelerated by the increasing NaOH concentration
[11]; the AA polymerization rate in alkaline media is
independent of pH [99]. Raising the NaOH concen-
tration results in enrichment of the copolymer in the
SA units and a decrease inM (Table 2). The observed
decrease inM was ascribed to the increasing contribu-
tion of chain transfer to CEA, whose content in the
reaction mixture increased with growing NaOH con-
centration. The data in Table 2 show that the char-
acteristics of the copolymers in inverse emulsions are
in agreement with those in aqueous solutions under
comparable conditions. The investigations demon-
strated the possibility of preparing high AA3SA co-
polymers of various compositions in inverse emul-
sions.

Polymerization of AA in concentrated aqueous
solutions with subsequent hydrolysis of the poly-
mer. A two-stage procedure for preparing partially
hydrolyzed PAA was described in the patents cited in
[76, 78]. Initially, AA is polymerized or copoly-
merized with vinyl monomers in 10% aqueous solu-
tions in the presence of a radical initiator, and the re-
sulting viscous mass of the (co)polymer is treated

with alkali at 50390oC [100, 101]. In other cases
[1023109], polymerization is carried out in 10350%
aqueous solutions, predominantly under adiabatic con-
ditions. To facilitate the subsequent hydrolysis, the
viscous polymer mass is treated after polymerization
in an extruder to obtain particles of size 0.232.0 cm,
and the resulting granules are treated with solutions of
alkalis [1023109], alkali metal carbonates [103, 109,
110], or sodium or potassium hydrocarbonates [110].
Next, the hydrolyzed polymer is once again granulated
to particle size of 0.230.5 cm, dried at 403130oC,
and crushed to particle size of 0.0130.1 cm [103,
106, 107]. This yields a copolymer with varied con-
tent of SA units and water content of 10315%. Poly-
mer samples can be uniformly hydrolyzed without
mechanical degradation of macromolecules by mixing
the gel-like polymer mass with a solid alkali in a
screw extruder [101]. A specially designed mixer
[110] can be used for preventing agglutination of
the polymer granules during mixing with the hydro-
lyzing agent.

In [111], a procedure was described for preparing
products with degree of hydrolysis 1.333 times ex-
ceeding that calculated for the taken NaOH amount.
This procedure involvestreatment of the PAA granules
with an alkali solution at 55399oC for 12 h, followed
by drying of the polymer. NaCl and KCl can serve as
hydrolysis activators [110].

Another two-stage procedure for preparing hydro-
lyzed polymers [112] deserves attention. Initially,
a 35350% aqueous solution of the monomer (AA,
2-acrylamido-2-methylpropanesulfonic acid, etc.) is
prepared, which is poured onto a moving infinite band
cooled from the back side with a liquid cooling agent.
Thus, a 0.531.5-cm thick solution layer is created.
This is followed by polymerization in an inert atmo-
sphere at a temperature <80oC under UV irradiation
with l = 3003400 nm or with the use of radical ini-
tiators. This yields within 15360 min a gel-like poly-
mer containing 50365% water. It is reduced to 0.053
0.2-cm particles and mixed at 10340oC with alkaline-
earth metal (Ca, Mg) oxides taken in amount of
<30 mol % relative to that of the polymer unit. Hy-
drolysis is carried out at 60380oC for 12 h. The result-
ing polymer is dried at 803100oC to a residual mois-
ture content of under 10%, which yields 0.0330.1-cm
granules.

Preparation of hydrolyzed PAA was also described
in [113]. First, AA is polymerized in 25% aqueous
solutions at 20oC for 5 h, yielding PAA solutions
with viscosity of 125 cP. These are granulated in
a screw extruder to 0.25-cm particles. The resulting
particles are mixed with 20% aqueous NaOH and
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dried with hot air for 3 h, which yields a polymer with
a degree of hydrolysis of 95 mol % and viscosity of
145 cP.

The reviewed studies show that alkaline hydrolysis
of PAA and its derivatives is strongly affected by the
characteristics of the initial polymers and hydrolyzing
agents, as well as by the reaction conditions. This is
manifested in the effect of the neighboring groups, as
well as electrostatic, conformational, and concentra-
tion effects influencing the kinetics of chemical trans-
formations of polymers and the structure of the form-
ing products. Undoubtedly, with these factors taken
into account, it is possible to carry out controllable
hydrolysis of polyvinylamides and prepare products
with various molecular characteristics and, therefore,
various properties.
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Abstract-The efficiency of purification of technical-grade sodium to remove potassium impurity by distilla-
tion is evaluated theoretically. A technology and apparatus for obtaining high-purity sodium by high-vacuum
distillation were developed. The metal quality was assessed by means of a variety of chemical and physical
methods.

High-purity sodium is necessary for precision stud-
ies of its physical properties, synthesis of some spe-
cial-purity compounds of sodium, and manufacture
of high-capacitance tantalum and niobium capacitor
powders [2, 3], photoelectric devices [4, 5], illumi-
nating lamps, high-temperature heat pipes, etc.

A number of methods have been proposed for pu-
rification of sodium, relying upon the difference in
physical and chemical properties between sodium and
impurities contained in it. The methods based on low
solubility of some impurities in the metal being re-
fined (filtration, melting with settling, purification
with cold traps), are suitable for rough purification,
e.g., to remove stock particles or a major part of oxy-
gen [6, 7]. It has been reported [8] that the content of
Fe, Si, Al, and Cr impurities can be lowered by fil-
tration of sodium heated to 2003500oC from, respec-
tively, 0.003, 0.03, 0.01, and 0.001 wt % to 0.001,
0.001, 0.003, and 0.0001 wt %. These methods failed
to ensure the required degree of purification to remove
poorly soluble impurities and could not separate sol-
uble impurities. Attempts have been made to improve
their efficiency through chemical binding of impuri-
ties into compounds having low solubility [9327].
The chemical binding techniques markedly extended
the number of separable impurities; however, special
reagents and conditions of chemical binding reactions
should be selected for each impurity or group of im-
purities, which complicates practical use of these
approaches.

A technology for manufacture of[reactor] purity
sodium has been proposed [9], according to which

the technical-grade metal obtained by electrolysis
is purified by combined application of methods for
oxidative binding of impurities and two-stage filtra-
tion; however, no quality characteristics of the ob-
tained metal have been reported. The characteristics
of the purification methods used for obtaining the
metal make it possible, however, to maintain that
for a number of impurities (potassium, gas impurities,
calcium, iron, etc.) the achieved purification level
was insufficiently high for some fields of application.
Also inefficient were electrochemical [28, 29] and
crystallization [30] purification techniques.

High-quality sodium can be obtained by reduc-
tion of its special-purity compounds. This technique
is commonly used to produce small amounts of so-
dium directly in photoelectric devices [4]. The most
frequently used salts are chlorides, chromates, and
dichromates, among the commonest reducing agents
are calcium, aluminum, titanium, and zirconium.
The high-temperature processes employed in this
case hinder the development of large-scale apparatus.
The obtained metals require further purification, since
during the purification process the metal vapor carries
away stock particles and gas impurities are evolved,
both of these being absorbed by the condensing metal
[4]. The metal quality decreases dramatically with
increasing scale of the process.

The aim of the present study was to develop
a technology for obtaining high-purity sodium from
the commercially produced technical-grade metal by
the vacuum distillation method.
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EXPERIMENTAL

Impurities in sodium can form chemical compounds
and be present as true solutions or mechanical in-
clusions. According to GOST (State Standard) 32733

63, sodium used in the study could contain up to
(wt %): 0.25 K, 0.2 Ca, and 0.005 Fe. The technical-
grade metal was also contaminated with oxygen, lead
(<5 0 1033%), copper (>30 1035%), bound chlorine
and sulfur, organic compounds. Some impurities are
present as various compounds, e.g., oxygen may enter
into the composition of oxides, hydroxides, or car-
bonates. The potassium impurity must be the most
difficultly separable in distillation of sodium, since
the equilibrium pressures of sodium and potassium
vapors are close. Therefore, it is necessary to study
in the first place the conditions for effective sodium
purification to remove potassium.

The possible efficiency of sodium purification to
remove potassium by single-stage distillation was
evaluated using Rayleigh’s equation [31]

c=ln {
}

x2

cc

W1

W2

x1

ccc

y x3
,dx

(1)

where indices 1 and 2 refer to the intial and current
instant of distillation,W is the amount of fluid distil-
led in the still, andx and y are the concentrations of
the volatile component in, respectively,fluid and vapor.

The concentration of the volatile component in
vapor and fluid are related by the known expression

ccccccccy =
xP0

Kg
K + g

Na(1 3 x)
cccccc

xP0
K

g
K

PNa
0
c, (2)

where gK, gNa are the activity coefficients of potas-
sium and sodium;P0

K, P0
Na are the equilibrium vapor

pressures over pure potassium and sodium.

Theoretically possible yield of pure sodium in equilibrium
single-stage distillation of technical-grade sodium (x1 =
0.25 wt %)
ÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Yield (%) of fraction with indicated
T, ³ bT

³upper limit of potassium content, wt %
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄK
³ ³ 0.01 ³ 0.005 ³ 0.001 ³ 0.0005

ÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
523 ³ 0.0201³ 93.6 ³ 92.3 ³ 89.3 ³ 88.0
573 ³ 0.0305³ 90.4 ³ 88.4 ³ 84.1 ³ 82.2
623 ³ 0.0442³ 86.2 ³ 83.4 ³ 77.5 ³ 75.0
673 ³ 0.0491³ 84.7 ³ 81.7 ³ 75.2 ³ 72.5
ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

At low impurity concentration the activity coeffi-
cient of potassium was considered independent of its
concentration in melt. Then, introducing designation

bT
ccc= gKPK

PNa (3)

and taking into account thatgNa ; 1 at x 6 0, we
obtain from (2)

y =cccc
x
+ bT

x
, (4)

wherebT is independent of the composition of the me-
tal being distilled, but depends on temperature.

Substituting (4) into Eq. (1) and taking into ac-
count thatbT << 1 for the sodium3potassium system,
we finally obtain upon integration the following ex-
pression

lncc
W1

=cccc1 3
Tb

lncc
2W x2

x1Tb
. (5)

The activity coefficients at 523, 573, 623, and
673 K were calculated from the experimental activity
coefficient at 473 K [32] on the assumption that
the entropy of mixing is equal to its ideal value,
which gives the equation

ln g =cc
T
T1

i
T1 ln g ,i

T�
�

�
� (6)

wheregT1
i , gT

i are the activity coefficients ofi-th com-
ponent at, respectively, temperaturesT1 and T.

The results of calculation by Eq. (5), presented in
the table, indicate that, theoretically, single-stage dis-
tillation can ensure deep purification of sodium to
remove potassium.

The purification of technical-grade sodium by dis-
tillation was studied on a setup shown schematically
in Fig. 1. The setup comprised a Kh18N9T steel dis-
tillation still 1 with a condensation pipe2, charging
pipe 3, evacuation pipe4, cover 5 with a pocket for
thermocouple6, still-heating furnace7, S52-1 glass
receiving ampules8, and an evacuating system (not
shown in the figure) comprising a forevacuum and oil-
diffusion pumps, a liquid nitrogen trap, transducers,
and vacuum meter for measuring the residual gas
pres-sure. The bell nipple9 in the unit connecting
the steel condenser and glass members precluded any
contact between molten sodium and the metal (Kovar
alloy)3glass joint, improving the reliability of the set-
up operation.

Sealed containers with technical-grade sodium
stored under a layer of paraffin3Vaseline mixture were
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opened, metal ingots were extracted, washed with
naphtha, and placed in a melting vessel, and the vessel
was then evacuated. Sodium was melted and poured
through pipe3 into a pre-evacuated, and tested for
air-tightness, distillation setup, with excess pressure
of inert gas created over the sodium surface. The ma-
jor part of oxide films was detained by a steel grid
installed at the melting vessel bottom. The melting
vessel was disconnected, and the poured-in metal was
rapidly heated to a prescribed temperature, with the
residual gas pressure maintained at< 6.70 1033 Pa.
Separate fractions of the distillate were collected into
ampules, which were sealed-off when filled. The per-
formed corrosion tests [33] made it possible to estab-
lish the conditions under which S52-1 glass should be
used in working with high-purity sodium.

At 5733593 K, the distillation was slow, since
the equilibrium pressure of saturated vapor pressure
of sodium did not exceed 4 Pa. On raising the distil-
lation temperature to 603 K, the distillation rate was
0.8 g cm32h31. Although the first fractions of the con-
densate were enriched in potassium impurity (the po-
tassium content was determined by the atomic-absorp-
tion method), sodium containing less than 0.01% po-
tassium could not be obtained. This can be accounted
for by fast depletion in potassium of the surface lay-
er of the melt, resulting from metal evaporation from
only a thin surface layer [34]. Vapor formation in
the bulk of a metallic melt is hindered, since, the met-
als having high heat conductivity, it is difficult to
create the necessary temperature gradient along the
melt height. Because of the high heat conductivity and
absence of regions with markedly different densities,
the role played by convective flows in the agitation
of the metal being distilled is also unimportant. Thus,
the purification process is limited by potassium dif-
fusion from the bulk toward the surface layer. When
the surface layer is depleted of potassium, the process
of equilibrium distillation is disrupted and the effi-
ciency of separation markedly decreases.

An acceptable degree of purification can beachieved
if distillation of a minor amount of sodium is per-
formed in two stages: first at 5233563 K, with the
main amount of potassium and organic compound im-
purities removed, and then at 6233633 K, to remove
difficultly volatile impurities (calcium, heavy metals,
sodium oxide, etc.). Two-stage distillation gave met-
al containing less than 0.01% potassium; however,
the duration of the first stage was 48 h at metal height
of 10 cm in the distillation still.

Fabrication of reliable and safe stirring devices
suitable for operation with alkali metals at high tem-
perature is a complicated task. To ensure effective
melt stirring, a distillation apparatus shown schemat-

Fig. 1. Schematic of high-vacuum distiller.

Fig. 2. Schematic of a device for metal distillation in
the boiling mode.

ically in Fig. 2 hasbeen developed [35]. It comprised
a distiller 1 with an extension2; central tube3 with
vertical slits4 for metal circulation; and cover5 with
welded-in pipes6 and 7 for, respectively, pouring-in
black metal and condensing vapor. To extensions of
the condensation pipe were connected an evacuating
system and vessels-receivers for the evaporated metal
(not shown in Fig. 2). A filling8, made of perforated
steel disks, was fixed inside the central tube. An en-
trainment trap9 was mounted above the central tube.
The distiller was heated with a furnace10, and the ex-
tension 2, with an independent electric heater11,
with the power of both controlled by varying the ap-
plied voltage by means of autoformers.
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The distillation was done as follows. An assembled
apparatus was evacuated and heated to 4003410 K,
and technical-grade sodium was poured-in. The ex-
tension whose length exceeded approximately 20-fold
its diameter was heated with the furnace, which al-
lowed sodium overheating in the extension to 10303

1050 K, with the temperature of sodium in the dis-
tiller being 5103550 K. A vapor was formed in the ex-
tension, whose pressure exceeded the hydrostatic pres-
sure of the column of sodium poured into the distill-
er. The vapor moved along the central tube upwards,
with the vapor flow disintegrated in the filling into
fine bubbles and intensively agitating the melt. After
potassium-rich fractions were evaporated, the distill-
er was cooled and fractions of the condensate and
still bottoms were fractionated.

Upon 2-h distillation of 5500 g of technical-grade
sodium containing 0.28% potassium, 95.5% of the
metal remaining in the still contained 0.007% potas-

sium. Potassium was concentrated in two fractions,
125 g each, containing 11.4 and 0.52% potassium,
respectively. On making the distillation longer (5 h),
the content of potassium impurity in the still bottoms
decreased to 0.001530.003%, with 88.5390% of sodi-
um obtained as purified product. At distillation dura-
tion of 7 h, the potassium impurity became 0.0006%
with 85% of sodium obtained as purified product.
Organic residues were distilled off simultaneously
with potassium.

Final purification of sodium was carried out by
means of repeated distillation in the setup shown in
Fig. 1 at a temperature of 6503690 K and residual gas
pressure of no more than 6.70 1033 Pa. With this
done, the most difficultly volatile impurities-calci-
um, heavy metals, chlorides, oxides, etc.-were sep-
arated. The purified metal was analyzed by atomic-
absorption and spectral methods. Below is given the
content of impurities in high-purity sodium purified
by the developed technique:

ÄÄÄÄÄÄÄÄÄÄ

Impurity K Rb Cs Cu Ag Mg
Content, wt % 60 1034 <1 0 1033 <1 0 1033 <5 0 1036 <5 0 1037 <2 0 1035

Impurity Ca Zn Al Ga In Tl
Content, wt % 20 1035 1 0 1035 <1 0 1035 <5 0 1036 <5 0 1036 <8 0 1036

Impurity Ti Sn Pb Sb Bi V
Content, wt % <90 1036 <5 0 1036 <5 0 1036 <5 0 1035 <5 0 1036 <5 0 1037

Impurity Cr Mo Mn Fe Co Ni
Content, wt % <50 1036 <5 0 1036 <5 0 1036 <1 0 1035 <2 0 1036 1 0 1036

ÄÄÄÄÄÄÄÄÄÄ

The quality of sodium obtained using the devel-
oped technology exceeds that of the best of the known
foreign samples [36, 37].

The content of oxygen, found by vacuum evapora-
tion of sodium from a sample, with subsequent titra-
tion of unevaporated residue, was not higher than
2 0 1034 wt %.

The ratio of the residual electrical resistancer0
(at T 6 0) of high-purity sodium to the resistance
at 293 K was 1.5401034, which corresponds to a total
impurity content of about 0.001 wt %.

CONCLUSIONS

(1) It was shown theoretically and experimentally
that vacuum evaporation of a minor amount of tech-

nical-grade sodium can yield metal with impurity con-
tent of less than 0.01 wt %. The rate-limiting stage
of the process is potassium diffusion from the bulk
toward the surface layer of the melt being refined.
A distiller design and a process regime were devel-
oped, making it possible to overcome kinetic hin-
drances.

(2) Final purification of sodium to remove alka-
lineearth and heavy metals, oxygen, organic and other
impurities is achieved by its additional high-vacuum
distillation. A distiller design and regimes of finishing
sodium purification were developed.

(3) The developed technology and equipment were
used in commercial manufacture of high-purity sodi-
um in conformity with TU (Technical Specification)
48-4-475386.
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Abstract-The effect of mechanical treatment on the properties of barium peroxide-high-temperature source
of oxygen-is considered.

Peroxide compounds of alkaline-earth metals at-
tract attention of researchers and technologists as
a source of chemically bound and readily evolved
oxygen. These compounds have pronounced thermal
stability and are widely used in metallurgy, polymer
chemistry, medicine, etc. [1]. The basic technological
parameter ensuring the possibility of using the per-
oxides is the temperature of their decomposition in-
to an oxide and active oxygen. The most stable of
the known metal peroxides-barium peroxide, starts
to actively evolve oxygen at 500oC, with complete
loss of oxygen at 900oC [2]. The change in enthalpy
in the process is 75 kJ mol31 {DHf (BaO2) = 3623,
DHf (BaO) =3548 kJ mol31 [3]}. BaO2 decomposition
is accompanied by rupture of the peroxide bond and
liberation of oxygen [4].

The kinetics of BaO2 dissociation depends on ex-
ternal pressure and atmosphere composition. In the
atmosphere of oxygen, BaO2 is more thermally stable,
as would be expected, whereas in the atmosphere of
water vapor or carbon dioxide it starts to decompose
already at 200oC [5]. However, the presence of water
vapor or carbon dioxide in the reaction volume is not
always desirable or acceptable. The synthesis tempera-
ture (with peroxide used) may be lower than the tem-
perature at which intensive oxygen evolution occurs.
In such cases, modification of barium peroxide is
desirable, lowering the temperature of its dissociation.

In the present communication, a method for con-
trolling the temperature of barium peroxide decompo-
sition in air under normal pressure is proposed, rely-
ing upon intensive mechanical treatment.

Barium peroxide [GOST (State Standard) 6054375]
was preliminarily dried at 105oC. Barium peroxide

powders-both initial and mechanically treated-were
stored in a desiccator over calcium chloride. An anal-
ysis of the IR spectra of the samples demonstrated
the absence of water and carbon dioxide adsorbed
from air.

The mechanical treatment of barium peroxide was
done in the working chamber of a D-109 disintegrator.
Powders mechanically treated to varied extent were
obtained by repeated or multiple grinding in the same
apparatus. Sedimentation, thermal, and X-ray diffrac-
tion analyses of the initial and mechanically treated
BaO2 samples were made under identical conditions.

The sedimentation analysis was made on a Retsch
Lumosed photoelectric instrument (Germany). A 2-g
sample was placed in a chamber filled with cyclo-
hexanol, thoroughly stirred, and the chamber was
mounted on the analyzer. In the course of particle
settling, the intensity of a light beam passing through
the chamber changed, which was recorded by the an-
alyzer. A computer connected to the analyzer calcu-
lated by means of appropriate software the size dis-
tribution of the particles.

Thermal analysis was done on a Q-1000 deriva-
tograph (Hungary), with differential-thermal (DTA)
and thermogravimetric (TG) curves recorded. The ther-
mal effects were evaluated from the DTA curves,
using reference samples.

X-ray analysis was made on a DRON-2.0 diffrac-
tometer. The BaO2 unit cell is tetragonal, with two
molecules and each barium ion surrounded by six
peroxide ions forming an octahedron. The unit cell
parameters of the initial powder were as follows:
a = 3.818 andc = 6.854 A.
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A sedimentation analysis of BaO2 samples mech-
anically treated to varied extent demonstrated that
considerable changes in particle size are only observed
after the first two treatments: the broad asymmetric
particle size distribution lying in the interval 0.053
0.30 mm (Fig. 1a) is transformed into a narrow peak
with maximum corresponding to particle size of
0.00530.010 mm (Fig. 1b). Further multiple treatment
of the powder did not lead to any significant changes
in the curve (Fig. 1b).

Intensive mechanical treatment of peroxide powders
leads to the appearance in the DTA curves (Fig. 2)
of new exothermic peaks in the temperature range
2403350oC, with the height and shape of the peaks
dependent on the extent of mechanical treatment.
The appearance of these peaks upon mechanical treat-
ment indicates the occurrence of some changes caused
by mechanical impact. In mechanochemistry, the ad-
ditional energy imparted to a substance by mechanical
treatment is conventionally named excess enthalpy

DHex = HT 3 HT ,*
DHex = HT 3 HT ,*

where H *
T is the enthalpy of a mechanically treated

active solid, andHT is the enthalpy of the same sub-
stance in the initial equilibrium state at temperatureT.

The energy is accumulated in distorted chemical
bonds appearing as a result of atomic displacements
relative to regular crystal lattice sites. Since the excess
enthalpy affects both the equilibrium and the rate of
the solid-state reaction, it is a rather important quan-
titative characteristic of the reactivity of a substance.
The excess enthalpy is determined by measuring the
area under the peak in the DTA curve corresponding
to annealing of defects formed in the solid as a result
of mechanical treatment. To compareDHex values
obtained in different stages of mechanical treatment
with the energy of barium peroxide decomposition
equal to 75 kJ mol31 [3], DHex was evaluated for ref-
erence samples: AgNO3, Sn, LiNO3, NaNO3, and
KNO3 characterized by heat effects in the range 2003
350oC. In the initial stage of mechanical treatment,
DHex grows, but then decreases despite the continued
intensive treatment. This fact indicates that, in a cer-
tain stage, part of energy accumulated in the preced-
ing treatment is released.

An analysis of curves describing the loss of mass
of peroxide samples as a function of temperature de-
monstrated that the curves are shifted to lower tem-
peratures, i.e. oxygen evolution starts at lower tem-
peratures. For clarity, points corresponding to 50%
loss of active oxygen were chosen in these curves and

Fig. 1. BaO2 particle size distribution functions. (N) Num-
ber of particles and (d) particle diameter. Powder: (a) initial
and (b) twice treated.

Fig. 2. DTA curves for mechanically treated barium per-
oxide powders. (T) Temperature.Digits at curves indicate
the number of treatments; curve0 is for the initial sample.

Fig. 3. ParametersP of BaO2 samples vs. the numbern
of mechanical treatments. ParameterP: (1) S/Smax (for ex-
planation see text), (2) T 0 1033 (oC) corresponding to
liberation of 50% of active oxygen.

the corresponding temperatures were calculated for
these points for each sample treated to varied extent.
Figure 3 (curve2) presents the dependence of this
temperature on the extent of treatment.
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X-ray studies of samples subjected to varied extent
of mechanical loading demonstrated that their crystal
structure undergoes noticeable changes. X-ray diffrac-
tion patterns measured under identical conditions re-
vealed changes in reflection intensity ratios. For ex-
ample, for certain samples the intensity of the reflec-
tion (101) becomes equal or even smaller than 59% of
the intensity of the reflection (002). Changes in the in-
tensities of the reflections from different planes indi-
cates varied degree of disordering of their constituent
atoms under the action of mechanical treatment of
varied intensity. The increase in the intensity of (002)
reflections with respect to other reflections indicates
that the employed extent of mechanical treatment does
not cause any significant shifts from the (002) plane
containing barium atoms. Presumably, the role of
a stabilizing factor is played in this case by the pres-
ence of a pair of oxygens between barium atoms from
different planes, contributing to the (002) reflections.
At the same time, it is easier to cause disordering of
atoms from the (101) plane by mechanical treatment.
The process of a general decrease in intensity with its
subsequent growth is observed several times with in-
creasing duration of mechanical treatment.

The periodically observed general decrease in re-
flection intensity is due to partial disordering of atoms
throughout the crystallattice, giving way, in the course
of subsequent mechanical treatment, to ordering of
lattice atoms.

It should be noted that, despite the significant
changes in X-ray reflection intensities, no already
present peaks disappear and no new peaks appear in
the X-ray diffraction patterns. No significant broaden-
ing of X-ray profiles is observed either.

For quantitative comparison of changes in X-ray
diffraction patterns, the quantity

S = S I (hkl)
hkl

S = S I (hkl)
hkl

was calculated, whereI(hkl) is the intensity of an
X-ray reflection with Miller indices (hkl).

S values were calculated for each sample. For con-
venience of presentation ofS in relation to treatment
duration, the maximum value,Smax, was chosen
among all theS values corresponding to each sample,
and all these values were normalized to it.

The effect of mechanical loading on theS/Smax
value is illustrated in Fig. 3(curve 1).

An analysis of how the BaO2 lattice constants de-
pend on mechanical loading demonstrated that the
parametersa and c change insignificantly with load-
ing, except in the case of a fourfold treatment for
which the microstrainDa/a is 1%.

Mechanically treated barium peroxide was used to
perform solid-state synthesis of a high-temperature
superconductor, Y1Ba2Cu3Oy. As a result, the syn-
thesis temperature was lowered by 150oC and more
homogeneous samples were obtained, having no in-
clusions of the undesirable[green] phase of BaCuO2.
Thus, mechanical treatment made[milder] the syn-
thesis conditions and improved the product quality
even at higher temperatures, where the common un-
treated barium peroxide yields better results, com-
pared with barium oxides.

Use of mechanically modified barium peroxide
could produce even greater effect in polymer chem-
istry and organic synthesis, in purification of waste-
water and organic and inorganic materials, in metal-
lurgy, etc.

CONCLUSIONS

(1) Application of considerable mechanical loads
leads to noticeable structural rearrangements in barium
peroxide. The effect of periodic changes in reflection
intensity with mechanical load points to relaxation of
a deformed crystal into its initial state under mech-
anical impact. The doses of mechanochemical action
leading to the highest microstrains were determined.

(2) Mechanical activation of barium peroxide gives
rise to a number of new thermal effects in the tem-
perature range 2003350oC and also leads to a signif-
icant change in the dynamics of liberation of active
oxygen. The areas under exothermic peaks in DTA
curves change nonmonotonically with applied load.

(3) To the maximum values of the exothermic
peaks in the DTA curves correspond minimum reflec-
tion intensities in X-ray diffraction patterns, indicat-
ing the most disordered state with the maximum mi-
crodeformation parameter. To these values correspond
the lowest temperatures of BaO2 decomposition.

(4) The existence of a correlation between X-ray
and thermal data points to the bulk nature of crys-
tal-structure changes occurring in the substance in
the course of its mechanical treatment and to the pos-
sibility of lowering substantially the BaO2 dissocia-
tion temperature.
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Abstract-Data on thermodynamic properties of alloys of the system lithium3tellurium in liquid and solid
states are compared and analyzed.

Tellurium forms with all alkali metals intermetallic
compounds commonly possessing very narrow homo-
geneity regions. In addition, formation of tellurium-
based solid solutions is uncharacteristic of these sys-
tems [134]. The lack of solid solutions allows use of
polarization measurements for estimating the thermo-
dynamic properties of the solid phases and makes
simpler the necessary calculations.

In the system Li3Te, congruently melting com-
pounds Li2Te (mp 1477+ 10 K) and LiTe3 (mp 733+
1 K) are formed, with the latter compound character-
ized by a very flat maximum [1, 5]. The optimized
phase diagram of the system (Fig. 1), presented by
Sangster and Pelton [6], is very close to the data
of [5].

The first data on thermodynamic properties of the
system Li3Te were presented by Foster and Liu [7]
who measured the potentials of lithium alloys with
tellurium in the melt LiF3LiCl relative to a lithium3
bismuth reference electrode (Li3Bi alloy saturated
with Li3Bi). The authors studied the lithium-lean part
of the system (0.056< xLi < 0.520,xLi is the molar
fraction of Li in the alloy, 14 compositions) at a single
temperature (798 K). The excess partial molar Gibbs
energy of lithium DGLi

exc (J mol31) at this tem-
perature as a function of composition can be repre-
sented as

DGLi
exc = 3153000 3 24000xLi + 48850x2

Li . (1)

Equation (1) covers solely the region of liquid
alloys of the system Li3Te at 798 K (xLi < 0.38). At
infinite dilution (xLi 6 0) DGLi

exc is 3153.0 kJ mol31,
and the activity coefficient of lithium,giLi , 9.60 10311.
It follows from Eq. (1) that theDGLi

exc value varies

only slightly with increasing lithium content in the
alloy: 3154.9 (xLi = 0.10), 3155.8 (xLi = 0.20) and
3155.8 kJ mol31 (xLi = 0.30). The average value of
DGLi

exc in the region of liquid alloys is3155.4 + 0.6
kJ mol31 [7].

At 798 K andxLi > 0.38 the process in the cell is
associated with the reaction

Li(l) + 0.5Te(l) = 0.5Li2Te(s). (2)

The change in the standard Gibbs energyDG0
798

upon formation of 1 mole of Li2Te is 3325.9+
1.7 kJ mol31 [7]. The same value is given in the ref-
erence book compiled byMills [8]. The standard en-
tropy of Li2Te, found by approximate calculation,
is S0

298 = 77.4+ 12.6 J mol31 K31 [8]. A close value,
S0

298 = 80.8+ 12.6 J mol31 K31, was obtained using
a different calculation procedure by Voronin [9].
The standard enthalpy of Li2Te formation,DH0

298, was
estimated to be3355.6+ 20.9 kJ mol31, using the

Fig. 1. Phase diagram of the lithium3tellurium system [6].
(T) Temperature and (xTe) tellurium content in the system.
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standard entropy andDG0
298 from the reference book

[8]. The same values ofDH0
298 and S0

298 were used
by Barin et al. [10] to estimate the thermodynamic
functions of Li2Te in a wide temperature range (2983

1100 K).

For liquid lithium3tellurium alloys, close results
were obtained in [11]. In a set of systematic inves-
tigations concerned with thermodynamic properties of
liquid alloys formed by lithium and Group III3V
elements of the periodic system, alloys of the system
Li3Te (0.016< xLi < 0.222, 7 compositions, 823 K)
were studied by the emf method [12, 13]. As elec-
trolyte served a eutectic mixture LiF3LiCl. The
limiting value of DGLi

exc at infinite dilution is
3154.3 kJ mol31 andgiLi = 1.6010310. In the composi-
tion range studied here,DGLi

exc is virtually constant
(3154.3 kJ mol31) [11].

In a more recent study [14], a lithium3fluoroborate
glass was used in emf measurements to avoid interac-
tion of Li3Te alloys with molten electrolyte. Li2Te is
possibly soluble in molten salts [15317]. On the basis
of the whole set of properties, the following glass
composition was taken to be the optimal (mol %):
15.9 Li2O, 69.0 B2O3, and 15.1 LiF [18, 19]. The lith-
ium3tellurium alloys under study were prepared elec-
trochemically [20].

In [14], the alloys were studied in the range 7333

803 K (0.008< xLi < 0.283, 10 compositions) and
the partial and integral thermodynamic characteristics
at 785 K were given. The activity coefficient of lithi-
um is virtually constant in the composition range
studied [(3.44+ 0.39)0 10311 at 785 K]. The de-
pendence of the emf on logxLi is nearly linear (Fig. 2).
In this case, the expression

E = 32.303ÄÄ log xLi gLi
RT
F

E = 32.303ÄÄ log xLi gLi
RT
F

can be represented as

E = a 3 blog xLi.

The least-squares processing of the data reported in
[14] yields the dependence

E = 1.661 3 0.124logxLi.

The correlation coefficient is 0.993, and the root-
mean-square error, 0.35%. It should be noted that
the obtained coefficient of the logarithm in the above
expression slightly differs from the theoretical value
(0.156 at 785 K).

The activity coefficient of tellurium was deter-
mined by integrating the Gibbs3Duhem equation in
the form

ln gTe = 3aLi xLi xTe + aLi dxLi ,
xLi

0

{}ln gTe = 3aLi xLi xTe + aLi dxLi ,
xLi

0

{}

where aLi = ln gLi /(1 3 xLi)
2.

Below, the activities and activity coefficients of
lithium and tellurium in liquid alloys at 785 K are
given for the composition interval (0.08< xLi < 0.28)
with a step of 0.04 molar fraction:

xLi aLi 0 1012 gLi 0 1011 aTe gTe

0.08 2.67 3.34 0.957 1.04
0.12 3.57 2.97 0.928 1.06
0.16 5.30 3.31 0.876 1.04
0.20 7.08 3.54 0.821 1.03
0.24 7.85 3.27 0.798 1.05
0.28 8.23 2.94 0.793 1.10

The average activity coefficient, as determined from
smoothed data, is (3.23+ 0.14)0 10311 for lithium
and 31.05+ 0.02 for tellurium. If Henry’s law is ful-
filled for a solute (lithium in the given case), then
Raoult’s law must be fulfilled for the solvent (telluri-
um) in the same range of compositions [21].

According to [14], theDGLi
exc value in the concen-

tration range (0.008< xLi < 0.280) at 785 K lies
within the range from3152.8 to 3158.5 kJ mol31,
which is close to the previously obtained results
[7].

In [22], the vapor pressure of Te2 over molten
LiTe3 at 73331030 K was measured by absorption
spectrometry. In this case, the temperature dependence
of tellurium activity is expressed by the equation
(xTe = 0.75)

log aTe = 30.471 + 296.5T31.

At 785 K the tellurium activity is 0.807 and its
activity coefficient, 1.08, in good agreement with
the above data obtained on the basis of [14].

Fig. 2. Electromotive forceE vs. lithium concentration
xLi in the alloy at 785 K.
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In the same study [22], the vapor pressure of tel-
lurium over a LiTe33Li2Te mixture in solid state at
6533722 K was also determined. For the equilibrium

4LiTe3(s) = 2Li2Te(s) + 5Te2(g)

log PTe2
= 5.3263 6726/T, whereP is pressure (atm).

For the reaction

0.5Li2Te(s) + 2.5Te(s) = LiTe3(s) (3)

the change in the Gibbs energy (kJ) is given by

DG0
T = 30.51 3 5.2930 1032T. (4)

The authors of [22] emphasize that theDG0
T value

becomes positive below 577 K and the compound
LiTe3 decomposes into two phases: Li2Te and Te
[22]. This fact is reflected in the phase diagram of
the Li3Te system (Fig. 1).

In [23328], the thermodynamic properties of the
compounds formed by lithium and other alkali metals
were determined by means of polarization measure-
ments, with polarization curves measured in pulsed
galvanostatic mode and switching-off curves recorded
on a specially designed setup [29, 30]. The method
consists in that the potential of tellurium electrode
polarized by dc rectangular pulses of increasing am-
plitude is recorded at the moment when the circuit
is broken. The setup allowed switching-on the po-
larizing current for a prescribed time (from 1 to 32 s),
turning-on the tape drive of the recorder 1 s before
the polarization circuit is broken, current switching-
off, and delivery of a pulse to a digital voltmeter.
Measurements in the potentiodynamic mode could be
used for obtaining preliminary results and estimating
the number of phase regions in alloying.

The above technique for measuring polarization
curves in pulsed galvanostatic mode is fast and, at

Fig. 3. The integral molar Gibbs energyDG0
T vs. alloy

composition in the system lithium3tellurium at 650 K.

the same time, ensures high accuracy (not worse than
+1%) in determining the phase-region potential.
However, the interpretation of results depends on the
reliability of data obtained in studying a particular
phase diagram. In the Li3Te system, only two com-
pounds are formed whose compositions are beyond
any doubt. Consequently, polarization measurements
yield rather reliable results in this case.

The Li3Te system was studied at 650 K, with a
LiF3LiCl3LiI melt as electrolyte [25]. Two regions
with constant potentials relative to lithium reference
electrode (1.774+ 0.002 and 1.721+ 0.002 V), at-
tributable to the phase regions Te + LiTe3 and LiTe3 +
Li2Te, were clearly revealed in the polarization and
switching-off curves. The first phase region is related
to the reaction

(5)Li(l) + 3Te(s) = LiTe3(s).

In accordance with reaction (5), the standard
changes in the Gibbs energy in the formation of
LiTe3 and Li0.25Te0.75 from pure components are
3171.2+ 0.2 and 342.8+ 0.1 kJ mol31, respectively.

The second phase region corresponds to the occur-
rence of the reaction

LiTe3(s) + 5Li(l) = 3Li2Te(s). (6)

The change in the Gibbs energy at 650 K for this
reaction is 3830+ 0.2 kJ. Taking into account the
DG0

650 value for LiTe3, we have 3333.8+ 0.4 and
3111.3+ 0.2 kJ mol31 for the change in the Gibbs
energy in the formation of, respectively, Li2Te and
Li0.67Te0.33 from pure components. These values are
close to those obtained previously by Foster and Liu
[7] at 798 K. For reaction (3) at 650 K, Eq. (4) gives,
on the basis of data reported in [22],DG = 33.89 kJ;
according to our data,DG = 31.30 kJ.

The dependence of the Gibbs energy on composi-
tion for the Li3Te system at 650 K [25] is presented
in Fig. 3. As seen, there is virtually no clearly visible
break in the curve at LiTe3 composition. Indeed, it
follows from the obtained potentials that the partial
molar Gibbs energy of lithiumDGLi, determin-
ing the slope of the straight lines, is3166.1 and
3171.2 kJ mol31 at 650 K in the phase regions LiTe3 +
Li2Te and Te + LiTe3, respectively. With the adopted
scale of the ordinate axis in Fig. 3, thisdifference is
very small.

Data on integral molar Gibbs energyDG (kJ mol31)
at 798 K, obtained in [7, 14], are close in the com-
parable part of the homogeneity region:
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xLi DG798 [7] DG798 [14] Discrepancy, %

0.04 37.31 37.32 0.14
0.08 314.22 314.41 1.32
0.12 320.97 321.90 4.20
0.16 327.63 328.30 2.37
0.20 334.23 335.11 2.51
0.24 340.79 341.87 2.58
0.28 346.99 348.52 3.15

In studying the tellurium cathode polarization, we
used, along with the halide electrolyte, a nitrate3ni-
trite electrolyte with addition of lithium hydroxide
(LiNO33LiNO23LiOH, 423 K) and also electro-
lytes with dissimilar cations, LiCl3KCl (650 K) and
LiNO33KNO3 (423 K). No significant differences
between the potentials of the two-phase regions of
interest were revealed; however, in electrolytes with
dissimilar cations, a region with constant potential
relative to the lithium reference electrode (1.959+

0.008 V at 423 K and 1.896 V at 650 K) was addi-
tionally observed. Most likely, this is due to the in-
volvement of potassium ions in alloying.

It should be particularly emphasized that, in an
electrolyte with a single kind of cations, both two-
phase regions are recorded at 423 K, although the dif-
ference between the potentials corresponding to these
regions does not exceed 0.02 V (1.770+ 0.010 and
1.751+ 0.002 V).

The potential of the Te + Li2Te two-phase region
relative to lithium reference electrode (1.779+
0.003 V), determined in [31] at 298 K by the elec-
trochemical method (coulometric titration) with the
use of a propylene3carbonate electrolyte containing
LiF6As, corresponds to the standard Gibbs energy
of Li2Te formation from pure solid components
(3343.5+ 1.3 kJ mol31). The obtained potential of
the phase region at 298 K [31] is close to the poten-
tials of the phase regions at 423 K [25].

Data on the potential of lithium reduction from
molten electrolytes on a liquid tellurium cathode are
available [23, 32]. The discharge of lithium ions
with the formation of an alloy on both solid and
liquid cathodes should be considered a single elec-
trochemical process [33]. This concept is of funda-
mental importance and governs the thermodynamics
of alloying. Not only electron transfer occurs, but
also a simultaneous interaction of the reduced metal
with the cathode material. In reduction of lithium
on a liquid tellurium cathode, the observed value of
the potential cannot serve as a basis for any thermo-
dynamic calculation because of the undetermined lith-
ium content in the surface layer of the liquid alloy.

Nonetheless, the depolarization value and the dif-
ference between the potentials of lithium reduction
on an inert solid cathode and a liquid cathode allow
qualitative estimation of the degree of component in-
teraction in the liquid alloy. It should be kept in mind,
however, that the depolarization depends, to a certain
extent, on the measurement technique. For this reason,
the potentials of lithium reduction on various liquid
cathodes can be compared solely under identical
measurement conditions. The depolarization value in
lithium reduction on the liquid tellurium cathode lies
within 1.9532.10 V. For comparison, this value is
0.94 V for bismuth and 0.68 V for lead at 723 K [34].

The switching-off curves measured at 823 K, after
polarizing the liquid tellurium cathode with 233 A cm2

current density for 1 h, show two plateaus of potential
decay. In the LiF3LiF electrolyte, the plateau po-
tentials, averaged over 30 tests, are 0.72+ 0.05 and
1.64+ 0.01 V relative to a lithium reference electrode
[32]. The latter potential is close to the potential cor-
responding to liquid lithium3tellurium alloy saturated
with Li2Te (1.67 V, 798 K) [7]. The plateau in po-
tential decay at 0.72+ 0.05 V cannot be explained
yet, since part of the system Li3Li2Te has virtually
not been studied at all.

The aforesaid suggests that there is rather good
agreement between the results obtained in studying
the thermodynamic properties of liquid alloys and
solid phases in the system Li3Te by different methods.
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Abstract-Data on the thermodynamic properties of liquid alloys and the solid phase in the system lithium3
selenium are compared and discussed.

Lithium and selenium form only a single com-
pound, Li2Se (mp 1575+ 5 K), and there exists a sep-
aration region in the selenium-rich part of the system
[1]. The optimized phase diagram of the system is
presented in Fig. 1 [2]. Other properties of lithium3
selenium alloys are considered in a review [2]. How-
ever, it seems reasonable to discuss results obtained in
thermodynamic studies of the alloys in more detail.

First data on thermodynamic properties of liquid
alloys of the system Li3Se were obtained in [3] by
measuring the emf of concentration cells with lithi-
um3selenium alloys (xLi < 0.464,xLi is the molar frac-
tion of lithium in the alloy) in contact with molten
LiBr3RbBr (mp 540 K) or LiF3LiCl3LiI electrolyte
(mp 614 K), and experimental data were represented
as graphs. The interaction of lithium3selenium alloys
with salt melts [4] makes interpretation of the emf
measurements rather complicated.

In [5], thermodynamic properties of liquid lithium3
selenium alloys (0.002< xLi < 0.159, 12 composi-
tions) were studied by the emf method, with glass
(Li2O : B2O3 : LiF = 8.3 : 84.7 : 15.3 wt %) used as
solid electrolyte to prevent interaction of Li3Se alloys
with molten electrolyte LiCl3KCl. All the composi-
tions studied lie within the separation region. The
average cell emf is 2.085+ 0.002 V at 693 K. In the
separation region of the Li3Se system, where a mix-
ture of molten salts is additionally present as a third
phase, the emf is 2.10 V at both temperatures (633 and
663 K) [4], which is close, within 0.7%, to the above
value. This suggests that the influence exerted by
the interaction with the salt phase on the thermo-
dynamic properties of the Li3Se itself is insignificant.
The average partial molar Gibbs energy of lithium
DGLi at 693 K in the separation region is (201.2+

0.2) kJ mol31 [5]. The average Li activity,aLi, at this
temperature is (6.83+ 0.24)0 10316.

It was indicated in [4] that the interaction of lithi-
um with selenium in the liquid state should be de-
scribed by the reaction

2Li + xSe = Li2Sex.

For this reason, the activity coefficient and activity
of Li2 are used. This approach seems to be incon-
venient for systematic studies of the thermodynamic
properties of liquid lithium alloys [6] and is not sub-
stantiated to a sufficient extent.

In the composition range studied [5], the integral
molar Gibbs energyDG of the system Li3Se can be
estimated with regard to the constantDGLi value by
taking into account that virtually pure selenium (DGSe
approaches zero) is in equilibrium with the lithium
alloy at 693 K. This energy can also be calculated in
the conventional manner without taking into account
the specificity of interaction between the components:

Fig. 1. Phase diagram of the lithium3selenium system ac-
cording to [2]. (T) Temperature andxSe selenium content
in the alloy.
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DG = (1 3 xLi ) dxLi + DGid,{
cccccc
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where DGLi
exc is the partial excess Gibbs energy of

lithium andDGLi
id is the change in the Gibbs energy for

the ideal solution at a given composition and tempe-
rature.

Both the approaches give similar results (693 K,
DG, kJ mol31):

xLi DG xLi DG xLi DG

0.02 34.06 0.08 316.11 0.14 328.17
0.04 38.06 0.10 320.16 0.16 332.20
0.06 312.08 0.12 324.21 0.18 336.22

As shown above, only a single, rather stable com-
pound Li2Se is formed in the Li3Se system. This fact
and the constantDG value in the composition range
studied enable an approximate estimate of the change
in the Gibbs energy for the reaction

0.667Li(l) + 0.333Se(l) = Li0.667Se0.333(s). (1)

The point of intersection of the dashed straight lines
in Fig. 2 corresponds to the limiting Gibbs energy for
reaction (1) at a given temperature (3134.1 kJ mol31).
The true value ofDG must be somewhat lower in
absolute value (probably,3131+ 2 kJ mol31). The
change in the Gibbs energy of reaction (1) at 633 K,
calculated from the results of emf measurements for
compositions in equilibrium with the solid phase
Li2Se, is 3131.1 kJ mol31 [4]. With the slight dif-
ference in measurement temperatures (693 and 633 K)
disregarded, these results agree quite satisfactorily.
The corresponding value for Li2Se is3393.3 kJ mol31.

Fig. 2. Integral molar Gibbs energyDG vs. composition.
(xSe) Selenium content in the alloy. Data, temperature (K):
(1) [5], 693 and (2) [3], 633.

In a study [7], not mentioned in review [2], the
polarization of a solid selenium electrode in the
LiNO33LiNO23LiOH melt was studied at 423 K.
The polarization curve measured in pulsed galva-
nostatic mode has a clearly pronounced portion of
constant potential (2.098+ 0.002 V) relative to a solid
lithium reference electrode. This potential is associated
with the presence of a two-phase mixture Se + Li2Se
in the surface layer of the electrode being polarized.
Thus, for the reaction

2Li(s) + Se(s) = Li2Se(s) (2)

the change in the Gibbs energy at 423 K is
3404.9 kJmol31. Correspondingly,DG = 135.0 kJmol31

in the case of formation of the Li0.667Se0.333 com-
pound by reaction (2). Recalculation to the liquid su-
percooled state of the initial components, correspond-
ing to reaction (1), yields3135.6 and3406.8 kJ mol31

for Li0.667Se0.333 and Li2Se, respectively (at 423 K).

The standard entropyS0
298 of lithium selenide is

estimated unambiguously. Calculation by Latimer’s
method [8] yields 96.2+ 20.9 J mol31 K31, and that
by Voronin’s method, 69.9+ 12.6 J mol31 K31 [9]. In
Mills’s handbook [10], the S0

298 value of 71.1+
12.6 J mol31 K31 is reported. The same value (with
unspecified error) is used as a basis for calculations
in the reference book [11].

The change in the enthalpy in Li2Se formation from
pure solid components at 423 K can be calculated
with reasonable accuracy by means of the equation

DHT = DGT + TDS0
298 + TDCp ln (T/298),

whereDS0
298 characterizes the enthalpy change under

the standard conditions andDCp is the change in
the average heat capacity in the temperature range
under consideration.

According to the data presented in the reference
book [11], S0

298 = 29.08 J mol31 K31 for Li(s) and
42.26 J mol31 K31 for Se(s). Closely similar values
(29.10 and 42.43 J mol31 K31, respectively) were
used in calculations in [8]. If we acceptS0

298 =
96.2 J mol31 K31 for Li2Se, then theDS0

298 value for
the process considered will be34.22 J mol31 K31. In
its turn, the otherS0

298 values given above for Li2Se
yield DS0

298 330.52 and329.32 J mol31 K31. The av-
erage heat capacities of the components in the range
2983623 K are (J mol31 K31): 17.1 (Li2Se), 6.21 (Li),
and 6.38 (Se) [11]. With these values taken into
account by using equation (3) for 423 K atDG423 =
3404.9 kJ mol31, we obtain, depending onDS0

298, the
following DH423 values (kJ mol31): 3406.9, 3418.0,
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and 3417.5. The last two values are preferable,
and they are close to theDH0

298 value for Li2Se
(3425.9+ 8.4 kJ mol31), obtained by fluorine calorim-
etry in [8].

Thus, the results of electrochemical measurements
yield the following values of the integral molar param-
eters for compounds Li2Se (kJ mol31): 404.9 (DG423),
3418.0 (DH423), and 3393.3 (DG633). The changes in
the Gibbs energy are obtained on the basis of a series
of experimental studies [3, 5, 7]. The enthalpy change
depends on the method chosen for estimating the
standard energy of lithium selenide, but seems to be
rather reasonable.
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Abstract-Criteria are proposed that make it possible to exclude interactions distorting the results that can be
obtained in a thermodynamic calculation of the equilibrium composition of the gas mixture formed in concur-
rent-consecutive reactions. The proposed improvement is verified on thebasis of the available experimental data.

In [1], a thermodynamic calculation of the equilib-
rium composition was performed using the modified
Hook3Jeaves method [2]. The choice of a process
for catalytic oxidation of ammonia as a test object of
study can be attributed to the exhaustive scientific
substantiation of this technology [337] allowing pre-
cise evaluation of the validity of calculated data.

The calculation of the equilibrium composition
formed in ammonia oxidation, performed in [1],
made it possible to ascertain some specific features of
the process, on the one hand, and clearly established
the possibility of using the proposed technique for
thermodynamic analysis of processes occurring in
complex chemical systems, on the other. However,
there was evidence indicating the insistent need for
further improvement of this method.

For example, a completely unacceptable circum-
stance was revealed in solving the test problem, name-
ly, the reactions of nitrogen(II) oxide oxidation to NO2
and NOx hydrogenation were included into the set of
reactions under consideration. This was done because
the change in the Gibbs energy gave no reason to ex-
clude these reactions. Both the reactions occur in the
industrial process for nitric acid production, but take
place in the stages of afteroxidation3absorption of
nitrose gas and in purification of the discharged flow
to remove nitrogen oxides. In the stage of ammonia
oxidation, these reactions do not occur [3, 4] and the
problem in question can only be solved with the given
stage modeled as precisely as possible by means of
a thermodynamic calculation.

Noteworthy in this connection is the influence ex-
erted by the number of reactions taken into account on

the calculated composition of the equilibrium gas. For
example, if only the following reactions are considered

4NH3 + 5O2 = 4NO + 6H2O, (1)

2NH3 = 3H2 + N2, (2)

4NH3 + 3O2 = 2N2 + 6H2O, (3)

4NH3 + 4O2 = 2N2O + 6H2O, (4)

then the obtained equilibrium composition (Table 1)
is in rather good agreement with experimental data [3,
4]. However, if only the reaction

2NO + O2 = 2NO2 (5)

is added, the calculated composition of the nitrose gas
changes dramatically (Table 1). It can be seen that it
is reaction (5) that is the reason for the discrepancy
between the calculated thermodynamic data and ex-
perimental results. This evidence required thorough
analysis.

Table 1. Equilibrium composition of nitrose gas in rela-
tion to the number of reactions considered (T = 1200 K,
P = 0.1 MPa, initial ratio O2/NH3 = 2 mol mol31)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ
Set of³ Production gas component, vol %³ NOx
reac- ³ ³yield,ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´
tions ³ N2 ³ O2 ³ H2O ³ NO ³ N2O ³ NO2 ³ %
ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
(1)3(4)³ 70.0³ 7.1 ³ 13.9³ 8.9 ³ 0.1 ³ 3 ³ 95.3
(1)3(5)³ 74.3³ 8.5 ³ 11.1³ 0.4 ³ 0.43³ 5.28³ 86.9
ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
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It was evident that, despite the thermodynamic
probability, there exists a group of reactions (n) that
cannot be included into the set of concurrent-consecu-
tive chemical interactions (m). The reason is that they
have different durationst, which cannot be accounted
for by a thermodynamic analysis by definition. With
the reaction durationt(m) << t(n), the calculated
equilibrium composition is the composition that could
be formed in a real process at infinitely long exposure.

In the system under study, NH3 + O2, reactions of
this kind can be revealed and excluded from consider-
ation on the basis of extensive published evidence
[337]. However, on passing to a less studied system
of reagents and chemical processes, such an operation
might prove impossible or erroneous, which would
naturally distort the final calculated result, and to such
an extent that its practical value would be completely
depreciated. Therefore, the problem of finding a cri-
terion that would reveal such reactions already in the
preliminary stage is of primary importance. The pres-
ent communication reports the results of this search.

To solve the problem, it is in the first place nec-
essary to select reactions reliably known to proceed
(A) or not proceed (B) in the real process of catalytic
oxidation of ammonia.

Group A includes reactions (1)3(4). This choice
was substantiated using the results obtained in [3, 4].
As for group B, it comprises reaction (5) and

5H2 + 2NO = 2NH3 + 2H2O, (6)

2H2 + 2NO = N2 + 2H2O. (7)

As would be expected, the subsequent direct com-
parison between the thermodynamic potentials of
the chosen reactions (Gibbs energyDG0

T and enthalpy
DH0

T) failed to reveal in both the groups any com-
mon pattern that would allow identification of those
of the reactions that distort the results of thermody-
namic calculation as compared with experimental da-
ta. However, relating the thermodynamic potentials
of a particular reaction (i) to the DG0

T and DH0
T of

reaction (1) governing the composition of the equilib-
rium gas [i.e. is basic1 (b)] revealed an interesting
pattern. The characteristics presented in Table 2 re-
quire some explanation.

The ratios DG0
T(i)/DG0

T(b) and DH0
T(i)/DH0

T(b)
used for criterial evaluation and denoted, respective-
ÄÄÄÄÄÄÄÄÄÄ
1 In the given case, the choice of the gas reaction is unambig-

uously predetermined a priori [337]. However, in the general
case, a search for such a reaction is an independent scientific
problem.

Table 2. Behavior with temperature of the criteria
Rel[DG0

T (i)] and Rel[DH0
T (i)] for some reactions

(T = 90031400 K, P = 0.1 MPa)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction ³ Criterion
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄi ³ Rel[DG0

T (i)] ³ Rel[DH0
T (i)]

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Proceeding reactions

(2) ³ + \ + ³ + \ +
(3) ³ + \ + ³ + \ +
(4) ³ + \ + ³ + \ +

Non-proceeding reactions

(5) ³ + \
3

³ + \ +
(6) ³ + \ + ³ + /\ +
(7) ³ + \ + ³ + /\ +

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ly, by Rel[DG0
T(i)] and Rel[DH0

T(i)] vary differently
with increasing reaction temperature for reactions
belonging to groups A and B. A typical pattern de-
monstrating the difference between the two groups of
reactions with regard to one of the criteria is shown in
Fig. 1. This difference is reflected by the schematic
representation of the obtained correlation with indica-
tion of the sign of criterion application within the tem-
perature interval under study (90031400 K).

There is no escape from noticing the fact that, for
all reactions whose occurrence under conditions of cat-
alytic oxidation of ammonia has been confirmed experi-
mentally, the behavior of the functions Rel[DG0

T(i)]

Fig. 1. Typical behavior with temperatureT of the criterion
Rel[DG0

T(i)] for reactions (6) and (8).
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Table 3. Effect of the AAM composition and reaction tem-
perature on ammonia conversion into NOx, g (P = 0.1 MPa)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

O2/NH3,
³ g (%) at indicated temperature, K
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

mol mol31
³ 1100 ³ 1200 ³ 1300

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1.00 ³ 74.1 ³ 75.0 ³ 75.0
1.25 ³ 78.5 ³ 78.5 ³ 78.9
1.50 ³ 85.1 ³ 85.1 ³ 94.3
1.75 ³ 94.0 ³ 94.0 ³ 89.1

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

and Rel[DH0
T(i)] with T and their sign remain invari-

able over the entire temperature range studied. This
circumstance cannot be understood as a mere coinci-
dence, as it is equally impossible to consider acciden-
tal the fact that at least a single characteristic for all
reactions of group B (run of the curve or the sign of
the criterion at the boundary of the temperature inter-
val) differs from that for group A.

Detailed theoretical substantiation of the revealed
pattern is far beyond the scope of the present study. It
should be noted that this would require a special anal-
ysis including as a not the least important part a math-
ematical approximation to the Le Chatelier principle
as applied to the set of the reactions under study.
However, even a formal application of the revealed re-
lationship allows successful solution of the problem at
hand-to reveal and exclude already in the preliminary
stage the reactions distorting the results of a thermo-
dynamic calculation of the equilibrium composition.

Fig. 2. Content V of a component in the equilibrium
mixture vs. the initial ratio O2/NH3 N in the AAM. T =
1200 K, P = 0.1 MPa; calculation after a criterial estimate
of the entire set of reactions. Component: (1) O2, (2) H2O,
(3) NO, and (4) N2.

To verify the possibility of using the proposed
characteristics, a criterial analysis was made of the en-
tire set of reactions considered in [1]. It was found
that only four more reactions should be added to reac-
tions (1)3(4)

4NH3 + 6NO = 5N2 + 6H2O, (8)

2NO = N2 + O2, (9)

4NH3 + 7O2 = 6H2O + 4NO2, (10)

4NO = N2 + 2NO2. (11)

The criterial characteristics of the reaction

H2 + 2NO = H2O + N2O (12)

seemingly allow its inclusion into the set of the con-
sidered interactions; however, none of the selected 11
reactions proceeds to give hydrogen.

The last circumstance indicates that formal use of
the proposed criteria in no way rules out a chemical-
technological assessment of information. It is quite
evident that a meaningless set of concurrent-consec-
utive reactions would be obtained without taking this
aspect into account. In the given case, an absurd mem-
ber of the set would be hydrogenation of nitrogen(II)
oxide in the absence of at least a single reaction lead-
ing to appearance of hydrogen in the gas mixture.

A part of the results obtained in a thermodynamic
calculation is presented in Table 3.

Fig. 3. Yield a of nitrogen oxides NOx vs. initial
O2/NH3 ratio N in AAM. Data: (1) [3] and (2) present
study.
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It can be seen that temperature has practically no
effect on the yield of NOx at O2/NH3 ratios less than
the stoichiometric value for reaction (1). Raising
the content of oxygen has positive effect on the NO +
NO2 yield, which points to the necessity for prelim-
inary heating of the initial air3ammonia mixture
(AAM). However, at O2/NH3 > 1.75 (mol mol31), tem-
perature becomes an adversely affecting factor. A de-
tailed analysis of the results obtained in a thermody-
namic calculation of the equilibrium composition dem-
onstrated that the reason is that thermal dissociation
of nitrogen(II) oxide by reaction (11) is markedly in-
tensified, causing unavoidable partial loss of the form-
ing target product. All this is in good agreement with
Atroshchenko’s opinion [3] that, in some cases, tem-
perature may be a more important factor than the ini-
tial mixture composition, and its influence may be
both positive and negative.

As for the[straight] (i.e. that at fixed temperature)
effect of the AAM composition, it is evident from
the analysis in Fig. 2.

Figure 2 more precisely corresponds to experimen-
tal data of various authors [337] than the results pres-
ented in [1]. It should be emphasized that the coin-
cidence of the calculated thermodynamic characteris-
tics with experimental results [3] is virtually ideal
for the dependence of the NOx yield on the initial
gas composition (Fig. 3).

The presented results can serve as direct proof of
the adequacy of the proposed technique for revealing
reactions that distort results obtained in thermodynam-
ic calculations of the equilibrium composition as com-
pared with the actual process. All this makes it pos-
sible to pass to considering more complicated tasks.
In particular, a direct possibility opens up of studying
whether or not application of Andrussow’s nitroxyl
theory [8] and Wendlandt’s hydroxylamine mecha-
nism [9] to the mechanism of catalytic ammonia oxi-
dation is justified. This is all the more important as
the first theory was created at the time when the very
existence of HNO was purely hypothetical (no ex-
perimental evidence in favor of the existence of this

compound existed), and the presence of NH2OH as
an intermediate in catalytic oxidation of ammonia has
not been confirmed experimentally up to now [10].

CONCLUSION

Based on a comparative analysis of experimental
results obtained by different researchers, criteria are
proposed allowing exclusion of reactions distorting
the results of thermodynamic calculations of the equi-
librium composition. The coincidence of the obtained
calculated results with experimental data is virtually
ideal.
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Abstract-The electrical conductivity, viscosity, and density of sulfolane31,3-dioxolane mixtures and 1 M
lithium perchlorate solutions on their base were studied. The activation energies of viscous flow and electrical
conductivity were calculated. Departures of some of the measured values from additivity are demonstrated.

It is known that individual highly polar solvents
are strongly associated because of the formation of
hydrogen bonds and dipole3dipole and electron-
donor3acceptor (EDA) interactions. The extent of as-
sociation reaches tens and, occasionally, hundreds
of units. This leads to an increase in viscosity and,
thereby, impairs the transport properties of polar sol-
vents, which is extremely undesirable when high-con-
ductivity electrolyte solutions are to be obtained.
Mixtures of solvents, as a rule, have lower viscosity
that it would be expected on the basis of their com-
position. The reason is that heteromolecular associates
are formed, with molecular weight lower than that of
homomolecular associates existing in individual sol-
vents. It could be assumed that the composition of
heteromolecular associates and their strength are in
the first place determined by the EDA properties and
stereochemistry of interacting molecules. However, it
is difficult to makea priori an unambiguous conclu-
sion about the composition of heteromolecular as-
sociates formed in one or another system on the basis
of the available reference data. Therefore, investiga-
tions are necessary, aimed to elucidate the stereo-
chemistry of associates formed in various systems and
to relate the EDA and structural properties of inter-
acting molecules to the composition and strength of
heteromolecular associates being formed.

To obtain high-conductivity electrolyte solutions,
solvents are prepared on the basis of mixtures of high-
ly polar compounds, having high solvating power,
with low-polar compounds having low viscosity. Most
frequently, propylene carbonate [1, 2] and ethylene

carbonate are used as highly polar components, and
tetrahydrofuran (THF), dimethoxyethane (DME), and
dioxolane, as low-polar components. A promising
group of highly polar solvents is formed by sulfolanes
[3]. However, the physicochemical properties of mixed
solvents on their base are little studied. Previously,
electrolyte systems based on a mixture of sulfolane
(Sl) with THF and DME have been studied [4].

The aim of the present study was to analyze in
detail the physicochemical properties of lithium per-
chlorate solutions in mixtures of sulfolane with 1,3-
dioxolane.

EXPERIMENTAL

The solvents and lithium perchlorate were thorough-
ly purified and dried. According to gas-liquid chro-
matography, the purity of the solvents was no less
than 99.5399.8%. The solutions used were prepared
in a box dried with phosphorus(V) oxide. The con-
tent of water in the electrolyte solutions, found by
biamperometric titration in Fischer’s reagent, did
not exceed 0.03%. The electrical conductivityc was
measured with an E7-8 ac bridge in capillary cells
with platinum-plated electrodes. The solution vis-
cosity h was measured in Ubbelohde viscometers
with suspended level of closed type, and the den-
sity r was found picnometrically. The errors in de-
termining the viscosity and electrical conductivity
did not exceed 0.2%, the error in density was 0.02%,
the temperature was maintained to within+0.01oC.
The molar volumeVm was calculated as described
in [5].
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Table 1. Physicochemical properties of mixtures of sulfolane with 1,3-dioxolane
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ h 0 103, N s m32 ³ r, g cm33 ³ Vm, cm3 mol31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄCSl,
*
³ at indicated temperature,oC
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄ

mol %

³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ 30 ³ 35 ³ 40 ³ 45 ³ 50
ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄ

0.0 ³ 0.62³ 0.58³ 0.55³ 0.53³ 0.51³1.0471³1.0414³1.0350³1.0297³1.0218³ 70.7³ 71.1³ 71.6³ 71.9³72.5
20.7 ³ 0.89³ 0.85³ 0.82³ 0.78³ 0.75³1.1161³1.1112³1.1061³1.1011³1.0955³ 74.9³ 75.3³ 75.6³ 75.9³76.3
43.0 ³ 1.49³ 1.39³ 1.24³ 1.21³ 1.17³1.1690³1.1641³1.1602³1.1557³1.1492³ 80.3³ 80.7³ 80.9³ 81.2³81.7
65.8 ³ 3.04³ 2.53³ 2.32³ 2.12³ 1.99³1.2125³1.2075³1.2035³1.1993³1.1919³ 86.1³ 86.5³ 86.8³ 87.1³87.6

100 ³10.25³ 9.05³ 8.02³ 7.17³ 6.42³1.2644³1.2594³1.2564³1.2535³1.2512³ 95.0³ 95.4³ 95.6³ 95.9³76.3
ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄ
* CSl is the content of sulfolane in a mixture; the same for Table 2.

Table 2. Physicochemical properties of 1 M LiClO4 solutions in mixtures of sulfolane with 1,3-dioxolane
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ c 0 103, W31 cm31 ³ h 0 103, N s m32 ³ r, g cm33

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄCSl, ³ at indicated temperature,oC
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ

mol %

³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ 30 ³ 35 ³ 40 ³ 45 ³ 50 ³ 30 ³ 35 ³ 40 ³ 45 ³ 50
ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ

0.0 ³ 3.2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 1.00³ 0.93³ 0.89³ 0.85³ 0.81³1.1279³1.1222³1.1166³1.1098³1.1040
11.9 ³ 4.63³ 4.82³ 4.97³ 5.05³ 5.12³ 1.41³ 1.31³ 1.25³ 1.16³ 1.12³1.1657³1.1603³1.1560³1.1510³1.1460
20.4 ³ 5.5 ³ 5.72³ 5.91³ 6.11³ 6.29³ 1.731³ 1.63³ 1.52³ 1.43³ 1.35³1.1866³1.1814³1.1768³1.1700³1.1650
41.5 ³ 6.3 ³ 6.58³ 6.95³ 7.31³ 7.68³ 3.151³ 2.94³ 2.69³ 2.50³ 2.35³1.2323³1.2298³1.2251³1.2206³1.2159
68.6 ³ 4.64³ 5.09³ 5.53³ 6.02³ 6.54³ 8.54³ 7.61³ 6.78³ 6.10³ 5.50³1.2791³1.2749³1.2709³1.2659³1.2618

100 ³ 2.22³ 2.61³ 2.90³ 3.20³ 3.49³28.57³24.56³20.83³18.28³16.02³1.3168³1.3132³1.3103³1.3057³1.3022
ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ

A study of the physicochemical properties of sul-
folane mixtures with dioxolane demonstrated that
the dependence of their viscosity on composition is
strongly non-linear (Table 1). The composition de-
pendence of the mixture density is also nonlinear, but
to a much lesser extent. For example, the departure of
molar volumes from additivity does not exceed 1%.
The significant negative deviations from linearity,
observed for viscosity isotherms, indicate a manifesta-
tion of specific intermolecular interactions in the
solvents. The weakly pronounced deviations of the
molar volume from additivity are in all probability
due to the close molar volumes of homo- and hetero-
molecular associates in the solvents.

The physicochemical properties of lithium per-
chlorate solutions in sulfolane3dioxolane mixtures are
presented in Table 2. The isotherms of electrical con-
ductivity of 1 M solutions of lithium perchlorate so-
lutions in solvent mixtures pass through a maximum
at a 1 : 1 molar ratio of components. This indicates
that the specific interactions between sulfolane and
dioxolane are preserved in the presence of lithium
perchlorate.

The increase in the electrical conductivity may
be due to a decrease in the solution viscosity or to
a change in the degree of salt association. To reveal
the factors responsible for the change in electrical
conductivity, the correlated electrical conductivity
ch was calculated. It was found that the isotherms of
correlated electrical conductivity are convex with re-
spect to the mixture composition axis (Fig. 1). The
correlated electrical conductivity decreases with in-
creasing temperature.

It is known [6] that the dependences of the cor-
related electrical conductivity of salt solutions in
solvent mixtures on their composition are linear only
in those cases when the solvating powers of the sol-
vents are the same or differ widely, which is due to
the invariable composition of the solvation shells
of the salts. The positive deviations of thech iso-
therms from linearity are observed in the case of
preferential solvation of lithium ions by molecules
of solvents with large molar volume. The preferential
solvation is done by solvents possessing high donor
properties. For example, the authors of [7] attributed
the positive deviations of the correlated electrical con-
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Fig. 1. Isotherms of correlated electrical conductivitych of
1 M lithium perchlorate solutions in mixtures of sulfolane
with dioxolane. Temperature (oC): (1) 30, (2) 35, (3) 40,
(4) 45, and (5) 50.

Fig. 2. Concentration dependence of the activation energy
Eh of viscous flow of sulfolane3dioxolane mixtures.

Fig. 3. Concentration dependences of the activation energy
of electrical conductivity,Ec, and viscous flow,Eh, of 1 M
lithium perchlorate solutions in mixtures of sulfolane with
dioxolane.

ductivity of lithium tetrafluoroborate solutions in mix-
tures of propylene carbonate with dimethoxyethane
from linear concentration dependence to preferential
solvation of lithium ions by dimethoxyethane mole-
cules, possessing higher donor properties than propyl-
ene carbonate.

The negative deviations of the correlated electrical
conductivity from a linear concentration dependence
indicate a higher degree of lithium perchlorate as-
sociation in mixtures of sulfolane with dioxolane than
it would be expected on the basis of the solvent mix-
ture composition. The decrease in thech value with
growing temperature points to an increase in the de-
gree of lithium perchlorate association.

The higher degree of salt association in solvent
mixtures is due to the fact that the solvate shell of
lithium perchlorate is mainly composed of dioxolane
molecules. Since the molar volume of dioxolane
(68.6 cm3 mol31) is much smaller than that of sul-
folane (95.2 cm3 mol31), resolvation leads to a de-
crease in the interionic distance, because of the de-
creasing size of the solvate shell of the lithium ion,
and thereby makes higher the degree of lithium per-
chlorate association.

The activation energy of viscous flow of solvent
mixtures exhibits a minimum as a function of concen-
tration at a sulfolane : 1,3-dioxolane molar ratio of 2 : 1
(Fig. 3) and an inflection point at 1 : 2 molar ratio
of the components. Since the activation energy is
a structure-sensitive parameter, such a behavior of
the activation energy as a function of concentration
suggests that sulfolane : 1,3-dioxolane molecular as-
sociates of compositions 1 : 2 and 2 : 1 exist in sol-
vent mixtures. The concentration dependences of the
activation energies of viscous flow and electrical con-
ductivity are also nonlinear, but to a much lesser ex-
tent, compared with solvent mixture. Only slight neg-
ative deviations from linearity are observed at a sul-
folane : 1,3-dioxolane ratio close to 1 : 1. Probably,
binding of most part of 1,3-dioxolane molecules in
the solvate shell of a lithium ion leads to disintegra-
tion of sulfolane31,3-dioxolane intermolecular as-
sociates.

CONCLUSION

The the isotherms of electrical conductivity of
lithium perchlorate in mixtures of sulfolane with 1,3-
dioxolane exhibit a maximum at a molar ratio of the
components close to 1 : 1. The appearance of the max-
imum is due to a decrease in the solution viscosity,
resulting from the formation of heteromolecular as-
sociates with lower degree of association, compared
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with homomolecular associates. The degree of lithium
perchlorate association in mixtures of sulfolane with
1,3-dioxolane is lower than it would be expected judg-
ing from the composition of the system. This is at-
tributed to a decrease in the volume of the solvate
shell of a lithium ion as a result of preferential sol-
vation by 1,3-dioxolane.
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Abstract-The equilibrium in the mordenite-containing tuff3lanthanum(III) solution system was studied within
a wide metal concentration range (132000mg ml31). Kinetic parameters of La(III) sorption were determined.

Rare-earth elements, exhibiting high biological ac-
tivity, are widely used as microfertilizers [134]. Lan-
thanum(III) sulfate catalyzes the fixation of atmos-
pheric nitrogen by nitrogen-fixing bacteria [3]. Lan-
thanum, cerium, and samarium nitrates are efficient
microfertilizers improving the germination of seeds
of wheat, pea, corn, and sugar beet and raising their
productivity by 22340% and dry substance gain by
11314% [133]. Acceleration of bean crops ripening by
436 days has also been observed [1].

To obtain REE-based microfertilizers, it is appro-
priate to use the sorption technology, with natural
zeolites as sorbents. Zeolites are prolonging carriers
of microelements, releasing them into the soil solution
during a long period of time. Published data on the ki-
netics of REE sorption by natural zeolites and on the
solution3zeoilite equilibrium, which are necessary for
preparing and using new microfertilizers, are lacking.

EXPERIMENTAL

A mordenite-containing tuff from Mukhor-Talin
perlite3zeolite deposit (Buryatia) with the composition
(wt %): SiO2 70.96, Al2O3 11.97, MgO 0.18, CaO
0.92, Na2O 2.38, and K2O 5.22, and Si/Al molar ratio
of 5.2, was used as a sorbent. The content of zeolite
in the rock determined with a PTsL-2 zeolite portable
laboratory [5] was 62%. To analyze the sorption ki-
netics and equilibrium sorption of lanthanum ions,
the mordenite-containing tuff was crushed, with
0.2530.5- and 132-mm fractions separated from the
dust and dried at room temperature for 24 h. The sorp-
tion equilibrium was studied under static conditions.

Solutions of lanthanum sulfate and nitrate with La3+

concentrations from 1 to 2000mg ml31 and the solid-
to-liquid (s : l) ratios of 1 : 10 and 1 : 50 were taken.
The lanthanum content was determined photometrical-
ly with arsenazo III, which is a very sensitive and
selective procedure [6]. The sorption capacity was
calculated as the difference of the lanthanum concen-
trations before and after sorption (average of three
measurements); the relative determination error was
no more than 3%.

The kinetics of lanthanum sorption from solutions
with lanthanum concentrations of 0.01, 0.02, 0.005,
and 0,007 g-ion l31 was also studied under static con-
ditions. The time of sorbent3solution contact was
varied from 5 min to 6 days. The kinetic curves were
plotted in theQ3t coordinates, whereQ is the amount
of lanthanum ions sorbed andt is the time of the con-
tact between solution and sorbent. The kinetic param-
eters were calculated by the method described in [7].
During the initial period, when lanthanum sorption
proceeds on the sorbent surface and the process is con-
trolled by external diffusion, the rate constantR was
calculated by the equation

R = ÄÄ ÄÄ ,
dt
dQ 1

CK
(1)

where C is the lanthanum concentration in the solu-
tion andK is the equilibrium distribution coefficient.

With increasing contact time, the amount of the
metal ion sorbed is determined by the rate of ex-
change inside the sorbent grain. To calculate the ef-
fective diffusion coefficientD and the exchange rate
constantB characterizing the internal-diffusion mech-
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anism, the equation derived for spherical particles was
used:

F = Q
t
/Q

i
= (6/r)H

-
D
-
t/
-
p, (2)

B = p2D/r2, (3)

whereQ
t
/Q

i
is the degree of ion exchange andr is

the average radius of sorbent particles.

The obtained data are presented in the table and in
Figs. 133. In spite of the wide concentration range
(132000 mg ml31), all isotherms of equilibrium sorp-
tion are similar. Figures 1a and 1b show the isotherms
of lanthanum sorption from solutions of lanthanum
nitrate and sulfate by mordenite tuff with grain size
of 0.2530.5 and 132 mm at s : l ratios of 1 : 10 and
1 : 50.

As seen, all isotherms have three portions: (1) the
initial portion, whose points lie on the ordinate axis;
which means quantitative (100%) recovery of lantha-
num from dilute solution; (2) portion ascending to the
maximum, and (3) descending portion. The lanthanum
recovery depends on the anion nature: it is somewhat
higher for nitrate than for sulfate.

With increasing lanthanum concentration, isotherms
pass through maximum and then sorption starts to de-
crease. Thus, the study performed in a wide range of
La(III) concentration revealed complex character of
lanthanum sorption by mordenite tuff, from complete
recovery to drastic decrease of sorption.

The maximum in the isotherm may be associated
with the existence in solution of intermediates with
enchanced chemical affinity for tuff [8]. The REE ions
are strong complex-forming species. In the neutral and
acid aqueous solutions, lanthanum ions exist as aqua
complexes [La(H2O)n]

3+ or [La(H2O)n(OH)]2+, where
n = 538 [9, 10]. In sulfate solutions, complexes
[La(SO4)n]

332n, wheren = 133, are also found. At low
sulfate ion concentrations (<0.1 g-ion l31), [La(SO4)]

+

cations prevail [11], although anionic complexes may
also be formed under the same conditions [12]. In
aqueous solutions of lanthanum nitrate, complexes
[LaNO3]

2+, [La(NO3)2]
+, and [La(H2O)nNO3]

2+ with
n = 536 exist [13, 14].

Probably, at concentrations below that correspond-
ing to the sorption peak, lanthanum aqua and hydroxo
complexes are sorbed, since the enhanced zeolite
selectivity with respect to lanthanum ions in the initial
portion of the isotherm (where they are sorbed com-
pletely) can be accounted for by the large charge of
the ion. The mechanism of sorption of the lanthanum
aqua complex by a synthetic zeolite is described in
[15]. The inversion of the sorbent selectivity after

Fig. 1. Isotherms of equilibrium sorption of lanthanum ions
from solutions of (a) La(NO3)3 . 6H2O and (b) La2(SO4)3
by mordenite-containing tuff. (Q) Exchange capacity and
(Ceq) equilibrium concentration of lanthanum ions in
solution. (1) d = 0.2530.5 mm, s : l = 1 : 50 and (2) d =
132 mm, s : l = 1 : 10.

Fig. 2. Kinetics of lanthanum(III) sorption from solutions
by mordenite-containing tuff. (Q) exchange capacity and
(t) time. (1) La2(SO4)3, 0.02 N, d = 132 mm, s : l =
1 : 10; (2) La2(SO4)3, 0.01 N, d = 132 mm, s : l = 1 : 10;
(3) La(NO3)3 . 6H2O, 0.007 N,d = 132 mm, s : l = 1:10;
and (4) La2(SO4)3, 0.005 N,d = 0.2530.5 mm, s : l = 1 : 50.

Fig. 3. Degree of ion exchange,F, vs. timet. F = Q
t
/Q
i

,
where Q

t
is the amount of lanthanum sorbed from so-

lutions during time t, and Q
i

is equilibrium sorption.
(1) La(NO3)3 . 6H2O, 0.007 N,d = 132 mm, s : l = 1 : 10;
(2) La2(SO4)3, 0.01 N, d = 132 mm, s : l = 1 : 10;
(3) La2(SO4)3, 0.005 N, d = 0.2530.5 mm, s : l = 1 : 50;
and (4) La2(SO4)3, 0.02 N, d = 132 mm, s : l = 1 : 10.
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Kinetic parameters of lanthanum(III) sorption from solutions with natural mordenite-containing tuff
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ La2(SO4)3 ³ La(NO3)3 . 6H2O
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ 0.005 N, ³ 0.01 N, ³ 0.02 N, ³ 0.007 N,
³ d = 0.2530.5 mm,³ d = 132 mm, ³ d = 132 mm, ³ d = 132 mm,
³ s : l = 1 : 50 ³ s : l = 1 : 10 ³ s : l = 1 : 10 ³ s : l = 1 : 10

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
t1/2, s ³ 2160 ³ 11520 ³ 600 ³ 21600
t
i

, s ³ 86400 ³ 108000 ³ 86400 ³ 259200
(dQ/dt) 0 1035, mg-equiv g31³ 9.6 ³ 0.3 ³ 5.6 ³ 0.2
K, ml g31 ³ 23.7 ³ 5.6 ³ 8.2 ³ 461.3
R 0 1035, s31 ³ 77 ³ 5 ³ 30 ³ 0.07
D 0 1038, cm2 s31 ³ 2.4 ³ 1.0 ³ 30 ³ 0.5
B 0 1035, s31 ³ 67 ³ 1.7 ³ 55 ³ 1.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

reaching a certain lanthanum concentration, which is
a manifestation of electroselectivity, supports this
mechanism: upon dilution, the equilibrium is shifted
toward stronger sorption of ions with larger charge,
whereas in concentrated solutions the opposite trend
is observed [8].

The grain size and the s:l ratio affect the position
of the isotherm peak. Atd = 0.2530.5 mm and s : l
ratio of 1 : 50 (Figs. 1a, 1b, curves1) the maximum
exchange capacity (EC) is observed at lower equilib-
rium concentrations than in the case of larger grain
size and s : l ratio of 1 : 10 (Figs. 1a, 1b, curves2),
i.e., on small tuff grains the maximalEC is reached
at lower sorbent consumption. This result was used in
selecting the regime of saturation of mordenite-con-
taining tuff with lanthanum salts.

The kinetic curves of lanthanum sorption by mor-
denite-containing tuff are similar (Fig. 2). The de-
gree of filling of the zeolite phase,F, is in all cases
a linear function oft1/2 up to high values ofF (Fig. 3).
This confirms the fairly high contribution of the inter-
nal-diffusion mechanism of sorption [16]. The kinetic
parameters listed in the table show how the rate of
lanthanum sorption depends on the tuff grain size,
lanthanum concentration, and nature of anion.

With decreasing grain size, the sorbent surface area
grows and, hence, the rate of sorption controlled by
external diffusion dQ/dt increases. With increasing
concentration of lanthanum sulfate, the time of half-
exchanget1/2 and the time of attaining the equilibri-
um, t

i
, become shorter. The rate of sorption of the

lanthanum ion by the external-diffusion mechanism
dQ/dt, the rate constant of external-diffusion sorption
R, and the distribution coefficientK are also higher in
sorption from more concentrated solutions. The metal

concentration also affects the parameters of the inter-
nal-diffusion process: the rate constantB and effective
diffusion coefficient D increase with concentration.
The B value is of the same order of magnitude asR.
Hence, the sorption of lanthanum ions from the sulfate
solution occurs by the mixed mechanism.

Let us consider the effect of the anion nature on
the kinetic parameters. The data in the table show that
the distribution coefficientK for sorption from a ni-
trate solution is greater than that for a sulfate solution.
The sorption proceeds with lower rate both across
the grain3solution boundary and within the grain it-
self, which is caused by lower mobility of nitrate ions,
compared with that of sulfate ions [17]. The internal
diffusion is the limiting stage of the lanthanum sorp-
tion from a nitrate solution, becauseR is an order of
magnitude lower thanB.

CONCLUSIONS

(1) The sorption equilibrium in the mordenite-con-
taining tuff3lanthanum(III) system was studied. The
sorption isotherms show a maximum, suggesting com-
plex interactions in the system.

(2) The rate of lanthanum(III) sorption depends
on the nature of anion, grain size, metal concentra-
tion, and s : l ratio and is described by the mixed
mechanism in sorption from sulfate solutions and by
the external-diffusion mechanism for nitrate solution.
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Abstract-Absorption of copper(II) ions from copper chloride solutions by a technological carbonate-
containing waste was studied in relation to concentration of starting solutions (1325 wt %), amount of sorbent
added, and time.

The problem of industrial waste purification to re-
move heavy metals and, in the future, recovery of
these metals from natural water and contaminated soil,
have been and will be a major problem of importance
increasing year after year. Tackling with this problem
requires a large amount of relatively low-cost and
readily available sorbents. Of particular interest in
this connection is the possibility of using as sor-
bents technological wastes with appropriate proper-
ties.

There is published evidence that calcium carbonate
[1] or calcium and magnesium carbonates [2] can
be used as sorbents removing heavy metals from
water. The sorption capacity of calcium (magnesium)
carbonate is associated with the exchange of calcium
(magnesium) ion for a heavy metal ion in aqueous
solutions. Since the effectiveness of ion exchange of
a solid carbonate-containing product is the higher,
the larger its solubility product (SP), it would be ex-
pected that a mixture of calcium and magnesium car-
bonates is a more effective sorbent than pure calcium
carbonate in view of the fact that the SP (CaCO3) is
9.90 1039, and SP (MgCO3), 4 0 1035 [3].

The present communication reports on a study of
copper(II) sorption from copper chloride solutions
by activated technological waste containing calcium
and magnesium carbonates (for brevity, henceforth-
sorbent).

EXPERIMENTAL

For experiments, copper(II) chloride dihydrate of
chemically pure grade was used to prepare 20 ml of
copper chloride solutions of the following concentra-

tions: 1.02, 2.05, 4.13, 8.38, 12.70, 16.37, 20.43,
25.24 wt % or, respectively, 0.0103, 0.0208, 0.0427,
0.0903, 0.1423, 0.1908, 0.2477, 0.3200 g cm33 (so-
lutions nos. 138, respectively). To these solutions was
added 1 g of sorbent predried to constant weight at
100oC and the mixtures were kept at 20oC with stir-
ring at regular intervals. After a certain time elapsed,
the liquid phase was filtered and analyzed for the con-
tent of residual copper. Copper was determined com-
plexometrically with murexide [4] or, at low concen-
trations, by spectrophotometry of ammonia complexes
[5]. The error was not higher than 0.5%. To eliminate

Fig. 1. Variation of copper(II) concentrationC in copper
chloride solutions nos. 138 in the course of sorption.
(t) Time. Digits138 at the curves denote solution numbers;
the same for Fig. 2.
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the interference of calcium and magnesium ions, these
were masked by adding sodium fluoride prior to titra-
tion. Also, the pH of the starting solutions and solu-
tions was measured in the course of sorption (PRL
no. 517 pH-meter with silver chloride and glass elec-
trodes; accuracy of pH measurement in the optimal
mode+0.01 pH units). The solution density, necessary
for calculations, was found picnometrically. The error
in determining the solution density was+0.0005 den-
sity measurement units [6]. To ascertain the composi-
tion of the product obtained as a result of sorption, it
was subjected to X-ray phase analysis on a DRON-2
installation with CuK

a

radiation. The error in deter-
mining the interplanar spacings was not higher than
0.01A. The common feature of all experiments is that
carbon dioxide evolution was observed upon addition
of sorbent to the solutions under study, becoming
more pronounced with increasing concentration of
the initial solution.

As it can be seen from Fig. 1, the process of copper
sorption from copper(II) chloride solutions proceeds
intensively, being complete in approximately 1 h.
However, sorption from solutions nos. 133, also pro-
ceeding intensively during the first hour, is not com-
plete, but continues further, although being much
slower. For example, in the case of starting solution
no. 2, the concentration of copper(II) chloride de-
creases to 0.0036 g cm33 1 h after the beginning of
sorption, and becomes an order of magnitude lower
in 3 days. The specificity of sorption from solutions
nos. 133 is apparently associated with their com-
paratively high dilution resulting in that the amount of
copper ions contained in these solutions is insufficient
for saturating the added sorbent. This conclusion is
especially clearly confirmed by Fig. 2. Indeed, it can
be seen that the maximum amount of
copper sorbed per 1 g of sorbent grows steadily with
increasing copper content in the starting solution.
The highest value (~0.83 g g31) is reached for solution
no. 5, initially containing approximately 1.34 g of
copper. Hence follows that solutions nos. 133, con-
taining in 20 ml of solution about 0.1, 0.2, and 0.4 g
of copper, respectively, cannot ensure saturation of the
added 1 g of sorbent.

It can also be seen from Fig. 3(curve 1) that, on
reaching a value of 0.83 g g31 for solution no. 5,
the specific amount ofsorbed copper starts to decrease.
This tendency is more pronounced in the case of a
more prolonged contact between the sorbent and solu-
tion (Fig. 2). No unambiguous explanation has been
given for this fact, but it should be taken into account
to ensure effective use of the sorbent.

Fig. 2. Amount A of copper bound with sorbent in solutions
nos. 138 vs. time t.

Fig. 3. (1) Amount A of copper bound by 1 g of sorbent
in 1 h, (2) pH of the starting solutions, and (3) that in 72 h
vs. copper contentC in the starting solutions nos. 138.

The obtained data suggest that the processes of
sorption from solutions nos. 538, on the one hand,
and nos. 134, on the other, are markedly different. In
the first case, the process ends with sorbent saturation
in approximately 1 h, whereas in the second, the sorp-
tion, also being intensive during the first hour, later
passes into a slowed-down phase continuing for days
and presumably terminating only after formation of
an equilibrium copper-containing sorption product.

Since the sorption process, consisting in an ex-
change interaction of calcium and copper carbonates
in the sorbent with copper(II) ions in solution, is as-
sociated with hydrolysis, the possible final products of
interaction between the carbonates and copper ions are
hydrolysis products-basic salts and even copper(II)
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X-ray phase analysis data for sorbent and sorption products*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Sorbent ³ Products of sorption from solutions

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ nos. 133 ³ no. 8
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

d, A ³ Irel ³ after 1 h ³ after 3 days ³ after 3 days
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ ³ d, A ³ Irel ³ phase ³ d, A ³ Irel ³ phase ³ d, A ³ Irel ³ phase

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
3 ³ 3 ³ 5.45 ³ 100 ³ F ³ 5.45 ³ 100 ³ F ³ 5.45 ³ 100 ³ F
3 ³ 3 ³ 5.04 ³ 40 ³ F ³ 5.04 ³ 50 ³ F ³ 5.04 ³ 50 ³ F
3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 4.02 ³ 30 ³ 3

3.81 ³ 20 ³ 3.81 ³ 12 ³ S ³ 3.81 ³ 7 ³ S ³ 3 ³ 3 ³ 3

3.33 ³ 10 ³ 3.33 ³ 6 ³ S ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

3.03 ³ 100 ³ 3.03 ³ 70 ³ S ³ 3.03 ³ 30 ³ S ³ 3 ³ 3 ³ 3

3 ³ 3 ³ 2.83 ³ 50 ³ F ³ 2.83 ³ 55 ³ F ³ 2.83 ³ 60 ³ F
3 ³ 3 ³ 2.78 ³ 70 ³ F ³ 2.70 ³ 80 ³ F ³ 2.70 ³ 80 ³ F
3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.62 ³ 20 ³ 3

2.48 ³ 12 ³ 2.48 ³ 5 ³ S ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

3 ³ 3 ³ 2.28 ³ 85 ³ F ³ 2.28 ³ 90 ³ F ³ 2.28 ³ 85 ³ F
2.27 ³ 45 ³ 2.27 ³ 30 ³ S ³ 2.27 ³ 10 ³ S ³ 3 ³ 3 ³ 3

2.08 ³ 30 ³ 2.08 ³ 20 ³ S ³ 2.08 ³ 5 ³ S ³ 3 ³ 3 ³ 3

3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.01 ³ 7 ³ 3

1.90 ³ 45 ³ 1.90 ³ 20 ³ S ³ 1.90 ³ 8 ³ S ³ 3 ³ 3 ³ 3

1.87 ³ 45 ³ 1.87 ³ 20 ³ S ³ 1.87 ³ 8 ³ S ³ 3 ³ 3 ³ 3

1.81 ³ 5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

1.62 ³ 6 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

1.60 ³ 11 ³ 1.60 ³ 3 ³ S ³ 1.60 ³ 1 ³ S ³ 3 ³ 3 ³ 3

1.51 ³ 8 ³ 1.51 ³ 2 ³ S ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

1.46 ³ 5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

1.47 ³ 7 ³ 1.47 ³ 1 ³ S ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

1.41 ³ 8 ³ 1.41 ³ 2 ³ S ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* S stands for sorbent, and F, for Cu2Cl(OH)3.

hydroxide. The apparent key factors in the given case
are their solubility products and changes in solution
pH in the course of sorption. As indicated by the ob-
tained results, the behavior of the solution pH (Fig. 3,
curves 2 and 3) strongly depends on the copper(II)
content in the starting solutions. In solutions nos. 438,
the change in pH is relatively small and terminates in
approximately 1 h. In the case of starting solutions
nos. 133, the pH changes during much longer time
and to a greater extent. For example, the pH reaches
a value of 7.45 in solution no. 3 and 7.75 in solution
no. 2. These data are in good agreement and confirm
the fact that 1 g of sorbent is insufficient for neutraliz-
ing initial acid solutions in copper sorption from so-
lutions nos. 538. At the same time, in sorption from
solutions nos. 133, the amount of copper in these
solutions is not enough for saturating the sorbent.
Sorbents binds hydrogen ions by the reaction

2H+ + MCO3 6 M2+ + H2O + CO2

thereby shifting to the right the hydrolysis reaction

Cu2+ + nH2O 6
4 [Cu(OH)n]23n + nH+.

An indirect evidence in favor of the occurrence of
this reaction is the intense evolution of carbon dioxide
upon addition of sorbent to copper(II) chloride solu-
tions. The equilibrium of hydrolysisreactions is shifted
in solutions nos. 133 to such an extent that the initially
acid solutions become neutral or even weakly alkaline.
It would be expected, with account of the fact that
the reached pH values exceed the pH of the onset of
copper(II) hydroxide precipitation (5.5) and approach
the pH of its complete precipitation (8310) [7], that
even copper(II) hydroxide (n = 2) may be the final pro-
duct of sorption in the case of an excess of sorbent.

In this connection, with an excess of sorbent,
the residual concentration of copper may reach values
determined by the solubility product of copper hy-
droxide. In particular, at pH 8 this concentration is
6.030 1039 g cm33. Presumably, just this value is
that final concentration to which tends in the course
of time the residual concentration of copper in a so-
lution treated with an excess of sorbent. However,
products withn < 2 can be formed in intermediate
stages. Indeed, according to X-ray phase analysis of
sorption products [8] (see the table), the main phase
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formed in sorption from dilute solutions nos. 133 is
Cu2Cl(OH)3. This phase is detected in corresponding
sorption products after both 1h and 3 days of contact
between the sorbent and solution. This may be due to
either lower solubility of Cu2Cl(OH)3, compared with
the solubilities of other possible phases (including
copper hydroxide), or to the fact that this phase is
originally formed in sorption and its subsequent trans-
formation into products of deeper hydrolysis is rather
slow. The last variant (possibly combined with the
first) is indirectly confirmed by the presence of reflec-
tions corresponding to this phase also in X-ray dif-
fraction patterns of sorption products formed in more
concentrated solutions.

CONCLUSIONS

(1) Carbonate-containing sorbent of technological
origin can be used to sorb copper(II) from chloride
solutions. Addition of the sorbent to solutions of this
kind leads to intense evolution of carbon dioxide, ac-
companied by a decrease in the acidity of the starting
solutions. With solutions originally containing more
than 1.331.5 g of copper per 1 g of sorbent added,
the sorption process ends with sorbent saturation in
approximately 1 h. The maximum sorbent capacity is
in this case 0.83 g g31.

(2) With an excess of sorbent, the sorption process
is vigorous initially and then becomes slower, with
the latter stage not complete even after 3 days. The
solution pH becomes in this case equal to, or greater

than 7, with the Cu2Cl(OH)3 phase being the main
product of copper precipitation.
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Abstract-Sorption of cations of the Zn2+
3Hg2+

3NO3
3
3H2O system by the biomass of basidiomycete

(line 21 Pl. ostreatus f. florida) and by KB-4(H+) cation exchanger at pH 1.00 was studied. The results
are discussed with regard to the state of cations in the solution before contact with the sorbent, sorbent
properties, and sorption behavior of cations.

Previously, we studied the sorption of Cu(II), Pb(II),
Hg(II), or Fe(III) by the biomass ofPl ostreatus f.
florida basidiomycete from nitrate solutions contain-
ing a single cation or two metal cations simultaneous-
ly [1, 2]. The results were considered from the view-
point of hydrolytic properties of metal ions. Proceed-
ing with these studies, we examined the sorption of
Hg(II) by a basidiomycete biomass from 0.1 M solu-
tion in the presence of 0.1 M Zn(II).

To examine the nature of sorption bonds, we also
studied the sorption of Hg(II) and Zn(II) by carboxylic
cation exchanger KB-4(H+) whose functional groups
can act as centers of electrovalent interaction and are
able to participate in ion-dipole interaction, H-bond
formation, and complexation [3].

EXPERIMENTAL

Analytically pure zinc nitrate and the solution of
Hg(II) nitrate prepared by dissolution of metallic
mercury in chemically pure nitric acid (1 : 1) were
used. The fruit bodies of basidiomycetePl. ostreatus f.
florida, line 21 were provided by the Wood Institute,
Belarussian National Academy of Sciences. Samples
of air-dry basidiomycete biomass crushed to 0.5-mm
particles were brought in contact with metal salt solu-
tion in hermetically sealed vessels for one day. Pre-
liminary kinetic experiments showed that this the time
is enough for equilibrium to be attained in the system
[1]. The required solution pH was adjusted by adding
chemically pure KOH or HNO3. The solution pH
was measured on an EV-74 universal pH meter with

an error of 0.05 pH units. In blank tests performed for
each system, a biomass sample was brought in contact
with a zinc- and mercury-free solution at a given pH.

Mixtures were kept in a TS-80 M-2 air thermostat
with intermittent agitation. After one day, equilibrated
solutions were separated from the basidiomycete bio-
mass, and the content of metal ions in them was de-
termined.

The cation exchanger was pretreated by the method
described in [4]. Its moisture content, determined as
in [5], was 16.22%. The sorption was studied at 25+

0.1oC under static conditions; the attainment of
the equilibrium distribution of metal ions between the
solution and cation exchanger was proved in all runs.

To determine the effect of metal ion concentration,
the sorption was studied at Hg(II) and Zn(II) concen-
trations of 0.01 and 0.1 M. The solutions prepared
were kept for 7 days at 25+ 0.1oC to attain equilib-
rium. The effect of pH could not be studied, because
HgO deposition begins even at pH > 1.20. Therefore,
all studies were done at pH 1.00.

The amounts of Hg(II) and Zn(II) simultaneously
present in the solution were determined complexo-
metrically. Initially the total metal content was de-
termined by back-titration with a standard solution of
zinc salt with eriochrome black T in ammonia buffer,
then potassium iodide was added to displace equiva-
lent amount of EDTA from its mercury complex, and
the displaced EDTA was titrated with the zinc salt.
The Zn(II) content in the mercury-free solution was
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Sorption of Hg(II) and Zn(II) with sorbents at pH 1.00
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Ion
³

System
³ Sorption S ³ V/m0,* ³

Kd³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ ³ mmol g31 ³ mg g31 ³ ml g31

³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

KB-4(H+) cation exchanger,CZn = CHg = 0.01 M

Zn2+ ³ Zn2+
3NO3

3
3H2O ³ 0 ³ 0 ³ 33.67 ³ 0

Hg2+ ³ Hg2+
3NO3

3
3H2O ³ 0.19 ³ 38.11 ³ 42.57 ³ 29.72

Zn2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 0.01 ³ 0.65 ³ 36.21 ³ 1.11

Hg2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 0.15 ³ 30.09 ³ 36.21 ³ 23.40

KB-4(H+) cation exchanger,CZn = CHg = 0.1 M

Zn2+ ³ Zn2+
3NO3

3
3H2O ³ 0 ³ 0 ³ 55.36 ³ 0

Hg2+ ³ Hg2+
3NO3

3
3H2O ³ 1.60 ³ 320.94 ³ 32.61 ³ 28.03

Zn2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 1.24 ³ 81.08 ³ 52.70 ³ 16.19

Hg2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 2.29 ³ 459.35 ³ 52.70 ³ 36.68

Basidiomycete biomass,CZn = CHg = 0.1 M

Zn2+ ³ Zn2+
3NO3

3
3H2O ³ 2.38 ³ 155.63 ³ 89.54 ³ 19.52

³ ³ ³ ³ 160.37 ³ 37.10
³ ³ ³ ³ 147.46 ³ 43.63

Hg2+ ³ Hg2+
3NO3

3
3H2O ³ 0.92 ³ 184.54 ³ 87.15 ³ 16.68

³ ³ ³ ³ 99.53 ³ 16.12
³ ³ ³ ³ 91.31 ³ 16.69

Zn2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 0 ³ 0 ³ 98.46 ³ 0

Hg2+ ³ Zn2+
3Hg2+

3NO3
3
3H2O ³ 1.11 ³ 222.65 ³ 98.46 ³ 16.75

³ ³ ³ ³ 79.86 ³ 20.73
³ ³ ³ ³ 88.70 ³ 25.20

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (V) solution volume and (m0) sorbent sample weight.

determined by direct complexometric titration with
eriochrome black T in ammonia buffer at pH 10 [6].

The metal sorption by the sorbent,S (mmol and
mg per g of absolutely dry sorbent), and distribution
coefficientsKd between the sorbent and solution were
calculated from the chemical analysis data (table).

In discussing the sorption of simultaneously pres-
ent metals, we should take into account the action
of many factors: (1) the state of metal ions in the so-
lution before coming in contact with the sorbent,
which is determined by the hydrolytic behavior of
eachion, by mutual influence of ions on their hydro-
lysis, and by probable interaction of hydrolyzed spe-
cies of different metals; (2) the ion-exchange proper-
ties of the sorbent, determined by the number of iono-
genic groups, degree of their dissociation at given pH,
and the nature of exchanging ion [5]; and (3) the sorp-
tion behavior of metal ions, which is individual and
depends on the chemical nature of the metal ion and
sorbent.

We determined the pH at which HgO and Zn(OH)2
start to precipitate (>1.20 and >5.50, respectively)

from 0.1 M metal ion solution. At the same time,
the solution containing 0.1 M Hg(II) and 0.1 M Zn(II)
cannot be prepared at pH > 1.00 because of the pre-
cipitate formation. It is this fact that determined
the pH at which we studied the metal sorption in
the Hg(II)3Zn(II) 3NO3

3
3H2O system. As seen, the

Hg(II) hydrolysis is facilitated in a mixed Hg(II)3
Zn(II) solution, i.e., Zn(II) affects the hydrolytic be-
havior of Hg(II).

To obtain preliminary data on the possible hydro-
lytic interaction of Hg(II) with Zn(II), we performed
pH-metric titration of solutions by the method de-
scribed in [7] (see figure). Two titration jumps in
curve 3 are observed after the onset of precipitation.
To find whether HgO and Zn(OH)2 coprecipitate,
we performed some calculations [7]. In accordance
with the solubility products SP(HgO) 3.00 10326 and
SP(Zn(OH)2) 1.40 10317 [8], at the instant when
Zn(OH)2 starts to precipitate, the concentration of
untitrated Hg(II) is

c=C (Hg) cccccc
SP(HgO)
c

SP[Zn(OH)2]
Cin(Zn) ; 2 0 10311Cin(Zn).
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Curves of potentiometric titration of (1) Hg(II), (2) Zn(II),
and (3) Hg(II)3Zn(II). CHg = CZn = 0.01 M. (V) Volume.

Thus, at practically any initial concentration of me-
tal ions, two jumps corresponding to successive pre-
cipitation of HgO and Zn(OH)2 must be observed in
the curve of titration of an Hg(II)3Zn(II) solution
with alkali in the absence of chemical interaction be-
tween Hg(II) and Zn(II). This is, indeed, observed in
the experiment (curve3). However, the curve shape
suggests that certain interaction between Hg(II) and
Zn(II) does occur, because the curve contains no titra-
tion jump related to titration of pure Hg(II) in the acid
medium (curve1), and the second jump is distorted
and shifted to the right relative to curve2 owing to
superposition of some other process. Hence, Hg(II)
and Zn(II) ions affect the hydrolysis of each other,
with Hg(II) hydrolysis facilitated. Interaction of these
ions in the solution is also possible.

At pH 1.00, when the degree of cation exchanger
ionization is negligible, we should expect negligible
sorption of Hg(II) and Zn(II) with KB-4 ion exchanger
(pK ; 7 [3]. Indeed, only Zn(II) is not sorbed from
solutions free of the other metal (see table),i.e.,
the ion exchange properties of KB-4 resin depend on
the nature of the exchanging ions. The higher affinity
of KB-4 for Hg(II) may be due to a number of
specific properties of Hg2+ ion distinguishing it from
the other metal ions. Firstly, no hydroxides are known
for Hg2+, with HgO directly precipitated instead. Sec-
ondly, Hg2+ shows low hydrolysis susceptibility; nev-
ertheless, HgO is precipitated from strongly acidic so-
lutions. Thirdly, a number of Hg2+ compounds are
covalent (they are weak electrolytes), which is due to
the strong polarizing effect of Hg2+. It is known that
the bond covalence grows with increasing polarization
and the H+ ion exhibits a particularly high polarizing

effect. Since H+ and Hg2+ ions participate in the ion
exchange:

R3COOH

R3COOH
+ Hg

2+
76
47

R3COO

R3COO

e

i
Hg + 2H

+
, (1)

the sorption of Hg2+ by the ion exchanger in a strong-
ly acidic medium can be accounted for by the abnor-
mally high polarizing power of exchanging ions. In
addition, Hg and H have close electronegativities of,
respectively, 2.00 and 2.2; i.e., thedegrees of cova-
lence of the Hg3O and H3O bonds are approximately
the same. Since the charge of the Hg2+ ion is higher
than that of H+, the exchange (1) of these ions is pos-
sible under the above conditions. The measurement
of pH of solutions before and after sorption confirmed
the ion-exchange character of the process.

In the presence of Hg(II), Zr(II) is also sorbed
by KB-4 at both metal concentrations (see table).
Taking into consideration that Zn(II) is not sorbed from
mercury-free solutions, we can suggest that the Zn(II)
sorption in the presence of Hg(II) is caused by the for-
mation of a compound between them in solution.

The sorption of Hg(II) grows by a factor of 8.4
with the metal concentration increasing by an order
of magnitude (see table), with the distribution coeffi-
cient remaining practically unchanged, which indi-
cates the participation in the ion-exchange process of
the same sorption-active species. As shown in [2],
these are Hg2+ ions.

When the metal ions are present simultaneously,
the sorption behavior of each ion changes substantially.
The main change is that Zn(II) is noticeably sorbed by
KB-4 in the presence of Hg(II). For instance, 1.24 mM
of Zn(II) per g of KB-4 is sorbed at a metal concentra-
tion of 0.1 M; Kd is 16.9 (see table). Since Zn(II) is
not sorbed itself under these conditions, its sorption by
the cation exchanger can be accounted for by the for-
mation of a Zn(II) complex with Hg(II), which is not
destroyed upon sorption and is strongly retained by
the cation exchanger. Another argument for the forma-
tion of a heteronuclear compound is the substantial
change inKd of Hg(II) in the presence of Zn(II) (see
table); in a 0.01 M solution the Hg(II) sorption de-
creases somewhat, but in a 0.1 M solution it substan-
tially increases as compared with the Zn-free solution.
Thus, mutual influence of metal ions on their hydro-
lytic and sorption behavior is observed in the Hg(II)3

Zn(II) solution. At pH 1.00, a heteronuclear compound
is formed in solution and is specifically sorbed by
the carboxylic cation exchanger. The data in the table
show that this compound contains more Hg(II) than
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Zn(II). Since the Hg(II) sorption by the cation ex-
changer is the ion-exchange process and Zn(II) is
sorbed only via interaction with Hg(II), we can sug-
gest that the sorption of heteronuclear oxocompound
Hg(II) 3Zn(II) proceeds in accordance with the scheme

e
R3COOH Hg

O
i

Zn+
O
e

iR3COOH Hg

76
47

R3COO3Hg

R3COO3Hg+

+
e
O
i

Zn + 2H+.
O
e

i

(Fragment of heteronuclear oxocompound)

The data in the table also show that, in the absence
of the other metal, Zn(II) is sorbed by the basidio-
mycete biomass to a greater extent than Hg(II). When
these metals are present simultaneously, their sorption
behavior changes: the Zn(II) sorption stops, while
the Hg(II) sorption increases somewhat.

The highKd values for Zn(II) in the mercury-free
solution deserve attention. To clarify whether ionic or
nonionic forms of metals are sorbed by the basid-
iomycete biomass, we varied theV/m0 ratio. In this
case, for Zn(II) in a mercury-free solution,Kd changes
(see table), and we can suggest in accordance with
Schubert’s rule that nonionic forms of Zn(II) are
sorbed [9]. For Hg(II) in a zinc-free solution,Kd is
constant at variedV/m0. Hence, ionic forms of Hg(II)
are sorbed. As shown in [2], these are Hg2+ ions. In
solutions containing both ions,Kd for Hg(II) changes
somewhat withV/m0. This indicates a change in the
Hg(II) sorption behavior (as compared with zinc-free
Hg(II) solutions), caused by the formation of a hetero-
nuclear Hg(II)3Zn(II) compound.

Comparison of the metal ion sorption by the ba-
sidiomycete biomass and KB-4 under the same con-
ditions allows a conclusion that sorption by the KB-4
ion exchanger of Hg(II), Hg(II) in the presence of
Zn(II), and Zn(II) in the presence of Hg(II), is greater
than sorption by the basidiomycete biomass. The
mechanism of Hg(II) sorption is the same in all cases:
the ion exchange of Hg2+ for H+. The Zn(II) sorp-
tion from mercury-free solution cardinally differs for
the examined sorbents. Zn(II) is not sorbed by the cat-
ion exchanger at all and strongly sorbed by the basid-
iomycete biomass. As shown above, nonionic forms
of Zn(II) are sorbed. The nature of the Zn(II)3 bio-
mass bonds remains unclear, and further studies are

required to reveal the role of various functional groups
in the interaction of Zn(II) with the basidiomycete
biomass.

Since the sorption behavior of Hg(II) and Zn(II) in
their sorption by the basidiomycete biomass are strong-
ly different, we can suggest that the heteronuclear
Hg(II) 3Zn(II) compound existing in the solution de-
composes upon sorption, and preferential Hg2+ sorp-
tion occurs because of the above-mentioned features
of this ion.

CONCLUSIONS

(1) In the Hg(II)3Zn(II) solution, the mutual in-
fluence of the metals on their sorption and hydrolytic
behavior is observed.

(2) The heteronuclear Hg(II)3Zn(II) compound
formed in the solution is strongly sorbed by the KB-4
ion exchanger, but decomposes when brought in con-
tact with the biomass ofPl. ostreatus f. floridabasid-
iomycete.
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Sorption Characteristics of [Food Fibers] in Secondary
Products of Processing of Vegetable Raw Materials
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Abstract-Some structural-sorption characteristics of a series of secondary products (wastes) obtained in
processing of vegetable raw materials, such as wheat straw, buckwheat peel, sunflower husk, and beet pulp,
containing fibrous cellulose skeleton ([food fibers]), were determined. The effect of chemical and mechano-
chemical modification of these products on the characteristics of their pore structure and sorption activity
with respect to organic substances, heavy metal ions, and90Sr radionuclides was studied.

Previuos studies [1, 2] have shown that linear reg-
ular homopolysaccharides (cellulose, mannans, and
chitin), contained in products of vegetable origin
(grasses, legumes, vegetables, fruits, berries, algae,
mushrooms, etc.) and also called[food fibers] (FFs),
which are insoluble in water owing to strong intra-
molecular association, have noticeable binding ability
with respect to a number of heavy metals and radio-
nuclides, among them transuranium elements. It has
been found experimentally that, in human and animal
gastrointestial tracts, FFs are able to sorb calcium,
copper, zinc, and iron ions, and also cholic acids,
nitrous slags, phenols, and other toxic substances and
to detoxicate the organism [335]. Medical and bio-
logical studies indicate that FFs used as sorbing food
additives facilitate removal of various toxicants from
the organism in curing many diseases, which appreci-
ably increases the efficiency of therapeutic procedures
and reduces their duration.

Because of the need for widening the assortment
of sorbents (enterosorbents and food additives), it is
an urgent task to study sorption, ion-exchange, and
complexing characteristics of a number of vegetable
products, which appear most often as nonutilizable
wastes of agricultural industry.

The aim of this work was to study comprehensive-
ly the sorption characteristics of some FF-containing
products, such as wheat straw, buckwheat peel, sun-
flower husk, and beet pulp. These products were sub-
jected to chemical or mechanochemical modification:
(1) lyophilic drying of the product after treatment with
buffer solutions of varied acidity and (2) thermal ex-
trusion of a moistened product.

Lyophilic drying (cold vacuum dehydration) of
the products was carried out on a laboratory setup at
temperatures ranging from310 to 315oC after swell-
ing of these products during boiling in buffer solu-
tions with pH 3.56 (KC4H5O6), 7.05 (KH2PO4 +
Na2HPO4), and 9.18 (K2HPO4) for 1 h and keeping
the resulting suspensions at room temperature for 7
days, washing of the solid phase with distilled water
to neutral wash water pH, and filtration.

The mechanochemical treatment of the samples
was carried out on a pilot two-worm extruder.1 Its
technical characteristics were as follows: length 1.5 m,
outlet diameter 63 mm, rotation speed of the worms
30345 rpm, and temperature in thearea of maximum
compression 1603180oC. The initial product fed in-
to the extruder had moisture content of 25%.

The main goal of the modification of these prod-
ucts was to raise their internal adsorption surface area
and facilitate the access to active centers of FF-con-
taining materials. Therefore, it was of interest to es-
timate the sorption characteristics of the modified
products with respect to organic substances, toxic
metals, and radionuclides.

The features of the pore structure of the products
and their capacity for molecular and ion-exchange
sorption were studied by common procedures [6, 7].
The specific surface areaSsp was measured gas-
chromatographically from the thermal desorption of
argon. The volume of sorption pores,Ws, was de-
ÄÄÄÄÄÄÄÄÄÄ
1 Ukrainian Research Institute of Machines for Plastic Produc-

tion (Kiev).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 4 2001

SORPTION CHARACTERISTICS OF[FOOD FIBERS] IN SECONDARY PRODUCTS 593

termined by the dessicator technique from the sorption
of benzene, methanol, and water vapor.

The sorption capacity of the sorbents under con-
sideration was estimated from the isotherms of ad-
sorption from aqueous solutions of substances-mark-
ers with various molecular weights, such as Methy-
lene Blue (M = 319) and vitamin B12 (M = 1355), rep-
resenting groups of organic compounds with, respec-
tively, low and medium molecular weight. In doing
so, we used the method of individual weighed por-
tions; the solid phase to solution weight ratio was
1 : 2000, and the contact time of the material with
solutions of various initial concentrations, 4 h.

The ion-exchange characteristics of the samples
(static exchange capacity) were judged from the sorp-
tion of acid and alkali from 0.01 M HCl and 0.1 M
NaOH solutions.

The structural changes in the products (degrada-
tion of polysaccharide chains) upon mechanochemical
modification were estimated from the concentration of
paramagnetic centers, determined by ESR. The ESR
spectra of dry sorbent samples were recorded on
an SEPR-03 radiospectrometer (Svetlana Production
Association, Russia) in air at room temperature.

The limiting sorption capacity of the samples for
heavy metal cations was determined from the cor-
responding plateaus in the isotherms of sorption
from solutions of lead acetate and strontium chloride.
The equilibrium concentrations of metals in the solu-
tions were measured by the atomic-absorption spec-
troscopy on a KAS-120.1 device (Elektropribor Pro-
duction Association, Ukraine).

The sorption selectivity with respect to radiostron-
tium was estimated from the distribution coefficient
Kd of the isotope between the sorbent and radioac-
tive solution. The initial activity of the solution was
1.60 1035 Ci l31. The specific activities were mea-
sured by the standard procedure [8]: after evaporation
of 1 ml of an aliquot, the dry residue was analyzed
with a 1211 RackBeta liquid scintillationb-counter
(Finland) tuned to the90Sr emission energy.

Table 1 presents data characterizing the porosity of
lyophilized materials treated with buffer solutions.
The initial products were practicallynonporous. Swell-
ing in the electrolytes and subsequent lyophilic drying
resulted in the appearance of sorption pores and de-
velopment of the specific surface area of the materials.
In acidic media, the porosity develops considerably
more slowly than in neutral and alkaline solutions.
The Ssp values for products treated with acidic and
alkaline buffer solutions differ by a factor as large

Table 1. Characteristics of porosity of FF-containing
lyophilized materials treated with buffer solutions with
various acidities
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ pH ³ Material
³ ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ³ of ³

Parameter ³suspen-³ wheat³ buckwheat³ sunflower
³ sion ³ straw ³ peel ³ husk

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Ssp, m2 g31 ³ 3.56 ³ 2 ³ 3 ³ 11

³ 7.05 ³ 10 ³ 11 ³ 20
³ 9.18 ³ 13 ³ 13 ³ 37

Ws (cm3 g31) ³ ³ ³ ³
with respect to³ ³ ³ ³

C6H6 ³ 7.05 ³ 0.10³ 0.08 ³ 0.09
CH3OH ³ 7.05 ³ 0.22³ 0.22 ³ 0.20
H2O ³ 7.05 ³ 0.24³ 0.18 ³ 0.19

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

as 335. In addition, the samples treated with alkaline
solutions have fairly high adsorption activity with re-
spect to organic substances in aqueous solutions. For
example, it follows from the isotherms of Methylene

Fig. 1. Isotherms of sorption of (a) methylene blue and
(b) vitamin B12 with FF-containing samples treated with
alkaline solution (pH 9.18). (A) Sorption, (C) concentra-
tion of an equilibrium solution of (a) Methylene Blue and
(b) vitamin B12. (1) Wheat straw, (2) buckwheat peel,
(3) sunflower husk, and (4) KAU activated carbon.
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Table 2. Structural and sorption characteristics of FF-containing materials before and after high-temperature
extrusion
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Material
³

Stage of
³ Concentration of³ SEC (mg-equiv g31) for ³ Sorption capacity (mg g31) for ³

Kd of Sr,
³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´³ ³ PCs N 0 10315, ³ ³ ³
³

treatment
³ spin g31 ³ Cl31 ³ Na+ ³ Pb2+ ³ Sr2+ ³

ml g31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Buckwheat³ Initial ³ 2.4 ³ 0.4 ³ 1.8 ³ 1.4 ³ 0.9 ³ 20
peel ³ After ³ 7.9 ³ 0.5 ³ 2.0 ³ 1.6 ³ 1.7 ³ 310

³ extrusion³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³

Sunflower ³ Initial ³ 1.1 ³ 0.4 ³ 0.8 ³ 0.5 ³ 0.7 ³ 3

husk ³ After ³ 2.7 ³ 0.5 ³ 1.4 ³ 1.0 ³ 1.6 ³ 3

³ extrusion³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³

Beet pulp ³ Initial ³ 1.1 ³ 0.4 ³ 1.4 ³ 1.8 ³ 2.2 ³ 30
³ After ³ 3.1 ³ 0.5 ³ 2.0 ³ 2.3 ³ 3.1 ³ 270
³ extrusion³ ³ ³ ³ ³ ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Blue adsorption (seeFig. 1a) that the adsorption ca-
pacity of these samples reaches 1503200 mg g31,
which is comparable with some classic sorbents (ac-
tivated carbons, silicas, clays, and others) recom-
mended as adsorbents for medicine.

However, the sorption activity of the resulting
samples with respect to medium-molecular-weight
molecules, represented by vitamin B12, is lower than
that of activated carbons (Fig. 1b) with a broad pore-
size distribution. It is likely that the resulting FF-con-
taining materials have ultramicroporous structure ac-
cessible to small polar molecules (water, methanol),
but the access is hindered for larger nonpolar mole-
cules of benzene and impossible at all for large mo-
lecules of vitamin B12. This is evident from the data
on Ws for various adsorbates (Table 1): the values
determined for comparatively small molecules of
methanol and water (critical size of up to 0.3 nm) are
higher by a factor of 232.5 that those for benzene
(critical size of up to 0.6 nm). Medium-sized and
large molecules are most probably sorbed in macro-
pores whose contribution to the specific surface area
of the sorbent sample is, as a rule, insignificant (no
more than 1 m2 g31).

The results of titrations of FF-containing materi-
als with 0.1 N NaOH and 0.01 HCl show rather strong
sorption of alkali metal cations. Their static exchange
capacity (SEC) with respect to Na+ cations is 0.83
1.8 mg-equiv g31 even for the initial materials, which
suggests the presence of proton groups, most proba-
bly of alcohol type (as suggested by the structure of
the cellulose skeleton). This is responsible for the ion-
exchange and complexing sorption of multicharged
alkali and transition metal cations.

It was of interest to improve the sorption charac-
teristics of FF-containing materials by thermal extru-
sion treatment, which, in our opinion, must result
in an increase in the accessibility to ions of active
centers in a rather rigid three-dimensional skeleton of
the material. It is well known [9] that the mechano-
chemical treatment of the material in extrusion may
result in numerous ruptures (degradation) of polysac-
charides chains, indicated, e.g., by an increase in
the concentration of defective structures of the free-
radical type, i.e., paramagnetic centers (PCs). Actual-
ly, an abrupt increase (by a factor of 232.5) in the con-
centration of PCs in FF-containing materials is regis-
tered after extrusion in the ESR spectra (Table 2). It is
evident that the presence of PCs of the macroradical
type should be considered a positive factor for food
additive or enterosorbent, since macroradicals can
inhibit free-radical chain processes at the cell level,
initiated by both external ionizing radiation and in-
ternal radiation caused by incorporated radionuclides.

It was found that, upon extrusion, the SEC of the
materials with respect to Cl3 anions increases insig-
nificantly, while the SEC with respect to Na+ cat-
ions grows noticeably (by 0.230.6 mg-equiv g31).
This treatment of the materials has positive effect on
their binding power with respect to multicharged
metal cations: the sorption capacity of the materials
with respect to Pb2+ and Sr2+ increases by 30340%
(Table 2).

Still more interesting are data on changes in the se-
lectivity of radioactive strontium sorption by FF-con-
taining materials after thermal extrusion. The resulting
distribution coefficientsKd with respect to90Sr sug-
gest that the mechanochemical treatment of these ma-
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terials increases their sorption selectivity practically
by an order of magnitude. In other words, modified
FF-containing materials can be compared, as radio-
active strontium sorbents, with adsorbents of the ion-
exchange type, e.g., oxidized carbons [10].

CONCLUSIONS

(1) After proper chemical or mechanochemical
modification, secondary products of processing of
agricultural plants can be considered fairly efficient
adsorbents in molecular or ion-exchange sorption.
Their sorption characteristics with respect to organic
substances (e.g., Methylene Blue and vitamin B12),
heavy metal ions (e.g., lead and strontium), and stron-
tium radionuclide compare well with those for classic
adsorption materials based on carbons, silica, alumi-
nosilicates, etc.

(2) Modified materials based on secondary vege-
table products and containing food fibers can be con-
sidered potential food additives with therapeutic and
prophylacticeffect or as components of enterosorbents.
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Abstract-Experimental results obtained in a study of the voltammetric response of an all-solid fluoride-
selective electrode based on LaF3 (Eu2+ 0.8 mol %), LaF3 (Sr2+ 5 mol %) and CeF3 (Sr2+ 5 mol %) single
crystals brought in contact with Ag, Bi, and Sn metal samples are presented. The method of cathodic inversion
voltammetry was applied to study the reduction of La3+ and Ce3+

-cations from the rigid sublattice of solid
electrolytes, which determines the threshold of the electrochemical stability of a membrane. Anodic inversion
voltammetry was used to investigate the characteristics of solid-phase generation of metal fluorides at
the interface between the fluoride-selective electrode and metals.

The fluoride-selective electrode (FSE) with a sin-
gle-crystal membrane of LaF3 solid electrolyte ac-
tivated with Eu2+ (0.8 mol %), one of the most spe-
cific ion-selective electrodes, is widely used for
measuring the activity of the fluoride ion in solutions
[1]. In addition, it has been proposed to use FSE in
an electrochemical cell with a metal working electrode
as voltammetric sensor (VAS) sensitive to changes in
the elemental composition of solid surfaces [2, 3].
The operation of FSE and VAS is based on different
processes. In FSE, the potential-determining process
is the reversible transfer of the fluoride ion at the solid
electrolyte3solution interface

F3S 5 F3s.e (FSE). (1)

In VAS, the voltammetric response is due to solid-
phase reactions of metal fluoride formation, proceed-
ing at the interface between the FSE membrane and
metal and involving mobile ions of the solid elec-
trolyte, F3s.e:

nF3s.e + M 5 MFn + ne(VAS), (2)

whose reduction is characterized by curves with a sin-
gle peak [234]. It is proposed to use the output signals
of the sensor: peak current and potential and station-
ary potential, to determine the nature of a metal and
its content [2, 3].

The present communication reports on a study of
the voltammetric response of FSE with a solid-state
reference system in the case of contact between LaF3
single-crystal membrane (Eu2+ 0.8 mol %) and metals.
The study was undertaken in order to expand the use
of FSE and single-crystals of other nonstoichiom-
etric fluorides with tysonite structure [LaF3 (Eu2+

0.8 mol %), LaF3 (Sr2+ 5 mol %), and CeF3 (Sr2+

5 mol %)] in detection of metal impurities on the sur-
face of solids without aqueous or nonaqueous solu-
tions and without reagents. Previously, all-solid FSEs
with LaF3 membrane (Eu2+ 0.8 mol%), and single
crystals of LaF3 (Sr2+ 5 mol%) and CeF3 (Sr2+

5 mol %), have not been considered in the voltam-
metric mode.

EXPERIMENTAL

Two types of FSE were fabricated, with liquid and
solid inner reference systems. Polished membranes
made of a lanthanum fluoride single crystal activated
with Eu2+ (0.8 mol %) were 10 mm in diameter and
131.5 mm thick. Some experiments were done with
all-solid FSEs based on LaF3 (Sr2+ 5 mol %) and
CeF3 (Sr2+ 5 mol %) single crystals.

The electrochemical behavior of the interface be-
tween the solid electrolyte and metal can be strongly
affected by structural defects and crystallographic in-
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homogeneities of the solid electrolyte. Since pre-
liminary experiments revealed that the voltammetric
signal intensity depends on the conductivity-related
properties of the single-crystal solid electrolyte, mem-
branes with resistance not exceeding 50 kohm were
chosen.

Particular attention was given to pretreatment of
the FSE membrane surfaces and metallic electrodes,
since dynamic voltammograms are exceedingly sen-
sitive to contamination of contact surfaces and reflect
the presence of uncontrollable impurities in trace
amounts. The procedure for treatment of the solid
electrolyte surface and preparation of metal samples
for experiments was described in [2].

The study was performed in two-electrode electro-
chemical cells FSE³M

Sn, SnF2³LaF3³M (3)

using a PU-1 polarograph or PI-50-1.1 potentiostat
with PR-8 programming unit. The metal served as
working electrode with area varied in the experiment
between 0.05 and 1 mm2. The fluoride-selective elec-
trode with a solid-phase reference system served in
voltammetric measurements as auxiliary and reference
electrodes. Solid-phase Sn, SnF2 electrodes, common-
ly used in LaF3-based gas sensors [5, 6], were fab-
ricated by mixing Sn and SnF2 powders and com-
pacting the mixture, with subsequent fusion.

The emf was measured with an I-120 ion meter or
ITN-7 electrometer (Rin = 1016 ohm).

The operation of an all-solid FSE in contact with
metal electrode was studied in the inversion voltam-
metry mode. As experimental metal samples were
tested Ag, Sn, and Bi, whose electrochemical behavior
has been considered previously for an FSE with liquid
inner reference system [7, 8].

A most important condition for studying the re-
sponse of the interface between the FSE membrane
and metal is the descrimination of the processes occur-
ring in half-cells of the cell with solid electrolyte. It is
more difficult to ensure nonpolarizability of the inter-
face between thesolid electrolyte and the solid-phase
reference system in voltammetric measurements, com-
pared with the case of potentiometry [9], especially
with anionic conductors. The requirements to the sol-
id-phase reference systems can be formulated as fol-
lows: (i) the reference system must contain a suf-
ficient number of active ions ensuring charge transfer
across the interface between the reference electrode
and the solid electrolyte, (ii) metal particles must form
an electrically conducting network, (iii) large contact

Fig. 1. Dynamic voltammograms of cells. Potential sweep
rate V = 0.03 V s31; the same for Fig. 2. (E) Potential;
the same for Fig. 2. Cell: (1, 1̀) (4), (235, 2̀35`) (5), and
(6, 6̀) (6). For explanation see text.

surface area between the ionic and electronic con-
ductors is necessary for diminishing the polarization
at the metal3salt interface, (iv) it is advisable to make
as thin as possible the salt layer between the surface
of the single-crystal solid electrolyte and metal par-
ticles for reducing the ohmic polarization of the layer,
and (v) it is necessary to ensure high rate of exchange
at the metal3salt and salt3solid electrolyte phase
boundaries of the reference half-cell.

The choice of a solid-phase reference system based
on SnF2 is governed by the sufficiently high ionic
conductivity of SnF2 (s ; 2 0 1037 S cm31 at 20oC)
and by the fact that the reaction SnF2 + 2e5 Sn +
2F3 is reversible under certain conditions [4, 7].
The fabricated solid Sn, SnF2 electrodes were tested
by successive comparison of voltammograms of
the cells

Ag, AgCl³KCl 1 M, KF 1 M³LaF3³KF 1 M,

KCl 1 M³AgCl, Ag; (4)

Ag, AgCl³KCl 1 M, KF 1 M³LaF3³SnF2, Sn; (5)

Sn, SnF2³LaF3³SnF2, Sn, (6)

measured at potential sweep rates in the range 0.023

0.05 V s31.

The current3voltage (I3E) characteristic of the sym-
metric cell (4), linear within+3 V and independent of
the potential sweep rate (Fig. 1, curves1 and1`), was
used for evaluating the ohmic voltage drop in the
solid electrolyte [7].
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Fig. 2. Cyclic voltammogram of the Sn, SnF29LaF39Ag
cell. For explanation see text.

It was found that the voltammograms of cell (5),
comprising two types of reference electrodes: sil-
ver chloride electrode in an aqueous solution and a
solidphase electrode, measured at potentials rang-
ing from 32 to +2 V, were different for different sam-
ples. With some solid electrodes, a single-peak SnF2
decomposition curve was observed atE = 30.6 V after
anodic polarization of the LaF39SnF2, Sn contact
in the range from30.5 to +1.5 V and subsequent
cathodic sweep (Fig. 1, curves2 and 2`). With other
solid electrode samples, an anodic peak was clearly
manifested atE = 0.05 V, associated with the reaction
of tin fluoride formation (Fig. 1, curves3 and 3`). In
other cases, irregular current fluctuations appeared
in the cathodic region, indicating, in all probability,
a poor contact between the reference electrode and
the surface of the single-crystal membrane. The ob-
served diversity of voltammetric responses does not
always affect the cell emf,i.e., the stationary potential
of the Sn, SnF2, LaF3 electrode was reproducible,
Est = 3(0.621+ 0.003) V. However, when effects of
this kind did appear, interpretation of processes at
the LaF39M interface was either strongly hindered
or at all impossible. In this connection, attention was
paid to the technology of fabrication of the solid-
phase reference system whose efficiency was verified
by measuring voltammograms of cell (5). The fabrica-
tion technology of the Sn, SnF2 electrodes was mod-
ified so as to ensure, by changing the salt to metal
ratio, compaction pressure, and time and temperature
of fusion, a linearI3E characteristic of cell (5) at
potentials ranging fromE = 32.0 toE = +2 V (Fig. 1,
curves5 and5`). It was found that raising the potential
sweep rate (dE/dt > 0.06 V s31) led to the appearance
of a hysteresis in the dynamicI3E curve. Therefore,
voltammetric testing of solid-phase electrodes was
also used to select the working range of potential
sweep rates. A comparison of theI3E curves for cells
(1) and (5) revealed an additional polarization resis-
tance that remained unchanged under the experimental
conditions.

The voltammogram of cell (6) with two solid-phase
contacts (Fig. 1, curves6 and 6`) is characterized, as

would be expected, by an increase in polarization re-
sistance, but remains linear in the range of potentials
in question and exhibits no hysteresis at sweep rates
of 0.01 to 0.04 V s31. Similar behavior is observed
with LaF3:Sr2+ and CeF3:Sr2+ single crystals. All-
solid FSEs, ensuring this type of dynamicI3E curves
in contact with Sn, SnF2, were used to study the
LaF39M interface, with the I3E curve of cell (5)
monitored at regular intervals, in the case when there
occurred a Nernst dependence of the FSE emf on
the activity of the fluoride ion in solution in the range
135 pF3.

The working range of potentials at which solid-
phase reactions at the LaF39M interface (M = Ag,
Bi, or Sn) was verified using the cyclic voltam-
mogram of the Sn, SnF29LaF39Ag cell (Fig. 2),
since the potential of silver fluoride formation is
the most positive among the metal electrodes under
study:E0 (Ag9AgF) = 0.95 V [7]. After anodic charg-
ing of the interface fromE = 0.5 toE = 2 V, a current
appears atE > +1 V as a result of AgF formation.
A single-peak curve of silver reduction is observed in
subsequent cathodic potential sweep (Fig. 2, cur-
ves1 and1`). Further shift of the potential in the neg-
ative direction gives rise to a current atE = 32.35 V
(Fig. 2, curve2`). Changing the sweep direction to
anodic is accompanied by the appearance of curves
with a single peak (Fig. 2, curve2). The nature of
the curves depends on the contact zone area, potential
sweep rate, and interface potential in inversion. In
cathodic polarization of the LaF39M interface at
32.35 V, cations belonging to the rigid sublattice of
the single crystal are reduced to form LaF39La9Ag
electrodes, and potential inversion in the anodic direc-
tion leads to La oxidation and regeneration of the
solid electrolyte. A similar behavior is characteristic
of an FSE with liquid inner reference system the case
of contact between a LaF3:Eu2+ membrane and metals
[4, 9]. The redox reactions involving lanthanum con-
tained in the solid electrolyte are important as regards
the possible use of nonstoichiometric fluorides in
analytical practice, since they determine the working
range of potentials.

The reactions limiting the cathodic region of
electrochemical stability of the solid fluorine-
conducting electrolyte were analyzed using LaF3
(Eu2+ 0.8 mol %), LaF3 (Sr2+ 5 mol %), and CeF3
(Sr2+ 5 mol %) single crystals in the cathodic inver-
sion voltammetry mode. It was found that the voltam-
mograms of the contact between Ag and the single
crystals used were similar, but the reduction potential
was dependent on the cations of the rigid sublat-
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tice. The initial portions of the dynamic voltam-
mograms, reflecting the transition to a Faraday cath-
odic process, were, as a rule, independent of the po-
tential sweep rate. (dE/dt = 0.0230.05 V s31). Further,
the slope of theI3E curves coincided with the ohmic
polarization of the contact FSE membrane3Ag. The
dynamic anodic curves measured from the level of
the stationary potential were characterized by a single
peak and reflected the transition from the LaF39La9Ag
electrode to a LaF39Ag one with regeneration of the
FSE9Ag interface. Figure 3 presents CeF3:Sr2+

9Ag
interface regeneration curves taken after cathodic
forming of the CeF3:Sr2+

9Ce9Ag cell at generation
potential Eg.c = 32.6 V and Qc = 8.36 mC.

Reduction of La+ in LaF3:Eu2+ and LaF3:Sr2+

single crystals and Ce3+ in CeF3:Sr2+ single crys-
tal was studied by analyzing the influence exerted
on the characteristics of anodic processes by the
potential of cathodic charging of the interface to
form LaF3 : Eu2+

9La9Ag, LaF3 : Sr2+
9La9Ag, and

CeF3 : Sr2+
9Ce9Ag electrodes. It was found that at

generation potentials ranging fromEg.c = 32.5
to Eg.c = 32.7 V the current of the peak in the
anodic curves linearly depends on the square root of
the potential sweep rateIa.p = f (V1/2) in the range
0.0130.05 V s31 for all of the interfaces studied
(Fig. 4a). The same dependence is preserved when
the data are corrected for the ohmic polarization of
the contact [10]. The accumulation potential exerts
only slight influence on the slope of the logIa.p =
f (log V) dependence, varying between 0.5 and 0.6 for
the experimental data and those corrected for the
ohmic polarization. Probably, the interface regenera-
tion process is of diffusion nature. A linear dependence
of the anodic peak current on the amount of passed
electricity, Ia.p = f (Qc) (Fig. 4b) is observed atQc
ranging from 7.27 to 23.4mC for the LaF3:Eu2+

9Ag
interface (curves133) and from 8.36 to 17.6mC for
the CeF3:Sr2+

9Ag interface (curve4). The emf of
the formed cells is within3(2.380+ 0.005) V for
the Sn, SnF29LaF3:Eu2+

9La9Ag cell, 3(2.370+ 0.005)
for Sn, SnF29LaF3:Sr2+

9La9Ag, and3(2.340+ 0.005)
for Sn, SnF29CeF3:Sr2+

9Ce9Ag.

The reactions of metal fluoride formation at the
LaF3:Eu2+

9M interface in the solid-phase cell (3)
(M = Ag, Bi, or Sn) were studied in the anodic in-
version voltammetry mode. Previously, it has been
shown in studying an FSE with water reference sys-
tem that the nature of the decomposition curves of
anodically generated compounds depends on the gen-
eration potentialEg.a, and, after the formation of
an intermediate phase of metal fluorides at the op-

Fig. 3. CeF3: Sr2+9Ag interface regeneration (I3E) curves
taken after cathodic forming of the CeF3: Sr2+9Ce9Ag
cell at Eg.c = 32.6 V (Qc = 8.36mC). Potential sweep rate
V (Vs31): (1) 0.01, (2) 0.02, (3) 0.03, (4) 0.04, and
(5) 0.05; the same for Fig. 5.

Fig. 4. Anodic peak currentIa.p of cation oxidation in
the FSE membrane after charging of the FSE9Ag (3) inter-
face at Eg.c = 32.6 V vs. (a) potential sweep rateV and
(b) amount of passed chargeQc. FSE: (1) LaF3: Eu2+,
(2) LaF3: Sr2+, and (3) CeF3: Sr2+. (a) Data: (I ) ex-
perimental and (II ) corrected for the ohmic polarization of
the contact; the same for Fig. 6a. (b) Potential sweep rateV
(Vs31): (1) 0.01, (2) 0.02, and (3) 0.03. For explanation
see text.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 4 2001

600 TURAEVA et al.

Fig. 5. LaF3: Eu2+9Ag interface regeneration curvesIc3E
after anodic formation of AgF atEg.a = 1.9 V.

timal potential Eg.a, the cathodic curves are charac-
terized by a single peak [2, 7]. Guided by the pros-
pects for use of this kind of curves in analytical prac-
tice, the authors of the present study paid primary at-
tention to data analysis allowing the most adequate
assessment of the chosen optimal potentialEg.a of
compound accumulation in studying the processes at
the interface between M and FSE membrane with
a solid-phase reference system.

For this purpose, the effect ofEg.a on how the cath-
odic peak currentIc.p and peak potentialEc.p depend
on the potential sweep rateV and amount of electricity
Qa consumed for generation of metal fluorides in po-
tentiostatic charging of the LaF3:Eu2+

9M interface
was studied. It is known that the conditions of elec-
trolysis in aqueous and nonaqueous solutions affect
the properties of a deposit at its equal amounts.
Deviation from the optimal accumulation potential
leads to a change in the run of dynamicI3E charac-
teristics, e.g. affects the peak width [11]. Possibly, the
mechanism by which the nucleation and growth of
a deposit of metal fluorides occur at the interface be-
tween the FSE membrane and metal in air medium is
manifested in a change in relative rates of separate
stages of the multistage solid-phase process. As a cri-
terion for optimizing the electrolysis conditions in
order to decrease the number of stages limiting the
rate of the solid-phase process is chosen the potential
of the cathodic charging of the interface, at which
the Ic.p of the anodic curve is a linear function ofVn

with n close to 0.5. In the voltammetry of aqueous
solutions, such a behavior is characteristic of processes
controlled either by the rate of mass transfer under
linear diffusion conditions [12] or by the ohmic re-
sistance of passive films [13, 14].

Preliminary choice of nearly optimal potentialsEg.a
was done with regard to theEg.a 3 Est values obtained
previously [8, 10]. A linear dependence of the peak
current of cathodic curves onV1/2 in the range
0.0130.04 V s31 was observed at the chosenEg.a for
the contacts under consideration. Experiments demon-
strated that changes inEg.a affect in different ways
the characteristics of the cathodic processes, namely,
the behavior of Ec.p and slope of the logIc.p =
f (log V) dependence and also exert influence on the
emf of the formed cells.

As shown by investigations of anodic processes at
the LaF3:Eu2+

9Ag interface, the cathodic curves re-
corded from the level of the stationary potential after
accumulation of an intermediate compound exhibit a
single peak. Figure 5 presents cathodic curves taken at
potential sweep rates in the range 0.0130.05 V s31

after anodic polarization of the LaF3:Eu2+
9Ag in-

terface atEg.a = 1.9 V (Qa = 32.16 mC). The ratio
Dlog Ic.p/Dlog V for the LaF39Ag interface is in-
dependent of the accumulation potential and approx-
imately equal to 0.5 for experimental and ohmic-po-
larization3corrected data, which confirms the diffusion
nature of the solid-phase process [10, 12]. With in-
creasing potential sweep rate, the peak potential
is shifted in the negative direction and linearly de-
pends onV1/2. Such a behavior is characteristic of
processes controlled by the ohmic resistance of pas-
sive films [12, 14]. The peak potential corrected for
the ohmic polarization of the solid electrolyte remains
constant. With correction made for the ohmic polar-
ization of the contact, the potential difference between
the half-peak potential and the current peak potential
(Ec.p/2 3 Ec.p) = 0.06 V, which corresponds to a re-
versible process with transfer of a single electron.
The emf of the cells formed at accumulation poten-
tials of 1.9, 2.0, and 2.1 V is in the range (1.345+
0.003) V.

It is important to note that a deviation ofEg.a from
the optimal value within+0.1 V is tolerable for the
given structure does not lead to any significant change
in its characteristics. Attention should be paid to the
fact that insufficient treatment of the interfacial sur-
face exerts much more pronounced influence on the
properties of cathodic curves, with the half-peak po-
tential becoming more negative than the stationary
potential (Ec.p/2 # Est), the dependence of the peak po-
tential Ec.p on logV turning linear, and processes at
the interface becoming irreversible even upon genera-
tion of compounds at the optimalEg.a.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 4 2001

VOLTAMMETRY WITH A FLUORIDE-SELECTIVE ELECTRODE 601

Upon generation of an intermediate phase at
the LaF3:Eu2+

9Sn interface atEg.a = 0.9 andEg.a =
0.8 V, the cathodic curves measured from the level of
the stationary potentials, with V varied between 0.01
and 0.05 V s31, are also characterized by a sin-
gle peak. However, the generation potential affects
the way in which in fluoride is formed and the
LaF3:Eu2+

9Sn regenerated, makingDlog Ic.p/Dlog V
increase from 0.60 (forEg.a = 0.9 V) to 0.637 (for
Eg.a = 0.8 V), which is accompanied by peak broaden-
ing. The peak potentialEc.p shows a linear dependence
on logV, which is a criterion of process irreversibility
and disagrees with the data obtained for an FSE with
aqueous reference system. Also, a change in the emf
of the formed Sn, SnF29LaF39SnF2, Sn cells is ob-
served (0.03 V forEg.a = 0.8 V and 0.01 V for
Eg.a = 0.09 V).

The LaF3:Eu2+
9Bi interface regeneration curves

obtained after potentiostatic charging atEg.a1 = 1.1,
Eg.a2 = 1.2,Eg.a3 = 1.28, andEg.a4= 1.3 V, all exhibit-
ing a single peak, strongly differ from the dynamic
voltammograms of the FSE9Ag interface. The initial
portion of the cathodic polarization curve is inde-
pendent of the potential sweep rate and has a shape
characteristic of charge-transfer-controlled processes.
The peak potentialsEc.p show linear dependence on
log V, similarly to the FSE9Sn interface. The slope of
the linear dependence logIc.p = f (log V) grows from
0.72 to 0.83 asEg.a is changed from 1.2 to 1.3 V, with
the peak in the cathodic curves broadening and the
ratio of the area under the cathodic peak to amount
of charge consumed in deposit accumulation increas-
ing. Presumably, the reaction of bismuth fluoride
formation at the contact of the FSE membrane with
Bi and the cathodic regeneration of the interface are
irreversible. The emf of formed cells is within
(0.400+ 0.010) V.

Figure 6a presents linear dependences of the peak
current Ic.p on V1/2 for the interfaces LaF3:Eu2+

9Ag
(Ec.p = 1.9 V, Qa = 5.12 mC), LaF3:Eu2+

9Bi (Eg.a =
1.3 V, Qa = 54 mC), and LaF3:Eu2+

9Sn (Eg.a = 0.8 V,
Qa = 18.7 mC) for data obtained in experiment and
those corrected for the ohmic polarization of the con-
tact by means of approximate equations [12].

For solving analytical problems, it was of interest
to study the dependence ofIc.p on the amount of
charge consumed for generation of metal fluorides. It
was found that the dependenceIc.p = f (Qa) measured
upon AgF accumulation atEg = 2.0 V is linear within
the range from 1.5 to 7mC (Fig. 6b, curve1) and

Fig. 6. Cathodic current peakIc.p after anodic charging
of the FSE9M (+) interface atEg.a vs. (a) potential sweep
rate V and (b) amount of passed electricityQc. (a) M:
Ag: Eg.a = 1.9 V, Qa = 5.12 mC; Sn: Eg.a = 0.8 V, Qa =
18.7mC; Bi: Eg.a = 1.3 V, Qa = 54 mC. (b) Potential sweep
rate V (V s31): (1) 0.04 (Ag, Eg.a = 2 V), (2) 0.03 V
(Bi, Eg.a = 1.28 V), and (3) 0.02 (Bi, Eg.a = 1.1 V).
For explanations see text.

25 to 95mC at larger area of contact between silver
and the FSE membrane. Interestingly, despite the ir-
reversible nature of the process of LaF3:Eu2+

9Bi in-
terface regeneration, the dependence ofIc.p on Qa
measured after polarization of a contact between the
membrane and bismuth is also linear in theQa range
from 5.8 to 27.7mC at Eg = 1.1 V (Fig. 6b, curve3)
and 11.6 to 23mC at Eg = 1.28 V (Fig. 6b, curve2).

CONCLUSIONS

(1) In studying the voltammetric behavior of an
all-solid fluoride-selective electrode based on LaF3
(Eu2+ 0.8 mol %), LaF3 (Sr2+ 5 mol %), and CeF3
(Sr2+ 5 mol %) single crystals, it is advisable to
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verify the I3E characteristic of the Sn, SnF29FSE
membrane9aq F3, Cl39AgCl, Ag cell. Provided that
it is linear in the working range of potentials and
potential sweep rates, the voltammetric response of
an all-solid fluoride-selective electrode in contact with
metal is similar to that of the commercial fluoride-
selective electrodes.

(2) The threshold of electrochemical stability of
a solid fluorine-conducting electrolyte was determined,
characterizing the cathodic part of the working range
for voltammetry of an all-solid fluoride-selective elec-
trode in contact with metals.

(3) The influence exerted by the potential of anodic
accumulation of metal fluorides at the interface be-
tween an all-solid fluoride-selective electrode and
metal (Ag, Bi, Sn) on the dependence of the peak
current of interface regeneration processes on the po-
tential sweep rate was considered. The revealed pat-
tern is also characteristic of redox reactions involving
cations from the rigid sublattice in the membrane of
a fluoride-selective electrode; these reactions occur on
the surface and in the bulk of the solid electrolyte
without involvement of the contact metal in the elec-
trode reaction.

(4) The obtained dependences of the stationary po-
tential and peak potential on the nature of metal, and
also the linear dependence of the peak current on
the amount of charge consumed for product forma-
tion, are of interest for analytical practice, since these
results can be used for voltammetric detection of
the metals considered in this study with all-solid cells
in the air medium.
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Abstract-The effect exerted by anodic treatment of electrodes with varied thickness, made of NT-1
low-conductivity carbonized material, in 0.07 M KOH and 0.25 M H2SO4 solutions on the distribution of
the electrical conductivity across the electrode thickness at various anodic polarization conditions was studied.

It has been shown previously that cathodic treat-
ment of electrodes of varied thickness, made of a high-
resistivity NT-1 carbonized material, in solutions of
sulfuric acid and potassium hydroxide yields elec-
trodes with electrical conductivity varying across
the electrode thickness [1]. The conductivity profile
depends on polarization conditions and electrode thick-
ness. It has been established that anodic treatment
of electrodes made of fibrous carbon materials (FCM)
in acid and alkaline solutions can be used to change
the electrical conductivity of FCMs [2]. The most
pronounced changes are observed for carbonized
FCMs-depending on anodic polarization mode their
conductivity may vary within a factor of several tens.
This suggests that anodic treatment of FCM can serve
as efficient method for obtaining non-isoconducting
electrodes.

The present communication reports on a study of
the influence exerted by anodic polarization of NT-1
FCM electrodes in potassium hydroxide and sulfuric
acid solutions on the distribution of electrical con-
ductivity across the electrode thickness.

EXPERIMENTAL

The experimental procedure was identical to that
described previously [1]. The anodic polarization was
performed using a B5-49 dc power source with solu-
tions containing (M): (1) 0.07 KOH, (2) 0.1 KOH and
1.5 (NH4)2SO4, and (3) 0.25 H2SO4 circulated through
the electrode at a rate of 0.18 ml cm32 s31. A cell of

special design, described in [3], was equipped with
a special insert allowing measurement of the electrode
thickness. The study was carried out with electrodes
consisting of several layers of NT-1 FCM with electri-
cal conductivity of 0.04W31 cm31. After anodic treat-
ment the electrode was thoroughly washed with dis-
tilled water and dried to constant weight, and then
the electrical conductivity of each of the FCM layers
was measured [1].

The theory of flow-through three-dimensional elec-
trodes shows that the polarization profile across the
electrode thickness, determining the electrode effi-
ciency, largely depends on the relative electrical con-
ductivities of the electrode material and the solution.
In this connection, it is of importance to consider
the effect of this factor on the possible electrical con-
ductivity profile across the electrode thickness. These
studies were performed with a 0.07 M KOH solution
with electrical conductivity lower than that of NT-1.
To raise the electrical conductivity of the KOH solu-
tion, 1.5 M of NH4NO3 salt was added, with the elec-
trical conductivity of the resulting solution exceeding
that of NT-1.

Figures 1 and 2 present the distributions of the elec-
trical conductivity of the electrode across its thickness
L for varied conditions of its anodic polarization in
the above alkaline solutions. For convenience of com-
parison of the obtained results, the ratio of electrical
conductivities of the fibrous carbon electrode (FCE)
before,cin, and after,ct, its anodic treatment is plot-
ted along the ordinate axis. It can be seen from Figs. 1
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Fig. 1. Distribution of electrical conductivity cin/ct
across the electrode thicknessL after anodic polarization
in a solution of 0.07 M KOH and 1.5 M NH4NO3. Solution
conductivity cs = 0.2 W31 cm31. (a) Electrode thickness
8 mm. Current density (A m32): (1) 0, (2) 250, (3) 1000,
and (4) 2500. Treatment duration (min): (1) 0, (2, 3) 15,
and (4) 5. (b) Current density 1000 A m32. Electrode thick-
ness (mm): (1, 2) 10, (3) 8, and (4) 6.

and 2 that differentc distributions across the electrode
thickness can be obtained with alkaline solutions hav-
ing different electrical conductivities. Figure 1 de-
monstrates the effect exerted by anodic polarization of
FCE in an alkaline solution whose electrical conduc-
tivity exceedscNT-1 fivefold. The dependencecin/ct3L
shows an extremum, the largest changes in electrical
conductivity are observed at the backside of the elec-
trode. The electrical conductivity profile depends on
the anodic polarization conditions. Raising the anodic
treatment current density makes the electrical con-
ductivity profile more pronounced, with the FCM
resistivity increasing not only in the back (B), but
also in the front part (F) of the electrode. The elec-
trical conductivity at the electrode edges and in its
middle part differ 1.633.5-fold (Fig. 1a). The electrode

Fig. 2. Distribution of electrical conductivity cin/ct
across the electrode thicknessL after anodic polarization in
a 0.07 M KOH solution.cs = 0.015W31 cm31. (a) Electrode
thickness 8 mm. Current density (Am32): (1) 250, (2) 1000,
and (3) 2500. Treatment duration (min): (1, 3) 15, and
(2) 5. (b) Current density 1000 A m32, treatment duration
15 min. Electrode thickness (mm): (1) 4, (2) 6, and (3) 8.

thickness is important-the extremum in thecin/ct3L
curve is more pronounced for a thinner electrode
and tends to disappear with increasing electrode thick-
ness (Fig. 1b).

Another situation is observed in performing anodic
treatment of FCE in an alkaline solution with elec-
trical conductivity 3 times lower than that of FCE
(Fig. 2). The most pronounced change in the electrical
conductivity is observed at the front side of the elec-
trode. Varying the conditions of anodic polarization
and the electrode thickness affects the slope of the
ascending portion of thecin/ct3L curve. It should be
noted that the electrical conductivities at the front
side of the electrode and in its middle part differ
by more than a factor of 40.
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The observed changes in the electrical conductiv-
ity profile in the electrode, depending on the rela-
tive initial electrical conductivities of the electrode
material and the solution, electrode thickness, and
overall anodic treatment current density are in good
agreement with the theoretically predicted and ex-
perimentally confirmed distribution of polarization
across the electrode thickness, depending on the
above-mentioned factors [438]. For example, it is
known that, in the case when the electrical conduc-
tivity of FCM, cFCM, exceeds that of the solution,cs,
the process is localized at the front side of the elec-
trode. In the opposite case, atcFCM < cs, the process
is localized at the back side of the electrode [4, 8].
Raising the current density favors stronger polariza-
tion at the electrode edges, in good agreement with
the data presented in Fig. 2.

Anodic polarization on NT-1 in sulfuric acid so-
lutions does not lead to such pronounced changes in
the electrical conductivity across the electrode, com-
pared with that in alkali solutions. In contrast to the
results presented above, the variation ofcFCM across
the electrode (Fig. 3) and the change inct relative
to cin are much weaker as compared with the case of
FCM treatment in alkaline solutions. The electrical
conductivities in the middle part of the electrode and
at its edges differ by no more than a factor of 1.131.5.
The most pronounced changes incFCM are observed
at the front side of the electrode, and not at its back
side as it would be expected on the basis of the fact
that cs > cFCM (cs = 0.12W31 cm31). The conceivable
reason for such a change in the electrical conductivity
of NT-1 is that FCM intercalation compounds are
formed with sulfuric acid, with the electrical conduc-
tivity of graphite even possibly growing somewhat
[9311]. It is known that the forming compounds are
unstable and decompose already at room temperature
both in solution and in air. The experimental proce-
dure included sample drying at 803100oC, which
favored decomposition of these intercalation com-
pounds. As a result, the obtainedcin/ct3L dependences
deviate from the expected dependences and theoretical
polarization profiles, even though the occurrence of
a minimum in the middle part of the electrode is in
agreement with the polarization distribution across its
thickness. No data on howcFCM changes in the course
of decomposition of intercalation compounds could be
found in the literature. Apparently, more adequate
interpretation of the obtained dependences requires
special additional investigations, which are beyond
the scope of the present study.

It should also be noted that comparison of the re-
sults reported in this communication and those ob-

Fig. 3. Distribution of electrical conductivitycin/ct across
the electrode thicknessL after anodic polarization in
a 0.25 M H2SO4 solution. Electrode thickness 6 mm. Cur-
rent density (A m32): (1) 0, (2) 1000, (3) 250, and (4) 2500.
Treatment duration (min): (1) 0, (2, 3) 15, and (4) 5.

tained in [1] indicates that changes incFCM, measured
on a single-layer electrode 233 mm thick and multi-
layer electrode are about the same under comparable
conditions. For example, thecNT-1 decreases upon
anodic polarization in a KOH solution 50380-fold for
a single-layer electrode 3 mm thick [1]. It can be seen
from Fig. 1 that the electrical conductivity of the front
part of the electrode decreases 45350-fold as com-
pared with the starting material. These results also
confirm the adequacy of representing a single-layer
electrode as a multilayer electrode composed of FCMs
of the same type. This approach has been successfully
used in studying FCM operation by means of numer-
ical and experimental methods [538].

Thus, the results obtained in studying the influence
exerted by anodic polarization on the electrical con-
ductivity of FCM and its distribution across the elec-
trode allow tentative assessment of the promise of
electrolysis as a method for creating fibrous carbon
electrodes with electrical conductivity varying across
the electrode thickness. The variation of the electrical
conductivity across an electrode subjected to anodic
treatment in an alkaline solution is in qualitative
agreement with the theoretically predicted polarization
profile. This allows fabrication of nonisoconducting
electrodes with prescribed electrical conductivity pro-
file across the electrode thickness.

CONCLUSIONS

(1) Anodic treatment of electrodes made of high-
resistivity carbonized fibrous carbon material NT-1
in alkaline and acid solutions changes the electrical
conductivity of the electrode across its thickness.
Depending on the solution composition, relative initial
conductivities of the electrode material and the solu-
tion, and anodic polarization current density, different
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electrical conductivity profiles across the electrode can
be obtained.

(2) In the case of treatment in alkaline solutions,
the experimentally obtained electrical conductivity
profiles across the electrode thickness are in qualita-
tive agreement with the theoretical polarization profile.

(3) The lack of correspondence between the polar-
ization profile and electrical conductivity profiles
across a fibrous carbon electrode treated in sulfuric
acid solutions is probably due to formation of inter-
calation compounds of sulfuric acid and graphite.
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Abstract-A mechanism of zinc transfer from the negative to the positive electrode of a nickel3zinc battery
was studied.

A study of the distribution of components in a ni-
ckel3zinc (NZ) battery under cycling has shown that
approximately 20% of the active material in the neg-
ative electrode is transferred to the nickel oxide elec-
trode (NOE) in the initial cycles [1]. According to
X-ray data, the active material is present in NOE
pores as zinc oxide, forming no compounds with ni-
ckel oxides. The dynamics of its accumulation cor-
responds to the loss of weight by the negative elec-
trode.

The mechanism of transfer of zinc compounds has
not been established. This issue was considered in [2]
with the purpose to reveal the reasons for NOE[poi-
soning] in NZ batteries. The authors assumed that
the observed reduction in the electrode capacity is
due to zinc oxide precipitation in its pores, caused
by a decrease in the KOH concentration in the elec-
trolyte, associated with oxygen evolution in charging.

The precipitation of zinc oxide in NOEs with a cer-
met base hardly affects the efficiency of such elec-
trodes at moderate discharging rates, but impairs the
specific characteristics of the NZ battery, because part
of the active material of the negative electrode is not
used properly. Therefore, elucidation of the reasons
for the interelectrode zinc transfer in NOEs is of con-
siderable interest.

EXPERIMENTAL

We studied processes in ventilated NZ-25, NZ-80,
and NZ-180 batteries with rated capacity of 25, 80,
and 180 A h, respectively. Paired cermet nickel-oxide
electrodes of thickness 1 mm and zinc electrodes with
active material consisting of zinc oxide, metallic zinc,
and inhibitors and surfactants as additives were used

in the batteries. The ratio of the initial capacities of
the negative and positive electrodes in all the batteries
was 3 : 1. Hydrated cellulose and nonwoven poly-
propylene were used as separators.

The electrolyte in the NZ-25 and NZ-180 batteries
contained 480 and 15 g l31 of KOH and LiOH, re-
spectively, and that in the NZ-80 batteries, 380 and
25 g l31, respectively. The volume of the electrolyte
was 4 cm3 per 1 A h of rated capacity, which cor-
responds to the total volume of pores in the electrodes
and separators.

The batteries were charged during 8310 h with step-
wise decreasing currents (A) to a voltage of 1.98 V
in each stage: NZ-25:I1 = 5, I2 = 3, I3 = 1.5; NZ-80:
I1 = 10, I2 = 5; and NZ-180I1 = 20, I2 = 10. The im-
parted capacity was 25, 80, and 150 A h, respective-
ly. The current expenditure for oxygen evolution
did not exceed 132% per cycle. This hardly affected
the KOH concentration, and only resulted in its grad-
ual decrease because of the accumulation of carbox-
ylic ions in the electrolyte. In this connection, we
reduced after 1003200 cycles the capacity supplied
to the batteries in charging. The discharge currents
corresponded to a 5-h mode (5, 16, and 40 A, respec-
tively), i.e., the conditions of electrolyte diffusion and
convection were the same for all the batteries.

In the course of the tests, some batteries were pe-
riodically disassembled in charged or discharged state,
and the content of ZnO and Znmet in zinc electrodes
and also that of KOH, K2CO3, LiOH, and Zn2+ in
free electrolyte, zinc electrodes, and NOEs were de-
termined.

The transfer of zinc compounds from the negative
electrode to the NOE in battery cycling is character-
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Fig. 1. Variation of the zinc content in (133) negative and
(1`33`) positive electrodes in cycling of (1, 1`) NZ-25,
(2, 2`) NZ-80, and (3, 3`) NZ-180 batteries. (K ) Ratio of
the zinc weight to its initial amount and (N) number of
cycles.

ized by correspondence between the loss of Zn weight
from the negative electrode and its accumulation in
the positive electrode (Fig. 1). Approximately 10%
of zinc is transferred during the first 10 cycles
from the negative electrode to the NOE, which cor-
responds to 1.2 g per cycle for the NZ-25 battery.
Then the transfer slows down and stops by 50370th
cycle. The total amount of zinc accumulated in the
NOE was 20322%.

The concentration of zincate ions in the elec-
trolyte of charged NZ-25 and NZ-80 batteries was
10315 g l31, whereas in discharged batteries it de-
creased with increasing number of cycles, from 50 to
30 g l31, in contrast to silver-zinc batteries (having no
nickel oxide electrode) where it was 803100 g l31

under the same conditions [3] and changed only slight-
ly in cycling.

These results confirm the pattern established in [1],
and demonstrate that fundamental changes in macro-
kinetic processes occurring at zinc electrodes are as-
sociated with the operation of the NOE in the alkaline
battery.

The limiting concentration of zincate ions formed
in anodic zinc dissolution in KOH solutions depends
on the KOH concentration:

Zn + 4OH3 3 2e = [Zn(OH)4]23. (1)

When hydroxide ions are deficient in the zone of
the electrochemical process, the hydroxo complex is
decomposed to liberate these ions, which serves to
prolong the discharge of the zinc electrode:

[Zn(OH)4]23 6 ZnO + H2O + 2OH3. (2)

In the process, the consumption of hydroxide ions
decreases from 2 to 1 mol per faraday (26.8 A h) of
electricity. Reverse reactions occur in the cathodic

process. The redox reaction on NOE proceeds as
follows

Ni(OH)2 + OH3 3 e 6 NiOOH + H2O. (3)

Oxides with higher oxygen content are scarcely
formed under the considered conditions (charging to
no more than 80% of the maximum NOE capacity),
which allows us to determine the consumption of hy-
droxide ions with sufficient accuracy. The following
reaction may occur in parallel with reaction (3)

2OH3 3 2e 6 H2O + 1/2O2. (4)

To reduce the fraction of current consumed for re-
action (4), we limited the final charging voltage. In
the case when the main processes occur without side
reactions, the consumption and formation of OH3

ions at the electrodes are counterbalanced during both
charging and discharging of NZ batteries. Since this
compensation is provided by reactions at the opposite
electrodes, it depends on the conditions of OH3 ion
delivery to the reaction zones.

The correspondence between the loss of zinc from
the negative electrode and the accumulation of zinc
in the NOE (Fig. 1) means that these processes are
closely related in the NZ battery. To elucidate the
transfer mechanism, it is necessary to determine this
relationship.

The OH3 ions participating in the reaction migrate
and diffuse under the influence of KOH concentration
gradient directed from the negative to the positive
electrode in charging a battery, and in the opposite
direction during its discharge. Correspondingly, the
concentration gradient of zincate ions has the same
direction. In both cases, the appearance of a consid-
erable concentration gradient is due to the occurrence
of migration processesunder theconditions of slowed-
down diffusion of reagents, which is unable to com-
pensate for concentration changes occurring in porous
electrodes when a complicated system of separators
is used [4].

The second feature of the observed transfer consists
in that the kinetics of zinc oxide accumulation in
the NOE (percentage of zinc weight in the negative
electrode) is similar in all the batteries under study, in
spite of their different sizes and capacities (Fig. 1).
Thus, under identical polarization conditions, the
change in the concentration of zinc oxide in NOE
pores depends not on its surface area, but on the ca-
pacity per unit of its volume [5], i.e., on the NOE
thickness, equal for all the batteries under study.
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Change in component weights and electrolyte concentration in NOE pores in charging an NZ-25 battery {initial
concentration: KOH 8.03 M, [Zn(OH)4]23 0.93 M; charging capacity 25 A h (0.93 faraday); volume of pores in
NOE 33 cm3}
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Process stage
³ Contents of components, mol ³ Concentration, g l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ KOH ³ [Zn(OH)4]23³ ZnO ³ OH3 ³ KOH ³ [Zn(OH)4]23³ Zn2+

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Before charging ³ 0.265 ³ 0.0308 ³ ³ ³ 450 ³ 124.5 ³ 61
Change during charging³ 30.25 ³ 30.0262 ³ +0.0262 ³ +0.052* ³ 3424 ³ 3105.9 ³ 351.9
After charging ³ 0.015 ³ 0.0046 ³ 0.0262 ³ ³ 26.0 ³ 18.6 ³ 9.1

³ +0.052* ³ ³ ³ ³ +88.2* ³ ³
Final content: ³ ³ ³ ³ ³ ³ ³

mol ³ 0.067 ³ 0.0046 ³ 0.0262 ³ ³ ³ ³
g ³ 3.75 ³ 0.6 ³ 2.13 ³ ³ ³ ³
g l31 ³ 3 ³ 3 ³ 3 ³ ³ 114.2 ³ 18.6 ³ 9.1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Replenishment with hydroxide ions liberated upon hydroxo complex decomposition.

The analytically determined electrolyte composi-
tions in charged and discharged NZ batteries (Fig. 2)
are diffusion-averaged. However, these data indicate
that the concentrations of KOH and zincate ions in
the electrolyte of the charged and discharged batteries
are not completely equalized, which results from
changes occurring in NOE pores. In this case, the
content of zincate ions in the electrolyte of a charged
battery is low (approximately 15 g l31), and that in
a discharged battery, 25330 g l31, i.e., it does not
exceed 50 g l31 even in the initial cycles.

On the basis of the obtained data and taking into
account the data of [5] on changes in the electrolyte
composition under charging conditions, we calculated
the amount of KOH in NOE pores by the end of
charging of an NZ-25 battery in the third cycle (see
the table). It was assumed that only NiOOH is formed
in the NOE and no oxygen is evolved. The component
diffusion was disregarded, being suppressed in the
given case because of liberation of OH3 ions directly
within NOE pores.

The decrease in the KOH content was determined
using Eq. (3) in view of its being equal toK mol per
faraday of passing current. HereK is the potassium
transfer number equal to 0.27 [6], as calculated from
the limiting equivalent electric conductivity of K+

and OH3 ions. The increase in the amount of water
by reaction (3), namely, 1 mol per faraday, was dis-
regarded, since the excess water is displaced from
the pore space [5].

In the calculations, account was taken of the elec-
trolyte replenishment with hydroxide ions liberated
upon decomposition of the hydroxo complex in the
NOE pores (see the table). Their amount was deter-

mined on the assumption that [Zn(OH)4]
23 ions do

not participate in the reactions occurring in NOE in
battery charging. Therefore, changes in the content
of hydroxide ions are only related to a decrease in
the [Zn(OH)4]

23 solubility with diminishing KOH
concentration.

Comparison of the data in the table and Fig. 2
shows that the KOH concentration in NOE pores de-
creases by approximately a factor of 2.5 in the course
of charging, compared with the averaged electrolyte
concentration. These data reflect the slowing down of
the diffusion processes in the battery’s electrolyte.

The variation of the concentrations of KOH and
zincate ions in NOE pores in the third charging3dis-
charge cycle, determined from the experimental data

Fig. 2. Variation of the concentrationC of (1, 2) KOH
and (335) zincate ions in terms of Zn(II) in the electrolyte
of an NZ-80 battery in cycling of (1, 3, 5) discharged bat-
tery [(5) at the negative electrode] and (2, 4) charged
battery. (N) Number of cycles.
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Fig. 3. Changes in concentrationC of (1) KOH and
(2, 3) zincate ions in terms of Zn(II) in NOE pores in
the course of (1, 2) charging and (1, 3) discharge of
an NZ-25 battery. (Q) Capacity.

obtained in this study and those reported in [3, 7],
in good agreement with our data, is illustrated in
Fig. 3. The curves describing the variation of the
KOH concentration in charging and discharge coincide
in accordance with the reversibility of reaction (1),
and the plots for zincate ions disagree owing to the
low solubility of zincates formed in chemical dissolu-
tion of ZnO.

Thus, the per-cycle loss of zinc from the negative
electrode results from the transition of such an amount
of zincate ions from it into the electrolyte, which is
necessary to maintain the level characteristic of the
processes occurring at this electrode. This amount cor-
responds to that of zinc remaining in the NOE in
the form of ZnO.

Zincate solutions being unstable, the scheme in
Fig. 3 is unsuitable for precise quantitativedeter-
minations. However, it gives basic notion of the pro-
cesses resulting in the transfer and accumulation of
zinc oxide in NOE pores. It also shows that, with
decreasing KOH concentration in the electrolyte, the
transfer of zinc falls, since in this case the limiting
concentrations of zincate ions formed in electrochem-
ical and chemical dissolution approach each other.

Comparison of Figs. 2 and 3 allows assessment of
the influence exerted by diffusion processes on the
variation of the content of the electrolyte components.
It is evident that the averaged concentrations of KOH
and zincate ions in a charged battery are greater by
approximately a factor of 2.5 than the calculated
minimum concentrations in pores shown in Fig. 3.
Since the volume of the electrolyte in the NOE pores
corresponds to 1/3 of its total volume in the battery,
the calculated change in the concentration in pores is
close to the actual value, i.e., theeffect of the dif-

fusion of OH3 ions into the pore space of NOE during
charging and discharge of the battery is insignificant,
and their formation directly in the NOE pores upon
decomposition of hydroxo complexes contained in
the pores is of greater importance.

The run of curves3 and 5 in Fig. 2 shows that
at number of cycles less than 70 the region between
them reflects the kinetics of zinc oxide accumulation
in the NOE, and the approach of these curves to each
other is related to a decrease in the KOH content in
the electrolyte.

CONCLUSIONS

The transfer of zinc from the negative electrode to
the nickel oxide electrode in a nickel3zinc battery is
associated with the formation of electrolyte flows op-
positely directed in charging and discharge. A greater
concentration of zincate ions is established at the
negative electrode, compared with the concentration
reached upon chemical dissolution of zinc oxide pre-
cipitated in the nickel oxide electrode. The deficiency
in zincate ions returning to the zone of the negative
electrode in discharge of the nickel oxide electrode is
compensated for by the anodic process at the zinc
electrode, maintaining equilibrium with respect to
hydroxide and zincate ions.

The transfer of zinc is slowed down as the KOH
concentration in the electrolyte decreases, because
the solubilities of the zincate ion in electrochemical
and chemical processes approach each other.
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Abstract-The kinetics of contact reduction of tin on aluminum from alkaline stannite solutions was studied
by atomic absorption analysis, iodometry, gravimetry, X-ray phase analysis, and method of polarization
diagrams.

Tin finds wide application in various industries.
Since the cost of tin is rather high, a necessity arises
to recover it from spent industrial solutions. The
known methods of tin recovery in the form of metal
from aqueous solutions are rather few in number and
mainly performed in acid media. These are electrolytic
reduction, characterized by low current efficiency
owing to the low concentration of tin ions in solution,
and also cementation (contact reduction). For ex-
ample, it was proposed in [1] to recover tin by the
contact reduction on aluminum or aluminum alloys
from wastewater by its acidification with hydrochlo-
ric, sulfuric, or nitric acid to pH< 4. Tin of more
than 99% purity is precipitated from solutions within
134 h as a powder or granules.

It is necessary to note that the contact reduction
process is widely applied in electroplating of coatings
onto aluminum. In this case [2], stannate alkaline so-
lutions are used in which aluminum articles are
covered with a film of contact tin serving as an in-
dependent coating improving the antifriction proper-
ties of the surface [3]. During the first 10320 s after
the onset of the reaction, there are about 2000 atoms
of dissolved aluminum [4, 5] per single deposited
atom of tin; further, this ratio changes sharply, reach-
ing a value of 6 : 1. Simultaneously, the rate of alu-
minum dissolution and hydrogen evolution decrease
because of the blocking of the main part of the sur-
face area of the base metal by the contactdeposit.

The contact reduction of tin(IV) in alkaline so-
lutions has been studied in sufficient detail [335],
whereas there are scarcely any data on the contact
reduction of tin(II).

Previously, it has been proposed to use dispersed
aluminum for recovery of tin from solutions of its
compounds [6]. Therefore, the aim of this work was
to study the contact reduction of tin (II) ions in
alkaline solutions by compact and dispersed alu-
minum.

Polydisperse aluminum of PA-1, PA-3, and ASD-0
grades (as-delivered) with average particle size of 343,
169.5, and 77.8mm and variation factor of, respec-
tively, 0.31, 0.48, and 0.29 was used. The content of
the main component was determined from the volume
of hydrogen evolved upon dissolution of aluminum in
alkali. Chemically pure SnSO4 and NaOH were used.
The compositions of the reaction mixture are given in
Table 1.

Table 1. Composition of reaction mixture in tin(II)
reduction with dispersed aluminum
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Com- ³ Composition, M ³ ³
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³posi- ³ ³ Aluminum³ m(Al), g

tion no.³ Sn(II) ³ NaOH ³ ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ 0.069 ³ 0.8 ³ PA-1 ³ 0.36
2 ³ 0.069 ³ 0.8 ³ PA-3 ³ 0.36
3 ³ 0.069 ³ 0.8 ³ PA-3 ³ 0.18
4 ³ 0.069 ³ 0.8 ³ PA-3 ³ 0.54
5 ³ 0.069 ³ 0.8 ³ PA-3 ³ 0.72
6 ³ 4 0 1032 ³ 0.5 ³ PA-3 ³ 0.18
7 ³ 5 0 1033 ³ 0.08 ³ PA-3 ³ 0.018
8 ³ 1033 ³ 0.025 ³ PA-3 ³ 0.009
9 ³ 0.069 ³ 0.8 ³ ASD-0 ³ 0.36

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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Table 2. Conditions of electrochemical measurements on
compact aluminum and tin
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Run
³ Solution composition, M ³

T, oCÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´
no.

³ Sn(II) ³ NaOH ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ 0.0365 ³ 0.4 ³ 25
2 ³ 0.0365 ³ 0.5 ³ 25
3 ³ 0.0365 ³ 0.8 ³ 25
4 ³ 0.0365 ³ 1.2 ³ 25
5 ³ 0.0365 ³ 0.4 ³ 45
6 ³ 0.0365 ³ 0.4 ³ 65
7 ³ 0.0365 ³ 0.4 ³ 25
8 ³ 0.0102 ³ 0.2 ³ 25
9 ³ 0.0010 ³ 0.4 ³ 25

10 ³ 0 ³ 0.4 ³ 25
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

The procedure of Sn(II) reduction by suspended
aluminum was described in [7, 8].

The content of Sn(II) ions was determined by
iodometric titration of reaction mixture aliquots taken
at certain time intervals. In addition, the content of tin
ions in the reaction mixture was monitored at regular
intervals by atomic absorption spectrometry (AAS-1N
spectrometer, Carl Zeiss). The evolved hydrogen was
determined volumetrically.

The content of the main component and additives
in the deposit was determined by X-ray fluorescent
(VRA-20L spectrometer, Carl Zeiss) and X-ray phase
analyses (DRON-3M installation) with the use of
long-wavelength FeK

a

radiation with a b-filter.

Electrochemical studies were carried out with A999
aluminum samples of 99.8% purity [TU (Technical
Specification) 6-09-2705378]. Cathodic polarization
curves (2 mV s31) were measured on tin in solutions
under study with a P-5848 potentiostat (Table 2), and

Fig. 1. Kinetics of Sn(0) deposition on aluminum of varied
dispersity.CSn = 0.069 M. (C) Current Sn(II) concentra-
tion and (t) time. Aluminum: (1) PA-1, (2) PA-3, and
(3) ASD-0.

the anodic curves, on aluminum in similar electrolytes
containing no tin ions. The potentials are given rel-
ative to a silver chloride reference electrode. Alumi-
num samples, dried in a drying box and cooled to
constant weight, were weighed before and after ob-
taining a deposit, and also after its dissolution in dilute
HNO3 (1 : 1).

The difference between standard potentials of alu-
minum and tin in alkaline stannite solutions is rather
significant (approximately 1.4 V [9]), and, therefore,
intensive contact exchange of the Al3Sn(II) pair is
thermodynamically possible.

When aluminum is brought in contact with an al-
kaline stannite solution, first the natural oxide film on
its surface is dissolved, and then there occurs contact
reduction of tin, followed by dissolution of aluminum
with hydrogen evolution:

Al2O3 + 2OH3 + 3H2O = 2[Al(OH)4]3,

3[Sn(OH)4]23 + 2Al = 3Sn + 2[Al(OH)4]3 + 4OH3,

2Al + 2NaOH + 6H2O = 2Na [Al (OH) 4] + 3H2.

The experiments demonstrate that about 90% of
metallic tin is precipitated with PA-3 or ASD-0 dis-
persed aluminum within the first 538 min (Fig. 1).
The use of sufficiently dispersed aluminum powders
(dav < 200mm) results in the loss of suspension’s ag-
gregate stability in the course of tin deposition and in
the association of its particles into large formations
(granules) from several fractions of millimeter to
several millimeters in size, with shape from flat,
[tablet-like] to spherical. These granules have high
mechanical strength, which points to considerable
interaction forces between the particles.

The kinetics of tin(II) reduction by dispersed alu-
minum is described by a first-order equation (Fig. 1),
in agreement with the general concept of the process
of contact exchange: the deposition occurs under dif-
fusion control of metal ions being reduced, follow-
ing the law of a monomolecular reaction on the outer
surface of a deposit with approximately constant sur-
face area [10, 11]. In view of the aforesaid, we cal-
culated the apparent rate constantsKapp of tin(II)
reduction as follows [8]:

Kapp = ÄÄÄÄ Ä log ÄÄ .2.303V C0
S Ct

Kapp = ÄÄÄÄ Ä log ÄÄ .2.303V C0
S Ct

Here S is the metal surface area (cm2), V the vol-
ume of the reaction mixture (cm3), C0 the initial tin(II)
concentration (M),C the current tin(II) concentration
(M), and t the process duration (s).
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In doing so, it was accepted that the surface area,
on which tin is reduced, is invariable for each partic-
ular type of aluminum powder.

The experiments show thatKapp decreases with
increasing amount of aluminum and concentration
of Sn(II) ions and increases with growing concentra-
tion of alkali and degree of aluminum dispersion:

Composition no. Kapp, cm s31

1 0.0063
2 0.0192
3 0.0283
4 0.0184
5 0.020
6 0.044
7 0.987
8 2.256
9 0.0157

The experimental data are in complete agreement
with the concept of the related chemical activity of
dispersed aluminum and the thickness of the oxide
layer on its surface, which is, in turn, determined by
particle size [12].

Since the process under consideration is of elec-
trochemical nature, we calculated by Faraday’s law
from titrimetric data the apparent current density for
the contact exchange:

j = m/qSt.

Here m is the weight of tin reduced by instant of
time t, q is the electrochemical equivalent of tin, and
S is the surface area of aluminum particles.

The apparent current density corresponding to this
process was calculated from the volume of evolved
hydrogen. These experiments show that not only the
current density of hydrogen evolution (Fig. 2a), but
also its ratio to the current density of the contact ex-
change (Fig. 2b) changes with time. Both curves ex-
hibit a maximum, which is characteristic of topo-
chemical transformations [11]. It is believed that
the occurrence of a maximum is related to the increase
in the surface area of precipitated metal (tin) and in
the current density of partial reaction of tin reduction.
The fast growth of the tin surface area in theinitial
stage results in that the rate of contact exchange in-
creases with time. However, owing to a decrease in
the concentration of tin(II) ions, the contact exchange
current also decreases. The surface area becomes con-
stant, since the rate of contact exchange decreases.

Fig. 2. Kinetics of (a) tin deposition and (b) hydrogen
evolution on PA-3 aluminum particles. (j ) Current density
and (t) time. Numbers at the curves correspond to
the numbers of compositions in Table 1.

In concentrated tin(II) solutions (CSn > 1032 M),
the rates of metal deposition and hydrogen evolution
differ by more than two orders of magnitude, and in
dilute solutions (CSn < 1033 M), by a factor of 233.

The behavior of compact aluminum under similar
conditions is different: atCSn > 1031 M the rates of tin
reduction and hydrogen evolution are comparable,
whereas in dilute (CSn ; 1033 M) solutions the rate of
metal reduction is almost two orders of magnitude
less than the rate of hydrogen evolution (Table 3).
This fact confirms the assumption that the physico-
chemical properties of compact and dispersed alumi-
num are essentially different. According to the data
reported in [13, 14], compact and dispersed kinds of
aluminum have different structures of surface oxide
layers, and also clear distinctions in crystal lattice
characteristics (unit cell parameters, sizes of mosaic
units, microstresses, etc.).

Since the reaction of hydrogen liberation makes
lower the current efficiency of the cathodic reduction
of tin in dilute solutions (1033

31032 M) at sufficiently
high current densities of aluminum dissolution, the
compromise electrode potential is frequently close to
the corrosion potential of aluminum in the supporting
solution. This fact suggests that the reaction of hydro-
gen reduction, occurring simultaneously with the re-
duction of tin complexes on the surface of a freshly
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Table 3. Data of electrochemical measurements on compact aluminum and tin
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ecor, V ³ 3Emin ³ 3Emax ³ j, A m32 ³ Current efficiency, %
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Al ³ Sn ³ V, according to E3t ³ Al ³ Sn ³ H ³ Sn ³ H
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1.620 ³ 1.080 ³ 1.600 ³ 1.745 ³ 165 ³ 80 ³ 85 ³ 48.5 ³ 51.5
1.540 ³ 1.080 ³ 1.560 ³ 1.680 ³ 202 ³ 87 ³ 115 ³ 43.1 ³ 56.9
1.540 ³ 1.080 ³ 1.440 ³ 1.610 ³ 256 ³ 104 ³ 152 ³ 40.6 ³ 59.4
1.540 ³ 1.080 ³ 1.460 ³ 1.690 ³ 372 ³ 132 ³ 240 ³ 35.5 ³ 64.5
1.620 ³ 1.080 ³ 1.670 ³ 1.860 ³ 246 ³ 121 ³ 125 ³ 49.3 ³ 50.7
1.620 ³ 1.080 ³ 1.660 ³ 1.770 ³ 326 ³ 165 ³ 161 ³ 50.6 ³ 49.4
1.480 ³ 1.080 ³ 1.413 ³ 1.660 ³ 198 ³ 87 ³ 111 ³ 43.9 ³ 56.1
1.420 ³ 1.080 ³ 1.551 ³ 1.695 ³ 108 ³ 24 ³ 84 ³ 22.2 ³ 77.8
1.580 ³ 1.120 ³ 1.490 ³ 1.721 ³ 132 ³ 2 ³ 130 ³ 1.5 ³ 98.5
3 ³ 3 ³ 1.471 ³ 1.680 ³ 132 ³ 0 ³ 132 ³ 0 ³ 100

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

precipitated metal, substantially affects the contact
exchange (Fig. 3).

The compromise potential of such a composite
electrode first shifts in the positive direction, which is
associated with the blocking of the aluminum surface
by reduced tin (Fig. 4). The range of potentials at
which contact exchange occurs corresponds to the
cathodic reduction of tin in diffusion mode (Fig. 3)
and, therefore, this reaction is rate-determining.

With increasing alkali concentration, the potential
of the aluminium electrode shifts to a more positive re-
gion, which is attributable to the formation of a more
compact layer of the deposit. Comparison of the cur-
rents of cathodic reduction of tin and anodic dissolu-
tion of aluminum shows that the contact deposition
of tin from concentrated solutions involves a minor
fraction of side reduction of hydrogen. The process of
contact exchange in these conditions can be approx-
imately described by polarization (corrosion) diagrams.
For a specified concentration of tin ions the limiting
current of 30340 A m32 in run no. 1 (Table 2) is
reached at potentials of31.2_31.6 V (Fig. 3).

(b)

(b)

Fig. 3. (a) Anodic and (b) cathodic polarization curves for
precipitation of tin on aluminum at varied concentration
of tin(II) ions in solution. (j ) Current density and (E) po-
tential. The numbers at the curves correspond to run
numbers in Table 2; the same for Fig. 4.

At a sufficiently high concentration of tin(II) ions
(>10 M), tin is precipitated as a dense spongy de-
posit poorly adherent to the compact base metal and
periodically detached from the surface. Such a deposit
does not preclude electrolyte access to the aluminum
surface, and, therefore, the contact exchange can the-
oretically occur to the point of complete dissolution
of aluminum or complete precipitation of tin. The re-
duction of tin ions at the limiting diffusion current
under a considerable cathodic polarization may be
the reason for tin precipitation as a spongy deposit
[10, 11]. The gravimetric data (Table 3) show that
the rate of hydrogen evolution in dilute solutions es-
sentially grows, reaching a value that exceeds several-
fold the rate of tin reductionjc(Sn):

ja(Al) = jc(Sn) + jc(H),

jc(H) = ja(Al) 3 jc(Sn).

The intensity of aluminum dissolution grows, in
accordance with its anodic behavior, with increasing
NaOH concentration (Table 3). The evolution of hy-
drogen in dilute solutions leads to a dramatic decrease

Fig. 4. Chronopotentiograms of A999 aluminum in solu-
tions with varied concentration of tin(II) ions. (E) Potential
and (t) time.
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in the cathode current efficiency by tin at rather high
current density of aluminum dissolution (Fig. 3), with
the compromise electrode potential frequently being
lower than the potential of[free] aluminum corrosion
in a supporting solution (Table 3). This fact points
to a complicated relationship between all the three
reactions and, in particular, to the overall effect of
aluminum surface activation,e.g., owing to its de-
velopment, accumulation of alkali in the cathode
layer, intensification of dissolution product removal,
etc. (Fig. 4).

The aforesaid shows that the method of polariza-
tion diagrams is inapplicable in its frequently used
simplified version to determination of the contact ex-
change current in those systems in which the current
corresponding to side reactions is comparable with this
current. This is rather evident, because the polariza-
tion curve of corroding metal reflects not the anode
current of metal dissolution, but the difference be-
tween this parameter and the cathode current of
oxidant reduction.

Thus, the behavior of the aluminum electrode in
stannite alkaline solutions is determined by a com-
bination of reactions: anodic dissolution of aluminum,
cathodic reduction of tin, and, finally, cathodic evolu-
tion of hydrogen, which proceeds on both aluminum
and tin. In this case, the total rate of the process is
determined by the anodic dissolution of aluminum and
depends at any instant of time on the current values of
the electrode potential and the state of the electrode
surface.

It is necessary to note that a coarse fern-shaped
deposit is formed on compact aluminum at sufficient-
ly high Sn(II) concentrations in solution (>1032 M).
According to the data of X-ray diffractometry, this
deposit is identified asb-tin ([white] tin) with minor
admixture of SnO2. A similar pattern is also observed
in reduction of Sn(II) with dispersed aluminum. In this
case, weak lines of residual aluminum are observed
in the X-ray diffraction patterns.

The purity of the deposited tin can be improved
by additional treatment of the deposit with a concen-
trated alkali solution removing residual aluminum or
its oxo and hydroxo compounds.

Our experiments and their theoretical interpretation
suggest that the reduction of tin(II) ions to free metal
on compact and dispersed aluminum has both com-
mon features and certain distinctions resulting from
the dissimilar nature and structure of the outer layer
of natural aluminum oxide, and also from different
diffusion conditions on a flat electrode and suspen-
sion metal particles.

CONCLUSIONS

(1) Tin can be deposited as metallic granules or
powder from stannite solutions in a wide concentra-
tion range (1031

31033 M) via reduction with compact
and dispersed aluminum.

(2) The process kinetics is of diffusion nature,
which is caused by the formation of a continuous layer
of tin on aluminum in the initial stage of the process.

(3) The resulting deposits mainly consist ofb-tin
with minor admixture of aluminum metall and SnO2.

(4) The method of polarization curves is inappli-
cable in its traditional version to the determination
of the contact exchange current in the systems in
which the current of side reactions is comparable
with the contact exchange current.
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Abstract-Transport limitations on anodic dissolution of steels with varied level of alloying were studied in
the repassivation region in modified electropolishing solutions with addition of alkali metal sulfates, glycerol,
adamantane, and remantadine.

Good performance in the practice of electrochem-
ical treatment of steel and alloy surfaces has been
exhibited by modified solutions for electrochemical
polishing with conditioning additives of the type of
adamantane [1], possessing a number of advantages
over the conventional sulfuric3phosphoric3chromic
acid electrolyte [2]. A most important information,
necessary for selecting optimal solution compositions
and electrochemical polishing modes for alloys with
varied degree of alloying can be obtained by study-
ing the kinetics and revealing the limiting stages of
anodic oxidation of alloys in the transpassive state.

If oxygen is evolved in the course of anodic polish-
ing, which is characteristic of steels [3, 4], this un-
ambiguously indicates that a continuous solid (ap-
parently of oxide nature) film is formed on the anode
surface. This film possesses ionic conductivity and
p- or n-type semiconductivity. The rate of anodic ox-
idation of the alloy is determined in this case by three
components of potential drops across the alloy3film
and film3electrolyte interfaces and the film itself. It
is still a matter of discussion which one of these plays
the decisive role and what is the driving factor of
the process-ion migration within the anodic oxide
film (AOF) under the action of electric field, diffusion
mass transfer of reagents in the near-electrode layer
[5], acceptor mechanism of control, or the mechanism
of salt film formation [6, 7].

The kinetics of anodic dissolution of transpas-
sive steel anodes was studied for the example of
12Kh18N10T, 20Kh13, 95Kh18, and 08kp steels with
varied degree of alloying and diffusion coefficients
were evaluated for phosphoric acid (PhA) electrolytes
with alkali metal sulfates (and K2SO4 [4] in the first

place), glycerol C3H8O3, adamantane (Ad), and its de-
rivative-remantadine (Re) as conditioning additives.

EXPERIMENTAL

Electrochemical measurements were carried out
with a P5848 potentiostat and KSP-4 recorder in a
three-electrode cell with separated electrode spaces
and saturated silver chloride reference electrode. The
potentials are given relative to the standard hydrogen
electrode. The steel working electrodes, fabricated in
the form of disks with reactive surfacearea of 0.23
0.5 cm2, were cleaned mechanically and weighed prior
to each experiment. All the experiments were done
at 323 K.

Partial polarization curves were plotted with ac-
count of the current efficiencies of ionization of steel
components, determined gravimetrically and by quan-
titative analysis of anolytes in an electrolyzer with
separated electrode spaces. The electrochemical equi-
valents of the steels were calculated with account of
the percentage content of components andtheir final
oxidation states. The fraction of current consumed for
evolution of oxygen gas was evaluated volumetrically.
The quantitative content of metal ions of the dissolv-
ing components of a steel in the anolyte was deter-
mined by atomic-absorption analysis on an AAS-1
spectrophotometer with detection limit of 0.053
0.1 mg l31 [8]. Voltammograms were measured at
potential sweep ratesVs (V s31): 0.01, 0.02, 0.05, 0.1,
and 0.2. Measurements on a rotating disk electrode
were done at rotation velocitiesw = 253324 rad s31.

It has been shown previously that, in the case of
joint use of adamantane and potassium sulfate con-
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ditioning additives to a PhA electrolyte, the current
efficiencies of anodic dissolution of the components
of 12Kh18N10T steel decrease, making the service
life of polishing solutions 1.5 times longer. Replacing
water with glycerol in electrolytes of this kind ensures
the necessary smoothing of the surface of steels with
heterogeneous structure (20Kh13, 95Kh18, and 08kp),
with the rate of their anodic dissolution becoming
lower.

Figure 1 presents the experimental data obtained in
studying the factors retarding the oxidation of steel
components in the presence of conditioning additives
to a PhA solution for the example of 12Kh18N10T
steel at current peak (jp) potentials and limiting
currents j l at the inflection point of current3voltage
(I3E) curves. Figure 2 shows the results of partial-
current measurements on a rotating disk electrode.
The initial portions of thejp3Vs

1/2 and jp3w
1/2 curves

were approximated in all solutions by straight lines
corresponding to a diffusion-controlled process. With
increasingVs and w, the anodic dissolution process
first passes into the region of mixed diffusion-activa-
tion3controlled kinetics and then into that of purely
activation control, where mixing already has no effect
on the process rate (Fig. 2a).

With the anodic polarization increasing further,
when two processes-ionization of steel components
and oxygen evolution at the AOF3electrolyte inter-
face-occur in parallel, the portion intercepted on
the ordinate axis by the straight line plotted in
the jp3w

1/2 coordinates is equal [9] to the fraction of
current consumed for oxygen evolution (Fig. 2b). In
the transpassive region, with increasingVs, the pro-
cess becomes irreversible (Fig. 2b).

According to the theory of thin-film voltammetry
applied to quasi-reversible and irreversible electro-
chemical processes [9312], including anodic oxida-
tion [10, 11], the peak currentsjp in the I3E curves
can be used to evaluate the diffusion coefficients of
ions in anodic dissolution of metallic electrodes.

About the same peak currents were observed in
voltammetric curves obtained with 08kp, 20Kh13, and
95Kh18 steel electrodes in PhA solutions with con-
ditioning additives. For the 95Kh18 alloy the currents
were higher than those with other steels at one and
the same anode potential. The same pattern was ob-
served in constructing anodic partial curves logjst3E
(Fig. 3).

The obtained voltammetric characteristics of steel
electrodes were used to find the diffusion coefficient
D of ions, with account of the procedures for cal-

Fig. 1. Voltammetric curves of anodic dissolution of
12Kh18N10T steel at 323 K. 13.5 M H3PO4 solution with
additives (M): C3H8O3 2.0, H2SO4 0.5. (ja) Anode cur-
rent density and (E) potential. Potential sweep rate
(V s31): (1) 0.004, (2) 0.008, (3) 0.01, (4) 0.02, and
(5) 0.04.

Fig. 2. Currents (a)jp and (b) j l for 12Kh18N10T steel
vs. (133) w1/2 and (436) Vs

1/2. ( jp, j l) Peak current and
current at the inflection point of theI3E curve, (w) disk
rotation velocity, and (Vs) potential sweep rate. H3PO4
solution (133) 11 M and (4, 5) 13.5 M with additives
(M): (2) 5.7 K2SO4; (3) 5.7 K2SO4, 7.30 1033 Ad;
(4) 0.5 H2SO4; (5) 2.0 C3H8O3, 0.5 H2SO4, 7.30 1033 Ad;
(6) 2.0 C3H8O3, 0.5 H2SO4; and (1) no additive.
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Fig. 3. Anodic partial curves logjst3E. Solution (M):
H3PO4 13.5, C3H8O3 2.0, H2SO4 0.5, Re 2.90 1032. Steel:
(1) 08kp, (2) 20Kh13, and (3) 95Kh18.

culation of diffusion and kinetic parameters of irre-
versible processes [9], by means of the equation

Jp = 3.00 105n(an)1/2SCD1/2Vs
1/2, (1)

whereJp is the experimental peak current in the volt-
ammetric curve (A),S the electrode area (cm2), C the
concentration of dissolving ions of steel components
in the anolyte (M),Vs the potential sweep rate (V s31),
n the number of electrons exchanged in an elementary
process, anda the transfer coefficient for electrons.

Thean values were calculated using a quantity that
is a reciprocal of the slope of the linear dependence of
the peak potentialEp = f (ln Vs) and the Delahey equa-
tion [9] for the irreversible process:

dEp/dln Vp = 2.303RT/2anF. (2)

The diffusion coefficients of iron ions, mainly con-
tained in the alloys under study, in the anodic dis-
solution of the alloys in a PhA electrolyte with con-
ditioning additives in the range of electropolishing
potentials are listed in Table 1. The obtained values of
diffusion coefficients reflect the occurrence of an
intermediate state between the liquid- and solid-phase
diffusion of ions of components of the dissolving
steels [13]. Of the two main driving factors of the

process-ion migration under the action of electric
field within AOF and diffusion of products formed
in anodic dissolution of the steel components under
the action of the concentration gradient-the first is
apparently the limiting factor. In this case it becomes
possible to account for the observed increase in the
rate of anodic dissolution of steels with the growing
extent of their alloying with chromium in the order
95Kh18 > 20Kh13 > 08kp (Fig. 3). Easier migration
of ions through the AOF (g-Fe2O3) exhibiting semi-
conducting properties withp-type conduction is pos-
sible if the motion of ions (Fe+) of one of the two
main components of chromium steels-iron and chro-
mium-is slower. Cr6+ ions, being incorporated into
the semiconductingg-Fe2O3 film will increase the
number of cationic vacancies and, as a result, make
higher the rate of iron ionization. The incorporation of
chromium ions in theg-Fe2O3 oxide layer is possible
since the difference between the atomic radii of Fe
(rFe = 1.26 A) and Cr (rCr = 1.30 A) [16] does not
exceed 15%.

The partial dependences logjst3E reflecting the
anodic dissolution of iron, the dominant component of
08kp, 20Kh13, and 95Kh18 steels, show a break
(Fig. 3). The slope of the semilogarithmic curves is
greater after the break, which corresponds to the stage
mechanism of metal ion ionization [17] and is due
to the dissimilar dependences of the rates of these
stages on potential.

With multicharge ions (Fe2+, Fe3+, Cr3+, Cr6+)
formed in the end, abstraction of electrons from metal
ions presumably occurs in stages. The initially formed
subions (Fe+ and, possibly, Cr2+) will overcome the
potential barrier at the metal3oxide interface and then
potential barriers inside the forming oxide film, migra-
ting via cationic vacancies and, possibly, being in part
additionally oxidized inside the film. The subions
going out of the film must react with atomic oxygen.
Therefore, the rate of the oxygen process must be
determined by two processes-evolution of oxygen

Table 1. Diffusion coefficients of iron ions,DFe, in anodic dissolution of steels in a PhA electrolyte with conditioning
additives
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Steel brand ³ Electrolyte composition, M ³ DFe, cm2 s31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
12Kh18N10T ³ H3PO4 11, K2SO4 5.7 ³ (3.136.1)0 1036

³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0 ³ (1.031.3)0 1037

³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0, Ad 7.30 1033 ³ (7.038.6)0 1037

20Kh13 ³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0 ³ (1.532.1)0 1037

³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0, Re 2.90 1032 ³ (2.233.5)0 1037

95Kh18 ³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0 ³ (2.734.6)0 1037

³ H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0, Re 2.90 1032 ³ (3.035.1)0 1037

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Current efficiencies CEst for anodic oxidation of 12Kh18N10T steel in a PhA electrolyte with conditioning
additives and fraction of current consumed for evolution of oxygen gas,QO2

, at varied current densityja
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³ CEst ³ QO2
º CEst ³ QO2

º CEst ³ QO2
º CEst ³ QO2ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

ja, A dm32 ³ %, for indicated electrolyte*

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ no. 1 º no. 2 º no. 3 º no. 4

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
20 ³ 63.8 ³ 26.9 º 59.4 ³ 30.6 º 58.8 ³ 29.8 º 60.2 ³ 27.8
30 ³ 53.6 ³ 38.2 º 48.3 ³ 42.7 º 44.5 ³ 38.7 º 49.6 ³ 33.6
40 ³ 46.8 ³ 47.3 º 43.1 ³ 50.6 º 40.9 ³ 43.0 º 42.7 ³ 39.2
50 ³ 42.5 ³ 52.3 º 40.0 ³ 54.0 º 37.8 ³ 47.5 º 41.5 ³ 43.8
60 ³ 40.2 ³ 54.2 º 34.3 ³ 58.5 º 35.8 ³ 49.3 º 37.6 ³ 46.4

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Electrolyte composition (M): no. 1, H3PO4 11, K2SO4 5.7; no. 2, H3PO4 11, K2SO4 5.7, Ad 7.350 1033; no. 3, H3PO4 11,

H2SO4 0.5, C3H8O3 2.0; no. 4, H3PO4 11, H2SO4 0.5, C3H8O3 2.0, Ad 7.350 1033.

Table 3. Effect of glycerol, adamantane, and remantadine additives to solution of composition (M): H3PO4 13.5,
H2SO4 0.5, on the rate of anodic dissolution and smoothing of steel surface
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Process mode ³ Rate of anodic ³ Relative
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³Steel brand ³ Additive, M ³ ³ dissolution of steel,³ smoothing,
³ ³ ja, A dm32 ³ t, min ³ mm min31 ³ %

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
12Kh18N10T ³ 3 ³ 60 ³ 4 ³ 7.6 ³ 50.6
20Kh13 ³ 3 ³ 60 ³ 6 ³ 7.8 ³ 48.1
95Kh18 ³ 3 ³ 60 ³ 6 ³ 8.1 ³ 42.4
12Kh18N10T ³ C3H8O3 2.0, Ad 7.30 1033 ³ 75 ³ 2 ³ 6.4 ³ 78.6
20Kh13 ³ C3H8O3 2.0, Ad 7.30 1033 ³ 75 ³ 2 ³ 6.6 ³ 64.5
20Kh13 ³ C3H8O3 2.0, Re 2.90 1032 ³ 60 ³ 4 ³ 5.1 ³ 64.1
95Kh18 ³ C3H8O3 2.0, Ad 7.30 1033 ³ 60 ³ 4 ³ 7.2 ³ 62.7
95Kh18 ³ C3H8O3 2.0, Re 2.90 1032 ³ 60 ³ 4 ³ 5.8 ³ 63.8
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

gas and oxygen consumption for additional oxidation
of the products formed in anodic oxidation of steel
components.

Experiments on collection of gas evolved from
the surface of 12Kh18N10T steel anodes in a PhA
solution with conditioning additives (Table 2) con-
firmed the assumption made.

The fraction of current consumed for oxygen gas
evolution, QO2

, was smaller than the theoretically
calculated current efficiencies by O2 [CEO2 = 100 3
CEst (%)] in solutions containing either K2SO4 or
glycerol and adamantane. Therefore, the observed in-
equality QO2

< CEO2 cannot be accounted for only
by the possible oxidation of organic additives in
the course of electrolysis.

The conditioning additives to the PhA solution
affected the kinetics of anodic dissolution of steels in
different ways (Table 2). Raising the content of cat-
ions K+ and adamantane in a wide range of concen-
trations in an aqueous PhA solution makes lower
the current efficiencies by the steels under study,

which is due, as shown in [18], to their adsorption
onto the steel anode surface.

In the case of simultaneous presence of glycerol
and adamantane additives in a conditionally non-
aqueous phosphoric acid solution, the rates of ion
migration in the film (Table 1) and current efficiencies
by steel increased somewhat, and the fraction of oxy-
gen gas decreased (Table 2).

It may be assumed that, since the surface anodic
film must be in dynamic equilibrium with the solution,
unstable subions going out of the film will transform
into stable ions under the action of oxygen and solu-
tion, with precipitation of the solid phase. If this
occurs in the close vicinity of the film, it grows some-
what. Under the action of additives (adamantane and
remantadine in the first place), subions probably
acquire a certain extent of stability and may pass into
solution, being preserved for a certain time and form-
ing supersaturated solutions. According to the Schot-
tky mechanism [19], this must make the film thinner,
facilitate somewhat the anodic process, especially at
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microscopic projections, and accelerate the smoothing
of the microscopic roughness, and this was actually
observed in practice (Table 3).

CONCLUSIONS

(1) Anodic dissolution of steels in phosphoric acid
electrolyte with such conditioning additives as potas-
sium sulfate, glycerol, and adamantane (or remanta-
dine) proceeds in the transpassive region in stages,
with ion migration in the AOF under the action of
electric field as limiting factor, film thinning, and
accelerated smoothing of the surface microroughness.

(2) It is recommended to use remantadine [(2.03
4.0)0 1032 M], lowering the rate of anodic dissolution
of steels as compared with adamantane, in electro-
chemical treatment of chromium and carbon steels
as an additive to a solution of composition (M):
H3PO4 13.5, H2SO4 0.5, C3H8O3 2.0, with the required
quality of surface treatment preserved.
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Abstract-Basic principles of a procedure for calculating a reaction-rectification apparatus for synthesizing
silane by catalytic disproportionation of trichlorosilane are presented. Technological parameters are sub-
stantiated and the process of silane synthesis in the reaction-rectification apparatus is optimized.

Silane is one of the most important starting ma-
terials used to manufacture semiconducting silicon
and epitaxial structures on its base. The quality of
semiconducting silicon is mainly determined by the
purity of silane, and, therefore, the use of silane in
microelectronics imposes strict requirements on its
purity. Since the impurity composition of silane is
formed in the stage of its synthesis, much attention is
paid presently to selecting a synthesis technique al-
lowing easy purification of the obtained product.

Until recently, disproportionation of organosub-
stituted silanes [1], namely, that of triethoxysilane,
has been the main industrial method for silane syn-
thesis. However, silane obtained in this way contains
difficultly removable impurities of organic substances
and, therefore, fails to satisfy the growing require-
ments of microelectronics.

The highest-purity silane can be obtained by dis-
proportionation of trichlorosilane in the presence of
a catalyst [237]. However, the proposed method has
long been in disuse in the industry because of the lack
of catalyst that would not contaminate the product and
could retain its activity for a sufficiently long time.
According to the patent literature, the best catalysts
for disproportionation of trichlorosilane are anion-
exchange resins combining high activity of functional
groups and ability to bind molecules containing elec-
troactive atoms-As, B, and P. The highest catalytic
activity is exhibited by resins of the following types:
Amberlyst A-21, Amberlyst-26, gel quaternary-am-
monium resin IRA-400, AN18-12P, and AV27-12P.

Synthesis of silane by disproportionation of tri-
chlorosilane has not been used in Russia until now,

and, therefore, calculation and optimization of the
technological scheme and of the procedure for syn-
thesizing silane by this method are of interest.

When reactions of redistribution of hydrogen and
chlorine atoms among molecules of chlorosilanes from
the series SiCl4, SiHCl3, SiH2Cl2, SiH3Cl, SiH4 pro-
ceed in the course of catalysis on anion-exchange
resins at nearly normal temperature, bimolecular inter-
actions may occur simultaneously, described by the
following equations of reversible reactions [1]:

2SiHCl3 6
4 SiCl4 + SiH2Cl2, (1)

2SiH2Cl2 6
4 SiHCl3 + SiH3Cl, (2)

2SiH3Cl 64 SiH2Cl2 + SiH4, (3)

2SiH2Cl2 6
4 SiCl4 + SiH4, (4)

SiCl4 + SiH3Cl 64 SiHCl3 + SiH2Cl2, (5)

SiHCl3 + SiH4
6
4 SiH2Cl2 + SiH3Cl. (6)

Reactions (1)3(4) involve disproportionation; re-
actions (5) and (6) are of dismutation type.

Thus, synthesis of silane by disproportionation
proceeds in stages, with dichlorosilane and mono-
chlorosilane formed as intermediates. Therefore, it is
advisable to synthesize silane in the recycle mode, i.e.,
with separation of target products and recycling of
intermediates into the reactor. A reaction-rectification
apparatus described in [8] (Fig. 1) was used for this
purpose.
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Fig. 1. Schematic of a reaction-rectification apparatus
for synthesizing silane by catalytic disproportionation of
trichlorosilane: (1) Vessel, (2) rectification column,
(3) evaporator, (4) reactor, (5) dephlegmator, (6, 7) con-
densers, (8) silane receiving vessel, and (9) cock.

The starting trichlorosilane is fed from vessel1
into the upper part of the separation section of rectif-
ication column2 and then into condenser3. Trichlo-
rosilane vapor is delivered from the evaporator into
the lower part of the separation section of rectification
column and then into reactor4. The reactor has the
form of a thermostated vessel charged with a catalyst.
In the reactor occurs the disproportionation of silane,
with the composition of the mixture of reaction prod-
ucts close to the equilibrium composition at the re-
actor temperature.

Synthesis gas is fed into dephlegmator5 where
partial condensation of reaction products occurs. The
condensate, containing trichlorosilane, silicon tetra-
chloride, and other chlorosilanes, is returned into ves-
sel 1, being mixed there with the starting trichloro-
silane. As a result, the reaction products are ac-
cumulated in vessel1. A mixture of chlorides is de-
livered from the vessel into the separation section of
the rectification column whose operation results in
that silicon tetrachloride is concentrated in the eva-
porator and discharged from the apparatus. The proc-
ess of silicon tetrachloride accumulation in vessel1
continues until the rates of its synthesis in the reactor
and discharge from the evaporator become equal. After
this occurs, the apparatus is operating further in the
stationary mode. The vapor not condensed in dephleg-
mator 5, enriched in silane and light chlorosilanes, is
discharged from the apparatus and condensed in re-
ceiving vessel6 or 7 at liquid nitrogen temperature.
At regular intervals, silane is evaporated from the
receiving vessel into vessel8, and light chlorosilanes
are returned through cock9 into the apparatus and, ar-

riving at the reactor, are again involved in the reaction
of disproportionation. The products of this reaction
are again subjected to partial condensation in dephleg-
mator 5. Thus, the apparatus is operating in a closed
cycle.

It can be seen from the described technological
cycle that an important condition for operation of the
apparatus is the concerted action of the reactor and
the rectification column. The rate of silicon tetrachlo-
ride discharge depends on the degree of extraction,
separation factor, and silicon tetrachloride concentra-
tion in the upper part of the rectification column. In
its turn, the rate of synthesis of silicon tetrachloride
is determined by the difference in its concentra-
tions before and after passing through the reactor, and
the concentration at the reactor inlet coincides with
that in the upper part of the rectification column. In
accordance with the equations of reactions (1)3(6),
the content of silicon tetrachloride in the starting
mixture fed into the reactor affects the concentration
of silane and chlorosilanes in the gas mixture dis-
charged from the reactor. Consequently, the concen-
tration of silicon tetrachloride at the reactor inlet and
in the upper part of the rectification column deter-
mines the efficiency of both the reactor and the rec-
tification column. Therefore, the algorithm for cal-
culation of the above technological cycle is aimed to
search for the concentration of silicon tetrachloride at
the reactor inlet and the upper part of the rectification
column. This problem was solved as follows.

(1) Controllable parameters of the process were set:
reaction temperatureTr; dephlegmator temperatureTd;
pressure in the apparatus,P0; SiCl4 concentration in
the lower part of the column,Xl; separating capacity
of the rectification column, represented by the number
n of theoretical plates in the zero-takeoff mode.

(2) The composition of the starting mixture fed
in the reactor was introduced:DI (1), DI (2), DI (3),
DI (4), and DI (5)-concentrations of, respectively,
silane, mono-, di-, and trichlorosilane, and silicon
tetrachloride.

(3) The composition of the equilibrium mixture
discharged from the reactor atTr was calculated using
the following algorithm.

(a) The equilibrium constants were calculated from
the Gibbs energies; the thermodynamic constants
necessary for calculations were taken from [9, 10].

(b) The equilibrium concentrations of the com-
ponents in reaction (1) were calculated by passing
to a three-dimensional coordinate system and intro-
ducing a variable reaction coordinatez reflecting
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changes in component concentrations in the course of
the reaction:

X(3) = DI(3) + 0.5z,

X(4) = DI(4) 3 z,

X(5) = DI(5) + 0.5z,

whereX(3), X(4), andX(5) are, respectively, the equi-
librium concentrations of di- and trichlorosilane and
silicon tetrachloride.

The solution was found in the form of the follow-
ing quadratic equation

Keq1 = X(5)X(3)/X(4)2.

The physically realizable solution must satisfy the
condition 0< X(4) < 1, 0 < X(3) < 1, 0 < X(5) < 1.

(c) Using the obtainedz value, the equilibrium
concentrations of the reactants of reactions (1)3(6)
were calculated at appropriate equilibrium constants,
with the z value and the mixture composition cor-
rected each time. The calculation was repeated until
the quasi-equilibrium composition of the system sta-
bilized at the values corresponding to the chosen con-
vergence criterion. This gave a set of equilibrium con-
centrations of all the components of the system:X(1)
silane, X(2) monochlorosilane,X(3) dichlorosilane,
X(4) trichlorosilane, andX(5) silicon tetrachloride.

(4) The saturated vapor pressure was calculated for
each component of the system atTd by the following
equations [9311]:

SiH4 3 log P1 = 68.07 3 2020/T

+ 5.18470 1035T2
3 25.771 logT,

SiH3Cl 3 log P2 = 7.3948 3 1095.7/T,

SiH2Cl2 3 log P3 = 31297.2T + 1.75logT

3 2.48270 1033T + 3.9022,

SiHCl3 3 log P4 = 31170/(T + 246) + 7.09119,

SiCl4 3 log P5 = 7.6414 3 1572.3/T.

(5) The separation factor defined as the ratio of
the SiCl4 concentrations at the top and bottom of the
column; degree of extraction,p; rate of synthesis in
the reactor; and rate ofSiCl4 discharge from the ap-
paratus were calculated. The degree of extraction was
found using the equation [12]

F =cccccccccccccc
3 q(1 3 p)F0

3(1 3 aq)/(1 3 p)
c cc,
1 3 aq

F =cccccccccccccc
3 q(1 3 p)F0

3(1 3 aq)/(1 3 p)
c cc,
1 3 aq

where q = p(a 3 1), F is the separation factor in
the takeoff mode,F0 the separation factor in the
zero-takeoff mode,F0 = a

n, n the number of theoret-
ical plates,p the degree of extraction, anda the sep-
aration coefficient.

The following comparison was made: if the rate of
discharge was lower than the rate of synthesis, then
the concentration of silicon tetrachloride at the inlet
of the reactor and the separation section was raised:
otherwise, it was reduced and step 3 was executed
again. The calculation procedure was repeated until
the rates of synthesis and discharge of silicon tetra-
chloride became close, to satisfy the chosen con-
vergence criterion.

(6) The saturated vapor pressure was calculated for
the equilibrium mixture, liquefied atTd and having
concentrationsX(1)3X(5) (steps 3b and 3c) of the com-
ponents dischargedfrom the reactor, using the equation

P = P1X(1) + P2X(2) + P3X(3) + P4X(4) + P5X(5).

(a) In the case ofP< P0, the compositionX(1)3X(5)
was used in step 3 [instead ofDI (1)3DI (5)] and the
calculation procedure was repeated until condition 6b
was satisfied.

(b) At P > P0, the procedure went to calculating by
the method of iterations the degree of extraction of
light fractions from dephlegmator5.

(7) The composition of equilibrium liquid and
vapor phases in dephlegmator5 at temperatureTd and
pressureP0 was calculated using a set of equations for
i components, having the form

x0(i ) = y0(i )P0/[P0(1 3 S) + SP1],

where i is the number of a mixture component,S the
degree of extraction of light fractions,P0 the working
pressure,Pi the equilibrium pressure atTd, x0(i) the
concentration ofith component in the liquid phase,
and y0(i ) the same in the vapor phase.

(8) The system of equations was solved by itera-
tions of the degree of extraction.

(9) Since the liquid of compositionx0(i ) comes
from dephlegmator5 into the feeding vessel1 and
thence arrives at the reactor inlet and the upper part of
the rectification column, this composition was used
in passing to step 3.
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Fig. 2. Calculated dependences of the output capacityU of
the apparatus on (a) dephlegmator temperatureTd, (b) re-
actor temperatureTr, (c) numbern of theoretical plates in
the rectification column, and (d) pressureP in the column.

(10) The calculation procedure was repeated until
stationary values ofS, x0(i ), and y0(i ) were obtained
with the satisfied condition for equal rates of synthesis
and discharge of silicon tetrachloride.

(11) Since the vapor of compositiony0(i ) is dis-
charged from dephlegmator5 and condensed in receiv-
ing vessel6 or 7, light chlorosilanes remaining in the
receiving vessels after silane is evaporated therefrom
into vessel8 are returned into the reactor (recycled).
The y0(i ) values were used to calculate the composi-
tion of the liquid in vessels6 and7 after the evapora-
tion of silane. This composition was used in step 3 to
calculate the concentration of silane in the mixture
discharged from the reactor; degree of vapor mixture
extraction from dephlegmator5 in recycle, Sr; and
concentration of silane in the mixture,y1r.

(12) Then the output capacityU (g g31) of the ap-
paratus was found for a conventional reactor load of
1 mol min31:

U = [Sy1 + (SrSy1r)(1 3 y1)][1 + S(1 3 y1)] 0 32 0 60,

whereSy1 is the amount of silane taken-off in 1 min,
yr the concentration of silane in the vapor in a re-
cycle, SrS(1 3 y1)y1r the amount of silane taken-off
during a recycle, and 32 the molecular weight of
silane (g mol31).

The data obtained in the calculations are graphical-
ly in Figs. 2a32d.

It can be seen from Fig. 2a that, with the dephleg-
mator temperature increasing to 278 K, the output
capacity of the apparatus grows. It may be assumed
that this is due to the fact that the solubility of silane
in the condensate decreases with increasing tempera-
ture. This prevents silane from coming back to the re-
actor, which diminishes the influence exerted by the
reverse reaction of dismutation. At higher tempera-
tures (T > 285 K), a greater amount of light chloro-
silanes is discharged from the apparatus instead of
being returned into the reactor, which impairs the out-
put capacity of the apparatus.

It is seen from Fig. 2b that the output capacity of
the apparatus grows steadily with increasing reactor
temperature, since the reaction equilibrium is shifted
toward formation of light products, this reaction being
endothermic.

The influence of the number of theoretical plates,
n, is illustrated in Fig. 2c. It can be seen that, atn < 3
and SiCl4 concentration in the lower part of the col-
umn equal to 99%, the output capacity of the apparatus
is nearly zero. This is due to the low efficiency of
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the column in SiCl4 removal from the reaction zone.
Then the output capacity increases and, having reached
the maximum value atn = 6, remains further un-
changed, since the rectification column already shows
its maximum separation efficiency in the technolog-
ical process in question. Consequently, raising the
number of theoretical plates to more than six is inex-
pedient.

Elevating the pressure in the apparatus to 1.2 atm
leads to an increase in output capacity because of the
higher concentration of light chlorosilanes in the con-
densate and to their recycling into the reactor, with the
result that the rate of silane synthesis becomes higher
(Fig. 2d). Raising the pressure to more than 1.2 atm
makes the output capacity lower because of the in-
creasing solubility of silane in the condensate and its
penetration into the reactor where it is involved in
the reverse reaction of dismutation.

The described technological scheme for manufac-
ture of silane was implemented in a pilot installation.
An experimental study of the silane synthesis de-
monstrated that the calculated dependence of the out-
put capacity of the installation on the dephlegmator
temperature, pressure, and number of theoretical plates
is in agreement with the experiment, with, however,
the experimental output capacity constituting only
70% of the calculated value. Possibly, this is due to
kinetic limitations affecting the attainment of chem-
ical equilibrium in the reactor, disregarded by the cal-
culation procedure (step 3c). A gas-chromatographic
analysis of a mixture of chlorosilanes before and after
the reactor confirmed this assumption. The kinetic
limitation on the reaction is associated with the fact
that only the first disproportionation reaction is kinet-
ically unhindered in the multistage consecutive-con-
current process of trichlorosilane disproportionation to
silane [see reactions (1)3(3)]. The same effect was
observed in a laboratory study of the kinetics of tri-
chlorosilane disproportionation [13]. Probably, the
kinetic limitation is associated with hindrances to
desorption of a higher-boiling reaction product from
the catalyst surface.

CONCLUSIONS

(1) The calculations demonstrated that the most
expedient way to synthesize silane is in a reaction-
rectification apparatus at the maximum possible re-
actor temperature (limited by the thermal stability of
the catalyst used and of intermediate reaction prod-
ucts), dephlegmator temperatureTd = 2783285 K,
pressureP = 131.2 atm, and number of theoretical
plates in the rectification column of no less than six.

(2) An experimental study of the silane synthesis
by the proposed technological scheme established that
the experiment is in good agreement with the calcu-
lations.

(3) The practical implementation of this technology
and synthesis conditions made it possible to create the
first Russia’s facility for manufacture of monosilane
satisfying the requirements of microelectronics.
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Abstract-The kinetic parameters of liquid-phase oxidation of dioxane alcohol formals were determined.
The inhibiting activity of a number of phenol and organophosphorus antioxidants is evaluated and methods
are proposed for decelerating the destruction of dioxane alcohol formals, occurring via thermal oxidation.

High-boiling by-products of isoprene synthesis by
the dioxan method are multicomponent mixtures [1].
After evaporation of light fractions, the products are
mainly composed of dioxane alcohol formals (DAF)
of the following composition [1]:
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At present, DAFs find application as plasticizers in
polyvinylchloride-based formulations [2]. However,
wide use of DAF is hindered by their poor thermal
oxidation stability.

The aim of the present study was to analyze the
autooxidation and initiated oxidation of DAF and to
choose on this basis antioxidants able to hinder un-
desirable processes of thermal-oxidation destruction.

EXPERIMENTAL

The rate of O2 uptake in DAF oxidation was studied
on a gasometric setup of static type [3]. A thermo-
stated glass reactor of conical shape, equipped with
a magnetic stirrer, was charged with 5 ml of DAF and
purged with oxygen for 10 min. The amount of ab-
sorbed oxygenD[O2] (mol l31) was calculated using
the formula

D[O2] = VO2
/Vs 0 22.4,

whereVO2
is the amount of absorbed oxygen (ml), and

Vs is the sample volume (ml).

The rate of oxidationVO2
= D[O2]/t was deter-

mined as the slope of the straight line in the coordi-
nates D[O2]3time.

The temperature range of DAF oxidation, ensuring
the occurrence of the process in the chain mode, is
1003130oC. To this interval of working temperatures
corresponds the initiatortert-butyl peroxide (TBP)
with rate constant of decomposition equal to logkd =
14.9 3 146.300/19.15T [4]. The TBP concentration
was varied within the range (2330)0 1033 M.

The parametera, characterizing the oxidability of
a DAF (a = kd[DAF]/2kt

1/2) containing a DAF hy-
droperoxide (DAFHP) with unknown initiation rate
vi, DAF , was determined by the method of mixed initia-
tion. According to this technique, a DAF with chains
generated at an unknown ratevi, DAF was oxidized in
the presence of TBP initiator for which the rate con-
stant of initiation,ki, is known [4]. For this purpose,
the initial rate of oxidation,vO2

, was measured in a set
of experiments with different TBP concentrations,
and the parametera and vi, DAF were found from
the dependence ofvO2

on [TBP], using the expression
vO2

= a2/vi, DAF + a2ki[TBP] [4].

The parameterb characterizing the susceptibility
of DAF to auto-oxidation is a combined factor [b =
(1/2)aki

1/2] including the parametera determining the
rate of chain oxidation atvi = const andki, DAF -the ef-
fective rate constant of auto-oxidation [4]. The auto-
oxidation of DAF proceeds with acceleration, and the
kinetics of O2 absorption is described by the known
expression (D[O2])

1/2 = bt, characteristic of hydrocar-
bons, fuels, and acetals [3, 4]. In the coordinates
D[O2]

1/2
3t, the experimental points fall on a straight

line. The parameterb is determined as the slope of
the experimental straight line, with the upwards shift
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of the straight line away from the origin of coordinates
related to the presence in DAF of hydroperoxides ac-
cumulated in storage.

DAF hydroperoxides were analyzed using a iodo-
metric method based on reduction of the peroxide
group by the iodide ion [5]. Oxidants of phenol type
I3X, used to suppress autooxidation of DAF, were
synthesized by the method described in [6]; or-
ganophosphorus compoundsXI and XII , tested as
DAF oxidation inhibitors, were obtained as described
in [7].

In manufacture and storage of DAF in contact with
atmospheric oxygen, the corresponding hydroperox-
ides (DAFHP) are accumulated, with their concen-
tration in some samples equal to (234) 0 1033 M.
The auto-oxidation of DAF at elevated temperature
(>120oC) is accompanied by intensive absorption
of oxygen to give DAFHP (Table 1). The yield of
DAFHP per absorbed oxygen is nearly quantitative in
the initial stage of autooxidation (ca. 90% atD[O2] <
1 0 1032 M). With increasing extent of the process,
the DAFHP yield decreases to become about 30% by
the end of experiment, with the decomposition rate
much exceeding under these conditions the rate of

DAFHP formation. With increasing temperature, the
parameterb characterizing the rate of auto-oxidation
grows from 40 1035 to 270 1035 (M s32)1/2; the Ar-
rhenius dependence has the form logk = 6.36 3

76 500/(19.5T). The activity of DAF in auto-oxidation
(Table 2) is comparable with that for individual cyclic
acetals [1,3-dioxane (DO) and 4,4-dimethyl-1,3-di-
oxane (DMDO)]-bDO : bDMDO : bDAF = 18.9 : 14.7 :
11.5 (120oC).

Table 1. Rate of oxygen absorption and accumulation of
hydroperoxides in DAF auto-oxidation (120oC)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

³D[O2] 0102³D[DAFHP]0102³D[DAFHP]
ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´t, min ³ ³ÄÄÄÄÄÄÄÄ 0100,%
³ M ³ D[O2]

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
0 ³ 0 ³ 0.4 ³ 3

10.5³ 1.0 ³ 1.3 ³ 90.0
30.5³ 3.2 ³ 2.2 ³ 56.3
71.5³ 7.0 ³ 3.5 ³ 44.3

117 ³ 10.7 ³ 4.5 ³ 38.3
165 ³ 14.3 ³ 4.8 ³ 30.8
189 ³ 17.7 ³ 5.6 ³ 24.4
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Kinetic parameters of initiated oxidation and
auto-oxidation of individual DO and DAF (120oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Parameter ³ DO* ³ DMDO* ³ DAF
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
DO, M ³ 11.7 ³ 8.3 ³ 3³ ³ ³
kd/2kt

1/2
0 103, (M s)31/2³ 6.6 ³ 17.7 ³ 3³ ³ ³

a 0 102, (M s31)1/2 ³ 7.7 ³ 14.7 ³ 2.1³ ³ ³
ki 0 105, s31 ³ 2.4 ³ 0.4 ³ 12.0³ ³ ³
b 0 105, (M s32)1/2 ³ 18.9 ³ 14.7 ³ 11.5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Data of [8].

Table 3. Kinetic parameters of initiated oxidation of DAF
(Initiator TBP)
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄ

³ ³ ³ ³ ³

T, oC
³ ³ki 0 105,³ vO2

0 105, ³ a0102, ³³ ³ ³ ³ ³
³ ³ s31 ³ M s31 ³ (M s31)1/2 ³
³ ³ ³ ³ ³

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄ
110 ³ 0 ³ 0.69 ³ 0.28 ³ 1.45 ³ 3

³ 3.0 ³ ³ 0.35 ³ ³ 169
³ 6.0 ³ ³ 0.40 ³ ³ 96
³ 12.0 ³ ³ 0.50 ³ ³ 6

120 ³ 0 ³ 2.9 ³ 1.0 ³ 2.10 ³ 3

³ 6.0 ³ ³ 1.35 ³ ³ 77
³ 18.0 ³ ³ 1.92 ³ ³ 37
³ 21 ³ ³ 2.0 ³ ³ 33

130 ³ 0 ³ 6.8 ³ 2.08 ³ 3.7 ³ 3

³ 1.8 ³ ³ 2.28 ³ ³ 187
³ 3.0 ³ ³ 2.70 ³ ³ 124
³ 6.0 ³ ³ 3.22 ³ ³ 79
³ 31.0 ³ ³ 5.50 ³ ³ 26

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄ

Table 4. Effect of inhibitor (InH) structure on the DAF
auto-oxidation hindrance factorn (120oC)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Inhibitor
³ [InH], ³ b 0 105, ³

n = b/bInH³ wt % ³ (M s32)1/2 ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
I ³ 0 ³ 11.5 ³ 3

³ 0.018 ³ 3.6 ³ 3.2
³ 0.4 ³ 2.8 ³ 4.1
³ 0.1 ³ 2.2 ³ 5.2

II ³ 0.1 ³ 3.6 ³ 3.2
³ 1.23 ³ 6.9 ³ 1.7

III ³ 0.1 ³ 3.1 ³ 3.7
IV ³ 0.1 ³ 2.6 ³ 4.4
V ³ 0.1 ³ 3.4 ³ 3.4
VI ³ 0.1 ³ 3.3 ³ 3.5
VII ³ 0.1 ³ 3.2 ³ 3.6
VIII ³ 0.1 ³ 4.1 ³ 2.8
IX ³ 0.1 ³ 4.5 ³ 2.6
X ³ 0.1 ³ 6.5 ³ 1.8
XI ³ 0.1 ³ 33.7 ³ 0.34
XII ³ 0.1 ³ 7.5 ³ 1.5
II + XII ³ 0.1 ³ 10.7 ³ 11
(3 : 2) ³ 1.23 ³ 3.6 ³ 3.2
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

The dependence of squared rate of initiated DAF
oxidation,vO2

2, on the TBP concentration is linear and
described by the equationvO2

2 = a2vi, DAF + a2ki[TBP].
The chain length, varying within the range 753200
(Table 3), depends on temperature and initiator con-
centration. The effect of temperature on the parameter
a characterizing the oxidability of DAF is described
by the equation loga = 6.12 3 58 200/(19.15T). The
oxidability of DAF is much lower (Table 2) than that
of the compounds DO and DMDO.

However, the high initiating activity of the ac-
cumulating hydroperoxides (120oC, ki = 4b2/a2 = 1.20
1034 s31) is the main reason for the poor oxidation
stability of DAF in operation at elevated temperatures.

To suppress the undesirable auto-oxidation and im-
prove the thermal-oxidation stability of DAF, the ef-
fect of phenolI3X and organophosphorusXI andXII
compounds on the rate of O2 absorption was studied.
In the absence of inhibitors, DAFs oxidize at virtually
constant rate with slight acceleration in accordance
with the expression

D[O2] = b2 t2.

Introduction into the oxidizing system of ionolI
makes the rate of O2 absorption lower, with no induc-
tion period observed, which is presumably due to the
presence in the mixture of DAFHP accumulated during
storage. The kinetic curves of DAF auto-oxidation are
linearized in the coordinatesD[O2]

1/2
3t, the auto-

oxidation parameterb decreases from 11.50 1035

to 2.20 1035 (M s32)1/2 (120oC) with the concen-
tration of I increasing from 0.018 to 0.10 wt %
(Table 4). The influence exerted by the inhibitors was
evaluated on the basis of the auto-oxidation decelera-
tion factor n equal to the ratio of the auto-oxidation
rate in the absence of inhibitor to that in its presence
(n = b/bInH). For example, the process deceleration
factor for inhibitor I grows with increasing inhibitor
concentration to reach the limiting value (n

i
= 5.2) at

[InH] > 0.1 wt %.

The organophosphorus inhibitorXII , taken at con-
centration of 0.1 wt % (20 1033 M), affects the auto-
oxidation of DAF only slightly (n = 1.5). Raising
the concentration ofXII to 1.25 wt % (2.50 1032 M;
this concentration ensures stability of PVC-based poly-
mer formulation plasticized with DAF) strongly decel-
erates the auto-oxidation of DAF (n = 8.8) and, after
absorption of 40 1033 M O2 in the course of 40 min
(120oC) the process virtually terminates. Consequent-
ly, the effect of process deceleration under the action
of the organophosphorus inhibitor is manifested only
in the case of its manyfold excess over the content of
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DAFHP accumulated in DAF storage; [DAFHP] =
2 0 1033 M [InH] 0 = 2.50 1032 M.

Under these conditions, DAFHPs initiating auto-
oxidation are presumably transformed into inactive
molecular products, with virtually no free radicals
formed. Introduction of an organophosphorus inhibitor
(0.1 wt %) into the system being oxidized makes
the rate of auto-oxidation higher (n = 3), presumably
because of the catalytic decomposition of DAFHP by
the homolytic mechanism.

The inhibitors studied show no synergistic effect.
For example, a mixture of two inhibitors,II + XII ,
taken in a 3 : 2 ratio at a total concentration of
0.1 wt %, exhibits antagonism, since the deceleration
factor of the mixture of inhibitors (n = 1.1) is much
lower than that for each of the individual compounds
II andXII . Raising the total concentration of the mix-
ture of inhibitors to 1.25 wt % leads to only a slight
increase in the DAF autooxidation deceleration factor
(n = 3.2).

As already mentioned, use of high inhibitor con-
centrations (> 1032 M) fails to preclude auto-oxidation
completely and kinetic curves show no induction
period. Therefore, the efficiency of the inhibitors
was evaluated on the basis of the parametera =
kInH /kd[DAF] [4]. According to this expression, the
faster the reaction of an inhibitor with peroxy radicals
leading the oxidation chain, the greater thea value
and the higher the inhibitor’s efficiency. If inhibited
oxidation proceeds by the chain mechanism and chain
termination occurs via reaction between the inhibitor
with peroxy radicals, then the oxidation rate is de-
scribed by the equation [4]

vO2
= = a

31 ,ccccccc
kInH [InH]f

k [DAF] vid cccc
f [InH]

vivO2
= = a

31 ,ccccccc
kInH [InH]f

k [DAF] vid cccc
f [InH]

vi

whence follows that under the conditions of oxidation
at v < 30

a = ÄÄÄÄÄÄÄÄÄÄÄÄ ,
(vO2

3 vi) f [InH]
vi

a = ÄÄÄÄÄÄÄÄÄÄÄÄ ,
(vO2

3 vi) f [InH]
vi

with f = 2 (Table 2).

The above procedure for determining thea value
was used to measure the efficiency of the decelerating
action of compoundI and other phenol inhibitors.
The obtained data are compared with a similar char-
acteristic for the organophosphorus compoundXII in
Table 5.

It can be seen from the presented data that intro-
duction of inhibitors in the case of DAF auto-oxida-

Table 5. Evaluation of inhibitor efficiency in DAF auto-
oxidation (120oC, vi, DAF = 2.20 1037 M s31, f = 2)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄ

Inhibitor
³[InH] 0103,³ vO2

0 105, ³
n

³ a,³ ³ ³ ³
³ M ³ M s31 ³ ³ M31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄ
I ³ 0 ³ 1.20 ³ 54 ³ 3

³ 1.3 ³ 0.44 ³ 20 ³ 19
³ 2.8 ³ 0.35 ³ 16 ³ 11

II ³ 5.2 ³ 0.32 ³ 15 ³ 7
III ³ 1.3 ³ 0.25 ³ 11 ³ 34
IV ³ 2.6 ³ 0.22 ³ 10 ³ 19
V ³ 3.1 ³ 0.33 ³ 15 ³ 11
VI ³ 2.6 ³ 0.26 ³ 12 ³ 16
VII ³ 1.2 ³ 0.32 ³ 15 ³ 29
VIII ³ 1.4 ³ 0.40 ³ 18 ³ 20
IX ³ 2.0 ³ 0.69 ³ 31 ³ 8

³ 24.6 ³ 0.15 ³ 7 ³ 3
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄ

tion makes the process rate lower, with the chain
length decreasing from 54 to 7 units; however the
chain mode is preserved even at rather high inhibitor
concentrations in the range (1.2324.6)0 1033 M. The
observed behavior is presumably due to the presence
in DAF of DAFHPs effectively stimulating the oxida-
tion. This assumption is confirmed by the low value
of the parametera characterizing the efficiency of in-
hibitors in DAF oxidation (a < 102 M31), much ex-
ceeded by those in inhibited oxidation of a mixture
of hydrocarbons (a > 103 M31) [4]. In addition,
molecules containing an acetal group form hydrogen
bonds with phenol inhibitors, much impairing their
activity in the reaction with peroxy radicals, terminat-
ing the chains [8].

CONCLUSIONS

(1) A mixture of dioxane alcohol formals intensely
absorbs oxygen at elevated temperatures (1003300oC)
to form the corresponding hydroperoxides. The pa-
rameter characterizing the rate of auto-oxidation of
DAFs is close to those for individual 1,3-dioxanes and
much exceeds the parameters for hydrocarbons. The
high initiating activity of the forming hydroperoxides
accounts for the low thermal-oxidation stability of
DAFs.

(2) Introduction of phenol inhibitors into the sys-
tem substantially lowers the rate of auto-oxidation,
with the process deceleration factor markedly changed.
For organophosphorus inhibitors this parameter is
somewhat lower.
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Abstract-Electrokinetic technique for soil decontamination to remove hydrophobic organic compounds,
based on application of direct electric field to soil sample preliminarily treated with solutions of chelating
agent and a nonionic surfactant, was developed. The influence of various factors on electroosmotic flow in
soddy podzolic soil sample was studied.

Decontamination of soils to remove organic con-
taminants is an urgent problem [1, 2]. This problem
can be solved with the use of various techniques, in-
cluding thermal [3] or biological [4] treatment of soil,
pumping of solutions containing agents capable of
extracting the toxic contaminants throngh soil [5, 6],
and application of electric field [7, 8]. However, these
techniques are suitable for decontamination of spe-
cific objects only. For example, treatment with heated
gas is efficient in removal of organic impurities from
sandy soil but is unsuitable for decontamination of
clay. Furthermore, such techniques are mainly suit-
able for removal of highly volatile organic com-
pounds [3].

In this work, we studied decontamination of heavy
soil containing large amount of clay to remove hydro-
phobic organic compounds (HOCs). Decontamination
of such soils is one of the most difficult remediation
problems. The main aim of our experiments was to
study on model systems the possibility of increasing
the efficiency of electrokinetic decontamination of soil
to remove neutral toxic organic compounds with the
use of chemical reagents.

The electrokinetic technique for decontamination of
soil is based on removal of impurities by electroos-
mosis, electromigration, electrophoresis, and diffu-
sion. The most efficient among these processes is
electroosmosis. The efficiency of impurity removal

by this mechanism is mainly controlled by the elec-
trokinetic potential (z-potential) [9]. It is known that
the surface of soil particles is charged negatively [10]
and characterized by relatively lowz-potential [11,
12]. Thez-potential can be increased by treatment of
soil with aqueous solutions of chelating agents, such
as 1-hydroxyethylidenediphosphonic (HEDP), ethyl-
enediaminetetraacetic (EDTA), and citric acids. In-
troduction of these compounds, especially HEDP, in-
to a soil sample in amount of 10 1032 M leads to
an approximately 10-fold increase in thez-potential
[11313].

The z-potential is also influenced by the pH of so-
lutions of chelating compounds added to soil. It was
found that for HEDP and EDTA solutions the max-
imum z-potential is attained at pH 638 [13, 14].

To remove HOCs from soil it is necessary not only
to increase the electroosmotic flow but also to ensure
HOC solubilization in the pore solution. For this pur-
pose, a contaminated soil sample should be simul-
taneously treated with chelating agent and nonionic
surfactant. It should also be taken into account that
introduction of nonionic surfactant in the soil can af-
fect the rate of the electroosmotic flow. Therefore,
we studied in this work the dependence of soil decon-
tamination on the nature of a nonionic surfactant.

In our experiments, we used nonionic surfactants,
since these compounds are to a considerably lesser ex-
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Fig. 1. Scheme of the experimental unit: (1) electroosmotic
cell, (2) cathode compartment, (3) chamber for soil sample,
(4) anode compartment, (5) drain pipes, (6) electrodes, (7)
glass electrode , (8) receiving flask for cathodic solution,
and (9) receiving flask for anodic solution

tent sorbed on the soil surface as compared with cat-
ionic surfactants. Furthermore, in contrast to anionic
surfactants, the use of nonionic surfactants is not ac-
companied by electromigration of micelles in the di-
rection opposite that of the electroosmotic flow, dete-
riorating electroosmotic transfer of the impurities.

EXPERIMENTAL

Our experiments were performed with a sample of
clayey loam soddy-podzolic soil taken from the top
soil horizon (0315 cm) at the divide territory of
an experimental field located at the Dokuchaev base
station (Zelenograd). The main characteristics of this
soil sample were as follows:

Characteristic Value

pH (salt extract) 5
Hydrolytic acidity, mg-equiv kg31 17
Exchangeable calcium, mg-equiv kg31 160
Exchangeable magnesium, mg-equiv kg31 70
Free iron (by Jackson), % 0.17
Mobile iron (by Tamm), % 0.05
Total organic carbon, % 1.2

The initial soil sample was air-dried, broken down,
and sifted through a sieve with 3-mm mesh.

Figure 1 shows schematically the experimental
unit. The unit consists of an electroosmotic cell, a dc
power supply, and devices for measuring the pH, cur-
rent strength, and voltage. The electroosmotic cell
is divided by perforated membranes into three com-
partments: cathode, anode, and that for a soil sample.
The total surface area of perforations in each mem-
brane is 10 cm2. The perforated membranes are cov-
ered with filter paper. The cross section of the unit

is 5.10 5.3 cm2. The lengths of the soil compartment
and electrode compartments are 8.3 and 5.5 cm, re-
spectively. The platinum electrodes are installed at
the minimal spacing from the membranes. A constant
level of solution in the compartments is ensured by
overflow of the excess solution into the receiving
flasks through the drain pipes.

In our experiments, we used readily water-soluble
nonionic surfactants Triton X-100 (9-10-oxyethylated
isooctylphenol R3C6H43O(C2H4O)mH, where R is
the isooctyl radical, (m = 9, 10), OS-20 [monoal-
kyl ethers of polyethylene glycol prepared from pri-
mary aliphatic alcohols CnH2n+ 1O(C2H4O)20H, n =
14318], and ALM-10 [monoalkyl ethers of polyeth-
ylene glycol prepared from primary aliphatic alcohols
CnH2n+ 1O(C2H4O)10H, n = 12314]. The critical mi-
celle concentration (CMC) of the nonionic surfactants
tested were as follows (M): Triton X-100 90 1034 M,
OS-20 20 1034, and ALM-10 1.60 1034 [15, 16].

The effect of nonionic surfactants Triton X-100 and
OS-20 on the electroosmotic flow through a soil sam-
ple was studied by the following technique. The air-
dried soil sample was moistened with aqueous solu-
tions containing chelating agent and nonionic surfac-
tant to moisture-saturated state. The moisture-saturat-
ed capacity of the soil sample used in our experiments
was 0.47 ml H2O per 1 g air-dried soil. The pH of
the chelating agent (HEDP) solution was adjusted to
638 by adding 40% NaOH. The concentration of
the chelating agent was 10 1032 M; the surfactant
concentration was varied from 0 to 10-fold CMC and
higher. The moistened soil sample was allowed to
stand in a dessicator for 1 day to attain equilibrium.
After equilibration the soil sample was placed in
the strictly horizontal soil compartment of the exper-
imental unit. The aqueous solution containing the sur-
factant and chelating agent in amounts equal to those
in the pore solutions (pH 638) was poured into the an-
ode compartment. The presence of the surfactant in
the anode solution ensures its constant concentration
in the soil sample throughout theexperiment. The cath-
ode compartment was filled with 10 1032 M HEDP
solution with pH equal to that in the anode compart-
ment. The solution volume in both the anode and
cathode compartments was 150 cm3. Under these con-
ditions, the surface of the liquid phase in the electrode
compartments coincides with level of the overflow
pipes. The weight of the moist soil sample was 445 g
(330 g of air-dried soil). The level of the soil surface
in the soil compartment exceeds the level of the so-
lution surface in the side compartments by 334 mm.
The higher level of the soil surface prevents overflow
of the anode and cathode solutions above the soil
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sample. The cathode solution volume drained into
the receiving flask was intermittently balanced by
pouring an equal amount of the fresh solution into
the anode compartment.

In the course of electroosmosis, the pH in both
the anode and cathode compartments was adjusted to
638 by adding concentrated sulfuric acid and 40%
NaOH. We used the concentrated reagent solutions to
eliminate the inaccuracy in determining the rate of
the electroosmotic flowVeo due to dilution.

The field strengthE between the electrodes was
2 V cm31. The experiments were carried out at room
temperature. Table 1 shows our results concerning
the influence of the surfactant concentaration onVeo
in the presence of 10 1032 M HEDP.

The electrokinetic treatment was used by us for
decontamination of the soil sample to remove both
moderately volatile [chlorobenzene (CB)] and highly
volatile [trichloroethylene (TCE)] organic compounds.
The rate of TCE evaporation exceeds that of CB by
more than a factor of 3.5 [17].

In decontamination of the soil sample to remove
chlorobenzene, ALM-10 and HEDP were used as non-
ionic surfactant and chelating agent, respectively. In
removal of tricloroethylene, Triton X-100 was used
instead of ALM-10 as the nonionic surfactant, all
other factors being the same.

The experiments on decontamination of the soil
sample to remove HOC were carried out as follows.
A certain amount of HOC was added to an air-dried
soil sample; the sample was thoroughly mixed and al-
lowed to stand for 1 day for equilibration. Thereafter,
the soil sample was treated with an aqueous solution
containing nonionic surfactant and chelating agent and
kept for 1 day. After electrokinetic treatment, the con-
tent of CB and TCE was determined in the electrode
and soil compartments. Chlorobenzene and trichloro-
ethylene were recovered from the anode and cathode
solutions and soil sample by treatment with hexane
at the following ratios of the organic and aqueous
phases: anode solution 3 : 1, cathode solution 3 : 1,
and soil pore solution 2 : 1. The chlorobenzene content
was determined spectrophotometrically on an M 40
UV-VIS spectrophotometer, TEC was determined by
gas chromatography on an HP-5890 gas chromato-
graph with an MSD-5972 mass-selective detector.

Our data on electroosmotic removal of CB from
a sample of soddy-podzolic soil preliminarily con-
taminated with this organic compound are given in
Table 2 and Fig. 2.

Table 1. Effect of surfactant concentration on the electro-
osmotic flow rate Veo
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Reagent, M ³ Surfactant ³ Veo,
³ concentration, M³ ml h31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
1 0 1032 KCl ³ 0 ³ 2.0+ 0.6
1 0 1032 HEDP ³ 0 ³ 6.0+ 6.0
1 0 1032 HEDP + OS-20³ 2 0 1033 ³ 5.5+ 0.6
1 0 1032 HEDP + Triton ³ 9 0 1033 ³ 5.3+ 0.6
X-100 ³ 2.70 1032 ³ 4.8+ 0.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

We found that introduction of various surfactants
into the soil sample decreases the electroosmotic flow
rate. As seen from Table 1, at the same ratios of the
surfactant content in the pore solution toCMC, intro-
duction of Triton X-100 decreasesVeo to a larger ex-
tent than that of OS-20. These results show also that,
with the Triton X-100 concentration in the pore solu-
tion increasing from 0 to 2.70 1032 M, Veo decreases
by approximately 20%. However, although the non-
ionic surfactant makes lower the electroosmotic flow
rate, the acceleration of osmosis under the action of
the chelating agent remains significant even at sur-
factant concentrations substantially exceedingCMC.
For comparison it should be noted that for a soil
sample treated with 10 1032 M KCl Veo is equal to
2.0+ 0.6 ml h31.

In order to intensify the transfer of organic toxic
impurities into the pore solution, the nonionic surfac-
tant should be introduced in amounts much exceeding
the CMC.Under these conditions, the colloid dissolu-
tion of HOCs may occur via both solubilization and
formation of microemulsions [18].

We found that, inelectrokinetic treatment of the soil
sample contaminated with HOCs, the toxic contami-

Fig. 2. Variation with time t of (1) electroosmotic flow
rateVeo and (2) current in the course of the electroosmotic
treatment of a sample of soddy-podzolic soil contaminated
with chlorobenzene.
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Table 2. Results of electrokinetic treatment of soddy-podzolic soil sample contaminated with chlorobenzene.* Reagent
HEDP + ALM-10, treatmenttime 45 h, initial chlorobenzene amount in the soil sample 46 g
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Chlorobenzene amount (g) and concentration (%) ³ Degree of soil
E, ³ Vav

eo, ³ N ³ after electrokinetic experiment ³ decontamination
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´V cm31

³
ml h31

³ ³ in cathodic solution³ in soil sample³ in anodic solution³ total ³
from

³ ³ ³ ³ ³ ³ ³ chlorobenzene
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0 ³ 0 ³ 0 ³ 0.05 ³ 0.26 ³ 0.05 ³ 0.36 ³ 28
³ ³ ³ (12.5) ³ (75) ³ (12.5) ³ (100) ³

2 ³ 5.1 ³ 1.6 ³ 0.17** ³ 0.14 ³ 0.05 ³ 0.36 ³ 61
³ ³ ³ (47** ) ³ (39) ³ (14) ³ (100) ³

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* E field strength; (Vav

eo) average electroosmotic flow rate; (N) number of volumes of the pore solution transferred from soil sample
by osmotic flow during the electrokinetic experiment.

** Chlorobenzene amount (g) and concentration (%) in both cathodic solution and corresponding receiving flask.

nants are transferred not only to the cathode but also
to the anode compartment.

This fact shows that, along with the transfer of
an HOC with electroosmotic flow into the cathode
compartment, HOC also passes into the anode com-
partment by diffusion. However, it is the electroos-
motic flow that contributes to the greatest extent to
the total transfer of the contaminants. As seen from
Table 2, chlorobenzene is equally distributed between
the cathode and anode compartments in the absence
of electric current. At the same time, in the pres-
ence of the electroosmotic flow, the contaminant con-
centration in the cathode compartment exceeds that in
the anode compartment by a factor of 3.4. For exam-
ple, at E = 2 V cm31 the amount of the contaminant
removed mainly by the electroosmotic flow increases
by a factor of 2.2 as compared with that via diffusion
(at E = 0).

Figure 2 shows the time dependence of both the elec-
troosmotic flow rate and the current in electrokinetic
treatment of a soil sample contaminated with chlo-
robenzene. The gradual increase in the current in
the course of an electroosmosis under constant voltage
is indicative of increase in the conductivity of solu-
tions. With pH maintained at 638, we observed an in-
crease in the current in all the experiments on elec-
trokinetic treatment of soddy-podzolic soil. In our
opinion, the increase in the current is caused by in-
termittent neutralization of the cathode and anode
solutions in the course of electrokinetic treatment.

In the experiments on soil decontamination to re-
move TCE and CB, we found that, with increasing
surfactant concentration in pore solution, the rate of
removal of these contaminants grows. For example,
with the Triton X-100 concentration increasing from
9 0 1033 to 2.70 1032 M, the average rate of contami-
nant removal increases by approximately a factor of 3.

Our experiments showed (Table 2) that, after an
uninterrupted 45-h electrokinetic treatment of soil
sample contaminated with chlorobenzene, 61% of this
contaminant was removed. In this experiment, the ini-
tial chlorobenzene content in the soil sample was
0.12 wt %, and the ALM-10 concentration in pore
solution, 2.80 1033 M. The soil sample contaminated
with TCE was electrokinetically treated for 34 h in the
presence of 90 1033 M Triton X-100 in the pore solu-
tion. Such treatment lowered the contaminant content
from 0.1 to 0.015 wt %, i.e., 85% of the contaminant
was removed. Comparison of our experimental results
on TCE removal from soil sample with those reported
in [7] shows that the use of a mixed reagent contain-
ing chelating agent and neutral surfactant increases
the efficiency of electroknetic decontamination of soil
to remove this toxic impurity.

Our experiment showed also that TCE is removed
from soil faster than CB. We believe that this differ-
ence is caused by hindrance to CB solubilization in
pore solution.

CONCLUSIONS

(1) Introduction of nonionic surfactants into a soil
sample in amounts significantly exceeding the crit-
ical micelle concentration in pore solution decreases
the electroosmotic flow rate in electrokinetic decon-
tamination of soil to remove organic toxic impurities.
However, the overall increase in the volume rate of
the electroosmotic flow under the action of HEDP
present in solution as the chelating agent remains sig-
nificant.

(2) Treatment of a soil sample with mixed reagent
containing chelating agent and surfactant in the elec-
trokinetic technique for removal of toxic hydrphobic
organic compounds substantially raises its efficiency,
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as shown by experiments on removal of chloroben-
zene and trichloroethylene from soddy podzolicsoil.
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Abstract-The possibility of preliminary identification of sources of environmental pollution with crude oil
was studied by IR Fourier spectroscopy, gamma-ray spectrometry, chromatography3mass spectrometry, and
capillary gas-liquid chromatography with oil samples from six fields of the Khanty-Mansi Autonomous
District and samples of soil and ground water contaminated with these oils.

Conclusive identification of sources of pollution
with oil is the most important environmental problem.
At present nearly 1603170 Mt of crude oil is recov-
ered annually in the Khanty-Mansi Autonomous Dis-
trict, which is more than half of the oil production
in Russia. At such a scale of oil recovery, environ-
mental pollution due to various accidents on the pipe-
lines is inevitable. However, determining the cul-
prit is rather difficult because of the absence of reli-
able procedures for identifying the origin of a crude
oil. Such a problem is dealt with for the first time
for a single geographical region with a large number
of oil wells located in rather close proximity.

In this work, we attempted to determine the differ-
ences in the composition of six oil samples recov-
ered from various fields of Khanty-Mansi Autono-
mous District and two samples of contaminated soil
and water. It should be noted that, when brought
in contact with soil and water, oil undergoes various
transformations depending on the temperature gradient,
humidity, solar activity, wind rose, etc. (typical of
a given geographical region [1]) and proceeding at dif-
ferent rates for different petroleum hydrocarbons. In
1994, the Ministry for Environmental Protection and
Natural Resources of the Russian Federation issued
an instruction on how sources of water pollution with
crude oil are to be identified, based on successive use
of IR spectroscopy and gas-liquid chromatography [2].
In addition, in1993, the Federal Department of Hydro-
meteorology and Environmental Monitoring brought
into use [The System of Identification of Oil Spil-
lages in Sea] [3], based on spectrophotometry and

high-pressure liquid and capillary chromatography.
The above documents were taken into account in this
study.

EXPERIMENTAL

Crude oil samples from six fields (Alekhinskoe,
Lyantorskoe, Prirazlomnoe, Priobskoe, Krasnolenin-
skoe, and Trekhozernoe) and samples of soil (Ale-
khinskoe field) and water (Petelinskoe filed) contami-
nated with oil were taken in November 1997 (Table 1).

Table 1. Crude oil samples studied
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample ³ Field
no. ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ Alekhinskoe, Nizhnesortyskneft’ Oil

³ and Gas Producing Department
2 ³ Lyantorskoe, Lyantorneft’ Oil and Gas

³ Producing Department
3 ³ Alekhinskoe, soil sample taken from

³ contaminated territory
4 ³ Krasnoleninskoe, Kondpetroleum

³ Joint-Stock Company
5 ³ Trekhozernoe, Lukoil-Uralneftegaz Fuel

³ Processing Plant
6 ³ Prirazlomnoe, Yuganskneftegaz

³ Joint-Stock Company
7 ³ Priobskoe, Yuganskneftegaz Fuel

³ Processing Plant
8 ³ Petlinskoe, Yuganskneftegaz Fuel

(flooded) ³ Processing Plant
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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The samples were studied using IR spectrometry,
capillary gas-liquid chromatography (GLC), chro-
matography3mass spectrometry, and gamma-ray spec-
trometry.

The IR spectra were recorded on computerized IR
Fourier spectrometer (FSL-05 software, SpbInstru-
ments, St. Petersburg) in automated mode in the 6503
800 cm31 region (resolving power 1 cm31) in 80-mm
thick cells with KBr windows [4].

The capillary GLC of the oil samples was per-
formed on a Tsvet-500 chromatograph equipped with
a flame-ionization detector and a quartz capillary col-
umn (0.32 mm in diameter and 50 m long) with
OV-101 stationary phase.

The chromatography3mass spectrometry of crude
oil, soil, and water samples was carried out on
an MD 800 unit with a capillary column and a system
for computer processing of the results.

The gamma-ray spectra were registered on a gaged
gamma-ray spectrometer with a DGDK-80V-3 Ge(Li)
semiconductor detector, equipped with an ES 1840 PC
for automated recording and processing of the results.
Samples of oil, soil, and flooded oil (300 ml vol-
ume) were placed in a special cell on the semiconduc-
tor detector. Owing to the low specific activity of
the samples, the gamma-ray spectra of the samples
were accumulated for 8 h.

The IR spectra of crude oil samples recorded on
an IR Fourier spectrometer are presented in Fig. 1. We
compared the spectra in the 60031800 cm31 range by
means of computer subtraction of one spectrum from
another, with the maximum error in recording the op-
tical absorption of no more than 0.5%. Curve 1 cor-
responds to the absorption spectrum of sample no. 1.
The other curves were obtained by subtraction of the
spectra of the other samples from the spectrum of sam-
ple no. 1. As seen, the resulting spectra exhibit sig-
nificant differences in the[fingerprint] area, except
the spectrum of sample no. 6 (Table 1) for which the
difference in the intensities of most of the bands is
smaller than 10%. Nevertheless, the absorption spectra
of the samples in question exhibit significant dif-
ferences in the 6503800 cm31 range in Fourier absorp-
tion (Fig. 2). Thus, the Fourier spectrometry allows
reliable identification and distinguishing of various
sorts of crude oil as environmental contaminants, in-
cluding oil in soil and water. It was found that a short-
term UV irradiation with simultaneous bubbling of
oxygen through the samples (artificial aging) did not
give rise to any new bands and did not cause signif-
icant transformation of the existing bands (Fig. 3).

Fig. 1. Spectra of crude oil samples. (D) Optical density
and (n) wave number; the same for Figs. 2 and 3. (1) Sam-
ple no. 1; (131, 132, 135, 136, 137) the differences of
the spectra of sample no. 1 and sample nos. 2, 4, 5, 6, and
7, respectively. Runouts at 1450 cm31 are due to
the low transmission of the sample. The distance between
the marks on the vertical axis corresponds to a change
in D by 1; the same for Figs. 2 and 3.

Fig. 2. Comparison of the spectra of sample nos. 6 and 7.
(7) Sample no. 7; (736) the differences of the spectra of
sample nos. 7 and 6 (Magnification05).

The chromatographic data showed that the oil
samples from the Lyantorskoe and Petelinskoe fields
differ significantly from the other samples, whereas
the composition of the other oil samples is nearly
the same. We found that the quantitative and quali-
tative reproduction of chromatograms (peak intensity
and retention time) recorded on a Tsvet-500 chromato-
graph are insufficient for reliable identification of oil
samples.

Investigation of the oil samples by chromatography-
mass spectrometry before and after aging (heating to
90oC, UV irradiation with a 1000-W lamp) showed
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Fig. 3. Comparison of the spectra of sample nos. 537.
Spectra registered (537) before and (5`37`) after aging;
(535`, 636`, 737`) the difference of the spectra of the cor-
responding crude oil samples.

that the ratio of12C and 13C isotopes is nearly con-
stant in all of the oil samples studied. Their hydrocar-
bon compositions are also similar, with slight dif-
ference observed only in the content of isopropenoid
alkanes (pristane, phytane, and norpristane). However,
these differences are not so significant as to ensure
reliable identification of the initial oil samples.

Since the crude oil in each field occurs in rock
materials differing in chemical composition and con-

tent of natural nuclides (NRNs) [5], the content of
NRN in the oil samples taken from different fields
must also be different (Table 2). All the samples
contain nuclides of the thorium and uranium series,
and the soil sample, also potassium-40. The samples
differ in qualitative radionuclide composition, except
sample nos. 5 and 7 exhibiting nearly twofold dif-
ference in the content of bismuth-214. As seen from
Table 2, gamma-ray spectrometry only allows identi-
fication of the potential source of oil pollution using
seven nuclides: four members of the thorium series
(thallium-208, bismuth-212, lead-212, and actinium-
228), two members of the uranium series (bismuth-
214, lead-214), and potassium-40 (for soil samples).

Thus, each crude oil sample taken from a different
field is characterized by individual nuclide composi-
tion. It should be noted that the total content of ra-
dioactive nuclides in the samples of the Khanty-Mansi
oil district is relatively low. The highest content of
radionuclides was determined for sample no. 3 (soil
sample taken from a spillage territory at the Ale-
khinskoe field), whose specific activity of 23.8+
4.2 Bq kg31 is more than an order of magnitude smal-
ler than the maximal permissible level (370 Bq kg31

according to nuclear safety regulations NBR-96). In
the other oil samples, the specific activity is even
lower and nuclides of the thorium and uranium series
were only recorded owing to the high sensitivity of
gamma-ray spectrometry (special computer program
was used in processing the obtained gamma-ray spec-
tra). Further study of oils by the given method requires
wider statistics. It should be noted that this procedure,
combined with the other methods, may be promis-
ing for oil identification in the case of two and more
sources of oil pollution.

Table 2. Data of gamma-ray spectrometric analysis of oil samples
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample no.
³ Specific activity As, Bq kg31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
(according to ³ uranium series ³ thorium series

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄTable 1)
³ 214Bi ³ 214Pb ³ 208Tl ³ 219Bi ³ 212Pb ³ 228Ac

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 5.3+ 7.5
2 ³ 3 ³ 4.8+ 4.7 ³ 3 ³ 3 ³ 3 ³ 8.9+ 6.0
3* ³ 3.2+ 2.6 ³ 6.0+ 4.3 ³ 3.7+ 2.0 ³ 3 ³ 5.3+ 3.9 ³ 13.3+ 6.0
4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

5 ³ 11.3+ 11.3 ³ 12.1+ 7.9 ³ 3 ³ 3 ³ 3 ³ 3

6 ³ 11.5+ 12.5 ³ 3 ³ 2.7+ 2.1 ³ 3 ³ 3 ³ 3

7 ³ 24.8+ 10.6 ³ 11.8+ 6.1 ³ 3 ³ 3 ³ 3 ³ 3

8 ³ 10.9+ 15.7 ³ 15.1+ 10.1 ³ 3 ³ 3 ³ 3 ³ 5.5+ 4.7
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Potassium-40 was found only in sample no. 3 (soil), its specific activity was 157.5 Bq kg31.
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CONCLUSIONS

(1) A study of six samples from different oil fields
of Khanty-Mansi Autonomous District demonstrated
that it is advisable to perform preliminary search for
the source of oil pollution of soil and water by means
of IR Fourier spectroscopy and gamma-ray spectrom-
etry.

(2) Chromatography3mass spectrometry and capil-
lary chromatography are of little use in solving this
environmental problem.
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Abstract-The problem of application of fluid-gas jet apparatus with elongated cylindrical mixing chamber
as mixers is considered. Results obtained in studying the dispersion and coalescence of bubbles of the gas
phase are presented. The obtained experimental data are processed in terms of Kolmogorov’s theory of iso-
tropic turbulence.

Fluid-gas jet apparatus can be effectively used as
absorbers. Their application in chemical, food, and
pharmaceutical industries to remove noxious impu-
rities from gases to be discharged into the atmosphere
has been described [133]. Fluid-gas jet apparatus with
elongated (no less than 30335 diameters long) cylin-
drical mixing chamber show promise as absorbers of
this kind. Such apparatus are characterized by simple
design of the mixing chamber (without confuser or
diffuser) and make it possible to achieve high injec-
tion coefficients [3]. There exists a procedure for cal-
culating these apparatus as water-jet vacuum pumps
[3, 4]. However, the available published data are in-
sufficient for calculating the absorption characteristics
of jet apparatus with elongated mixing chamber.

It is known that the intensity of absorption is de-
termined by the interface area and mass-transfer co-
efficient. In [1, 2], studies were reported concerned
with jet-injection shell-and-tube absorbers similar in
design to fluid-gas jet apparatus with elongated cy-
lindrical mixing chamber. The presented equations
enable calculation of averaged values of the interface
surface area at uncontrolled gas content. With fluid-
gas jet apparatus allowing control over the injection
coefficient and, consequently, over the gas content,
evaluation of their mass-exchange characteristics re-
quires such calculation techniques which take into
account, together with other factors, the dependence
of the interface surface area on the gas content and
residence time of the gas-fluid emulsion in the mixing
chamber of the absorber.

A schematic of an absorber based on a jet apparatus
with elongated mixing chamber is presented in Fig. 1.

The working fluid is delivered at high velocity into
the mixing chamber and is mixed there with the gas
being injected, to form a gas-fluid emulsion. Two
zones can be conventionally distinguished in the mix-
ing chamber, differing in the flow motion modes
[3, 5]. The first zone is that of unsteady flow, in
which the jet of the working fluid expands, is mixed
with the gas phase, and fills the entire cross-section
of the mixing chamber at some distanceL from the
nozzle exit. This zone is characterized by enhanced
turbulence. At a distanceL from the nozzle exit the

Fig. 1. Schematic of jet absorber. Flow zone: (I ) unsteady
and (II ) steady.
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intensity of agitation decreases and the gas-fluid flow
passes into the steady-flow zone in which a homo-
geneous gas-fluid emulsion moves. Mainly dispersion
of gas bubbles in the turbulent flow is observed in
zone I, and coalescence of these bubbles, in zoneII .

The process of dispersion in a turbulent flow can
be described using Kolmogorov’s theory of isotropic
turbulence [6]. In this case, the expression for de-
termining the average volume-surface diameter of gas
bubbles, d0

32
j 6 0

, at very low content of the dis-
persed phase (j 6 0) has the form

d0
32
j 6 0

= K(s3/5/r1/5e2/5), (1)

whereK is a constant,s the surface tension (N m31),
and r the density of the continuous phase (kg m33).

The parametere in (1), named the energy dissipa-
tion rate, is calculated as

e = N/V, (2)

whereN is the amount of energy dissipated in the tur-
bulent flow per unit time (W), andV is the volume
within which this occurs (m3).

Applying this approach to a jet absorber, we define
the energy loss by fluid jet per unit time in the un-
steady-flow zone (Fig. 1) as

N = Gv2/2 3 Gvm
2 /2, (3)

where G is the mass flow rate of the working fluid
(kg s31), v the velocity of the fluid jet at the nozzle
exit (m s31), and vm the fluid velocity in the mixing
chamber (m s31).

The condition for fluid flow continuity in the noz-
zle and the chamber gives

N = 7 7
rv3

2 4
pd2
c�1 _ 7� ,

�

� D 4

d 4�

�
(4)

whered andD are the diameters (m) of, respectively,
the nozzle and the mixing chamber.

The volume of the unsteady-flow zone is approx-
imately equal to the volume of a cylinder of diameter
D and length L:

V = (pD2/4)L. (5)

The length of the mixing chamber can be expressed
in terms of the mixing chamber diameter asL = mD.

The coefficientm varies within the range from 4.5
to 6 [739].

Thus, the rate of energy dissipation can be finally
found from the expression

e = 7779 _ 7 9.
rn3d2

2mD3
1

d 4

D4

�

�

�

�
(6)

It is noteworthy that atd/D ratios smaller than 0.5
the numerical value of the expression in parentheses
in (6) is close to unity. In this case, expression (6) can
be simplified:

e = rv3d2/ 2mD3. (7)

The effect of gas contentj on the bubble diameter
can be taken into account by means of a linear func-
tion, f (j) = 1 + kj, wherek is a proportionality fac-
tor [10].

Then, the final expression for determining the di-
ameter of bubbles formed in the unsteady-flow zone
takes the form

d0 = K 77 (1 + kj).32
r1/5e2/5
c

s3/5
(8)

In further motion of the gas-fluid emulsion in the
turbulent flow along the mixing chamber in zoneII
(Fig. 1), the interface surfacearea changes through
coalescence of separate bubbles. This phenomenon is
due to collisions of bubbles under the action of turbu-
lent pulsation. The process of bubble coalescence in
the fluid3fluid systems was described in [11]. A for-
mula was proposed for calculating the drop collision
frequency in terms of Kolmogorov’s theory of iso-
tropic turbulence. For a monodisperse heterogeneous
system the collision frequency can be determined for
a particle (drop, bubble) from the expression [11]

q = � 777 ,
24jw2

d2
b

g

g

�

�

1/2�

�
g

(9)

where w2 is the averaged squared rate of turbulent
pulsation anddb is the bubble size (m).

According to Kolmogorov’s theory, the averaged
squared rate of turbulent pulsation

w2 = C977 ,
edrdb
r

�

�

�

�

2/3
g (10)

whereC is a constant andedr is the rate of energy dis-
sipation in the steady-flow zone.
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Fig. 2. Schematic of the experimental setup.

For a cylindrical mixing chamber, the following
expression can be written for calculating the average
edr as flow losses in a pipe [12]:

e = l 77dr 2D

rv3
m , (11)

where l is the friction coefficient.

The coalescence frequencyqc is related to the col-
lision frequencyq of a bubble and the collision ef-
ficiency factor Ke by [11]:

qc = Keq. (12)

If n
t

gas bubbles are present in a unit volume of
the flow at a current instant of time, thenn

t

q/2 col-
lisions occur in unit volume. If the initial number of
bubbles in a unit volume is denoted byn0, and the
number of bubbles coalesced by the given instant of
time, byn, then the following equation can be written
for the frequency of collisions occurring in a unit
volume:

qV = ÄÄÄÄÄÄ q.
(n0 3 n)

2
(13)

Then the coalescence frequency in a unit volume
can be found from

qV = KeÄÄÄÄÄÄ q.
(n0 3 n)

2c (14)

Sinceqc
V = dn/dt and the number and diameter of

bubbles are related by

db = 977779 ,
p(n0

_ n)
6j� �

1/3

� �
(15)

substitution of (9) and (15) into Eq. (14) and integra-
tion of the obtained expression from, respectively, 0
to t and 0 to n yields

db = db91 + Ke777777 9
9

,0
0(db)2/3

j1/2(edr/r)1/3t

9

� �3/2

� �
(16)

whered0
b is the bubble diameter at the initial instant

of time (m).

Expression (16) can be used for describing the de-
pendence of the bubble diameter on the time of emul-
sion motion in the mixing chamber of the jet appara-
tus at a given gas content. For polydisperse systems,
the average volume-surface bubble diameterd32 is
used as a quantity determining the bubble sizedb.

EXPERIMENTAL

With the aim to study experimentally the disper-
sion and coalescence of gas bubbles and to determine
numerically the coefficientsK, k, andKe appearing in
(8) and (16), an experimental setup shown schemat-
ically in Fig. 2 was developed. The setup comprises
a vertical jet apparatus with a replaceable nozzle and
an elongated cylindrical glass chamber of the same
kind, a water tank, and a centrifugal pump. The setup
is equipped with means of control and monitoring of
the rate and pressure of the working gas and injected
gas flows, and also with a camera and a flash for re-
cording the bubble size.

The setup was used to study the dispersion and
coalescence of the gas phase in the mixing chamber of
the jet apparatus for the water3air system. The ex-
periments were carried out for nozzles 4, 6, 8, 10, and
12 mm in diameter and mixing chambers of diameter
10 and 15 mm. The jet velocity at the nozzle exit was
varied within 0.86325 m s31. The temperature of fluid
and gas was maintained at 25oC. The average volume-
surface bubble diameterd32 was determined photo-
graphically.

The bubble size at the initial instant of time was
determined by taking photographs of the gas-fluid
emulsion at a distanceL = 5D from the nozzle exit at
volume gas contentj of 0.01, 0.1, and 0.2.

Figure 3 shows as points the experimental data
obtained in determining the average volume-surface
bubble diameterd0

32 at the initial instant of time in
relation to the energy dissipation rate calculated using
(7). The solid lines represent the results of exper-
imental data processing by the least-squares method
with the use of Eq. (8).K = 1.05 was found at low gas
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Fig. 3. Bubble sized32 vs. energy dissipation ratee for
an apparatus with nozzles of diameterd and mixing cham-
bers of diameterD at gas contentj. d (mm), D (mm), j:
(1) 4, 15, 0.01; (2) 6, 15, 0.01; (3) 10, 15, 0.01; (4) 12,
15, 0.01; (5) 4, 10, 0.01; (6) 6, 10, 0.01; (7) 8, 10, 0.01;
(8) 6, 15, 0.1; (9) 6, 15, 0.2. (I3III ) Calculated curves at
gas contentj of, respectively, 0.01, 0.1, and 0.2.

content, andk = 9, at j = 0.1 and 0.2. The calcu-
lated values are in agreement with experiment within
+15%.

The variation of the interface area along themixing
chamber as a result of gas bubble coalescence was
studied in several flow motion modes at a gas content
that is the maximum possible for the photographic
method to be applicable. The results obtained in a
number of experiments in a jet apparatus with a noz-
zle 4 mm in diameter and mixing chambers 10 and
15 mm in diameter at a gas contentj = 0.3 are re-
presented by points in Fig. 4 in the form of the de-
pendence of the bubble size on the time of bubble
residence in the mixing chamber. For comparison,
the figure shows lines obtained by processing the ex-
perimental data by the least-squares method with the
use of expression (16). It was found that the collision
efficiency factorKe = 0.014. The maximum difference
between the calculated values and experimental data
is +10%.

CONCLUSIONS

(1) An approach to describing the dispersion and
coalescence of the gas phase in fluid-gas jet apparatus
with elongated mixing chamber, employed as jet ab-
sorbers, is proposed on the basis of Kolmogorov’s
theory of isotropic turbulence.

(2) The adequacy of the proposed approach is con-
firmed experimentally. Expressions are obtained for
determining the average volume-surface diameter of
gas bubbles in relation to the rate of energy dissipa-
tion in the fluid jet, volumetric gas content, and time
of residence of gas bubbles in the mixing chamber of

Fig. 4. Bubble sized32 vs. residence timet of bubbles
in the mixing chamber for an apparatus with nozzle of
diameter d = 4 mm and mixing chambers of diameter
D at fluid jet velocity at the nozzle exitv and gas
contentj = 0.3. D (mm), v (m s31): (1) 10, 25; (2) 10,
13.3; and (3) 15, 25. (I3III ) Calculated curves.

the apparatus. These expressions can be used to cal-
culate mass exchange characteristics of jet absorbers.
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Abstract-Formation of strong bonds between proteins and polyelectrolyte chains of ion-exchange sorbents
gives rise to synergistic effects in multicomponent sorption and chromatographic separation of proteins.
A series of heteronetwork-cross-linked polymeric bases with varied content of ionic groups was prepared.
Consecutive sorption and cosorption of insulin anda-lactalbumin on these materials were studied.

Correct understanding of the interaction of multi-
component protein mixtures with the sorbent surface
is very important in developing chromatographic pro-
cedures for recovery and purification of proteins. In
most cases, studies of multicomponent sorption and
chromatography are based on the concept on competi-
tive sorption of the sorbate molecules on a limited
number of sorption centers on the sorbent surface. At
the same time, it is known that, at strong interaction
of a protein with the sorbent surface, adsorbed protein
layers with different structures and energies of inter-
molecular bonds are formed under certain conditions.
Zimina et al. [132] observed formation of such non-
uniform layers during interaction ofg-globulin with
polyethylene or polydimethylsiloxane films and of
human serum albumin with a film of siloxane-carbon-
ate copolymer. The first, irreversibly or strongly ad-
sorbed layer consists of molecules directly interacting
with the surface active centers. The second layer con-
tains molecules adsorbed on the active centers of pro-
tein molecules of the first layer.

The energy barrier preventing competitive protein
sorption (causing[irreversible protein sorption]) is
due to either a change in the conformation of an ad-
sorbed protein molecule [3] or multicenter interaction
of the macromolecule with the surface [4]. For a pro-
tein to be desorbed, external conditions-solution pH,
ionic strength, and content of an organic solvent-are
to be changed.

Polymeric materials are the most preferable sor-
bents for recovery and purification of biologically ac-
tive compounds (BACs). The high sorption capacities

of these materials for BACs are due to the polyfunc-
tional nature of the interaction with BACs and to the
highly permeable crosslinked structure of the poly-
mers having pores and channels larger than diameters
of solvated molecules of a target compound. Ion-ex-
change sorbents with high capacity for proteins (up to
several grams of protein per 1 g of the sorbent) were
prepared in the course of studies aimed at improving
the selectivity of protein sorption [537]. The target
component was recovered under conditions providing
the strongest sorption of the protein on the sorbent.

Studies of the consecutive sorption and cosorption
of model protein pairs on ion-exchange sorbents of
different types have shown that multicomponent pro-
tein sorption under the conditions of the strongest
sorption, determined by pH, is complicated by syner-
gistic effects: there is no desorption of one protein by
another and, furthermore, the sorption of one protein
grows in the presence of the other under static condi-
tions [8311]. It has been demonstrated that, at the same
ratio between the components of a mixed protein solu-
tion and the sorbent, the protein content in the sorbent
may depend on the sequence in which the proteins was
brought in contact with the sorbent. The selectivity of
protein sorption may be reversed during sorption.

The above data show that synergistic effects in
multicomponent sorption are caused by strong bond-
ing between a protein and a sorbent. After the sorption
centers are filled, further binding is effected by pro-
tein3protein interactions. It is clear that synergistic ef-
fects deteriorate the protein separation, since fine chro-
matographic separation is only possible when the sorp-
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tion energies of each component of the mixture are
different. For efficient separation of the components,
competitive sorption conditions are necessary.

Previously [12] we studied sorption of insulin and
ribonuclease on Polysorb molecular sorbent as influ-
enced by the degree of its sulfonation. It was found
that realization of either synergistic effect or com-
petitive sorption is determined by the number of ionic
groups of the sorbent per protein molecule. However,
protein separation on the Polysorb sorbent is com-
plicated by strong hydrophobic interaction of the pro-
teins with the sorbent matrix (macroporous copolymer
of styrene with divinylbenzene). To determine the in-
fluence of synergistic effects on the protein separation,
we prepared a series of cross-linked polymeric bases
(CPBs) with the following properties: (1) hydrophilic-
ity to prevent hydrophobic interactions, (2) variable
content of ionic groups, and (3) heteronetwork-cross-
linked structure providing high permeability for pro-
tein molecules. In the present study we analyzed the
multicomponent sorption of proteins on these CPBs
under static conditions and demonstrated how the ki-
netics of protein separation depends on the mechanism
of the multicomponent sorption.

To determine the conditions for synthesis of hy-
drophilic structurally stable CPBs with varied content
of ionic groups, we studied copolymerization ofN-di-
methylaminopropylmethacrylamide (DMAM) with
N,N`-ethylenedimethacrylamide (EDMA) in aqueous
solutions. Previously we showed [13] that DMAM
copolymerizes with hexahydro-1,3,5-triacryloyltri-
azine in an aqueous solution under heterogeneous con-
ditions to form structurally stable CPBs with strong
swellability. Three-dimensional copolymerization of
these monomers in aqueous or aqueous-organic solu-
tion yields highly hydrated copolymers. The structure
of the resulting CPBs consists of both densely cross-
linked regions containing microglobules and loosened
regions disappearing on drying. Swollen cross-linked
polymeric bases contain a large amount of the solvent,
which ensures high permeability for BAC macromol-
ecules.

Copolymerization of DMAM with EDMA in water
also occurs under heterogeneous conditions to form
CPBs of the ADE type (anion exchangers based on di-
methylaminopropylmethacrylamide3ethylenedimeth-
acrylamide copolymers). The monomer concentration
in the solution is 20%. The relative swellingKrel, ex-
pressed as the ratio of the swelling coefficientKswell
of the Cl form of CPB to that of the OH form and
characterizing the structural stability of ADECPBs,
remains virtually the same (close to unity) on chang-

Fig. 1. Relative swelling coefficientKrel of CPB vs.
the content of the cross-linking agentC.

ing EDMA content in CPB (Fig. 1). Taking into
account this fact, structurally similar hydrophilic
CPBs with varied content of ionic groups3N(CH3)2
were prepared by copolymerization of appropriate hy-
drophylic nonionic amide with DMAM and EDMA
[14]. N-(2-hydroxypropyl)methacrylamide (HPMA),
which is similar in reactivity to DMAM and EDMA,
was used as a hydrophilic nonionic monomer. The
EDMA content was constant (10 mol %).
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g

CH3
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CH3 OH
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g
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A series of CPBs: ADE-10, ADGE-10-1,ADGE-
10-4, and ADGE-10-10 was prepared. The first and
the second figures in the CPB name denote the mo-
lar percentage of EDMA and the number of HPMA
moles per mole of DMAM, respectively. GPE-10 is
an EDMA3HPMA copolymer. Some properties of
CPBs are summarized in Table 1.

Table 1. Properties of CPBs*

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ
CPB ³ Vsp, ml g31 ³EC, mg-equiv g31³ Krel

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
ADE-10 ³ 10.0 ³ 5.0 ³ 1.3
ADGE-10-1 ³ 8.1 ³ 2.8 ³ 1.2
ADGE-10-4 ³ 7.7 ³ 1.2 ³ 1.2
ADGE-10-10 ³ 7.7 ³ 0.4 ³ 1.0
GPE-10 ³ 5.9 ³ 3 ³ 1.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
* Vsp and EC are the specific volume and the exchange capacity

for chloride ion, respectively.
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Table 2. Selectivity coefficient of protein sorption on CPB
at pH 8.0
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent
³ Selectivity coefficient
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ insulin ³ a-lactalbumin

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
ADE-10 ³ 2200 ³ 460
ADGE-10-1 ³ 1100 ³ 330
ADGE-10-4 ³ 230 ³ 90
ADGE-10-10 ³ 50 ³ 20
GPE-10 ³ 1 ³ 1
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

The degree of swelling of CPB weakly changes
with the DMAM3HPMA ratio. The structural stability
of CPB was estimated from the relative swelling co-
efficient Krel. As seen from Table 1,Krel changes
weakly and approaches unity with decreasing DMAM
content. This indicates that the CPB structure is stable
during ionization. Thus, copolymerization of DMAM
and HPMA with EDMA in a 20% aqueous solution
yields structurally stable CPB characterized by strong
swellability, irrespective of the terpolymer composition.

The ion-ion interaction between a protein and a sor-
bent can be controlled by the DMAM3HPMA ratio.
Since the selectivity of sorption of model proteins
(insulin anda-lactalbumin) on these CPBs at pH 8.0
falls with decreasing content of the ionic monomer and
the proteins do not interact with GPE-10 (Table 2),
we suggest that the sorption of these proteins on the
CPB is mainly due to ion-ion interactions. The selec-
tivity coefficients were calculated from the isotherm
sections measured at low degrees of sorption.

The multicomponent sorption of proteins on the
tested anion exchangers was studied under static con-
ditions for the example of the insulin3a-lactalbumin
pair at pH 8.0 (the conditions providing the maximal
insulin sorption). When consecutive sorption was
studied, the second protein was introduced after the at-
tainment of equilibrium in the system sorbent3first
protein. After the sorption was complete, the protein
concentrations in the binary solution were determined
by reversedphase high-performance liquid chromatog-
raphy. Then the protein amount sorbed by 1 ml of
the sorbent was calculated. When the cosorption was
studied, a binary protein solution with the same weight
concentrations of the components was used. The re-
sults are presented in the form of histograms (Fig. 2).

As seen from Fig. 2, in thecase of the consecutive
sorption on ADE-10, the second protein not only does
not desorb the first protein but also promotes its addi-
tional sorption. In the case of cosorption, the total
amount of proteins sorbed on ADE-10 is higher than
the sum of the sorption capacities of the anion ex-
changer for the components,i.e., the proteins are
sorbed by the synergistic mechanism. Addition of the
second protein to the system comprising ADGE-10-1
and the first protein does not increase the sorption of
the first protein. At the same time no desorption of the
first protein is not observed either. Consecutive sorp-
tion of the proteins on ADGE-10-4 is a competitive
process: addition of a solution of the second protein
results in desorption of the first protein from the ion
exchanger. Similarly, the mechanism of sorption of
insulin and ribonuclease on the sorbents with different

Fig. 2. Consecutive sorption and cosorption of insulin anda-lactalbumin on (a) ADE-10, (b) ADGE-10-1, and (c) ADGE-10-4.
(m) Amount of protein sorbed by 1 ml of the sorbent. Sorption mode: (1, 2) from separate component solutions, (3, 4) con-
secutive, and (5, 6) from two-component solution.
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degrees of sulfonation goes from synergistic to com-
petitive with decreasing content of the ionic groups in
a sorbent.

To accelerate the protein sorption under dynamic
conditions and to approach the conditions of equi-
librium sorption, we aslo used composites based on
the tested CPBs, so-called cellosorbents. Cellosor-
bents were prepared by impregnation of a highly
permeable cellulose hydrate matrix with 3310 mm
sorbent particles in forming spherical cellosor-
bents granules [15, 16]. We prepared TsS-ADM-10
and TsS-ADG-10-4 cellosorbents with 1003315-mm
granules. The exchange capacities of these materials
for the chloride ion are 0.78 and 0.24 mg-equiv g31 of
dry sorbent, respectively. The water content in the hy-
drated sorbent is 90%.

In the dynamic experiments, a sorbent tested was
placed in a 2062-mm Milichrom steel column. A
1 mgml31 protein solution was fed at a 5mlmin31 rate.
A solution of the second protein was passed trough
the column after the sorbent was saturated with the
first protein. Then the column was washed with water
and the proteins were desorbed with 0.3% orthophos-
phoric acid, with the eluate dived into fractions. It was
shown preliminarily that the tested proteins are com-
pletely desorbed under these conditions. In each frac-
tion, the protein concentration was determined by
HPLC. When the cosorption was studied, we used a
solution with the same concentrations of insulin and
a-lactalbumin and a total protein concentration of
2 mg ml31.

When a solution of the second protein is passed
through a column with ADE-10 and ADGE-10-1 sat-
urated with the first protein, the desorption of the first
protein is low. Probably the second protein substitutes
only the molecules of the first protein sorbed by the
protein-protein interactions. The sorption layer thus
formed contains two proteins: the first is bound main-
ly to the amino groups of the sorbent and the sec-
ond is sorbed owing to the protein3protein interac-
tions. The content of insulin anda-lactalbumin in
ADE-10 and ADGE-10-1 after passing a binary solu-
tion containing both the proteins is close to that in the
initial solution. The eluate obtained in desorpton with
an acid solution contains insulin anda-lactalbumin.
The sorption properties of cellosorbents based on
ADE-10 and ADGE-10-1 are similar. The composi-
tion of the eluate fractions formed in desorption from
TsS-ADE-10 cellosorbent is shown in Fig. 3a. Thus,
sorbents with high content of ionic groups are inef-
ficient for the most economic frontal displacement
processes. In the case of consecutive sorption on

Fig. 3. Elution of proteins sorbed from an insulin3a-
lactalbumin solution with equal weight concentrations of
the proteins (Ctot = 2 mg ml31) on (a) TsS-ADE-10 and
(b) TsS-ADGE-10-4. (Ve) Total eluate volume (ml), and
(Vs) sorbent volume.

the ADGE-10-4 sorbent, the protein sorbed in the first
step is completely desorbed with a solution of the sec-
ond protein. When an insulin3a-lactalbumin solution
is passed through a column packed with this sorbent,
the sorbent is gradually enriched with insulin selec-
tively sorbed under these conditions. The elution peak
obtained after passing 2 ml of an insulin3a-lactal-
bumin solution through a column with TsS-ADGE-
10-4 is shown in Fig 3b.

CONCLUSIONS

(1) Consecutive sorption and cosorption of model
proteins (insulin anda-lactalbumin) on specially pre-
pared heteronetwork polymeric bases with varied con-
tent of ionic groups (with capacity for Cl3 ranging
from 0.4 to 5.1 mg-equiv g31) was studied under static
conditions. With decreasing content of ionic groups
in the sorbents, the protein sorption weakens, which
leads to a competitive mechanism of multicomponent
sorption.

(2) A study of the sorption-desorption kinetics of
proteins on sorbents with varied content of ionic
groups showed that the efficient frontal displacement
process of ion-exchange chromatography is only pos-
sible in the case of competitive sorption.
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Abstract-Anion exchangers containing different basic groups and having good physicochemical and sorption
properties were prepared by polycondensation of polyallylamine and various allyl halides, diglycidyl ethers
of dihydroxybenzenes, and aromatic amines with some aliphatic polyamines.

Synthesis of allyl polymers with high chemical and
thermal stability is being extensively studied [133].
New ion-exchange resins with high sorption capaci-
ty for transition metal ions have been prepared by
polycondensation of allyl monomers with epoxy com-
pounds. The kinetics and mechanism of reactions of
various allyl compounds have been studied and de-
scribed quantitatively [436]. Abdusattarovaet al. [5]
analyzed the kinetic features of radical polymerization
of diallyl monomer formed from allyl bromide and
piperidine. Pavlovaet al. [6] studied the mechanism
of intramolecular cyclization in radical polymerization
of diallyl isophthalates, preceding gelation.

In this work, we studied the synthesis and prop-
erties of polyfunctional anion exchangers based on
polyallylamine (PAA), allyl bromide (AB), allyl chlo-
ride (AC), diglycidyl ethers of resorcinol (DGER)
and hydroquinone (DGEH), and various amines: poly-
ethylenepolyamine (PEPA), polyethylenimine (PEI),
and hexamethylenediamine (HMDA). The reaction ki-
netics were studied by polarography, IR spectroscopy,
and chemical analysis.

EXPERIMENTAL

Diglycidyl ethers of resorcinol and hydroquinone
were prepared by the procedure described in [7]. The
content of epoxy groups, determined by the procedure
described in [8], was 31.7 and 30.2%, respectively.
The anion exchangers were prepared in dimethylform-
amide (DMF) at various temperatures. The resulting
gel was cured at 803120oC. Condensation of DGER

and DGEH with PAA was performed at a temperature
of 40 to 80oC for a time ranging from 1 to 2 h. When
AG was used, the temperature and time of the reaction
were 13324oC and 0.532 h. The cured polymer was
crushed and sifted, with the 0.25-mm fraction taken.

The static exchange capacity (SEC, mg-equiv g31),
moisture content, swellability, and chemical and ther-
mal stability of the anion exchangers were determined
by the conventional procedures [9].

The polarographic study was performed on a PU-1
universal polarograph. The parameterm2/3t1/6 of the
capillary was 4.38 mg2/3 s31/2. As reference elec-
trode served saturated calomel electrode. As support-
ing electrolyte was used 0.02 M (C2H5)4NI solution
in 50% DMF.

The IR spectra of the initial compounds and in-
termediate and final reaction products were recorded
on a Specord M 80/M 85 spectrophotometer KBr
pellets (200 mg KBr + 1 mg of a sample) or thin films
between plates.

The IR spectra of DGER and DGEH contain
the bands of epoxy groups in the ranges 8503950,
120031250, and 300033100 cm31. The bands at 1424
and 1000 cm31 in the spectrum of allylamine are as-
signed to the double bond of the allyl group.

No bands of epoxy groups or the double bond of
the allyl group were found in the IR spectrum of
the anion exchanger prepared from PAA, DGER, and
DGEH. The bromine number of the allylamine oligo-
mer (6.3) [10] also suggests the opening of the double
bonds.
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Table 1. Influence exerted by the nature of the starting
compounds on the nitrogen content, SEC, and sorption
capacity of the anion exchangers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Sorption capacity,
Anion exchanger ³ N, ³ ³ mg-equiv g31

³ ³ ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄbased on
³

%
³ ³Cu2+³ Ni2+ ³Co2+

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
PEPA : AB : DGER ³12.97³ 9.9 ³ 9.8 ³ 4.6 ³ 3.9
PEI : AB : DGER ³16.55³ 8.7 ³ 7.7 ³ 4.1 ³ 3.9
HMDA : AB : DGER³ 6.56³ 5.0 ³ 5.0 ³ 3.5 ³ 3.1
PEPA : AC : DGER ³13.15³10.2 ³10.2 ³ 5.4 ³ 5.3
PEI : AC : DGER ³16.17³ 6.6 ³ 5.4 ³ 3.5 ³ 3.1
HMDA : AC : DGER³ 6.98³ 5.1 ³ 5.0 ³ 2.9 ³ 2.3
PEPA : AB : DGEH ³11.02³ 8.9 ³ 8.6 ³ 4.0 ³ 3.6
PEI : AB : DGEH ³15.40³ 7.8 ³ 7.2 ³ 4.0 ³ 3.4
HMDA : AB : DGEH³ 5.62³ 4.3 ³ 4.1 ³ 2.8 ³ 2.5
PAA : H2O : DGER ³ 8.57³ 6.2 ³ 4.3 ³ 3.1 ³ 3.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ

Copolymers with the maximum exchangecapacity
(6.2 mg-equiv g31) are formed at PAA : DGER : H2O =
0.3 : 0.7 : 2.5.

Water catalyzes the reaction of epoxy compounds
with amines and increases the swellability of theresult-
ing anion exchanger. At a deficiency of water the reac-
tion mixture is overheated in the initial precondensa-
tion step, and the reaction becomes less homogeneous.

Copolymers prepared from allyl halides and DGER
at high amine content in the reaction mixture are
water-soluble or strongly swelling. The physicochem-
ical properties of these anion exchangers deteriorate.
For example, the SEC and swellability of the anion
exchanger based on PEPA grow from 6.5 to 9.9 mg-
equiv g31 and from 6.1 to 8.4 mg l31, respectively,
with the amine concentration increasing from 1 to
2 wt parts. The SEC of the anion exchanger based on
PEI increases from 3.5 to 8.7 mg-equiv g31 with in-
creasing amine concentration from 1 to 3.5 wt parts.
Copolymerization of HMDA at amine concentrations
higher than 1 wt part yields soluble products.

We found that the exchange capacity of the anion ex-
changers based on PAA decreases to 2.6 mg-equiv g31

with the fraction of the cross-linking agent increasing
from 0.7 to 1.0 wt parts. As the DGER content in-
creases from 1 to 2.5 wt parts, the SEC and the swel-
lability of the anion exchangers based on allyl halides
(AHs) decrease from 8.9 to 5.9 mg-equiv g31 and from
9.3 to 5.2 mg l31, respectively, which is probably due
to an increase in the cross-linking density. This makes
lower the accessibility of the functional groups in ion
exchange.

The physicochemical properties of the anion ex-
changers prepared at the optimal ratio of the starting

components werestudied as influenced by the tempera-
tures of precondensation and curing. The exchange
capacity of the ion exchanger increases from 5.3 to
9.9 mg-equiv g31 on elevating the precondensation
temperature from 13 to 24oC. As the curing temper-
ature is raised from 80 to 120oC, the SEC of the an-
ion exchangers decreases from 9.9 to 7.4 mg-equiv g31,
which is probably due to an increase in the cross-link-
ing density owing to deamination and dehydration.

The influence exerted by the nature of the initial
components on the static exchange and sorption ca-
pacities of the anion exchangers is shown in Table 1.

The static exchange and sorption capacities of
the anion exchangers for transition metal ions strongly
depend on the amine nature. The SEC of the polymers
prepared with PEPA, which is the most effective, is
as high as 9.9310.2 mg-equiv g31. The capacities are
almost independent of the nature of allyl compounds
and diglycidyl ethers (DGE).

The sorption capacity of all anion exchangers for
copper(II) cations is high. Nickel(II) and cobalt(II)
cations are more effectively sorbed by anion exchang-
ers based on PEI, HMDA, and PAA.

Thus, the best preparation conditions of the anion
exchangers based on DGER are as follows: PAA :
H2O : DGER = 0.3 : 0.7 : 2.5; precondensation tem-
perature 80oC and time 2 h. The best conditions of
condensation of AH with DEG are as follows: PEPA :
AH : DGE = 2.0 : 2.0 : 1.5; PEI : AH : DGE = 3.5 :
2.0 : 1; HMDA : AH : DGE = 2 : 2 : 1.5; preconden-
sation temperature 24oC and curing temperature 80oC;
preparation time 2 h.

The chemical stability of the anion exchangers was
estimated from the change in the exchange capacity
in solutions of 5 N sulfuric acid, sodium hydroxide,
and 10% H2O2. The polymers based on PEPA exhibit
the lowest stability with respect to the oxidizing agent
and sulfuric acid. A study of the thermal stability
of the anion exchangers on heating at 100oC for 12 h
in hermetically sealed ampules showed that the de-
crease in the capacity does not exceed 8%.

It was of interest to study the kinetic features of
precondensation of AHs with DGEs and amines. Pre-
viously, the mechanism of polycondesation of allyl
bromide, DGER, and PEPA has been studied by po-
larography, IR spectroscopy, and chemical analysis.
This reaction has been found [11] to be a two-step
process. In the first step, AB reacts with DGER via
opening of the epoxy ring and rupture of the C3Br
bond in allyl bromide. Addition of PEPA in the sec-
ond step yields cross-linked anion exchanger owing to
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rupture of both the C3Br bond in the intermediate
and the N3H bond in the amino group and opening of
the double bond of the allyl group.

We studied the kinetics of each step of this reaction
by polarography. This method offers a number of ad-
vantages in studying the kinetics of homogeneous re-
actions, one of which is the possibility of anin situ
study without isolation of the components from
the reaction mixture [12]. If during chemical reaction
one or several polarographically active compounds
are formed or consumed in a solution, the time de-
pendences of their concentration can be followed by
polarography.

Among AB, DGER and PEPA, only allyl bromide
is polarograpically active. A great number of halogen-
containing organic compounds is known to be reduced
on a mercury dropping electrode at a half-wave po-
tential E1/2 ranging from 0 to32.5 V. Electrochemical
rupture of the carbon3halogen bond in monohaloge-
nated derivatives usually involves two electrons. In
this case a halide anion is formed and the position of
the halogen atom in the organic molecule is occupied
by a hydrogen atom.

C3H5Br + 2e 6 C3H6 + Br3.

This reaction is manifested in polarograms as sin-
gle-step two-electron diffusion-controlled waves. We
used 0.02 M (C2H5)4NI in 50% DMF as supporting
electrolyte, since DMF is strongly adsorbed on the
surface of a mercury dropping electrode, thus prevent-
ing appearance of polarographic maxima [13]. From
the polarograms of AB recorded in this electrolyte
we determined the half-wave reduction potential of
allyl bromide, 31.29 V, which agrees with published
data [14].

The kinetic curves describing a decrease in the con-
centration of AB during its polycondensation with
DGER and PEPA at different temperatures were con-
structed from the results of polarographic analysis
(Fig. 1), since the intensity of the polarographic wave
h is directly proportional to the AB concentration.
These curves show that the reaction is accelerated
with increasing temperature and is vigorous in both
steps during the first 60 min. Thus, the optimal time
of precondensation of these monomers is 2 h.

A study of the polycondensation kinetics showed
that the rate constants of both steps remain virtually
constant. This indicates that the polycondensation of
AB, DGER, and PEPA is a first-order reaction [15].
The kinetic parameters of the polycondensation are
summarized in Table 2.

Fig. 1. Kinetics of the (a) first and (b) second steps of
AB polycondensation with DGE and PEPA at (1) 13,
(2) 18, and (3) 24 oC. (h) Intensity of polarographic wave
and (t) time.

As seen from Fig. 2, thefact that the temperature
dependences of the rate constants are linear in the Ar-
rhenius coordinates in both steps confirms that the po-
lycondensation can be described by the Arrhenius
equation.

Table 2. Kinetic parameters of the first and second steps
of polycondensation of AB, DGER and PEPA
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Step ³ T, K ³ logk ³ E, kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
AB + DGER ³ 286 ³ 33.7 ³ 32

³ 291 ³ 33.4 ³
³ 297 ³ 33.2 ³
³ ³ ³AB + DGER + PEPA³ 286 ³ 38 ³ 28
³ 291 ³ 32.5 ³
³ 297 ³ 32.3 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Fig. 2. Rate constantsk of the (1) first and (2) second steps
of polycondensation of AB, DGER, PEPA vs.tempera-
ture T.

Thus, new polyfunctional anion exchangers with
high exchange capacity and improved physicochem-
ical properties were prepared by polycondensation of
allyl compounds and diglycidyl ethers of dihydroxy-
benzenes with various amines in DMF, followed by
curing of the resulting gel. The optimal preparation
conditions were determined and some properties of
the anion exchangers were studied. As determined by
polarography, IR spectroscopy, and chemical analysis,
the use of AHs allows preparation of three-dimen-
sional polymers cross-linked not only by amines, but
also by the double bonds of allyl groups. Polycon-
densation of AB, DGER, and PEPA is a first-order re-
action. The low activation energies indicate that both
the steps are fast at low temperatures, with the second
step being faster than the first. This is likely to be due
to the exothermic nature of the second step.
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Abstract-The kinetics of low-temperature formation of interpenetrating polymer networks based on modified
epoxy resins and copolymers of unsaturated oligoester resin with oligoether acrylates were studied in relation
to the composition of the initial mixture. The influence of the parameters of the three-dimensional structure
(cross-linking density, content of lattice points, number of monomeric units in cross-links) on the strength
characteristics of the resulting polymer networks was examined, and the best conditions were found for pre-
paring shockproof materials.

The properties and structure of interpenetrating
polymer networks (IPNs) of various types are favor-
able for preparing materials with valuable service
characteristics [1, 2]. The three-dimensional (3D)
structure and properties of polyurethane-based IPNs
are largely influenced by the kinetics of formation
of these materials [2]. Curing of a series of modified
epoxy resins has been studied, and the main charac-
teristics of their network structure have been de-
termined; the shock resistance of these materials is
relatively poor [3, 4]. We have studied previously
the 3D structure and physicomechanical characteristics
of network copolymers based on unsaturated oligo-
ester resins and oligoether acrylates [5], and also
the kinetics of formation, 3D structure, and strength
characteristics of semi-IPNs based on modified epoxy
resins and oligoether acrylates [6]. In this work we
studied the process of formation, 3D structure, and
strength characteristics of IPNs based on modified
epoxy resins and network copolymers of cold-curing
oligoester resins with the aim of preparing polymeric
materials with enhanced strength.

EXPERIMENTAL

We studied the kinetics of IPN formation from
two network components. The first component was
UP-637 epoxy3resorcinol resin [TU (Technical Spec-
ifications) 6-05-241374] containing 32 wt % epoxy

groups; for comparison we used ED-20 epoxy34,4̀-
isopropylidenediphenol resin [GOST (State Stand-
ard) 10587384] containing 22 wt % epoxy groups.
The choice of UP-637 was governed by the higher
strength of composites based on it, as compared with
other modified resins [3, 6]. The epoxy resins were
cured at 20oC with polyethylenepolyamine (PEPA) of
B brand (TU 6-02-594385), taken in amounts of
20 and 14 wt %, respectively, relative to the above-
mentioned epoxy resins. The second component of
IPN was a network copolymer based on polyethylene
glycol maleate phthalate (PGMP) (GOST 27952388)
containing 98.2 wt % main substance and oligoether
acrylates (OEAs): triethylene glycol dimethacrylate
(TGM) and di(triethylene glycol) phthalate dimethac-
rylate (MGP) containing 98.6 and 98.2 wt % main
substance, respectively. The characteristics of these
compounds agree with data reported in [5, 7]. For
comparison, we prepared copolymers of PGMP with
methyl methacrylate (MMA). Copolymerization was
performed at weight fraction of the oligomers in the
initial mixtures of 0.45 at 20oC in the presence of
the effective initiating system methyl ethyl ketone
peroxide (MEKP)3cobalt diacetylacetonate (CDA),
proposed in [5].

The kinetics of network formation was studied by
two independent methods: IR spectroscopy and meas-
urement of the electrical conductivity of curing sys-
tems. In the first case, IPNs were formed in special
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Characteristics of 3D structure and physicomechanical characteristics of IPNs based on oligomer3oligomer systems*

(formation temperature 20oC)
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³Sam-³ ³ OEA ³ ³ W 0 104, mol l31 s31 ³ ³ ³ ³ ³ ³
sc,

³³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³ ³ ³ ³ple ³ Resin ³ copoly- ³ ³ ³ ³ rcl ³ ³ P

3

cl ³ SF ³ ³
no. ³ ³ mer ³ ³ W1 ³ W2 ³ Wapp ³ ³ ³ ³ ³ ³

MPa
³³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
1 ³ ED-20 ³ 3 ³ 3 ³ 5.6 ³ 3 ³ 5.0 ³ 0.96 ³ 4.2 ³ 15.0 ³ 3 ³ 8528 ³ 96 ³ 12
2 ³ UP-637³ 3 ³ 3 ³ 7.4 ³ 3 ³ 6.8 ³ 0.97 ³ 4.9 ³ 20.2 ³ 3 ³ 8560 ³ 102 ³ 14
3 ³ 3 ³ PGMP + ³ 1.0 ³ 3 ³ 6.2 ³ 5.8 ³ 0.74 ³ 1.3 ³ 5.2 ³ 16 ³ 9275 ³ 66 ³ 9

³ ³ MMA ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
4 ³ 3 ³ PGMP + ³ 1.0 ³ 3 ³ 7.6 ³ 7.0 ³ 0.78 ³ 1.4 ³ 6.8 ³ 12 ³ 9816 ³ 80 ³ 16

³ ³ TGM ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
5 ³ 3 ³ PGMP + ³ 1.0 ³ 3 ³ 9.4 ³ 8.6 ³ 0.81 ³ 1.5 ³ 7.6 ³ 8 ³ 9856 ³ 94 ³ 18

³ ³ MGP ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
6 ³ ED-20 ³ PGMP + ³ 0.5 ³ 6.0 ³ 6.8 ³ 11.6 ³ 0.82 ³ 1.5 ³ 9.1 ³ 12 ³ 8902 ³ 81 ³ 11

³ ³ MMA ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
7 ³ " ³ PGMP + ³ 0.3 ³ 6.6 ³ 6.9 ³ 13.2 ³ 0.76 ³ 1.4 ³ 7.8 ³ 12 ³ 3 ³ 78 ³ 13

³ ³ TGM ³ 0.45 ³ 6.2 ³ 8.1 ³ 14.0 ³ 0.84 ³ 1.8 ³ 10.4 ³ 10 ³ 9170 ³ 90 ³ 18
³ ³ ³ 0.6 ³ 6.4 ³ 8.5 ³ 14.6 ³ 0.80 ³ 1.5 ³ 8.1 ³ 11 ³ 3 ³ 82 ³ 15

8 ³ " ³ PGMP + ³ 0.45 ³ 6.3 ³ 10.2 ³ 15.1 ³ 0.86 ³ 1.9 ³ 12.2 ³ 7 ³ 9192 ³ 92 ³ 20
³ ³ MGP ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

9 ³ UP-637³ PGMP + ³ 0.45 ³ 8.0 ³ 8.8 ³ 15.7 ³ 0.87 ³ 2.0 ³ 12.6 ³ 8 ³ 9196 ³ 95 ³ 22
³ ³ TGM ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

10 ³ " ³ PGMP + ³ 0.45 ³ 8.2 ³ 10.4 ³ 17.4 ³ 0.89 ³ 2.1 ³ 14.0 ³ 6 ³ 9228 ³ 98 ³ 26
³ ³ MGP ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* (C1, C2) Content of copolymer and gel fraction, respectively; (rcl) cross-linking density; (g) content of chemical lattice points;

(P
3

cl) mean content of OEA units in cross-links; and (SF ) total cohesion.

cells between NaCl plates directly in the cell com-
partment of a Specord 75-IR spectrometer. The extent
of curing of epoxy resins was determined by meas-
uring the optical density at the absorption peak of
the epoxy groups at 930 cm31, and the degree of
copolymerization of the second component, by meas-
uring the optical density at the absorption peak at
1630 cm31, associated with stretching vibrations
of the double bond in PGMP and OEA [6]. The trans-
mission at these wave numbers varied within 15380%
in the course of network formation, which allowed
the degree of conversion of the components to be
measured with an accuracy of+0.5%. The advantage
of this method as compared with dilatometry and calo-
rimetry is the possibility of monitoring the transfor-
mation of each component to high conversions, irre-
spective of the growing viscosity [6]. The rate of
network formation from the epoxy resins,W1, and
the copolymerization rateW2 were calculated by
the least-squares method with error not exceeding 3%.
The electrical conductivity of the curing system was
measured in a temperature-controlled Teflon cell with
an E738 digital meter by the previously described
procedure [6] allowing calculation of the apparent rate

of network formationWapp, which includes the over-
all rate of curing of the epoxy resin and the rate of
copolymerization of the second component, with a
relative error of 3%.

The formed IPNs were extracted with boilingace-
tone in a Soxhlet apparatus in the course of 12 h, after
which the yield of the 3D-cross-linked gel fraction was
determined. The extraction was performed with IPN
materials formed by curing at 20oC for no less than
24 h. The strength characteristics of the materials were
determined as follows. The breaking compression
stresssc was measured according to GOST (State
Standard) 4861382 for cylindrical samples 12 mm in
diameter and 15 mm high on a TsD-10 testing ma-
chine; the relative error did not exceed 2%. The impact
resilience of the compositesaim was measured for 600
505-mm rectangular samples without notches using
an MK-05 pendulum impact machine with distance
of 40 mm between the bearings, according to GOST
(State Standard) 3458388; the relative error was 2%.

The kinetic parameters of IPN formation (see table)
show that the rates of formation of individual network
structures of the first and second components are
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rather close; the curing rate of UP-637 resin and the
copolymerization rate in the system PGMP + MGP
are somewhat higher. The kinetic parameters of curing
of the individual components, determined by IR spec-
troscopy (W1) and evaluated from the electrical con-
ductivity (Wapp), are reasonably consistent. In prepar-
ing IPNs from two components, the rates of formation
of the networks based on epoxy resin increase in go-
ing from ED-20 to UP-637, remaining close to the
rates of curing of the individual resins (see table).
Copolymerization of the second component occurs un-
der the conditions when a network based on the epoxy
resin is formed, with significant increase in the vis-
cosity in the initial period, which favors manifestation
of the gel effect; the rateW2 is higher than that in
the absence of the epoxy resin. The rates of formation
of the network from the second component increase in
going from TGM to MGP, all other conditions being
the same, which is consistent with our data [5] on
the relative reactivity of these OEAs in copolymeriza-
tion. It should be noted that the apparent rates of IPN
formation, Wapp are, on the whole, additive with re-
spect toW1 and W2 and can be used as a measure of
the overall rate of IPN formation. The rates of IPN
formation are the highest in formulations based on
the epoxy3resorcinol resin and the PGMP3MGP co-
polymer: The IPN formation is complete at 20oC
within 603100 min.

The 3D structure of the IPNs was characterized by
the cross-linking densityrcl {calculated by Charles-
by’s formula (1) [7]} and the content of chemical
lattice points g (see table).

rcl = ÄÄÄÄÄÄÄÄÄ
1/(Hms 3 1)

333

1 3 ms
,rcl = ÄÄÄÄÄÄÄÄÄ

1/(Hms 3 1)
333

1 3 ms
, (1)

where ms is the content of the soluble sol fraction
in the composites, determined by extraction with ace-
tone.

The parameterrcl is dimensionless and allows
only qualitative evaluation of the cross-linking den-
sity in IPNs as influenced by the initial formulation
and the curing conditions. It is preferable to use
the parameterg, calculated from the known molec-
ular weights of the IPN components and their content
in the composites by the procedure similar to that
described in [2, 6]; the relative error does not ex-
ceed 3%. Knowingg and the molecular weights of
the corresponding OEAs, we calculated the mean
number of OEA units in the cross-links

3

Pcl of the
second IPN component. In total, these parameters
characterize the 3D structure of the IPNs and reveal
correlations between the structural parameters and

(1, 3) Breaking compression stresssc and (2, 4) impact
resilienceaim of IPNs vs. the content of chemical lattice
points g in polymeric materials: (1, 2) polymeric materials
with IPN based on epoxy resin and PGMP3OEA network
copolymers; (3, 4) PGMP3OEA network copolymers. For
compositions, see table.

strength characteristics (see table, figure). We found
that bothsc and aim grow with increasingg, which
agrees with the trends observed previously in semi-
IPNs [5, 6]. Among the materials prepared from the
individual components, the highest strength is ex-
hibited by the materials based on the epoxy3resor-
cinol resin and PGMP3MGP copolymers (see figure).
As for IPNs prepared from two components, with
the weight fraction of the second component (copoly-
mer) raised from 0.3 to 0.6, the parametersrcl, g,
and aim first increase, reaching a maximum atC1 =
0.45, and then decrease (see table). The trend in the
variation of

3

Pcl is the opposite. Estimation of the
density of the chemical cross-links in copolymers of
the oligoester resin with OEA showed that the content
of the chemical lattice points increases in going from
TGM to MGP, especially as compared with the co-
polymers based on MMA. The highest strength char-
acteristics (bothsc andaim ) are exhibited by the IPNs
based on the epoxy3resorcinol resin and PGMP3MGP
copolymers; the parameters of the 3D network for
these IPNs are also the highest.

The physicomechanical properties of 3D-cross-
linked polymers are determined by the content of not
only chemical network points but also potential phys-
ical network points facilitating energy dissipation in
mechanical treatment of the polymeric material [1, 8].
At present, there are no experimental procedures for
measuring the physical network parameters in network
polymers and IPNs [3, 7, 8]. The physical network
density in polymers is estimated from the cohesion,
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using the molar attraction constantsF for various
atomic groups in macromolecules, following the re-
commendations given in [7, 8]. Previously, such cal-
culations of the total cohesionSF have been per-
formed for TGM and MGP homopolymers; it was
found thatSF and the impact resilience of the poly-
mers vary in parallel [9]. Using a similar procedure,
we calculated the total cohesion both for the individu-
al components and for IPNs prepared from them (see
table); the error in calculatingSF did not exceed
0.1%. It is seen that the strength grows with increas-
ing cohesion, especially the dynamic strength char-
acterized by aim. The higher impact resilience of
IPNs based on MGP copolymers, as compared with
those based on TGM copolymers, may be due to the
higher calculated values of total cohesion of such
IPNs, since the MGP copolymers contain atomic
groups with high internal rotation barrier-phthalate
groups, and hence to larger zone in which cross-links
are stabilized. The absolute values of the impact re-
silience of the resulting IPNs with the optimal com-
position are 1.532 times higher than the similar charac-
teristics of the corresponding individual network com-
ponents and correspond to the parameters of shock-
proof polymeric materials [7, 10].

CONCLUSION

The effect exerted by the content and nature of
components on the kinetics of low-temperature forma-

tion of interpenetrating polymer networks from olig-
omer3oligomer systems was elucidated.
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Abstract-Formation of hybrid three-dimensional structures by treatment of copolymers of 2- and 4-vinyl-
pyridine with butyllithium, followed by grafting oftert-butyl acrylate molecules, was studied by mass-spec-
trometric thermal analysis and13C NMR spectroscopy.

The specific feature of anionic polymerization of
2- and 4-vinylpyridine (2-VP, 4-VP) is the high activ-
ity of the pyridine rings in the monomers and poly-
mers in reactions with initiator molecules and active
centers (ACs) formed in the course of polymerization.
Thanks to this property, it is possible to construct
macromolecules of complex[architecture,] including
hybrid polymers based on copolymers of 2- and 4-VP
and tert-butyl acrylate (TBA), under the action of
butyllithium.

The process of formation of three-dimensional (3D)
hybrid structures, which can be transformed into poly-
electrolyte networks with predictable parameters, can
be monitored by mass-spectrometric thermal analysis
(MTA) and solid-state 13C NMR spectroscopy.

Synthesis of homopolymers and hybrid polymers
of 2- and 4-VP is of interest as one of possible routes
(along with polymerization of some other polar mono-
mers) to polymers that can be functionalized and used
in various branches of chemistry, pharmacology,
medicine, biology, etc., in particular, in the fields
where pH-sensitive polymeric systems are required.
A study of the mechanism of anionic polymerization
of polar monomers, effected by allyl derivatives of Cr,
Mo, and W, and a structural analysis of the resulting
macromolecules [133] revealed a number of structural
forms of the polymers, originating from two types of
active polymerization centers that arise on the grow-
ing chains: nitrogen3metal and carbon3metal, capable
of interconversion in the course of growth of the
polymeric molecules. Polymerization of 2- and 4-VP,
as well as that ofN,N-dimethylacrylamide [4], yields
macrocyclic, network, branched, star-shaped, and lin-
ear structures. The revealed relations allow control of

the macromolecular architecture within wide limits
and construction of polymeric materials with new
chemical, mechanical, optical, and hydrodynamic
properties. These relations are also to a certain ex-
tent applicable to other initiators of anionic polymeri-
zation, such as organolithium, -sodium, -potassium,
and -magnesium compounds. To reveal the specific
features of polymerization under the influence of the
above compounds, it is appropriate to examine the
results of synthesis of hybrid polymers in the presence
of an organolithium compound.

In this work, taking into account the high activity of
pyridine rings in reactions with organometallic com-
pounds and different activities of the N3Met bond in
2- and 4-VP polymers, we made an attempt to con-
struct polymeric chains, using as the base element
an assembly of characterized 2- and 4-VP copolymers
prepared by radical polymerization. The copolymers
were treated with butyllithium to generate active
centers along the polymer chain for subsequent graft-
ing of pendant chains of poly-tert-butyl acrylate
(PTBA). We expected that, by varying the molecular
weight and composition of the copolymer, it would be
possible to change the content of active centers along
the copolymer chain and hence the number of pendant
chains of the grafted polymer. It would be thus possi-
ble to control the parameters of the branched polymer
and, in the limiting case, the parameters of the form-
ing 3D network.

To analyze the polymers and reveal the mechanism
of the reaction of organometallic compounds with
polyvinylpyridines, we used MTA and solid-state13C
NMR spectroscopy.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 4 2001

658 SHIBAEV et al.

EXPERIMENTAL

Homo- and copolymers of 2- and 4-VP were pre-
pared by polymerization of freshly distilled 2- and
4-VP at 70oC in the bulk in the presence of 0.5% azo-
bis(isobutyronitrile) (AIBN). The polymer was precip-
itated into petroleum ether, purified by fourfold repre-
cipitation from chloroform solution into petroleum
ether, and vacuum-dried at 50oC for 24 h. Butyllithi-
um was prepared by reaction of Li with C4H9Cl in
hexane. The reaction of the polymers and copolymers
with C4H9Li was performed at temperatures from
+5 to 365oC, polymer concentration of 0.1 M, and
molar ratios C4H9Li/monomer unit of 1, 0.8, 0.3, and
0.1. After a definite time (from 1 min to several
hours), either the process was stopped by adding 1 ml
of a cooled CH3OH3H2O mixture (10 : 1), or pendant
TBA chains were grafted by adding 1 ml of TBA. The
polymer was precipitated by adding water, washed
several times with fresh portions of water (until pH
of the wash water reached 637), and vacuum-dried
at 50oC.

Mass-spectrometric thermal analysis of the poly-
mers [3] was performed with an MKh-1320 device.
A 0.130.2-mg sample was fixed with aluminum foil
on a thermocouple placed in the thermal degradation
chamber. The sample was heated from 293 to 773 K
at a rate of 5 deg min31. The mass spectra of the ther-
mal degradation products were recorded at 2-min
intervals, and a mass thermogram (temperature de-
pendence of the characteristic ion currents) was ob-
tained.

High-resolution solid-state13C NMR spectra were
obtained at room temperature on a Bruker CXP-100

spectrometer (25.18 MHz for13C) using magic angle
spinning (334 kHz) and cross polarization techniques.
The chemical shifts (ppm) are given relative to TMS.

The reaction of butyllithium with pyridine was
described for the first time by Ziegler [5]. Nucleo-
philic substitution at thea-position yielded 2-butyl-
pyridine. Ziegler also prepared 2,6-dibutylpyridine by
reaction of butyllithium with 2-butylpyridine, and also
some other related derivatives of pyridine and quino-
line [6]:

6
N

+ C4H9Li 68?C
=

C4H9;
H

9
N

Li

8?C
=

C4H9
GN76 + LiH.

903100oC
3 h,

76
N

+ C4H9Li 68?C
=

C4H9;
H

9
N

Li

8?C
=

C4H9
GN76 + LiH.

903100oC
3 h,

7

Reaction of pyridine with C4H9Li involves alkyla-
tion with the formation of a cyclic diene structure, fol-
lowed by rearomatization. Much later, Schmitzet al.
[7] studied by chromatography and mass spectrometry
the products of reaction of pyridine, cumyl, and
ethylpyridine with C4H9Li. Some conclusions of [7]
can be applied to reactions accompanying the anionic
polymerization of 2-VP. Alkylation of the ring by the
nucleophilic attack at thea-position occurred in all
cases (at varied component ratio, reaction temperature,
chain-terminating agents). In some cases, products
formed by attack of C4H9Li at the alkyl group of the
model compound were detected. The products of ring
alkylation undergo rearomatization, but dihydro- and
tetrahydroalkylpyridines were also detected.

The first step in the development of a procedure for
directional synthesis of hybrid polymers was to reveal
specific features of the mechanism by which occurs

Fig. 1. Curves of evolutiuon of volatile products in thermal degradation of P-2-VP: (a) initial polymer and (b) polymer treated
with butyllithium (P-2-VP-1). (I ) Intensity and (T) temperature. Mass of characteristics ions: (a) (1) 105, (2) 79, (3) 104,
(4) 106, (5) 118, (6) 119, and (7) 132; (b) (1) 119, (2) 132, (3) 175, (4) 105, (5) 106, (6) 79, (7) 163, and (8) 137.
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the reaction of poly-2-vinylpyridine (P-2-VP) with
C4H9Li. It was of interest to find how readily are the
pyridine rings in the polymer chains alkylated:

~CH2ÄCHÄCH2ÄCHÄCH2ÄCH~gggggg
6 66 + nC4H9Li

N N N

6

~CH2Ä CHÄ CH2Ä CHÄ CH2Ä CH~Ä Ä Ä Ä Ägg
ddC4H9

gg
ddC4H9

gg
ddC4H98AI8AI8AI

NÄLi NÄLi NÄLi

~CH2ÄCHÄCH2ÄCHÄCH2ÄCH~gggggg
6 66 + nC4H9Li

N N N

6

~CH2Ä CHÄ CH2Ä CHÄ CH2Ä CH~Ä Ä Ä Ä Ägg
ddC4H9

gg
ddC4H9

gg
ddC4H98AI8AI8AI

NÄLi NÄLi NÄLi

Figure 1a shows a mass thermogram of P-2-VP pre-
pared by radical polymerization of 2-VP in the bulk,
initiated by AIBN. Treatment of this polymer in tolu-
ene at +5oC with butyllithium (monomer unit :C4H9Li =
1 : 0.8) yields a product (P-2-VP-1) whose mass
thermogram (Fig. 1b) significantly differs from that
given in Fig. 1a both in the set of characteristic peaks
and in the temperature dependence of the ion currents.
Below are given the mass spectra of the thermal de-
gradation products of the initial P-2-VP at 370oC

m/e 105 79 104 106 78
I 1000 685 428 135 112

m/e 93 132 118 210 119
I 90 78 71 26 26

and P-2-VP treated with C4H9Li (P-2-VP-1) at 355oC:

m/e 119 133 132 175 161 105 146
I 1000 815 250 230 137 164 157

m/e 93 107 79 162 189 78
I 133 131 130 79 59 52

The fragmentation pattern of P-2-VP1 is shown in
Scheme 1.

Scheme 1.

Fragmentation of P-2-VP.
ÄÄÄÄÄÄÄÄÄÄ
1 It should be taken into account that the mass spectrum reflects

a superposition of two processes: thermal degradation of poly-
meric molecules and fragmentation of low-molecular-weight
degradation products in the ion source.

Since, as already noted, the reaction of P-2-VP
with C4H9Li can yield both alkylcyclodiene and aro-
matic products, for we should consider two fragmenta-
tion patterns P-2-VP-1 (Schemes 2, 3).

As seen from the mass spectrum of P-2-VP-1, the
strongest peak is that atm/e 119, in contrast to the
mass spectrum of the initial P-2-VP with the strongest
peak atm/e 105. Simple fragmentation by Scheme 2
does not produce an ion withm/e 119 without fur-
ther additions or rearrangements. Fragmentation by
Scheme 3 does produce an ion withm/e 119, but in
this case its peak would hardly be the strongest in the
mass spectrum.

Scheme 2.

Fragmentation of P-2-VP-1 (without rearomatization).

Scheme 3.

Fragmentation of P-2-VP-1 (with rearomatization).
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Fig. 2. High-resolution solid-state13C NMR spectra:
(1) initial P-2-VP; (2) P-2-VP treated with butyllithium
(P-2-VP-1); (3) P-2-VP treated with butyllithium at 0oC
with addition of TBA; (4) copolymer of 2-VP and 4-VP
(1 : 1); and (5) graft copolymer based on 2-VP : 4-VP
(1 : 1) and TBA. (d) Chemical shift.

The more probable pathway of formation of the ion
with m/e 119 is the loss of the C3H7 group followed
by addition of hydrogen to the remaining fragment:

5
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At the chosen ratio of the polymer and C4H9Li,
the alkylation of P-2-VP occurs to no more than 80%.
The P-2-VP units remaining unchanged give the frag-
mentation peak atm/e 105. Since depolymerization is
hindered by the presence of alkylated units, another
pathway of thermal degradation of P-2-VP units may
become preferable:
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From the two above-given fragmentation patterns
of P-2-VP-1, that shown in Scheme 3 is more con-

sistent with the observed set of charactestic ions.
In other words, under the chosen conditions, alkyla-
tion of the pyridine rings is followed by complete
(or considerable) rearomatization of the alkylated cyc-
lodiene fragments.

This conclusion is supported by the fact that ions
with m/e 161 (molecular ion in Scheme 3, one of
the strongest peaks in the mass spectrum), 132, 177
(M + CH2) and 189 (M + C2H4) are present in the
mass spectrum.

This result of MTA was confirmed by solid-state
13C NMR spectroscopy. Figure 2 (curve1) shows the
NMR spectrum of the initial P-2-VP. The signals
(ppm) are assigned as follows: 42.7, CH and CH2
groups of the vinyl chain; carbon atoms of the pyri-
dine ring: 121.7, C2 and C4; 136.4, C3; 149.9, C5;
and 164.9, C1. The spectrum is fully consistent with
the structure of P-2-VP.

Figure 2 (curve2) shows an NMR spectrum of
the polymer treated with butyllithium (P-2-VP-1). The
spectrum contains lines corresponding to the carbon
atoms in the chain of the butyl fragment (12.4, 21.2,
30.9, 36.2 ppm). In the downfield region, the posi-
tions and shapes of some lines changed. The lack of
signals at about 100 and 50 ppm (C2` and C4` atoms in
the cyclodiene moiety) suggests a practically complete
rearomatization of the pyridine rings alkylated
with butyllithium. The signals at 163 (C1`, C5`), 134
(C3`), and 119 ppm (C2`, C4`) have downfield shoul-
ders, which, in combination with the presence of a sig-
nal at 148.5 ppm belonging to the C5 atom in the
intact pyridine ring, suggests incomplete alkylation of
the pyridine ring and agrees with our expectations
when account is taken of the reaction conditions.

Thus, the MTA and13C NMR data show that alky-
lation of the pyridine rings in P-2-VP under the action
of C4H9Li readily occurs at +5oC; the reaction prod-
ucts contain vinylpyridine and vinylalkylpyridine
fragments, whereas fragments with cyclodiene struc-
ture are practically absent. However, such structures
are detected by13C NMR spectroscopy in the prod-
ucts of the reaction of P-2-VP with C4H9Li, performed
at lower temperature (e.g.,365oC); thus, we can
conclude that, in the range from +5 to365oC, re-
aromatization of cyclodiene structures formed by al-
kylation of P-2-VP with C4H9Li significantly depends
on temperature.

The next step in the synthesis of hybrid polymers
is the reaction of[living] polyvinylpyridine with
TBA at the N3Li bond. It has been noticed [8] that in
the case of P-2-VP, active centers show low activity
in anionic polymerization, especially at low tem-
peratures; by contrast, in the case of P-4-VP, N3Li



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 4 2001

DIRECTIONAL SYNTHESIS OF HYBRID POLYMERS FROM 2- AND 4-VINYLPYRIDINES 661

active centers are highly reactive. Therefore, for fur-
ther directional synthesis of hybrid polymers we
decided to use copolymers of 2-VP and 4-VP obtained
by radical polymerization in the bulk at 70oC under
the action of AIBN. The copolymerization constants
were determined by the Fineman3Ross method:r1 =
0.50 (4-VP),r2 = 0.79 (2-VP). The composition of the
copolymers was determined from the1H NMR spectra
(in CDCl3); the molecular and conformational charac-
teristics of the copolymers were studied by sedimen-
tation3diffusion analysis, viscometry, and light scat-
tering (see table).

Figure 2 (curve3) shows a13C NMR spectrum
of P-2-VP treated with C4H9Li at 0oC, with TBA
added at the same temperature. No hybrid polymer is
detected. The MTA data confirm this fact, though
traces of PTBA are detected (a certain amount of
the homopolymer may be present). The same result
(and even more apparent) was obtained when the
same process was performed at365oC. By contrast,
the NMR spectrum of the copolymer containing 58%
2-VP and 42% 4-VP (Fig. 2, curve4), treated with
C4H9Li at 365oC and subjected to grafting with TBA,
is quite different (Fig. 2, curve5). Both the intensities
and positions of the characteristic signals change.
For example, signals from the3CH23 (22.7 ppm) and
3CH3 (14 ppm) groups are observed (other butyl
signals are obscured by signals of the polymer chain
atoms). Also, there are signals corresponding to
the TBA structures: 80 (3O3C3), 28 (3CH3), and
a shoulder at 176 ppm (3C=O). The shoulder at about
52 ppm corresponds to the TBA methylene group
bound to the nitrogen atom of the pyridine ring, which
confirms grafting of TBA to the pyridine ring. Also,
the shape of the lines corresponding to the carbon
atoms of the pyridine ring changes (range 1703

110 ppm). The signal at 66.8 ppm corresponds to the
carbon atoms of the pyridine rings directly bound to
the butyl group (C3 in 2-VP and C5 in 4-VP frag-
ments). The signal at 60 ppm is due to the same car-
bon atoms in the pyridine rings transformed into the
diene structures. The ratio of the pyridine and diene
rings, evaluated from the integral intensities of the
C3 and C5 signals and the signals of methylene groups
of the TBA chains, is approximately 1 : 1.

The above results prove grafting of TBA chains to
the N3Li active centers in the 4-VP fragments of the
2-VP34-VP copolymer. This fact suggests the possi-
bility of controlling within wide limits the content of
pendant PTBA chains by varying the content of 4-VP
in the copolymer. Furthermore, this result furnishes
an opportunity to evaluate the amount of active
centers along the backbone molecules of the hybrid

Molecular weight Msd and composition of copolymers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Molar ratio of 4-VP and 2-VP ³
MsdÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´

in monomer mixture³ in copolymer* ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

0.80 : 0.20 ³ 0.75 : 0.25 ³ 20000
0.50 : 0.50 ³ 0.42 : 0.58 ³ 48000
0.20 : 0.80 ³ 0.22 : 0.78 ³ 100000

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* The composition of the copolymers was determined from

the 1H NMR spectra by the intensity ratio of the peaks (ppm)
at 8.2 (S1), 6.8 (S2), and 6.25 ppm (S3); content of 2-VP
C = 2S2/(S1 + S2) = 2S2/(S2 + S3).

polymer and, hence, to determine quantitatively the
composition of the whole hybrid polymer. It should
be noted also that our results provide a basis for
synthesis of a 3D network from the hybrid copolymer
by appropriately choosing the concentration of the
2-VP34-P copolymer in the reaction solution and
the size of the pendant TBA chains. For example,
with these parameters increased, the reaction of the
active centers at the end of the growing PTBA chain
with the pyridine ring of the adjacent backbone co-
polymer molecule becomes possible.
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OÍ CÍgg

H3CÄ CÄ CH3ÄÄgg
CH3

~CH2Ä CH~Ägg
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N
6

~CH2Ä CH~Ägg
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CH3

CÍ OÍ
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H3CÄ CÄ CH3ÄÄgg
CH3

CÍ OÍ

8AI8
NÄ LiÄ

For clearer presentation of the obtained results
and further progress of the study, we give the gen-
eral scheme of formation of hybrid copolymers based
on 2-VP, 4-VP, and TBA.

(1) Synthesis of 2-VP and 4-VP copolymer.

(2) Formation of active centers along the copoly-
mer chain.

(3) Synthesis of the graft copolymer with pendant
TBA chains.
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(4) Formation of a 3D structure by grafting of
a pendant chain of the hybrid polymer to the backbone
copolymer molecule.

This scheme shows that the parameters of the 3D
structure can be controlled by the composition and
molecular weight of the initial copolymerA, concen-
tration of butyllithium, amount of reacted TBA, and
concentration of the hybrid polymerC in the reaction
solution.

The 3D structure of the hybrid polymer can be
subsequently converted into a polyelectrolytic pH-
sensitive network by transforming the backbone
moiety into a salt of the polybase (e.g., byreac-
tion of the polymer with HCl) and of pendant PTBA
chains into polyacrylic acid (e.g., by pyrolysis at
200oC) [9]:

+ HCl 6
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5
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5

NÄ H Cl3,Ä

�g
�

�g
�

ggg
gggg

+
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CONCLUSION

A study by mass-spetrometric thermal analysis and
high-resolution solid-state13C NMR spectroscopy
showed that butyllithium is active in alkylation of
pyridine rings of polymers and copolymers of 2- and
4-vinylpyridine. The extent of rearomatization of
the alkylated pyridine rings is temperature-dependent
in the range from +5 to365oC. In this temperature
range, the N3Li active centers in the 2-vinylpyridine
units are weakly active in grafting oftert-butyl ac-
rylate units. By contrast, similar centers in the 4-vi-
nylpyridine units are active, which allows prepara-
tion of a hybrid copolymer of 2-vinylpyridine, 4-vi-
nylpyridine, and tert-butyl acrylate. The revealed
trends allowed us to propose a scheme for preparing
3D structures that can be converted into polyelec-
trolytic networks with controllable structural param-
eters.
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Abstract-Water-soluble chemically degradable copolymers ofN-vinylpyrrolidone with allylamine, contain-
ing azomethine links between the polymeric chains, were prepared. The composition and molecular-weight
characteristics of the polymers were determined.

Polymers based onN-vinylpyrrolidone (VP) are
widely used in medicine as detoxicants, plasma sub-
stitutes, and means for prolonging the effect of vari-
ous drugs [1]. At the same time, these materials, be-
ing carbon-chain polymers, are not biodegradable.
The task is to restrict their molecular weight (MW)
so as to facilitate their elimination from a living body
after having fulfilled the biological function. Relative-
ly low-molecular-weight (MW 10000315000) poly-
mers can be used only as detoxicants; their molecular
weight is too low for use as plasma substitutes or
prolongation means, because such polymers will be
rapidly eliminated from the living body and will not
ensure the required biological effect. At the same time,
use of higher-molecular-weight (MW 800003100000)
polymers, suitable as prolongation means, involves
problems associated with their slow elimination and
accumulation of high-molecular-weight fractions caus-
ing undesirable side biological effects.

Published data show [2] that the maximal molecu-
lar weight of poly-VP at which its macromolecules
can be filtered through kidneys is 40000. Distribution
of poly-VP in a body and its elimination with urine
should be considered as biological fractionation of
a heterogeneous mixture of macromolecules of dif-
ferent sizes, some of which (smaller) pass through
biological membranes and the others are retained.

It is convenient to use as carriers of biologically
active substances (BASs) water-soluble VP polymers
with the MW lower than the critical value for filtra-

tion through kidneys, containing, at the same time,
chemically or biologically degradable links between
macromolecular chains. In this case the polymer
would be retained in a body for a long time, gradually
degrading into low-molecular-weight fragments sub-
sequently eliminated by the kidney filtration mech-
anism [3].

Thus, from the practical viewpoint, it is appropriate
to synthesize water-soluble macromolecules of reac-
tive low-molecular-weight VP copolymers undergo-
ing chemical (hydrolysis) or biological degradation in
a living body to low-molecular-weight fragments that
can be readily eliminated from the living body. Pre-
liminary addition of drugs to such chemically degrad-
able copolymers will ensure their prolonged effect.

This paper reports on synthesis and study of water-
soluble VP3allylamine copolymers (VP3Aam) treated
with glutaraldehyde to form readily hydrolyzable
azomethine links between the polymeric chains. Such
polymer systems have not been described previously.

The interest in VP3Aam copolymers (compared,
e.g., with VP3vinylamine copolymers) is due to the
fact that copolymerization of VP with Aam, similar to
other allyl monomers, is accompanied by degradation
transfer of a chain to the allyl monomer. Thus, copol-
ymerization of VP with allyl monomers yields low-
molecular-weight copolymers without formation of
blocks of the reactive units. Copolymers with just
these features were required as starting substances for
our study.
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Table 1. Radical copolymerization of VP (M1) with Aam
(M2) in isopropanol at 70oC, [AIBN] = 1.0 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Starting mono-³ ³ ³ VP3Aam copolymermer mixture ³Yield³ Co- ³
ÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄ³ in ³poly-³
[M2], ³ [M1+M2],³48 h,³ mer ³ [m2], ³ [h], ³ M

-

vmol %³ wt % ³ % ³ ³mol %³dl g31³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄ

20 ³ 30 ³ 44.9³ Ia ³ 6.2 ³ 0.13³20000
25 ³ 30 ³ 45.6³ Ib ³ 6.0 ³ 0.11³15000
25 ³ 40 ³ 49.6³ Ic ³ 7.0 ³ 0.11³15000
25 ³ 50 ³ 45.2³ Id ³ 8.8 ³ 0.10³13000
30 ³ 40 ³ 46.0³ Ie ³ 9.7 ³ 0.10³13000
25 ³ 50 ³ 49.0³ If ³ 8.70 ³ 0.09³11000
15 ³ 30 ³ 92.5³ Ig* ³ 6.30 ³ 0.15³28000
20 ³ 30 ³ 89.1³ Ih * ³ 8.4 ³ 0.08³ 9000

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄ
* Copolymers Ig and Ih were prepared by radiation-in-

duced copolymerization at a dose of 100 kGy.

Table 2. Reaction of VP3Aam copolymers with glutaral-
dehyde (GA) in aqueous solution at 45oC in a flask with-
out purging with argon
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial ³ ³ ³ ³ Reaction product
³ ³ ³ ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄcopolymer ³ ³ ³ ³

ÄÄÄÄÂÄÄÄÄ´ ³ ³ ³ ³ ³³
Ccop,

*
³ ³t, h³yield,³ [NH2],³ [h],NH2,³ [h], ³wt %³ ³ ³ ³ ³

mol %³dl g31³ ³ ³ ³ % ³mol %³dl g31

ÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
6.0 ³ 0.11³ 12.0³0.20 : 1³ Gel formed
6.0 ³ 0.11³ 12.0³0.15 : 1³ "

6.0 ³ 0.11³ 12.0³0.10 : 1³ 6 ³ 72.0³ 5.10 ³ 0.20
6.2 ³ 0.13³ 8.2³0.10 : 1³ 9.5³ 90.0³ 2.10 ³ 0.25
ÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* (Ccop) Copolymer concentration.

It should be noted that radical copolymerization of
VP with Aam as a base in solution has been poorly
studied [4]. Panarinet al. [5] reported copolymeriza-
tion of VP with allylammonium salts in aqueous solu-
tion in the presence of a water-soluble initiator, 2,2`-
azo-bis-(2-amidinylpropane) dichloride. They prepared

Fig. 1. Variation with timet of the reduced viscosityhsp/C
of aqueous solution ofIa in the presence of glutaraldehyde.
45oC; Ccop = 5.0 wt %; [GA] : [NH2] = 0.2 : 1.

in 98% yield VP3Aam . HX copolymers containing
10.8327.1 mol % Aam. HX units. At the same time,
it seemed appropriate to study single-stage copoly-
merization of VP with Aam in the form of a base
in an organic solvent (acting as transfer agent for
the growing polymeric chain) using a readily available
initiator, azobis(isobutyronitrile) (AIBN), to evaluate
the potentialities and limitations of this route to VP3
Aam copolymers, to study the properties of the result-
ing copolymers, and to bring them into reaction with
glutaraldehyde.

Radical copolymerization of VP with allylamine
was performed in isopropanol at 70oC in the presence
of 1 wt % AIBN; the total concentration of the mono-
mers in the starting mixture [M1 + M2] was 303
50 wt %, [M2] = 20330 mol % (Table 1). Isopropanol
is a well-known chain-transfer agent, which also facil-
itated the preparation of low-molecular-weight copo-
lymers. As shown in Table 1, low-molecular-weight
(M
-

v = 11000320000) copolymersIa3If are formed
under these conditions in 45350% yield; the content
of the allylamine units is from 6.0 to 9.7 mol %.

It is known [6, 7] that radiation-induced copoly-
merization allows difficultly polymerizable monomers
to be involved in the process, because it ensures in-
creased concentration of initiating radicals. Allylamine
is among monomers of this kind. Radiation-induced
copolymerization of VP with Aam was performed in
isopropanol at irradiation dose of 100 kGy. Table 1
shows that initiation of copolymerization by radiation
is more efficient than that by a substance. Copolymers
Ig and Ih are similar in composition to, respectively,
copolymersIa and If (Table 1). However, the yields
are different: 92.5 and 89.1% forIg and Ih against
44.9 and 49.0% for, respectively,Ia and If .

In the preliminary stage of the study, reactions of
copolymersI with glutaraldehyde were performed in
aqueous solution at 45oC in a flask without argon
purging (Table 2). As seen from Table 2, gelation is
avoided when copolymerI is taken in a concentration
of 8312 wt % at a molar ratio of GA to NH2 groups
approximately equal to 0.1 : 1. The main part of ex-
periments were performed in aqueous solution at 45oC
in sealed ampules preliminarily purged with argon.
The concentration of copolymersI was varied from
8.5 to 11.0 wt %, and the molar ratio of GA to NH2
groups was in the range from 0.10 : 1 to 0.15 : 1.
The concentration of copolymersI was chosen so as
to exclude gelation and keep above unity the product
c[h] characterizing the degree of solution filling with
polymer globules. Under such conditions, polymeric
chains can undergo intermolecular cross-linking to
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give copolymersII . This process manifested itself
as an increase in theMW of the starting copolymers
(Table 3) and in the reduced (Fig. 1) and intrinsic
(Table 3) viscosities. The reaction of copolymersI
with glutaraldehyde to give copolymersII can be
schematically represented as:
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This process resembles the cross-linking below gel
point of linear polystyrene with a bifunctional com-
pound, 9,10-bis(chloromethyl)anthracene, studied in
detail by Krakovyaket al. [8]. Intrachain cross-links
with glutaraldehyde of typeIII are also possible.

(III )3CH23N=CH3(CH2)33CH=N3CH23

Fig. 2. Variation with time t of the contentC of NH2
groups in copolymerIc in the course of its reaction
with glutaraldehyde in aqueous solution. 45oC; Ccop =
10.5 wt %; [GA] : [NH2] = 0.15 : 1.

Cross-linking is accompanied by a decrease in the
molar content of NH2 groups in the starting copoly-
mer I (Fig. 2, Table 3). CopolymerIIa was formed at
complete conversion of the NH2 groups. The conver-
sion of the NH2 groups in the formation of copoly-
mersIIb 3IIe was 47357%. The resulting cross-linked
copolymersIIb 3IIe containing azomethine cross-links
between the polymer chains are readily soluble in
water, which allowed us to study their molecular char-
acteristics in 0.1 N aqueous solution of sodiumace-
tate. Table 4 lists the intrinsic viscosities [h], diffu-
sion (D0) and sedimentation (S0) coefficients, and mo-
lecular weightsMSD of soluble cross-linked copoly-
mers IIa , IIc , and IIe , determined by combination
of the diffusion and sedimentation methods.

CopolymerIIa was prepared from linear VP3Aam
copolymer with small (4.94 mol %) content of NH2
groups, which were completely converted in the reac-
tion with glutaraldehyde. The reaction yielded a VP3
Aam polymer with MSD = 52000. In the course of
reaction with glutaraldehyde to form polymerIIa ,
the molecular weight of the starting linear VP3Aam
copolymer increased by approximately a factor of 3.
For copolymer IIa , D0 = 3.70 1037 cm2 s31 and
S0 = 1.70 10313 Svedberg units (Sv).

Table 3. Reaction of VP3Aam copolymers with glutaraldehyde in aqueous solution at 45oC in a sealed ampule purged
with argon
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial copolymer ³ ³ ³ ³ Reaction product*

ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ³ Ccop, ³ ³ t, ³
NH2, ³ [h], ³ M

-

v
³ wt % ³ ³ h ³ copol-³ yield, ³ [NH2], ³ [h], ³D00107,³S001013,³ MSDmol %³ dl g31 ³ ³ ³ ³ ³ ymer ³ % ³ mol % ³ dl g31 ³ cm2 s31 ³ Sv ³

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
4.9 ³ 0.12 ³ 18 000³ 10.0 ³ 0.1 : 1 ³ 9 ³ IIa ³ 64.0 ³ 0 ³ 0.18 ³ 3.7 ³ 1.7 ³ 52 000
7.0 ³ 0.11 ³ 15 000³ 10.0 ³ 0.1 : 1 ³ 9 ³ IIb ³ 72.2 ³ 3.7 ³ 0.25 ³ 3 ³ 3 ³ 3

7.0 ³ 0.11 ³ 15 000³ 10.5 ³ 0.1 : 1 ³ 9 ³ IIc ³ 72.0 ³ 3.4 ³ 0.26 ³ 3.3 ³ 2.75 ³ 94 000
7.0 ³ 0.11 ³ 15 000³ 10.5 ³ 0.1 : 1 ³ 8 ³ IId ³ 78.0 ³ 3.3 ³ 0.27 ³ 2.9 ³ 2.65 ³103 000
7.0 ³ 0.11 ³ 15 000³ 10.5 ³ 0.15 : 1 ³ 7 ³ IIe ³ 80.0 ³ 3.00 ³ 0.26 ³ 2.9 ³ 2.15 ³ 84 000
7.0 ³ 0.11 ³ 15 000³ 11.0 ³ 0.15 : 1 ³ 7 ³ Gel formed

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (D0) diffusion coefficient; (S0) sedimentation coefficient, Svedberg units (Sv); (MSD) molecular weight determined by com-

bination of the diffusion and sedimentation methods.
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Table 4. Variation of pH of the aqueous solution contain-
ing cross-linked copolymerIIc
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ
t, days³ pH ³ QpH, % º t, days³ pH ³QpH, %
ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄº

Ccop = 0.1 wt %, 25oC ºCcop = 0.05 wt %, 37oCº
0 ³ 5.50 ³ 0 º 0 ³ 5.0 ³ 0
3 ³ 6.78 ³ 38.0 º 3 ³ 7.38 ³ 61.6
7 ³ 7.25 ³ 52.0 º 7 ³ 7.58 ³ 66.8

12 ³ 7.48 ³ 58.9 º 14 ³ 7.65 ³ 68.7
26 ³ 7.51 ³ 59.6 º 25 ³ 7.69 ³ 69.7
33 ³ 7.58 ³ 61.9 º 32 ³ 7.80 ³ 72.5

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ

Copolymers IIc 3IIe have close [h] (0.2630.27)
and MSD (840003103000). The low [h] of copoly-
mers IIc 3IIe at high MSD suggests compaction of
macromolecular globules through reaction with glutar-
aldehyde. The formation of polymersIIc 3IIe is ac-
companied by growth of the molecular weight by
a factor of 537 as compared with the starting non-
cross-linked copolymerIc. Copolymer IIe was pre-

Fig. 3. UV spectra in physiological solution in the range
4003700 nm: (1) cross-linked copolymerIId , Ccop =
0.65 wt %; (2) starting linear copolymerIc, Ccop =
58.2 wt %; (3) glutaraldehyde, [GA] = 6.67ml ml31

of buffer solution, pH 3.9. (l) Wavelength.

Fig. 4. Kinetics of hydrolysis, judged from variation of
the reduced viscosity of cross-linked copolymerIIe
(MSD = 84000) in physiogical solution. 25oC; Ccop =
1.0 wt %. (Q) Degree of hydrolysis and (t) time.

pared at higher content of glutaraldehyde in the start-
ing solution, 0.15 mol %, atCcop = 10.5 wt %. Under
these conditions anMW of 84000 is reached in 7 h,
with the content of residual NH2 groups decreasing to
3.0 mol %. For copolymerIIe , D0 = 2.9 0 1037 and
S0 = 2.150 10313. On raising Ccop to 11.0 wt % at
[GA] : [NH 2] = 0.15 : 1, a cross-linked gel is formed.

The presence in copolymersII of azomethine bonds
between the polymer chains cross-linked with glutar-
aldehyde to the gel point was proved by UV spectros-
copy (Fig. 3). The spectrum ofIId in the range 4003
700 nm in aqueous solution contains two absorption
bands peaked at 456 and 538 nm, associated with
the absorption of the3N=CH bonds. The starting co-
polymer Ia exhibits no absorption in the range 4003
700 nm.

It was important to evaluate the hydrolytic stability
of cross-linked copolymersII in water and in physio-
logical solution at 25 and 37oC. The hydrolysis of
copolymersII was monitored by measuring the pH of
an aqueous solution ofIIc in the course of hydrolysis
and the reduced viscosity of a solution ofIIe in phys-
iological solution. In both cases we calculated the de-
gree of hydrolysisQpH (or Q) at instantt. As seen
from Table 4, hydrolysis of copolymerIIc (MSD =
94000) in aqueous solution, evaluated from pH varia-
tion, is fast: QpH reaches 62.0% in 33 days (25oC,
Ccop = 0.1 wt %). With temperature raised to 37oC
and concentration of the copolymer solution decreased
to 0.05 wt %, QpH increases, reaching 72.5% in 32
days.

Figure 4 shows the kinetics of hydrolysis of high-
molecular-weight branched polymerIIe in a phys-
iological solution at 25oC, pH 6.8, andCcop = 1 wt %,
plotted using data on the reduced viscosity of this
copolymerhsp/C. As seen from Fig. 4, thedegree of
hydrolysis is as high as 75% after 30 days under these
conditions. Knowing theMW of IIe before hydroly-
sis and the degree of hydrolysis in 30 days, we can
calculate theMW of IIe after hydrolysis for 30 days.
We obtained a value of 21000, which is below the crit-
ical value for kidney filtration. Thanks to easy hydro-
lysis, copolymersIIc 3IIe containing reactive NH2
groups can be used as BAS carriers.

Thus, using two independent procedures, we found
that polymersII obtained by treatment with glutaral-
dehyde are readily hydrolyzed in water and in physio-
logical solution at both 37 and 25oC. This means that
the azomethine bond is very labile in aqueous solu-
tions, and the chemically degradable VP copolymers
obtained can be used as carriers of biologically active
substances.
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EXPERIMENTAL

N-Vinylpyrrolidone was purified by threefold dis-
tillation in a vacuum from KU-2 cation-exchange
resin in the presence of hydroquinone. The fraction
with bp 75377oC/6673800 Pa was collected.nD

20 =
1.5125, d4

20 = 1.0458 g cm33; MRD: found 32.00,
calculated 31.74 cm3 mol31. Allylamine was distilled
twice from molecular sieves, bp 58oC. nD

20 = 1.4230,
d4

20 = 0.7627 g cm33; MRD: found 19.00, calculated
19.03 cm3 mol31. Glutaraldehyde was purchased from
Vekton as 50% aqueous solution and purified as fol-
lows. First, water was distilled off in a vacuum (22oC,
133 Pa, bath temperature 30oC). The residue was vac-
uum-distilled. A fraction boiling at 62oC/266 Pa (bath
temperature 120oC) was collected and immediately
dissolved in water. The concentration of glutaralde-
hyde was determined by reaction with hydroxylamine
hydrochloride, followed by titration of the released
HCl with 0.1 N NaOH (bromophenol blue indicator)
[9]. The concentration of glutaraldehyde in the result-
ing aqueous solution was 30 wt %. The purity of glu-
taraldehyde was judged from the lack of absorption
in the UV spectrum of aqueous solution at 235 nm
[10]. The initiator, AIBN, was recrystallized three
times from chloroform3ethanol (1 : 5) at temperatures
< 40oC; mp 103oC.

Copolymerization of VP with allylamine was per-
formed in 2-propanol in the presence of AIBN at 70oC
in sealed ampules preliminarily purged with argon.
After the copolymerization was complete, the ampules
were opened and the copolymers were precipitated by
adding the reaction mixture to diethyl ether. The prod-
uct was collected on a Schott filter and dried in a vac-
uum to constant weight. The content of primary ami-
no groups in VP3Aam copolymers was determined
spectrophotometrically (l = 424 nm) after complexa-
tion with trinitrobenzenesulfonic acid [11]. The mo-
lecular weights of copolymersI were calculated from
their intrinsic visocsities, measured in 0.1 N aqueous
solution of sodium acetate. As a first approximation,
we used the Mark3Kuhn3Houwink equation known
for poly-N-vinylpyrrolidone [12]. The radiation-in-
duced copolymerization of VP with allylamine was
performed in 2-propanol at a dose of 100 kGy in evac-
uated ampules on an MRKh-g-20 installation with
a 60Co source.

Reaction of glutaraldehyde with 0.5 g of VP3Aam
copolymer was performed in aqueous solution at 45oC
in a sealed ampule preliminarily purged with argon.
After the reaction was complete, the ampule was
opened, and the resulting viscous solution was diluted
with 25 ml of distilled water, transferred into a separa-
tory funnel, and shaken with three 20-ml portions of

diethyl ether to remove unchanged GA. The aqueous
solution was kept under vacuum to remove residual
ether and subjected to lyophilic drying. The content of
unchanged primary amino groups in the dried product
was determined. The intrinsic viscosity of the cross-
linked copolymer was measured at 25oC in 0.1 N
sodium acetate.

The products of reaction of VP3Aam copolymers
with glutaraldehyde were studied by molecular hydro-
dynamics. The translational friction of macromole-
cules in the free state (diffusion) and in a centrifugal
field (sedimentation, MOM 3180 analytical ultra-
centrifuge) was studied in 0.1 N aqueous solution
of sodium acetate. In both cases the technique of ar-
tificial boundary formation was used. The diffusion
and sedimentation boundaries were determined after
varied periods of time with Lebedev polarization in-
terferometers [13]. The diffusion curves and sedi-
mentograms were processed using standard techniques
[14]. The sedimentation experiments were performed
at 40000 rpm. The floatability factor (density incre-
ment) 13 vr0 = 220 for poly-VP has been determined
previously [12]. The molecular weights were calcu-
lated from the diffusion (D0) and sedimentation (S0)
coefficients using the Svedberg formula

M SD = cc1cc3 vr0
c

D0
c,cRT S0

where R is the universal gas constant andT is tem-
perature (K).

The hydrolysis of the cross-linked VP3Aam copol-
ymer was monitored by measuring the variation with
time of the pH of the copolymer aqueous solution at
25oC and 37oC and of the reduced viscosity of the co-
polymer solution in physiological solution at 25oC. In
the first case, the degree of hydrolysisQpH was cal-
culated by the formula

QpH
c= ccccccpH

0 100%,
ip

pHt
3

t0pH

where pH
t

is the pH of a solution of the cross-linked
copolymer by instant of timet, pH

t0
is the initial pH

of the solution of the cross-linked copolymer, and
pHip is the pH of the solution of the starting (non-
cross-linked) copolymer.

In the second case, the degree of hydrolysis was
calculated by the formula

C(hsp / )1/a
t 3

cccccccccc ccccc
[h]

1/a
ip

;cccccccQ =
tM 3 M ip

0 100%,
0

0

C(hsp / )1/a
t 3 C(hsp / )1/a

ttM 3
tM0 0

where (hsp/C)
t0

is the initial reduced viscosity of
the cross-linked copolymer (dl g31); (hsp/C)

t
is the re-
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duced viscosity of the cross-linked copolymer at in-
stant of timet (dl g31); [h]ip is the intrinsic viscosity
of the starting linear non-cross-linked VP3Aam co-
polymer (dl g31); a is the empirical constant charac-
teristic of a given polymer in a given solvent and re-
flecting the shape of polymer macromolecules in solu-
tion; to a first approximation,a = 0.5; M

t0
, M

t
, and

Mip are the corresponding molecular weights.

The UV spectra of the cross-linked and starting
copolymers were measured in aqueous solution on
a Specord M-40 spectrophotometer in 1-cm cells.

CONCLUSIONS

(1) The reaction of copolymers ofN-vinylpyrroli-
done and allylamine with glutaraldehyde was studied.
Water-soluble polymers containing free NH2 groups
and having molecular weights 537 times those of
the starting copolymers were obtained.

(2) The high-molecular-weight copolymers ob-
tained readily undergo hydrolysis under physiological
conditions.
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Abstract-Thermal degradation of polymers based on polyamidobenzimidazoles was studied in relation to
the monomeric units structure and mole fraction of the initial monomers.

Of particular interest among synthetic macromolec-
ular compounds are polyheteroarylenes whose mac-
romolecule contains amino groups along with ther-
mally stable benzimidazole rings. Such polymers are
amorphous; they possess elevatedsoftening points and
exhibit high heat resistance depending on the structure
of the monomeric units [1]. Mixed polyamidobenzi-
midazoles (PABIs) based on bis-o-phenylenediamines,
diphenyl esters of aromatic or aliphatic dicarboxylic
acids, ande-caprolactam, being somewhat less heat-
resistant than the corresponding commercial homo-
polybenzimidazoles, are more soluble in organic sol-
vents. Therefore, their processing into commercial
items such as adhesives, films, fibers, lacquers, plas-
tics, and fiber glasses is more convenient [2, 3]. How-
ever, wide use of the polymers for preparing heat-
resistant film materials is restricted by the lack of
data on the mechanisms of thermal degradation and
on the qualitative and quantitative composition of
the degradation products. Such data are important
not only for industrial practice but also for develop-
ment of approaches to construction of polymers with
the preset service properties.

In this work we studied the degradation of PABIs
differing in the structure of chemical units of the mac-
romolecular chain. As investigation objects were cho-
sen copolymers prepared from aromatic tetramines,
diphenyl esters of aromatic dicarboxylic acids, and
e-caprolactam at different molar ratios of the initial
monomers.

EXPERIMENTAL

In this work, we used 3,3`,4,4̀-tetraaminodiphenyl
ether (TADPE) and 3,3`,4,4̀-tetraaminodiphenylmeth-

ane (TADPM), produced by the Novosibirsk Institute
of Organic Chemistry, Siberian Division, Russian
Academy of Sciences. Diphenyl adipate (DPA) and
diphenyl isophthalate (DPI) were prepared by fusion
of the corresponding acid dichlorides with phenol [2];
pure-gradee-caprolactam was additionally purified
by vacuum distillation. Thermogravimetric studies
were performed with a Q-1000 derivatograph (MOM,
Hungary) in platinum crucibles in air or under ar-
gon; the sample weight was 100 mg. The IR spec-
tra were taken with a Specord 75-IR spectrometer
equipped with an attachment for measuring the spectra
in the temperature range 203250oC. Samples were
prepared as pellets with KBr. Thermal degradation
products were analyzed with an LKhM-80 gas chro-
matograph equipped with a thermal conductivity de-
tector and a dynamic pyrolytic cell heated at a rate
of 1310 deg min31, as in thermogravimetric analysis.
The composition of low-molecular-weight degrada-
tion products was determined by chromatography; the
columns were packed with CaA molecular sieves or
Porapak Q sorbent.

A condensation test tube, first empty and then
filled with the reactants, was purged with an inert gas
by repeated cycles of evacuation and inert gas admis-
sion and then placed in a bath heated to 200oC. The
temperature was gradually raised over a period of
131.5 h. After 20330 min, the melt solidified and the
reaction continued in the solid phase. After 3.534 h,
when the melt transformed into a solid mass, polycon-
densation was continued for an additional 1 h at the
same temperature in a vacuum (132 mm Hg), after
which the mixture was slowly cooled to room temper-
ature in an inert gas flow.
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Characteristics of copolymer*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Molar ratio of initial ³

hr, dl g31 ³
Ts, oC

º Molar ratio of initial ³
hr, dl g31 ³

Ts, oC
monomers ³ ³ º monomers ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
TADPM : DPA : CL: ³ ³ º TADPM : DPI : CL: ³ ³

1 : 1 : 0 ³ 8.16 ³ 2953300 º 1 : 1 : 0 ³ 1.82 ³ 3853390
0.8 : 0.8 : 0.2 ³ 1.63 ³ 2153220 º 0.8 : 0.8 : 0.2 ³ 1.50 ³ 3453350
0.6 : 0.6 : 0.4 ³ 1.43 ³ 2053210 º 0.5 : 0.5 : 0.5 ³ 1.34 ³ 2553260
0.5 : 0.5 : 0.5 ³ 1.23 ³ 1953200 º 0.4 : 0.4 : 0.6 ³ 1.12 ³ 2153220
0.4 : 0.4 : 0.6 ³ 1.10 ³ 1803185 º ³ ³

³ ³ º ³ ³
TADPE : DPA : CL: ³ ³ º TADPE : DPI : CL: ³ ³

1 : 1 : 0 ³ 6.36 ³ 2553260 º 1 : 1 : 0 ³ 2.86 ³ 3753380
0.8 : 0.8 : 0.2 ³ 5.96 ³ 2353240 º 0.8 : 0.8 : 0.2 ³ 1.04 ³ 3453350
0.6 : 0.6 : 0.4 ³ 5.50 ³ 2053210 º 0.5 : 0.5 : 0.5 ³ 0.98 ³ 2653270
0.5 : 0.5 : 0.5 ³ 3.63 ³ 2053210 º 0.4 : 0.4 : 0.6 ³ 1.31 ³ 2553260

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (hr) Reduced viscosity of a 0.5% solution of the polymer inHCOOH, 20oC; (Ts) softening point; (CL) caprolactam.

The resulting PABIs are yellow-brown powders.
The elemental analyses of the products correspond to
the composition of the copolymers. The IR spectra are
identical to those of the model compounds and con-
tain absorption bands at 163031680 cm31, character-
istic of CO stretching vibrations (amide I band), and at
151531570 cm31, characteristic of NH bending vibra-
tions (amide II band) [4].

Polybenzimidazoles are known [5] to exhibit high
heat resistance, but their hardness and insolubility in
common organic solvents complicate their processing
into finished items by modern industrial methods.
Introduction of amide bonds into the macromolecule
increases the solubility of PABIs in amides and other
available organic solvents, with insignificant decrease
in the heat resistance. Polymers prepared by the above
scheme have high molecular weight, with the solution
viscosity also depending on the molar ratios of the re-
actants:

6
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where X = 3O3, 3CH23; R = 3(CH2)4, 2
Ä Ä

.

All the synthesized polymers are soluble at room
temperature in sulfuric and formic acids and, on heat-
ing, in acetic acid, DMF, tricresol, and benzyl alcohol.
The solubility grows with increasing mole fraction of
e-caprolactam. The copolymers with mole fraction of
e-caprolactam greater than 0.4 are in most cases com-
pletely dissolved in tricresol and benzyl alcohol at
room temperature. As seen from the table, the syn-
thesized PABIs soften on heating, in contrast to the
known polybenzimidazoles [5]; the softening point
decreases with increasing mole fraction ofe-caprolac-
tam. According to the results of thermomechanical
analysis, the softening point lies within 1803390oC,
being lower in polymers with bridging methylene
group. Depending on the structure of their monomeric
units, polyamidobenzimidazoles exhibit different ther-
mal characteristics; with increasing content of benz-
imidazole fragments the onset of degradation shifts to
higher temperatures. Thermal analysis data show that
degradation of PABIs in air in the range 3003600oC
occurs in two stages (Figs. 1a, 1b). The first stage, in
which the weight loss does not exceed 5%, occurs
within 3303400oC. Degradation of PABI in air occurs
similarly to degradation in an inert atmosphere. The
IR spectra of samples heated to these temperatures do
not differ from those of the initial samples, except
for a decrease in the intensity of some absorption
bands due to cross-linking of the polymer. Presum-
ably, the degradation processes occurring in this stage
do not involve the backbone chain, although the poly-
mer becomes insoluble. An appreciable (>5%) weight
loss occurs at 3803460oC, which is due to extensive
degradation of PABI. With respect to heat resistance,
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PABIs prepared frome-caprolactam, diphenyl esters,
and aromatic tetramines can be ranked in the follow-
ing order (X is the bridging group in the tetramine
and R is that in the dicarboxylic acid):

X R X R X R X R

3(CH2)3 3(CH2)43 < 3O3 3(CH2)43 < 3CH23 3C6H43 < 3O3 3C6H43.

The relatively low heat resistance of PABI with
a bridging methylene chain is probably due to in-
sufficient conjugation with the benzimidazole sys-
tem and insufficient degree of polymer cyclization.
The copolymers with an oxygen bridge are the most
heat-resistant. As expected, the polymer contain-
ing no bridging groups between aromatic rings is
more heat-resistant than the polymers studied in this
work, but its solubility drastically decreases [6].

To gain insight into the degradation mechanism,
we studied the thermolysis of PABIs by pyrolytic gas
chromatography. The gaseous degradation products
were assigned to specific macromolecular fragments.
Chromatographic curves (Fig. 2) show that the primary
gaseous degradation product is hydrogen. The rela-
tively low temperature of hydrogen evolution from
the majority of PABIs is mainly due to the lability of
the hydrogen atom in the benzimidazole group. Pre-
sumably, the polymer is cross-linked in this stage via
the nitrogen atom of the benzimidazole ring with evo-
lution of hydrogen and low-molecular-weight side
products [7]. This assumption is confirmed by the re-
sults of thermal analysis (see above). The evolution of
carbon dioxide is due to hydrolysis of amino amide
structures with the formation of carboxy groups, fol-
lowed by their decarboxylation. The increase in the
content of carbon oxides suggests decomposition of
the linear fragments of the macromolecules and cleav-
age of bridging bonds with release of volatile degrada-
tion products and polycyclization of the polymer. On
further heating, minor amounts of CO2, CH4, C2H4,
ammonia, and cyano compounds are detected, sug-
gesting decomposition of aromatic and heterocyclic
fragments of the copolymer.

CONCLUSION

The synthesized polyamidobenzimidazoles have
high molecular weight, high heat resistance, and good
mechanical characteristics and exhibit film-forming
properties. These characteristics depend on the struc-
ture of the monomeric units and molar ratio of the ini-
tial monomers. Being the most heat-resistant, the co-

Fig. 1. TG curves for PABIs. (a) Equimolar ratio of com-
ponents; (1) TADPE3DPI3CL, (2) TADPM3DPI3CL, and
(3) TADPE3DPA3CL. (b) (1) TADPE3DPI3CL, molar ratio
0.8 : 0.8 : 0.2; (2) the same, 0.4 : 0.4 : 0.6; (3) TADPM3

DPI3CL, 0.4 : 0.4 : 0.6; and (4) TADPM3DPA3CL, 0.6 :
0.6 : 0.4. (Dm) Weight loss and (T) temperature.

Fig. 2. Release of gaseous products in pyrolysis of PABI
of composition TADPM3DPI3Cl, 0.4 : 0.4 : 0.6: (1) H2,
(2) CO2, (3) CO, (4) CH4, and (5) C2H4. (N) Amount of
volatile degradation products and (T) temperature.

polymers derived from 3,3`,4,4̀-tetraaminodiphenyl
ether and diphenyl isophthalate are of practical in-
terest.
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Abstract-Complexation of various complementary polymers and the flocculating power of the resulting
complexes were studied. Regression equations adequately describing the recovery of phenol by polymeric
complex reagents are presented.

Polymer complexes are the products of interaction
of complementary polymers. They possess specific
physical and mechanical properties that strongly dif-
fer from those of the initial polymers. The operation
stability of polymer complexes determines their wide
use as ion exchangers, soil structuring materials,
supporting compounds and membranes for medicine
purposes, and high-performance flocculants.

In this work, the interaction in binary systems of
dissimilar polymers and the flocculating power of
the resulting complexes was studied with the aim to
develop high-performance macromolecular reagents
for pretreatment of wastewater of complex composi-
tion with toxic components, produced in base organic
synthesis.

In our tests we used a modified ampholytegelatin-
phthaloylgelatin [PG, molecular weight (60380)0
104)], nonionic polyethylene oxide (PEO, 90 105),
proksanol (PR, 30 103), and cation-active polymer
VPK-402 (1.10 106), which show high-performance
in water treatment [1, 2].

Data on complexation and prevailing binding mech-
anism in the PG3PEO, PG3PR, and PG3VPK systems

were obtained by viscometry, conductometric titration
of isomolar series, and IR spectroscopy.

The viscosity and conductometric characteristics
of individual compounds and their binary systems
were measured by common procedures at 25oC using
0.131.0% solutions of macromolecular compounds
(MMCs). First, we compared the results of the above
measurement with the theoretical (additive) depen-
dences that would be observed in the absence of spe-
cific interaction in the systems. As a result, certain
deviations between the experimental and theoretical
data were observed suggesting the formation of as-
sociates. The ranges corresponding to maximum ex-
tent of complexation between the polymer reagents
were determined using the procedure proposed in [3]:
the relative viscosities or electrical conductivities cor-
responding to the additive curve were taken as uni-
ty, and then the experimental results were converted
into relative quantities (h/Sh or c/Sc ).

For each polymer pair, dependences of the above
parameters on the MMC content were recorded
(Figs. 1a31c). The experimental viscosity and elec-
trical conductivity in the binary systems differ from
the additive values, which indicates intermolecular

Fig. 1. Reduced electrical conductivityc/Sc and viscosityh/Sh in the (a) PG3PEO, (b) PG3PR, and (c) VPK3PG binary systems
as influenced by variations in the system composition.
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the association with the formation of polymer com-
plexes in these systems.

As seen from Fig. 1a, polymer complexes are
formed in the PG3PEO system in a wide concentra-
tion range (20380 wt %). Almost similar dependence
is observed for the dependence of the electrical con-
ductivity; a minimum in this parameter is observed
in the same concentration region.

Proxanol and PG form polymeric complexes in al-
most the entire concentration range (Fig. 1b), but
the strongest and most stable complexes are formed
at PR : PG = 86 : 14. The minimum in the viscosity
curve corresponds toh/Sh = 0.56, i.e., a nearly two-
fold decrease in the solution viscosity (as compared
with the theoretical data) is observed, which suggests
they formation of stable associates in this system. The
significant increase in the electrical conductivity in the
system is probably due to an increase in the uncom-
pensated charge of phthaloylgelatin macromolecules
in complexation of proksanol with modified gelatin.

As seen from Fig. 1c, in the VPK3PG binary sys-
tem, the viscosity (h/Sh = 0.47) and the electrical
conductivity (c/Sc = 0.63) change most significantly
suggesting the strongest, among the systems studied,
interaction between the components. Complexation
also proceeds in a wide concentration range. The most
stable complexes are formed in a narrow PG : VPK
range (80390) : (20310), which is confirmed by the
conductivity data and suggests a compact structure
of macromolecular globules of the given polymeric
complexes.

An IR study allowed us to analyze the nature of
the forces stabilizing the structure of the polymer
complexes.

The intermolecular interaction of the polar groups
of polyampholyte, polyethylene oxide, and proksanol
molecules via hydrogen bonds is a decisive factor in
the formation of associates between modified gelatin
and nonionic polymers. This is confirmed by the IR
spectra of the polymer complexes and starting com-
pounds, which are strongly different in the regions of
stretching vibrations of theÄNH and ÄOH bonds. In
the 360033300 cm31 range, the IR spectrum of PG
exhibits a strong band at 3315 cm31 and the stretch-
ing vibrations of the terminal hydroxy groups in
PEO and PR appear as broad weak bands at 3390 and
3370 cm31, respectively.

In the case of PG and nonionic VPK complexes,
the n(OH, NH) band is shifted by nearly 30 cm31 to
higher frequencies as compared with the spectrum of
PG, whereas the vibrations of terminal OH groups in

associates with PG are shifted to lower frequencies in
comparison with PEO and PR by 28 and 50 cm31, re-
spectively. This suggests the formation of a new sys-
tem of hydrogen bonds in the binary systems, which
confirms the structure formation via intermolecular
hydrogen bonds. It should be noted that these bonds
are weaker than the hydrogen bonds in the PG mac-
romolecule and stronger as compared with PEO and
PR. Oxygen atoms of the carbonyl and ether groups
of polymeric macromolecules are also involved in
macromolecule binding, which is confirmed by changes
in the shape of the absorption bands of the CÍO and
CÄOÄC stretching vibrations in the spectra of polymer
complexes.

In the PG3VPK system, another mechanism of mac-
romolecule binding is preferable. Apparently, electro-
static forces play a significant role in the formation
of polymer structures in a wide range of component
ratios, and the hydrophobic interactions additionally
stabilize the resulting complex.

The flocculating power of the copolymers was
studied by the known procedure in flow-type aerated
apparatus including the units for preliminary clarifica-
tion and biological purification [1]. The tests were
carried out using real industrial wastewaters and slurry
suspension under conditions close to those of the in-
dustrial process.

The performance of the polymer complexes in
the treatment of industrial wastewater was evaluated
with respect to phenol (which is the main biological
toxin) and calculated as the ratio of the difference
between the content of phenols in the wastewater
after biological treatment and after preliminary clari-
fication to the content of phenols in the initial wastes
(control sample).

To evaluate the mutual influence of various poly-
mers and the effect of the degree of the wastewater
contamination on the quality of water purification
with respect to the control sample, we performed
a mathematical processing of the experimental results.
Taking into account the complex and unstable com-
position of the industrial wastewater, a regression
equation in the form of a second-order polynomial
was used as a mathematical model:

y = b0 + S bj xj + S S bj1xj x1 + S bjj xj
2,

j = 1 j = 1

k k 3 1

l = j + 1

k

j = 1

k

y = b0 + S bj xj + S S bj1xj x1 + S bjj xj
2,

j = 1 j = 1

k k 3 1

l = j + 1

k

j = 1

k

wherey is the efficiency of wastewater purification to
remove phenol (%),bj are the coefficients of the re-
gression equation, andxj are the concentrations of
phenol in the initial sample or those of the corre-
sponding flocculants (mg l31).
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Table 1. Coefficients of the regression equationy = b0 + b1cPG + b2cMMC + b3xP + b11c
2
PG + b22c

2
MMC + b33x

2
P +

b12cPGcMMC + b13cPGxP + b23cMMC xP
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Floc- ³ Coefficient ³
R, %ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´culating ³ ³

agent ³ b0 ³ b1 ³ b2 ³ b3 ³ b11 ³ b22 ³ b33 ³ b12 ³ b13 ³ b23 ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
PG3PEO ³ 13.0 ³ 8.78 ³ 30.338³ 318.5 ³ 30.312³ 0.186³ 2.29 ³ 31.25 ³ 0.628³ 1.68 ³ 79.1
PG3PR ³ 7.85 ³ 311.0 ³ 5.84 ³ 13.7 ³ 2.35 ³ 0.778³ 30.735³ 31.08 ³ 30.206³ 31.96 ³ 58.7
PG3VPK ³ 16.3 ³ 4.23 ³ 16.6 ³ 32.40 ³ 30.18 ³ 34.30 ³ 0.030³ 31.00 ³ 0.177³ 0.408³ 74.7
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

The results of mathematical processing of the ex-
perimental data are listed in Table 1.

Analysis of the resulting dependences and deter-
mination coefficients shows fair convergence of the
experimental and theoretical values (coefficient of
regressionR in Table 1).

Since the target function is determined by three
variables, the mutual effect of the decisive factors was
analyzed using they = f (ci , cj ) surfaces at fixed third
parameter.

The most complex dependence was plotted for the
PG3VPK binary composition (Fig. 2a). These results
suggest the decisive role of the polymeric ampholyte;
with increasing concentration of this compound in
the complex reagent, the efficiency of phenol recovery
grows significantly. As for the effect of cation-active
VPK, the maximum efficiency with respect to phenol
is attained at medium concentrations of the cationic
flocculant in the polymeric reagent. Further increase
in its concentration impairs the performance of the
binary system.

The dependences plotted in Figs. 2b and 2c il-
lustrate mutual effect of a given reagent and the initial
concentration of phenol (toxicant) on the quality of
purification of wastewater treated with PG3VPK bi-
nary system. The resulting dependences have a rath-
er complex saddle shape and confirm the above con-
clusions on the decisive role of modified gelatin and
insignificant effect of VPK (Fig. 2a). With increas-
ing phenol concentration in the wastewater (within
the limits of the emergency discharge), the recovery
of the toxicant is enhanced, which is obviously due to
the increase in the probability of contact between the
binary flocculant and phenol molecules.

The binary systems based on PG and nonionic poly-
mers of various molecular weights exhibit an anal-
ogous effect of the polyampholyte and phenol con-
centrations on the quality of the purified water. At

the same time, the surfaces obtained for these systems
are less complex in shape and smoother.

Fig. 2. Mutual effect of (a) modified gelatin and cation-
active polymer, (b) modified gelatin and phenol, and
(c) cation-active polymer and phenol on the efficiency
E of phenol recovery. Concentration of (a) phenol, (b)
VPK, and (c) modified gelatin 5 mg l31.
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Table 2. Comparison of experimental and theoretical results
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Optimal charge, mg l31 ³ Optimal ratio ³ Efficiency, %
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄFloc-
³ ³ ³ ³ calculation ³ ³
³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³

culant
³ experiment ³ calculation³ experiment ³ ³ experiment calculation
³ ³ ³ ³ model ³ complexation³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
PG3PEO ³ 7310 ³ 7 ³ 4 : 136 : 1 ³ 4 : 136 : 1 ³ 4 : 136 : 1 ³ 57364 ³ 60
PG3PR ³ 12313 ³ 10312 ³ 1 : 133 : 1 ³ 1 : 133 : 1 ³ 1 : 6 ³ 40355 ³ 45350
PG3VPK ³ 10 ³ 839 ³ 4 : 136 : 1 ³ 4 : 137 : 1 ³ 4 : 137 : 1 ³ 35338 ³ 40
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

The data presented in Table 2 confirm the feasi-
bility of using the obtained mathematical models to
predict the degree of decontamination to remove the
most toxic component with polymeric complex floc-
culants from wastewater formed in base organic syn-
thesis taking into account the initial degree of the
wastewater contamination.

As seen, such principal parameters as optimal
charges and component ratio in the polymer reagents,
ensuring their maximum flocculating power, are con-
sistent with the experiment for the systems studied.

Comparison of the optimal component ratios in
the binary reagents, determined experimentally in
a study of complexation and theoretically (from the re-
gression analysis), shows that the efficiency of floc-
culants is the highest at the ratios corresponding to
the formation of the most stable polymeric complexes.

The only exception is the PG3PR system. This is
probably due to an increase in the uncompensated
charge of PG macromolecules in the course of com-
plexation with PR (Fig. 1b), which deteriorates the
conditions of phenol recovery. The increase in the con-
tent of the polyampholyte improves the efficiency
of the complex reagent, which is probably due to
the growing concentration of active centers form-
ing hydrogen bonds with proton-donor compounds.
The presence of intermolecular hydrogen bonds pro-
viding interaction between the binary reagent and
phenol with its subsequent recovery from wastewater
is confirmed by IR data; it was found that new hy-
drogen bonds are formed in the complex reagent3
phenol system.

As seen from Table 2, the polymeric flocculant
based on PG and PEO exhibits the highest efficiency.
The use of low-molecular-weight nonionic and cation-
active polymers significantly decreases the flocculat-
ing power of the complex reagents.

Comparison of the results for the PG3PEO and
PG3PR binary systems reveals the contribution from

the molecular weight of components of the complex
flocculant. As seen, low-molecular-weight PR de-
creases the flocculating power of the binary reagent
by 10315% on the average [4].

Despite the rather close molecular weights of the
complexes of PG with PEO and VPK (similar condi-
tions of complexation, comparable molecular weights
of nonionic and cation-active polymers), the PG3VPK
system exhibits lower flocculation efficiency. This
is probably due to the predominant mechanism of
phenol binding with copolymer associates.

With account taken of the composition, structure,
and nature of macromolecular compounds forming in-
terpolymer complexes, it is obvious that the binary
flocculant based on PG and PEO possesses a greater
number of proton-donor and proton-acceptor groups,
not involved in the polymer-polymer interaction and
forming intermolecular bonds with wastewater com-
ponents, in particular, phenol. These are carboxy,
hydroxy, amido, and other groups of modified gelatin
and ether groups of polyethylene oxide. The replace-
ment of a nonionic polymer by a cation-active one
makes lower the efficiency of interaction of the re-
sulting copolymer and phenol because of the decrease
in the number of the active centers capable of hydro-
gen bonding.

EXPERIMENTAL

The viscosity of the polymer solutions was meas-
ured on a Ubbelohde viscometer with a capillary di-
ameter of 0.73 or 0.86 mm.

To prepare a solution of a macromolecular floc-
culant, a weighed portion of a polymer was added
to a required volume of water and the mixture was
agitated with a magnetic stirrer at a rate of no more
than 200 rpm. Before measurements, the solutions
were filtered through a coarse glass filter.

The conductometric parameters were measured on
a P-5021 ac potentiometer, an F582 unit (zero reader),
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in a special conductometric cell with a 0.6-mm dis-
tance between platinum electrodes (1 cm2 area).

The mathematical processing of the results was
done using a STATGRAPHICS Plus 3.0 software.

CONCLUSIONS

(1) Phthaloylgelatin3polyethylene oxide, phthaloyl-
gelatin3proksanol, and phthaloylgelatin3VPK binary
systems are promising for water treatment to decrease
the toxicity of wastewater produced in base organic
synthesis.

(2) Simulation of the processes of phenol recovery
by polymeric complex flocculants allows formulation

of recommendations on use of the given flocculants
to cope with real emergency discharges of phenol.
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Abstract-Graft polymerization of glycidyl methacrylate to polycaproamide fiber, initiated by the highly
effective redox system Cu2+

3H2O2, was studied. The kinetic parameters affecting the yield of grafted
polyglycidyl methacrylate and the efficiency of the graft polymerization were determined.

Analysis of the existing procedures for preparing
new polymeric fibrous materials and the possibilities
of controlling their physicomechanical and chemical
properties shows that graft polymerization is
a promising procedure for production of manmade (in
particular, polycaproamide, PCA) fibers [133]. Modi-
fication of a PCA macromolecule with glycidyl meth-
acrylate (GMA) containing reactive epoxy groups can
be a route to ion-exchange fibers; therefore, devel-
opment of an efficient process for modification of
PCA fiber is of practical interest. The use of GMA
in emulsion polymerization of the monomer makes
fiber production environmentally appropriate; the pro-
cess is sufficiently fast and does not involve homo-
polymer formation, which is typical of the emulsion
polymerization [4].

Our goals were to improve the existing procedures
[1] for preparing polycaproamide graft copolymers

(PGCs) and to find the best conditions for grafting
GMA to PCA. The main parameters of graft polymer-
ization of PCA and GMA in the presence of the re-
dox system Cu2+

3H2O2 are the concentration of the
monomer and components of the redox system, and
the polymerization temperature and time.

Graft polymerization can be apparently represented
by the following scheme. The redox reaction between
copper ions and hydrogen peroxide generates

.
OH

radicals whose reaction with PCA yields long-lived
macroradicals initiating graft polymerization [1].

The influence of the GMA concentration on the
amount of grafted polyglycidyl methacrylate (PGMA)
and on the monomer conversion was studied in the
range of GMA concentrations 0.24316.5 M. Graft
polymerization was performed in emulsion, with poly-
vinyl alcohol (0.1%) as emulsifier:

ÄÄÄÄÄÄÄÄÄÄ

[NHCH(CH2)4CO]n
.

+ mCH2ÄCHCH2OC(O)ÄCÍCH2 6
QSO

[NHCH(CH2)4CO]n .
|

|

CH2ÄC]m
|

CH3

|
CH2ÄCHCH2OCÍO
QSO

[NH(CH2)4CO]n + OH 6 [NHCH(CH2)4CO]n ,
. .

|CH3

ÄÄÄÄÄÄÄÄÄÄ

We found that graft polymerization isfast in the ini-
tial stage (Table 1). Raising the monomer concentra-
tion above 2.35 M is not appropriate, because the
amount of PGMA increases insignificantly. Based on

the data obtained in the [GMA] range from 1.2 to
2.35 M and using the procedure described in [5], we
calculated the reaction order with respect to the mono-
mer to be 1.93. This value is somewhat higher than
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the values typical of heterogeneous polymerization,
which is probably due to the capture of the macrorad-
icals by the polymer phase [4].

At present, PGCs are prepared using redox systems,
with initiation based on addition of one of the com-
ponents to the PCA macromolecule. This method en-
sures very high efficiency of graft polymerization,
because the peroxy compound decomposes either at
the fiber itself or in its close vicinity. As a result,
an active polymeric center is generated, at which graft
polymerization of various monomers subsequently oc-
curs [1]. Experiments at varied H2O2 concentration
confirmed the trend revealed in studies of graft poly-
merization [6, 7]: with increasing [H2O2], the amount
of the graft polymer first increases and then, after
reaching a maximum, decreases drastically, which
is probably due to participation of H2O2 in termina-
tion of the growing PGMA chains. The kinetic param-
eters of graft polymerization with the redox system
are listed in Table 2. These data suggest that copper
ions catalyze graft polymerization. Without copper,
grafting does not occur, and, even at a copper con-
centration as low as 0.0049 M, the reaction rate is
2.30 1034 mol l31 s31, and the amount of grafted
PGMA, 22 wt %. The reaction rate is higher with the
initiating system Cu2+

3H2O2, compared with the known
initiating system Fe2+

3H2O2 [8]. It should be noted
that, with increasing [Cu2+], the initial rate grows by
a factor of 2.7, to 6.10 1034 mol l31 s31. The calcu-
lated reaction orders with respect to hydrogen per-
oxide and copper are somewhat lower than those in
heterogeneous polymerization. This is probably due to
the fact that the constants of chain transfer to the
monomer are low and the escape of radicals from
particles is insignificant; however, our results agree
with data in [9].

A study of the graft polymerization in relation
to temperature showed that at 0360oC the yield of
grafted PGMA is as low as 0.1 wt %, whereas at 70oC
it becomes as high as 43 wt %.

The kinetic data in Table 3 show that graft poly-
merization initially occurs at a high rate in the exam-
ined temperature range. For example, the initial poly-
merization rate is 0.60 1034 at 62oC, and as high as
7.40 1034 mol l31 s31 at 70oC, with simultaneous in-
crease in the yield of PGMA to 43 wt %.

The kinetic curves obtained in studing the temper-
ature dependence of the reaction rate were used to cal-
culate the activation energy of heterophase graft poly-
merization, found to be equal to 53.33 kJ mol31, which
is typical of radical graft polymerization based on
chain transfer from the low-molecular-weight radical

Table 1. Influence of GMA concentration on parameters
of graft polymerization*
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

³ Amount ³
Monomer

³ Initial

[GMA],
³ of grafted ³

conversion
³ rate of

M
³ PGMA ³ ³ polymerization
ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´³ ³ vp 0 104,
³ wt % ³ mol l31 s31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
0.3 ³ 5.3 ³ 14.0 ³ 0.5
1.2 ³ 17.0 ³ 7.4 ³ 1.6
1.8 ³ 19.1 ³ 6.9 ³ 4.3
2.35 ³ 34.5 ³ 8.9 ³ 9.2
5.9 ³ 46.5 ³ 10.0 ³ 9.7

11.8 ³ 46.4 ³ 3.6 ³ 9.7
16.5 ³ 46.5 ³ 2.2 ³ 9.8

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* Reaction conditions: initiation with H2O2 (0.08 M)3Cu2+

(0.018 M) at 60oC, t = 50 min; grafting at 70oC, t = 60 min,
bath ratio 30.

Table 2. Influence of the content of the redox system
components on the kinetic parameters of graft polymeriza-
tion of GMA*

ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ ³

Amount
³
vp0104³vp

max
0104³ReactionCom-³ Con- ³

of
³ ³ ³ order

³ ³ ÃÄÄÄÄÄÁÄÄÄÄÄÄÄ´
ponent³ centra-³

grafted
³ ³ withof ³ tion, ³

PGMA,
³ ³ respectredox³ M ³ ³ mol l31 s31 ³to com-system³ ³ wt % ³ ³ ponent

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
H2O2 ³ 0.0098³ 11 ³ 12 ³ 3.8 ³ 0.71

³ 0.078 ³ 15 ³ 1.8 ³ 4.3 ³
³ 0.118 ³ 30 ³ 3.5 ³ 8.1 ³
³ 0.198 ³ 35 ³ 6.1 ³ 11 ³

Cu2+ ³ 0 ³ 0 ³ 0 ³ 0 ³ 0.2
³ 0.0049³ 22 ³ 2.3 ³ 7.8 ³
³ 0.01 ³ 24 ³ 2.6 ³ 9.1 ³
³ 0.018 ³ 37 ³ 6.1 ³ 12.9 ³

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Reaction conditions: initiation at 80oC, t = 60 min; grafting

at [GMA] = 2.35 M, 80oC, t = 60 min, bath ratio 30.

Table 3. Influence of polymerization temperatureTp on
parameters of graft polymerization
ÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ

³ Amount of grafted PGMA, ³vp0 104³vp
max

0 104

³ ÃÄÄÄÄÄÁÄÄÄÄÄÄÄT,
³ wt %, at indicated ³

oC
³ reaction time, min ³

mol l31 s31ÃÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄ´
³ 20 ³ 40 ³ 60 ³ 80 ³100³120³

ÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÄ
62³ 2.3³ 3.6³ 5.6³ 5.6³ 6 ³ 6 ³ 0.6 ³ 1.5
65³ 6.1³19 ³24 ³25 ³ 26 ³ 26 ³ 3.7 ³ 6.3
70³19 ³35 ³41 ³42 ³ 43 ³ 43 ³ 7.4 ³ 12.3
ÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Reaction conditions: initiation with H2O2 (0.08 M)3Cu2+

(0.018 M), 80oC; grafting at [GMA] = 2.35 M, bath ratio 30.
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Table 4. Influence of the time of graft polymerization on
the amount of graftedPGMA
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Amount of grafted PGMA, wt %,

t, min ³ at indicated GMA concentration, M
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ 1.175 ³ 1.76 ³ 2.35

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
0320 ³ 2.6 ³ 15.2 ³ 19.2

20340 ³ 3.2 ³ 30.1 ³ 36.7
40360 ³ 4.9 ³ 34.7 ³ 40.2
60380 ³ 5.1 ³ 36.0 ³ 45.0
803100³ 5.2 ³ 36.1 ³ 45.0

1003120³ 5.3 ³ 36.0 ³ 45.1
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Reaction conditions: initiation with H2O2 (0.08 M)3Cu2+

(0.018 M), 80oC; grafting at 70oC, bath ratio 30.

to the polymer [9]. Data in Table 4 show that graft
polymerization decelerates with time and fully stops
in 80 min.

EXPERIMENTAL

Polycaproamide in the form of staple fiber (1 g)
was placed in a flask equipped with a reflux conden-
ser and was activated with the Cu2+

3H2O2 redox sys-
tem. For this purpose, PCA was treated with a 0.0983

0.198 M aqueous solution of H2O2 in the presence of
030.018 M Cu2+ at 503100oC for 10390 min. Cop-
per(II) was taken in the form of sulfate. The bath ratio
was 30. Activated PCA was thoroughly washed with
water for 60 min to remove excess H2O2 and copper
salts. The washing completeness was checked by anal-
ysis for active oxygen.

Then PCA was treated with a 0.3316.5 M emul-
sion of GMA in a flask equipped with a reflux con-
denser for 103120 min at 60380oC. The amount of
the grafted polymer was determined gravimetrically
and calculated from the content of epoxy groups.
The overall activation energy was calculated from
the temperature dependence of the rate constant.

CONCLUSIONS

(1) The main features of graft polymerization of
glycidyl methacrylate and polycaproamide fiber in
the presence of the redox system Cu2+

3H2O2 were
determined.

(2) Under the optimal conditions, the maximal
amount of the grafted polyglycidyl methacrylate is
46.5% and no homopolymer is formed.

REFERENCES

1. Zheltobryukhov, V.F., Development of Technological
Principles and Semicommercial Implementation of
the Process for Production of Graft Polycaproamide
Copolymers,Doctoral Dissertation, Volgograd, 1987.

2. Druzhinina, T.V. and Druzhinin, S.I.,Khim. Volokna,
1995, no. 5, pp. 7311.

3. Smirnova, N.V. and Gabrielyan, G.A.,Khim. Volokna,
1995, no. 1, pp. 27330.

4. Ivanchev, S.S.,Radikal’naya polimerizatsiya(Radical
Polymerization), Leningrad: Khimiya, 1985.

5. Toroptseva, A.M., Belogorodskaya, K.V., and Bonda-
renko, V.M. Laboratornyi praktikum po khimii i tekh-
nologii vysokomolekulyarnykh soedinenii(Laboratory
Manual on Chemistry and Technology of Macromolec-
ular Compounds), Leningrad: Khimiya, 1972.

6. Andrichenko, Yu.D., Druzhinina, T.V., and Bonda-
renko, G.N.,Khim. Volokna, 1994, no. 3, pp. 17320.

7. Rogovin, Z.A. and Gal’braikh, L.S.,Khimicheskie
prevrashcheniya i modifikatsiya tsellyulozy(Chemical
Transformations and Modification of Cellulose), Mos-
cow: Khimiya, 1979.

8. Zaikov, V.G., Druzhinina, T.V., and Gal’braikh, L.S.,
Khim. Volokna, 1992, no. 3, pp. 11312.

9. Eliseeva, V.I., Ivanchev, S.S., Kuchasnova, S.I., and
Lebedev, A.V., Emul’sionnaya polimerizatsiya i ee
primenenie v promyshlennosti(Emulsion Polymeriza-
tion and Its Use in Industry), Moscow Khimiya, 1976.



1070-4272/01/7404-0681 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 4,2001, pp. 6813686. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 4,2001,
pp. 6603666.
Original Russian Text CopyrightC 2001 by Bazarnova, Chubik,Khmel’nitskii, Galochkin, Markin.

MACROMOLECULAR CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND POLYMERIC MATERIALS

Carboxymethylated Wood as a Chemical Reagent
for Preparation of Drilling Fluids

N. G. Bazarnova, P. S. Chubik, A. G. Khmel’nitskii, A. I. Galochkin, and V. I. Markin

Altai State University, Barnaul, Russia

Tomsk Polytechnic University, Tomsk, Russia

Vorozhtsov Novosibirsk Institute of Organic Chemistry, Siberian Division, Russian Academy of Sciences,
Novosibirsk, Russia

Received April 12, 2000; in final form, July 2000

Abstract-Properties are studied of drilling solutions modified with carboxymethylated wood prepared by
the suspension method under various conditions. Carboxymethylated wood is recommended as a chemical
reagent for modification of drilling fluids.

Carboxymethyl cellulose (CMC) was one of the
first cellulose-based chemical reagents for modifica-
tion of drilling fluids. Presently it is a cellulose ether
the most widely used for this purpose [1, 2].

Carboxymethyl cellulose sodium salt (NaCMC)
(anion-active polymer) is adsorbed on clays. Even
at low concentrations of NaCMC (especially with
NaCMC having higher molecular weight, and con-
sequently, higher viscosity) filtration can be markedly
reduced. Low-viscosity NaCMC is used to reduce
filtration of drilling fluids of very high density,
and medium-viscosity NaCMC is added to drilling
solutions with ordinary concentration of the solid
phase.

NaCMC suspensions have the property of shear
thinning, they possess high relative viscosity at very
low shear rate. Similarly to other polymer suspensions,
NaCMC suspensions have relative viscosity decreas-
ing with increasing temperature. The efficiency of
NaCMC as an agent reducing the filtration and in-
creasing the viscosity decreases with increasing salt
concentration. Some of Ca-containing drilling fluids
are thinned out by adding small amount of NaCMC.
Carboxymethyl cellulose shows strong effect in neu-
tral and weakly basic solutions (pH 6.039.0), but is
low-efficient in acidic media. NaCMC precipitates at
pH < 6 and coagulates at pH > 9.0 [3].

Addition of NaCMC favors better operation of rock
cutting tools, increases boring speed and headway per
drill bit, and improves mud pumping. Carboxymethyl

cellulose is compatible with most of drilling reagents,
providing a synergistic effect. Only chromates, are
practically incompatible with NaCMC, being strong
oxidants (in the presence of chromates, NaCMC un-
dergoes oxidative degradation, especially at elevated
temperatures).

Thermal degradation of carboxymethyl cellulose
can be inhibited by adding phenol, aniline, amine hy-
drochloride, or other compounds. In this case, the clay
solution preserves its characteristics up to 1803190oC.
However, simultaneous use of several clay suspension
inhibitors (to provide synergistic effect) has a number
of drawbacks, such as increased consumption of in-
hibiting reagents (up to 100% relative to the NaCMC
weight) and filler, difficulties in transportation (es-
pecially in winter time), and high toxicity of phenol-
containing inhibitors. The protecting effect of the in-
hibitors is based on their preferential oxidation, com-
pared with NaCMC [4], as it has been clearly de-
monstrated for the example of oxidation of phenol
fragments of lignin in separation of cellulose from
wood by the oxygen3alkaline method, studied with
model compounds [5]. It has been shown that it is pos-
sible to overcome in part the indicated problems and
to improve the inhibiting effect of phenol if NaCMC
is synthesized in its presence [6, 7]. Note also that
such synthetic reagents as Karbofen (based on phenol)
and Karbanil (based on aniline and urea) improve the
thermal and salt resistance of drilling fluids.

Among lignin-based chemical reagents used in dril-
ling, mention can be made of Sunil. It is synthesized
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Table 1. Conditions of synthesis and characteristics of aspen wood carboxymethylation products in reactor mixer
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Sample ³Liquid-to-solid ratio³ t1, h ³ T1, oC ³ t2, h ³ T2, oC ³ CMG, g ³ S, % ³ hrel
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
CMD-1 ³ 0.7 ³ 2 ³ 65 ³ 1.0 ³ 65 ³ 18.3 ³ 92 ³ 1.08
CMD-2 ³ 0.6 ³ 4 ³ 55 ³ 0.5 ³ 55 ³ 19.9 ³ 89 ³ 1.04
CMD-3 ³ 0.5 ³ 3 ³ 60 ³ 0.5 ³ 60 ³ 16.8 ³ 92 ³ 1.03
CMD-4* ³ 1.7 ³ 1 ³ 45 ³ 0.5 ³ 45 ³ 19.9 ³ 86 ³ 1.05
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Preliminarily defibered sample.

by treatment of wood lignin with concentrated nitric
acid, followed by partial reduction of the introduced
nitro groups to amino groups with sulfite. Sunil pro-
vides a considerable decrease in the viscosity and gel
strength of drilling fluids. Additionally, Sunil de-
monstrates such useful properties as bio- and atmo-
sphere resistance.

In our opinion, synthesis of a carboxymethyl
derivative of wood without its preliminary decomposi-
tion, i.e., containing carbohydrate and aromaticfrag-
ments [8310], will combine in this reagent a set of
properties useful in its application as a modifier of
drilling fluids [11].

EXPERIMENTAL

Carboxymethylated aspen wood was prepared by
successive treatment of sawdust (0.430.7-mm frac-
tion) with NaOH and sodium monochloroacetate in
10-l SMKS-10 reactor mixer at a wood-to-NaOH-to-
sodium monochloroacetate ratio of 1.0 : 0.6 : 1.5.
The moisture content of the reaction mixture was
40%. The yield of the carboxymethylated product was
0.333 kg.

Carboxymethylation of wood in organic solvents
was carried out as follows. A weighed portion (10 g)
of sawdust (0.430.75-mm fraction) was placed in
a porcelain mortar and vigorously ground with a
pestle with 5.83 g of preliminarily crushed NaOH.
Then 70 ml of a solvent was added; the mixture was
triturated, placed in a reaction flask, and allowed to
stand at 80oC for 3 h. Then the reaction mixture was
transferred from the flask to a porcelain mortar, 2.4 g
of sodium monochloroacetate was added, and the con-
tent was thoroughly ground with a pestle to obtain
a homogeneous mass. The resulting mass was placed
in a reaction flask and allowed to stand at 40oC for
1 h. The resulting product was air-dried and then
washed with 96% ethanol. During washing, 90% ace-
tic acid was added to a negative reaction for alkali
(with phenolphthalein) and chloride (with silver
nitrate).

The solubility of the resulting carboxymethylated
products in water, relative viscosity of their alkaline
solutions, and content of carboxymethyl groups were
determined by the procedures recommended in [12].

The characteristics of drilling fluids [relative vis-
cosity (RV), plastic viscosity (PV), filtration index
(FI), yield point (YP), and gel strength (GS)] were
determined by the standard procedures used to test
drilling fluids [13].

The rheological properties of model drilling fluids
were studied with a Haake Viscotester VT550 rotary
viscometer. As model drilling fluids served aqueous
suspensions containing 8% bentonite clay (< 0.1-mm
fraction) and 0.3% of a chemical reagent (carboxy-
methylated aspen wood prepared in various organic
solvents).

Methods are known for carboxymethylation of cel-
lulose in the presence of minor amounts of water in
pug mills or reactor mixers [14]. In the present work,
we studied for the an example of aspen wood the pos-
sibility of carboxymethylation of lignocarbohydrate
materials in 10-l SMKS-10 reactor mixer. The condi-
tions of synthesis and characteristics of the products
are given in Table 1 (t1 andT1 are the alkaline treat-
ment time and temperature,t2 andT2 are the carboxy-
methylation time and temperature, CMG is the car-
boxymethyl group content,S is the solubility in water,
andhrel is the relative viscosity of alkaline solutions).

Properties of the products obtained in the reactor
mixer are close to those of the products obtained in
a laboratory homogenizer [15, 16]. The temperatures
of thermal treatment and carboxymethylation were
maintained obviously lower than those in [15, 16],
assuming that shear stress makes carboxymethylation
in a reactor mixer more efficient, which may result in
a considerable decrease in the sample viscosity at
higher temperatures.

Sample CMD-5 was obtained in aqueous alcohol
(isopropanol) solution under the following conditions:
liquid-to-solid ratio 13 (weight ratio of isopropanol to
water 4.3 : 1); alkaline treatment and carboxymethyla-
tion times 6 and 3 h, respectively (the total process
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Table 2. Results of testing of drilling fluids modified with chemical reagents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Drilling fluid composition, %³ Characteristics of drilling fluids
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

³ ³ ³ ³ ³ ³ ³ GS1 ³ GS10
³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄclay ³ reagent ³ RV, s ³ PV, mPa s³ YP, dPa ³

FI, cm3
³ pH ³

³ ³ ³ ³ ³
in 30 min

³ ³ dPa
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

8 ³ 3 ³ 16.5 ³ 3 ³ 3 ³ 22 ³ 9.4 ³ 0 ³ 0
16 ³ 3 ³ 19.0 ³ 6.09 ³ 17.05 ³ 15.0 ³ 7.8 ³ 1.72 ³ 2.31
8 ³ 0.56 CMC-Toros ³ 25.0 ³ 3 ³ 3 ³ 10 ³ 8.0 ³ 1.76 ³ 5.92

16 ³ 0.30 CMC-Toros ³ 114.5 ³ 19.36 ³ 73.20 ³ 11.0 ³ 8.3 ³ 82.9 ³ 146.4
16 ³ 0.30 CMC-600 ³ 59.0 ³ 14.60 ³ 60.75 ³ 10.0 ³ 8.3 ³ 10.9 ³ 13.91
16 ³ 0.30 CMD-1 ³ 20.0 ³ 7.48 ³ 21.43 ³ 16.0 ³ 7.3 ³ 12.1 ³ 15.88
16 ³ 0.30 CMD-2 ³ 19.5 ³ 6.31 ³ 34.45 ³ 12.0 ³ 7.3 ³ 21.5 ³ 27.49
16 ³ 0.30 CMD-3 ³ 19.0 ³ 6.02 ³ 28.67 ³ 12.5 ³ 7.4 ³ 9.8 ³ 13.99
16 ³ 0.30 CMD-4 ³ 19.0 ³ 6.43 ³ 28.93 ³ 13.5 ³ 7.5 ³ 12.9 ³ 17.01
16 ³ 0.30 CMD-5 ³ 22.3 ³ 10.53 ³ 8.51 ³ 13.5 ³ 8.2 ³ 6.8 ³ 17.20
8 ³ 0.56 CMD-5 ³ 17.5 ³ 3 ³ 3 ³ 15.5 ³ 8.0 ³ 0 ³ 0.44

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

time was 18 h, the carboxymethylation stage being
performed twice); and alkaline treatment and carboxy-
methylation temperatures 50oC. Characteristics of
CMD-5: carboxymethyl group content 18.9%, relative
viscosity 1.11, and solubility in water 93%.

The carboxymethylation products directly obtained
from wood contained carboxymethylated cellulose,
hemicelluloses, and lignin, as demonstrated by spec-
tral and chemical analysis. As characteristics of model
drilling fluids prepared on the basis of clay (the main
structure- and crust-forming component of drilling
solutions) we measured the relative viscosity, plastic
viscosity, filtration index, clay crust thicknessK, yield
point, gel strengths after 1 and 10 min (GS1 and
GS10, respectively), and pH, i.e., the most significant
properties influenced by addition of NaCMC. The re-
sults are given in Table 2.

Alkaline solutions of carboxymethylated wood ob-
tained by the suspension method in aqueous alcohol
medium show higher relative viscosity (1.11) as com-
pared with samples obtained at low liquid-to-solid
ratio in aqueous solutions under conditions of vigorous
mechanical agitation.

It should be pointed out that the solubility ofcar-
boxymethylated cellulose varies within 86393%. This
value is lower than that of commercial NaCMC (most-
ly having solubilitions of 983100%), which does not
deteriorate the performance characteristics of drilling
fluids modified with CMD.

The suitability criterion of drilling fluids is that
the gel strength should be higher than the stress pro-
vided by the mass of suspended particles of drill cut-
tings or a filler (clay). Otherwise these particles start

to precipitate when circulation of a drilling fluid in
a borehole stops. A general requirement to the struc-
tural mechanical properties of a drilling fluid is that
its structure should ensure stabilization of a suspen-
sion of drill cuttings under non-circulation condi-
tions. To characterize the evolution of the drilling
fluid structure strength in the course of time, the gel
strength is measured 1 and 10 min after the state of
rest is established.

Suspensions modified with CMD are weakly struc-
tured as compared with the dispersion medium (16%
clay suspension). The disperse phase particles weakly
interact each with other, forming no sufficiently stable
structures in the state of rest.

GS1 of drilling fluids modified with various CMDs
ranges from 6.80 (CMD-5) to 21.51 dPa (CMD-2),
which is considerably lower as compared with that
of drilling fluids modified with commercial reagent
CMC-Toros, being comparable in this parameter with
CMC-600.

For drilling fluids modified with any of CMD sam-
ples obtained, GS10 increases by about 334 dPa, ex-
cept in the case of CMD-5 (for this sample the rise
was about 10 dPa, which is comparable with that for
CMC-600). GS1 and GS10 of drilling fluids modified
with CMC-Toros are high, indicating that these fluids
are highly structured, i.e.,have a spatial structure with
high mechanical strength. Use of drilling fluids with
very strong structure, i.e., with high gel strength, de-
teriorates the conditions for drilling fluid treatment in
chutes to remove drill cuttings, and also results in
strongly fluctuating pressure on borehole walls during
running and pulling-out of a drill string. The pressure
differences caused by motion of a drill string across
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a well bore are the higher, the stronger the structure of
a drilling fluid in the borehole. During pulling-out of
a drill string, the pressure on borehole walls decreases,
which may result in distortion of the borehole stability
and also in gas (or oil) show or water development. In
running of a drill string, the pressure on the walls in-
creases, so that it may reach a value sufficient for
formation breakdown and lost return [17].

The most significant rheological characteristics of
drilling fluids are the relative viscosity, plastic vis-
cosity, and yield point.

In drilling, it is advisable to use a drilling fluid
with as low viscosity as possible, but having a suf-
ficiently high supporting power. A possible exception
from this rule are cases of large-size hole boring,
when the hole clearance cross-section is so high that,
even at the maximal slush pump delivery, it is impos-
sible to provide a return velocity sufficient for cutting
transport. A higher viscosity of drilling fluids may
improve the cutting transport.

The relative viscosity of CMD-modified drilling
fluids ranges from 17.5 to 22.3 s (RV of the initial
clay suspension 19 s), i.e., addition of CMD has vir-
tually no effect on this rheological parameter. By
contrast, CMC-Toros increases RV to 114.5 s, and
CMC-600, to 59.0 s, which impairs well-boring pa-
rameters.

The plastic viscosity of the initial 16% clay solu-
tion is 6.09 mPa s. For fluids modified withcar-
boxymethylated wood samples CMD13CMD-5 this
value is 6.0237.48 mPa s. Addition of CMD-5 in-
creases PV to 10.53 mPa s. The commercial reagents
increase PV of the clay suspension by a factor of 233
relative to the values obtained for the reagents pro-
posed in this work: PV of model fluid with CMC-600
is 14.60 mPa s, and with CMC-Toros, 19.36 mPa s.
Thus, again, the proposed carboxymethylated deriv-
atives of wood are preferable as regards this param-
eter.

The observed RV and PV of the carboxymethylated
reagents proposed may be lower, compared with the
known commercial reagents, for two reasons: (1) lower
degree of polymerization of the products and (2) lower
viscosity caused by the presence of carboxymethyl-
ated lignin in the composition of the CMDs. Modified
lignins (chlorolignin, Sunil, and Igetan) are widely
used, together with NaCMC, as additives to drilling
fluids acting as thinners of clay suspensions [3]. The
carboxymethylated wood products proposed in this
work are multifunctional, containing both the car-
bohydrate and aromatic fragments.

Addition of CMDs has a stronger effect on the
yield point of the initial clay suspensions: depend-
ing on a CMD sample, the initial value (17.05 dPa)
changes within the range from 8.51 (CMD-5) to
34.45 dPa (CMD-2). As seen, addition of CMD-5 con-
siderably (by a factor of 2) decreases the initial value.
The maximal increase in YP is observed with CMD-2.
Addition of CMC-600 or CMC-Toros makes YP a
factor of 334 higher, which is unfavorable in well-
boring too, since the yield point characterizes the
shearing resistance of the fluid, unlike the gel strength
reflecting the strength of the fluid structure in the state
of rest. Therefore, the greater the YP, the stronger
the resistance of the fluid to a well bore, which is ac-
companied by such unfavorable effects as gage wear,
increasing power consumption, etc.

It is well known that pH considerably affects the
properties of drilling fluids. The minimal viscosity of
the initial clay suspensions is observed at pH 8.539.5.
The optimal pH was demonstrated to be 9311. How-
ever, raising the pH of drilling fluids deteriorates
the stability of borehole walls built of a clay material
as a result of its disintegration, decreases the forma-
tion productivity because of the swelling of the clay
constituents of the formation material, and leads to
rapid corrosion of drill pipes made of light aluminum
alloys. The acidic medium accelerates corrosion of
steel drill pipes and other steel facilities operating in
contact with drilling fluids. The pH of drilling fluids
modified with CMD-13CMD-4 ranges from 7.25 to
7.50, which is somewhat lower than that of drilling
fluids with the known commercial reagents. The pH
of clay suspension modified with CMD-5 is 8.25,
which is comparable with that of drilling fluids mod-
ified with commercial reagents.

Thus, addition of carboxymethylated derivatives of
wood provides simultaneous decrease in the filtration
index, yield point, and gel strength of drilling fluids,
having practically no effect on their basic rheological
characteristics, such as the relative and plastic vis-
cosities. Commercial reagents CMC-600 and CMC-
Toros decrease the filtration index even more effi-
ciently, but, simultaneously, they initiate considerable
increase in all or nearly all of the rheological charac-
teristics (relative viscosity, plastic viscosity, yield
point) and structural mechanical properties of drilling
fluids. Therefore, carboxymethylated wood demon-
strates significant advantage over commercialCMC.
The reagents proposed in this work constitute a new
class of chemical reagents that can be used as mod-
ifiers of drilling fluids [11].

The majority of the methods for preparation of CMC
are based on treatment of alkaline cellulose in organic
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Table 3. Rheometric data for clay suspensions modified with carboxymethylated wood prepared in various organic
solvents and water (shear rate 72.53906.9 s31)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvent
³ Bingham3Shvedov model ³ Ostwald3de Waale model
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ YP, dPa ³ PV, mPa s ³ d, % ³ C, mPa s ³ n ³ d, %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Reagent: Sovetskaya CMC

3 ³ 101.209 ³ 14.312 ³ 2.9 ³ 2363.8 ³ 0.33 ³ 1.8

Reagent: CMD

Ethyl acetate ³ 105.46 ³ 15.52 ³ 1.9 ³ 2550.0 ³ 0.32 ³ 3.9
Water ³ 125.25 ³ 11.93 ³ 1.4 ³ 4631.6 ³ 0.23 ³ 3.4
Dimethyl sulfoxide ³ 128.41 ³ 14.13 ³ 2.1 ³ 4094.8 ³ 0.26 ³ 1.9
Acetone ³ 137.42 ³ 12.88 ³ 1.5 ³ 5010.2 ³ 0.23 ³ 2.4
2-Propanol ³ 140.50 ³ 14.98 ³ 2.6 ³ 5037.2 ³ 0.24 ³ 4.7
Benzene ³ 162.84 ³ 13.72 ³ 1.2 ³ 5949.1 ³ 0.22 ³ 1.7
1,4-Dioxane ³ 171.56 ³ 10.83 ³ 1.0 ³ 8868.5 ³ 0.15 ³ 3.6
n-Butanol ³ 183.17 ³ 13.85 ³ 1.9 ³ 8439.5 ³ 0.18 ³ 4.9
2-Methyl-1-propanol ³ 185.11 ³ 15.01 ³ 0.9 ³ 8179.2 ³ 0.19 ³ 4.7
Ethanol ³ 185.15 ³ 13.14 ³ 2.1 ³ 9452.3 ³ 0.16 ³ 5.8
Methanol ³ 186.87 ³ 11.02 ³ 1.1 ³ 9643.4 ³ 0.15 ³ 2.2
Chloroform ³ 212.69 ³ 11.74 ³ 1.0 ³ 11949.3 ³ 0.13 ³ 3.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Note: C is the consistency index,n is the non-Newtonian behavior factor, andd is the mean error of approximation of

experimental data by the rheological models.

or aqueous-organic solvents. In this work, we syn-
thesized carboxymethylated derivatives of aspen wood
in various organic solvents by the method described in
[10] and studied the rheological properties of clay sus-
pensions (8% bentonite clay in water) modified with
them. The reagent content was 0.3% in all experiments.

The dynamic viscosity was measured at various
shear rates with a Haake Viscotester VT550 rotary
viscometer. Figure 1 shows the yield point of the clay
suspension modified with carboxymethylated aspen
wood, prepared in various protic (Fig. 1a) and aprotic
solvents (Fig. 1b), as a function of the shear rate. For
comparison, data are given for a drilling fluid mod-
ified with 0.3% CMC-600. The shape of the curves

is similar in all the cases, despite that the properties
(solubility in water, content of carboxymethyl groups,
and relative viscosity of alkaline solutions) of the
carboxymethyl derivatives vary widely, depending
on an organic solvent in which they were prepared
[18].

The presented results show that all the model dril-
ling fluids demonstrate behavior typical of non-New-
tonian fluids. The systems studied are pseudoplastic,
since the yield point depends on the shear rate. It fol-
lows from a comparative analysis of the curves given
in Fig. 1 that the yield point grows more slowly with
increasing shear rate for carboxymethylated aspen
wood.

Fig. 1. Yield point t of bentonite clay suspensions modified with 0.3% carboxymethylated aspen wood, prepared in various
(a) protic and (b) aprotic solvents, vs. the shear rateg.
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Table 3 summarizes the rheometric data for clay
suspensions modified with carboxymethylated wood
prepared in various organic solvents and water.

The list of parameters characterizing the rheological
properties of drilling solutions is determined by selec-
tion of a theoretical model, i.e., an equation relating
the stresst to the deformation or shear rateg [18].

It follows from Table 3 that in most cases the rhe-
ological properties of the tested modified clay sus-
pensions are described more adequately by the Bing-
ham3Shvedov model.

For carboxymethylated wood samples obtained in
chloroform, 1,4-dioxane, methanol, and isopropanol,
the yield point is nearly constant over a wide range
of shear rates. Chemical reagents based on carboxy-
methylated aspen wood demonstrate a wider spectrum
of rheological parameters as compared withCMC,
which allows them to be recommended as modifiers
for drilling fluids used in gas and oil-well drilling.

CONCLUSIONS

(1) Carboxymethylated aspen wood reduces the
filtration index, gel strength, and yield point of
bentonite clay composites without changing their
elastic and relative viscosities, which allows use of
such composites for preparing drilling fluids.

(2) Rheological properties of clay suspensions mod-
ified with carboxymethylated aspen wood, obtained
in various organic solvents, can be described more
adequately in terms of the Bingham3Shvedov model.
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Abstract-Jet fuel containing less than 10 wt % arenes and aromatic petroleum solvents of the Nefras
AR-120/200 type was prepared by combination of arene extraction from the hydrorefined kerosene fraction
with the acetonitrile3pentane system, followed by concentration of arenes in the course of acetonitrile re-
generation from the extract phase, based on the formation of azeotropes of acetonitrile with saturated C93C10
hydrocarbons.

Environmentally clean jet fuels can be produced by
extraction of aromatic hydrocarbons and sulfur-con-
taining compounds with aqueous acetone with addi-
tion of pentane [1, 2]. Despite its relatively low selec-
tivity, acetone has significant advantahes as polar ex-
tractant: It does not form azeotropic mixtures with
feed components and can be readily regenerated by
distillation. Addition of water and pentane increases
the selectivity; however, in production of environmen-
tally clean jet fuels containing<10% aromatic hydro-
carbons, their concentration in the extract usually does
not exceed 85390 wt %.

One of the best ways to utilize extracts of middle
petroleum fractions is to produce such aromatic petro-
leum solvents as Nefras AR-120/200 and AR-150/330,
analogs of Solvesso and Cyclosol (petroleum naphtha)
[3]. These solvents are produced by catalytic reform-
ing of hydrorefined petroleum fractions, followed
by extraction of arenes, or by pyrolysis followed by
sulfuric acid refining of the pyrocondensate to re-
move unsaturated hydrocarbons [436]. It seems more
economically advantageous to produce aromatic pe-
troleum solvents by extraction of hydrorefined mid-
dle distillates without using power-consuming catalyt-
ic or high-temperature processes. The main problem
is how to ensure the required high concentration of
arenes in the product: In Nefrases and their analogs
the content of arenes is, as a rule, no less than 98 wt%
[4, 7]. The requirements to petroleum naphthas are
less stringent: 96 wt % according to GOST (State

Standard) 10214378 and 90 wt % according to TU
(Technical Specifications) 38001196379.

Our goal was to produce simultaneously the en-
vironmentally clean jet fuel containing<10 wt %
arenes and aromatic petroleum solvents containing
>98 wt % arenes from the hydrorefined kerosene frac-
tion by means of the extractive process.

As an extractant we chose the heterogeneous ac-
etonitrile3water3pentane system, successfully used
previously for extractive refining of the diesel fraction
[8]. Acetonitrile does not form azeotropic mixtures
with C9 arenes but forms them with saturated C93C10
hydrocarbons, which are components of the kerosene
fraction [9]. Saturated hydrocarbons remaining in
the extract must mainly include cycloalkanes and
C93C10 alkanes, which are better soluble in aceto-
nitrile than their higher-boiling homologs also present
in the kerosene fraction. This fact somewhat com-
plicates the flowsheet of acetonitrile regeneration from
the extract phase; on the other hand, it must lead to
higher content of arenes in the aromatic concentrate as
compared with the extract, since the major fraction of
saturated hydrocarbons will be removed as azeotropic
mixtures with acetonitrile.

As the feed we used the hydrorefined kerosene
fraction (1543220oC) from the Kirishinefteorgsintez
Production Association, with the following character-
istics: nD

20 = 1.4380; r4
20 = 0.781; content of arenes

14.0 wt %, including 13.2 wt % monocyclic arenes
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Table 1. Conditions of extractive refining of hydrorefined
kerosene fraction (5 TP, 25oC, 5 wt % water in acetonitrile)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run ³ Solvent : feed weight ratio
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄno. ³ acetonitrile ³ pentane

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 2 : 1 ³ 0.7 : 1
2 ³ 3 : 1 ³ 0.7 : 1
3 ³ 3 : 1 ³ 1.0 : 1

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

and 0.8 wt % bicyclic arenes. The aromaticity factor
determined from the13C NMR spectrum (Bruker
AM-500 spectrometer) according to [10] was 0.09.

The 5-TP extractive refining of the kerosene frac-
tion was performed with countercurrent supply of
aqueous acetonitrile containing 5 wt % water and of
the feed with addition of pentane. The conditions are
listed in Table 1, and the results, in Table 2.

The solvents were regenerated by distillation of
the extract and raffinate phases in 20-TP columns. In

the course of distillation of the extract phase, the fol-
lowing fractions were obtained: <36oC, azeotrope of
pentane with acetonitrile; 36376oC, azeotropes of
acetonitrile with water and saturated hydrocarbons;
76381oC, mainly acetonitrile with admixture of water.
The bottom residue was the aromatic concentrate.

By backwashing of acetonitrile from the 36376oC
fraction with water, we recovered arene-free saturated
hydrocarbons distilled-off from the extract phase.
These saturated hydrocarbons can be combined with
the raffinate.

The characteristics of the raffinates and extracts,
and also of aromatic concentrates recovered after dis-
tillation of the solvents and removal of the major frac-
tion of saturated hydrocarbons from the extract in
the form of azeotropes with acetonitrile and water,
are listed in Table 2. The concentration of saturated
hydrocarbons decreases from 11.3315.5 wt % in
the extract to 0.533.4 wt % in the aromatic concen-
trate. With increasing acetonitrile : feed ratio, as ex-
pected, the degree of arene recovery increases, their

Table 2. Results of 5-TP countercurrent extraction of arenes from hydrorefined kerosene fraction
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameters
³ Run
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ no. 1 ³ no. 2 ³ no. 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Raffinate

Yield, wt % ³ 93.8 ³ 92.2 ³ 92.7
Arene content, wt %: ³ 9.34 ³ 8.31 ³ 8.52

including monocyclic ³ 9.0 ³ 8.12 ³ 8.32
bicyclic ³ 0.34 ³ 0.19 ³ 0.20

Refractive indexnD
20 ³ 1.4352 ³ 1.4340 ³ 1.4345

Density r4
20 ³ 0.775 ³ 0.774 ³ 0.774

Extract

Yield, wt % ³ 6.2 ³ 7.8 ³ 7.3
Arene content, wt %: ³ 84.5 ³ 80.8 ³ 83.6

including monocyclic ³ 76.1 ³ 73.2 ³ 75.2
bicyclic ³ 8.4 ³ 7.6 ³ 8.4

Refractive indexnD
20 ³ 1.4913 ³ 1.4885 ³ 1.4906

Density r4
20 ³ 0.872 ³ 0.864 ³ 0.870

Aromatic concentrate

Yield, wt % ³ 5.37 ³ 6.52 ³ 6.13
Arene content, wt %: ³ 97.3 ³ 96.6 ³ 99.5

including monocyclic ³ 88.1 ³ 87.6 ³ 89.5
bicyclic ³ 9.2 ³ 9.0 ³ 10.0

Aromaticity factor ³ 0.521 ³ 0.515 ³ 0.538
Degree of arene recovery, %: ³ 37.3 ³ 45.0 ³ 43.6

including monocyclic ³ 35.8 ³ 44.2 ³ 41.6
bicyclic ³ 61.2 ³ 73.8 ³ 74.7

Refractive indexnD
20 ³ 1.5008 ³ 1.5004 ³ 1.5025

Density r4
20 ³ 0.882 ³ 0.879 ³ 0.887

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 3. Fractional composition of thearomatic concentrate (run no. 3) and of aromatic solvents prepared by its distillation
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Aromatic ³ Nefras ³ Solvesso 150 ³ Component
³ concentrate ³ AR-120/200 ³ ³ of Nefras AR-150/330

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Standard distillation,oC: ³ ³ ³ ³

onset of boiling ³ 160 ³ 156 ³ 176 ³ 194
10% ³ 174 ³ 168 ³ 186 ³ 198
30% ³ 182 ³ 175 ³ 191 ³ 202
50% ³ 188 ³ 181 ³ 195 ³ 205
70% ³ 196 ³ 185 ³ 201 ³ 209
90% ³ 208 ³ 192 ³ 207 ³ 214
end of boiling ³ 215 ³ 206 ³ 215 ³ 230

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Characteristics of aromatic solvents recovered by distillation of the aromatic concentrate (run no. 3)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Nefras AR-120/200 ³ Solvesso 150 ³ Component of
³ ³ ³ Nefras AR-150/330

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Yield, wt % ³ 80 ³ 15 ³ 5
Arene content, wt % ³ 99.5 ³ 99.4 ³ 99.8
Refractive indexnD

20 ³ 1.4973 ³ 1.4981 ³ 1.5173
Density r4

20 ³ 0.876 ³ 0.913 ³ 0.933
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

concentration in the raffinate decreases, with, how-
ever, simultaneously decreasing content of arenes in
the extract and aromatic concentrate (run nos. 1, 2).
By contrast, with increasing pentane : feed ratio, the
content of arenes in the extract and aromatic concen-
trate increases, but, at the same time, the degree of
arene recovery decreases somewhat (run nos. 2, 3).
Raising simultaneously the acetonitrile : feed and
pentane : feed ratios allows both the degree of arene
recovery and the content of arenes in the aromatic
concentrate to be increased (run nos. 1, 3).

After combining the raffinates with the saturated
hydrocarbons recovered from the extract phase in
the course of acetonitrile regeneration, the yield of
the refined jet fuel in run nos. 133 increases to 94.63,
93.48, and 93.87 wt %, with the content of arenes
decreasing to 9.26, 8.20, and 8.41 wt %.

The bicyclic arenes, whose presence in an environ-
mentally clean jet fuel is particularly undesirable, are
recovered to a much greater extent than monocyclic
arenes. The content of bicyclic arenes in the raffinate
is an order of magnitude lower than the level per-
mitted for Jet A-1 fuel (<3%) [11].

By distillation on a 20-TP column of the aromatic
concentrate obtained under optimal conditions (run
no. 3), we isolated three fractions whose characteris-
tics are listed in Table 3. The data in Tables 3 and 4
show that the first fraction corresponds to Nefras AR-

120/200. Its densityr4
20 should be no less than 0.865,

and the content of compounds undergoing sulfonation,
no less than 98 wt %.

The second, with respect to the boiling limits and
arene content, fraction corresponds to the solvent
Solvesso 150, and the third fraction (bottoms) can be
used as a component of Nefras AR-150/330. It is also
possible to use as a component of Nefras AR-150/330
the combined second and third fractions.

CONCLUSIONS

(1) Extractive refining of the kerosene fraction
with acetonitrile3pentane, combined with azeotropic
distillation of acetonitrile with saturated hydrocarbons
in the course of regeneration of acetonitrile from the
extract, yields under optimal conditions an aromatic
concentrate containing up to 99.5 wt % arenes, com-
pared with 83.6 wt % in the extract.

(2) The proposed procedure of extractive refining
of the kerosene fraction yields, without using power-
consuming catalytic reforming, a jet fuel containing
less than 10 wt % arenes and aromatic petroleum sol-
vents of the Nefras AR-120/200 type.
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Abstract-A possibility of recovery of isobutylene with high concentration and purity from abgases of pe-
troleum production and oil refining, e.g., from gases released in pyrolysis or catalytic cracking, by reversible
reaction of isobutylene with isobutanol was studied.

In recent years, the production of methyltert-butyl
ether (MTBE) and methyltert-amyl ether (MTAE) by
alkylation of methanol with isoolefins has increased
in many countries. These compounds are used as ad-
ditives to motor fuel.

The hydrocarbon fractions C43C5 of gases released
in pyrolysis and catalytic cracking can be used as
low-cost raw materials for production of isoolefins.
A review of procedures for recovery of isoolefins from
hydrocarbon gases was given in [1]. The procedures
are based on the high reactivity of the tertiary carbon
atom at the double bond in reactions of electrophilic
addition. With many reagents (water, alcohols, and
acids), such reactions are reversible, which allows
recovery of concentrated isoolefins by subsequent
decomposition of these products.

Strong acids, such as sulfuric, hydrochloric, organ-
ic sulfonic acids, and Friedel3Crafts catalysts can cat-
alyze this reaction. The common drawback of these
acids is their high corrosion activity and the low se-
lectivity of the process. The use of weak acids,e.g.,
phosphoric, is inefficient owing to the low rate of the
process. Of most interest as catalysts are sulfonic cat-
ion exchangers, allowing the reaction to be performed
with high selectivity at low temperatures (85390oC).

However, the procedure for hydration recovery of
isobutylene via trimethylcarbinol (TMC), in which
sulfonic cation exchangers are used as catalysts, has
significant drawbacks: (1) the use of aqueous solutions
decreases the catalytic activity of sulfonic cation ex-
changer, and (2) concentrated isobutylene-containing
fractions (with isobutylene content of no less than
50 wt %) are used.

These drawbacks are lacking in the case of the re-
action of isobutylene with aliphatic alcohols C43C5.
The reaction yieldstert-alkyl ethers, which are subse-
quently decomposed.

The procedure for synthesizing MTBE and MTAE
was thoroughly studied and discussed in [1]. As re-
gards synthesis, and especially decomposition of ethers
of higher alcohols, a number of problems still remain
unsolved. It is well known [2, 3] that the reactivity
of alcohols and the equilibrium degree of their con-
version in the reaction with isobutylene decrease with
increasing molecular weight of alcohol (Table 1). In
addition, butyl alcohols do not undergo intermolecular
dehydration on sulfonic cation exchanger (contrary to
methanol and ethanol) and have higher boiling point.
Therefore, the use of butyl alcohols as chemical ex-
tracting agents for recovery of isoolefins is of prac-
tical interest.

In this work the possibility of recovery of isobutyl-
ene from pyrolysis gases by the reaction with isobu-
tanol was demonstrated by calculations and exper-
iments.

Table 1. Rate constantsb and equilibrium constantsKc for
alkylation of alcohols with isobutylene at 323 K [2, 3]*

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Alcohol ³ b, H+-equiv mol31 h31 ³ Kc

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Methanol ³ 0.28 ³ 12.8+ 2.0
Ethanol ³ 1.58 ³ 76.1+ 2.0
Propanol ³ 2.63 ³ 137.6+ 1.8
Butanol ³ 3.53 ³ 150.3+ 1.8
Pentanol ³ 5.92 ³ 160.6+ 1.8
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* For stoichiometric ratio of the initial components.
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Table 2. Data on the equilibrium of reaction (1) in the liquid phase in the presence of sulfonic cation exchanger KU-23
at molar ratio alcohol : isobutylene = 4 : 1
ÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

³
Catalyst

³ Num- ³ ³ Composition of equilibrium³ ³ Activity coefficient ³

T, ³ content,
³ ber ³

t, h
³ mixture, mole fraction ³ Kc = ³ gi ³ Ka =³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´K ³ mol % ³ of ³ ³ iso- ³ iso- ³ BTBE ³ aeth/aalaol ³ iso- ³ BTBE³ olefin ³

KcKg
*

³ ³ tests ³ ³ C4H8 ³ C4H9OH ³ ³ ³ C4H9OH ³ ³ ³
ÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
343³ 10315 ³ 13 ³ 9323³ 0.01360³ 0.7534 ³ 0.2330³ 2270+ 0.36 ³ 1.079 ³ 2.087³ 1.551³ 28.46
363³ 10315 ³ 14 ³ 9315³ 0.02439³ 0.7561 ³ 0.2195³ 11.90+ 0.31 ³ 1.073 ³ 2.033³ 1.544³ 14.64
383³ 10312 ³ 12 ³ 10317³ 0.04251³ 0.7606 ³ 0.1968³ 6.09+ 0.18 ³ 1.066 ³ 1.995³ 1.546³ 7.37
403³ 8310 ³ 12 ³ 1.535 ³ 0.06459³ 0.7661 ³ 0.1693³ 3.42+ 0.21 ³ 1.058 ³ 1.965³ 1.555³ 4.10
423³ 8310 ³ 13 ³ 0.7535 ³ 0.08946³ 0.7724 ³ 0.1382³ 2.00+ 0.13 ³ 1.049 ³ 1.941³ 1.568³ 2.36
ÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* Kg = geth/galgol.

Table 3. Concentration equilibrium constantsKc of reaction (1) at variousiso-C4H9OH : iso-C4H8 molar ratios
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Molar ratio iso-C4H9OH : iso-C4H8
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K ³ Ka ³ 1 : 1 ³ 2 : 1 ³ 5 : 1 ³ 10 : 1 ³ 20 : 1
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ ³ Kc ³ Kc̀ ³ Kc ³ Kc̀ ³ Kc ³ Kc̀ ³ Kc ³ Kc̀ ³ Kc ³ Kc̀

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
343 ³ 27.66 ³ 114.18³ 140.42³ 57.46 ³ 59.44 ³ 28.65 ³ 28.65 ³ 21.56 ³ 21.53 ³ 18.46 ³ 18.45
363 ³ 13.73 ³ 47.34³ 57.21³ 26.72 ³ 27.91 ³ 14.27 ³ 14.28 ³ 10.89 ³ 10.88 ³ 9.38 ³ 9.37
383 ³ 7.33 ³ 21.75³ 25.64³ 13.38 ³ 14.00 ³ 7.62 ³ 7.63 ³ 5.90 ³ 5.90 ³ 5.11 ³ 5.11
403 ³ 4.17 ³ 13.97 ³ 12.54³ 7.16 ³ 7.48 ³ 4.32 ³ 4.41 ³ 3.41 ³ 3.40 ³ 2.97 ³ 2.97
423 ³ 2.50 ³ 6.00 ³ 6.65 ³ 4.09 ³ 4.98 ³ 2.59 ³ 2.59 ³ 2.07 ³ 2.07 ³ 1.81 ³ 1.81

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

It has been shown in a number of studies concerned
with synthesis of MTBE and MTAB [4, 5] that the
concentration equilibrium constantKc does not cor-
respond to the thermodynamic constantKa owing
to deviation of the system alcohol3ether3isobutylene
from ideality. At the same time, at the molar ratio
alcohol : isobutylene equal to 3 : 1 and higher the con-
centration equilibrium constant becomes stable. The
equilibrium of the reaction

CH33CH3CH2OH + CH2=C(CH3)2

(1)6
4 CH33CH3CH23O3C(CH3)3

was studied in the liquid phase in the range 3433

423 K. The experiments were carried out in her-
metically sealed glass ampules in the presence of
KU-23 sulfonic cation exchanger as catalyst. For
the study, we used isobutylene (99.8 wt %), isobuta-
nol (99.8 wt %), and isobutyltert-butyl ether (ITBE)
(98.5 wt %).

Isobutyl tert-butyl ether was produced by the re-
action of isobutylene with isobutanol, with subsequent
rectification. The equilibrium for each temperature
was reached for both direct and reverse reactions.

The reaction products were analyzed by gas-liquid
chromatography on a KhROM-3.1 device equipped
with a flame-ionization detector and temperature pro-
gramming unit on a 6-m-long column packed with
15% PEG-20M on silanized Chromaton AW-HDMS.
The results of the experiments are given in Table 2
listing the activity coefficientsgi of the mixture com-
ponents and the thermodynamic equilibrium constants
Ka. The values ofgi were calculated by the UNIFAC
technique [6], using the quantitative data for molec-
ular fragments given in [7]. The resulting equilibrium
constantsKa are described by the equation

(2)log Ka = 34.08 + 1894/T.

With the use ofKa values, we calculated the equi-
librium composition of the products of reaction (1) by
the scheme

Ka 6 (composition)6 UIFAC 6 Kg 6 Kc = Ka/Kg. (3)

In doing so, the butane-butylene fraction with iso-
butylene content of 20 mol % was used as isobutyl-
ene-containing fraction. The calculations were carried
out for the range 3433423 K and iso-C4H8 : iso-
C4H9OH molar ratios of 1 : 1, 1 : 2, 1 : 5, 1 : 10, and
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Table 4. Material balance of IBTBE synthesis at 333 K and molar ratio isobutanol : isobutylene of 2 : 1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Passed ³ Obtained
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component ³
g h31

³
wt %

³ liquid phase ³ gas phase
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ g h31 ³ wt % ³ g h31 ³ wt %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Isobutane ³ 4.1 ³ 2.88 ³ 0.4 ³ 0.44 ³ 3.7 ³ 7.33
n-Butane ³ 2.6 ³ 1.83 ³ 0.3 ³ 0.33 ³ 2.3 ³ 4.56
1-Butene ³ 28.0 ³ 19.69 ³ 4.9 ³ 5.34 ³ 23.1 ³ 45.73
trans-2-Butene ³ 7.9 ³ 5.56 ³ 0.2 ³ 0.22 ³ 7.7 ³ 15.25
cis-2-Butene ³ 6.2 ³ 4.36 ³ 0.9 ³ 0.98 ³ 5.3 ³ 10.50
Isobutylene ³ 25.2 ³ 17.72 ³ 1.2 ³ 1.31 ³ 1.2 ³ 2.38
Butadiene ³ 0.1 ³ 0.07 ³ 0.01 ³ 0.01 ³ 0.09 ³ 0.18
C4-acetylene ³ 1.5 ³ 1.05 ³ 0.05 ³ 0.05 ³ 1.45 ³ 2.87
Isobutanol ³ 66.6 ³ 46.84 ³ 35.0 ³ 38.17 ³ 2.07 ³ 4.10
IBTBE ³ 3 ³ 3 ³ 48.1 ³ 52.47 ³ 3.30 ³ 6.54
Isobutene dimers ³ 3 ³ 3 ³ 0.23 ³ 0.25 ³ 0.10 ³ 0.20
Trimethylcarbinol ³ 3 ³ 3 ³ 0.30 ³ 0.33 ³ 0.18 ³ 0.36
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

Total ³ 142.2 ³ 100.0 ³ 91.69 ³ 100.0 ³ 50.49 ³ 100.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

1 : 20. The value ofKc was determined using approx-
imation procedure by the scheme

Ka 6 (composition, Kg) 6 Kc

6 (composition, Kg̀`) 6 Kc̀

= (composition, Kg̀``) 6 Kc̀̀ . (4)

The approximation was considered acceptable when
the discrepancy inKc values did not exceed 10 rel.%.

The results of calculations performed by scheme
(4), presented in Table 3, suggest that even the first
approximation givesKc constants coinciding with
Kc` within 10 abs.%. A plot of the equilibrium con-
version of isobutylene against temperature at various
alcohol : isobutylene ratios is presented in Fig. 1.
The calculations showed that the equilibrium conver-
sion of isobutylene is close to 100% at low tempera-
ture andalcohol : isobutylene molar ratio exceeding
5 : 1. The calculations also confirmed that hydrocar-
bon gases with isobutylene content of approximately
5 wt % are suitable as feed.

The obtained calculated and experimental data were
verified on a continuous laboratory setup in a temper-
ature-controlled sectional vertical reactor packed with
KU-23 cation exchanger, using butane3butylene frac-
tion from the catalytic cracking installation1 and iso-
butanol. The initial isobutanol-containing mixture was
fed from the top of the reactor, and the gaseous bu-
tane-butylene fraction, from the bottom through a bub-
bler. The material balance of the synthesis is pres-
ented in Table 4. The degree of isobutylene recovery
was 90392%.
ÄÄÄÄÄÄÄÄÄÄ
1 [Sintezkauchuk] (Togliatti).

The experimental values of the concentration equi-
librium constantKc for IBTBE synthesis were used
to evaluate the equilibrium degree of conversion of
ether in its decomposition. The evaluation was carried
out for the range 3533403 K and isobutanol : IBTBE
molar ratios of 1 : 1, 2 : 1, and 3 : 1. The results of
evaluation are represented by lines in Fig. 2. Also

Fig. 1. Equilibrium conversion of isobutylene,b, vs. tem-
peratureT in IBTBE synthesis.

Fig. 2. Equilibrium conversion of IBTBE,b, vs. temper-
ature T in its decomposition. Isobutanol : IBTBEmolar
ratio: (1) 1 : 1, (2) 2 : 1, and (3) 3 : 1. (Line) calculation
and (points) experimental data.
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Table 5. IBTBE decomposition in a flow-type reactor at 363 K and equimolar ratio of the ether and alcohol
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ Composition of the reaction mass, wt % ³ IBTBE ³ Selectivity with ³ Relative
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³ ³v, h31
³

iso-C4H8
³

iso-C4H9OH
³

IBTBE
³ isobutylene³

conversion respect to isobutylene
³

error of
³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ ³ dimers ³ mol % ³

material
³ ³ ³ ³ ³ ³ balance, %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
0.3 ³ 2.38 ³ 88.33 ³ 8.86 ³ 0.43 ³ 85.24 ³ 99.17 ³ 0.35
0.5 ³ 6.60 ³ 82.83 ³ 8.48 ³ 2.09 ³ 85.87 ³ 96.11 ³ 0.49
1.0 ³ 2.16 ³ 92.70 ³ 5.04 ³ 0.10 ³ 91.60 ³ 99.82 ³ 1.09
3.0 ³ 4.09 ³ 89.52 ³ 6.20 ³ 0.19 ³ 89.67 ³ 99.65 ³ 1.50
5.0 ³ 4.96 ³ 86.24 ³ 8.57 ³ 0.23 ³ 85.07 ³ 99.55 ³ 0.60
8.0 ³ 6.02 ³ 77.76 ³ 16.05 ³ 0.17 ³ 73.27 ³ 99.62 ³ 0.34

12.0 ³ 8.23 ³ 68.23 ³ 23.39 ³ 0.15 ³ 61.04 ³ 99.61 ³ 0.72
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

given are the experimental IBTBE conversions (points)
in IBTBE decomposition at 363 K, isobutanol :
IBTBE molar ratio in the feed of 1 : 1, 2 : 1, and 3 : 1,
and volumetric flow rate of feed equal to 1 h31.
The results of these experiments showed that removal
of isobutylene from the reaction zone increases the
IBTBE conversion to 91.6%, compared with the equi-
librium value of 21%.

The calculations showed that the optimal dilution
is the alcohol : ether ratio of 1 : 1. With increasing
dilution, the conversion of the ether decreases. Al-
though the ether decomposition is a high-tempera-
ture reaction, the temperature should not be raised
above 120oC because of the probable polymerization
of isobutylene and degradation of sulfonic cation ex-
changer.

The experiments on IBTBE decomposition were
carried out in the liquid phase in a temperature-con-
trolled flow-type reactor packed with KU-23 cation
exchanger. A system of traps was mounted at the out-
let of the reactor. The first trap served to collect
the liquid reaction mass, and the second trap con-
tained a 0.5 N solution of bromine in acetic acid to
absorb the released isobutylene. The reaction mass of
the first trap was analyzed on a chromatograph with-
out any pretreatment. The material balance was strick-
en for each run. The maximum error with respect to
material balance was 6.54 rel.%.

The experiments were performed at varied tem-
perature, isobutanol : IBTBE molar ratio, and volu-
metric feed flow ratev. In each run, we determined
the conversion and selectivity of ether decomposition.
The results of one of ether decomposition runs are
presented in Table 5.

This study allows us to propose the following
scheme of isobutylene recovery from the butane3

butylene fraction of catalytic cracking or pyrolysis
gas: etherification of isobutyle with alcohols C4 6

blowing off of unreacted hydrocarbons from the ether
fraction 6 decomposition of ether to isobutylene6
successive washing of isobutylene with alcohol
C4 cooled to 263 K and water. Isobutylene pro-
duced by this scheme was of no less than 99.9 wt %
purity.

CONCLUSIONS

(1) The equilibrium of synthesis and decomposi-
tion of isobutyl tert-butyl ether in the presence of sul-
fonic cation exchanger KU-23 was studied. The equi-
librium conversion of isobutylene in synthesis is close
to 100% at alcohol : isobutylene molar ratios of 5 : 1
and 10 : 1. An experimental verification of the equi-
librium data showed that the isobutylene conversion
is 90392%.

(2) The calculations showed that it is appropriate
to carry out the decomposition of isobutyltert-butyl
ether in a solution of isobutanol at the optimal alco-
hol : ether molar ratio of 1 : 1. The ether conversion in
a flow-type reactor at 363 K reaches 91% and the se-
lectivity is more than 99% at a volumetric flow rate of
feed equal to 1 h31.

(3) A scheme for recovery of isobutylene from
dilute gas mixtures was proposed.
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Abstract-The common and specific features of quality standard and substandard bitumens were studied by
elemental analysis and by determining the yield and composition of toluene-insoluble substances, the com-
position and concentration of impurities in standard and substandard bitumens, and the group composition
of bitumens before and after aging.

At present, about 2/3 of crude oil in Russia is ex-
tracted from West-Siberian fields. At the Kirishi Oil-
Refining Plant, vacuum residues from a commercial
mixture of West-Siberian crude oils from the Surgut
fields are used to produce oxidized bitumens for pav-
ing and building. The technical characteristics of these
bitumens are determined by their colloid structure,
which, to a first approximation, depends on the group
composition [1, 2]. The optimal group composition
of bitumens produced from vacuum residues of vari-
ous crude oils (of methane, naphthene, arene base)
has not been determined. However, it is commonly
accepted that, to attain high technical characteristics,
paving bitumens should consist of~50% mono-, bi-,
and polycycloaromatic and paraffin3naphthene com-
pounds, 30334% resins, and 21323% asphaltenes.
At similar group (and hence chemical) composition,
bitumens obtained from the same raw material often
exhibit different heat resistances (which is often mani-
fested in a drastic decrease in ductility upon heating).
Therefore, bitumens are subdivided with respect to
this parameter into quality standard and substandard,
despite compliance with the requirements of GOST
(State Standard) 7847393 concerning other technical
characteristics (softening point, penetration, flash
point, brittle point).

The goal of this study was to reveal, using modern
physicochemical methods of analysis, the factors re-
sponsible for the difference between the heat-resistant
(standard) and non-heat-resistant (substandard) bitu-
mens.

EXPERIMENTAL

Samples of standard and substandard bitumens of
BDUS 100/130 and BDUS 70/100 brands (21 sam-
ples) were studied by elemental analysis (C, H, N,
O, S) and exclusion chromatography.

From each bitumen sample1 we recovered sub-
stances insoluble in toluene and analyzed them by
ICP3MS on a VG Plasma Quad Turbo Plus spec-
trometer (UK). The content of microimpurities in bi-
tumen samples was determined by the same method.

Asphaltenes were recovered from bitumens by ex-
haustive precipitation with hot pentane in a Soxhlet
apparatus. Their elemental analysis was performed
with a Carlo Erba analyzer (model 1106, Italy).

HPLC studies were performed on a Gold Sys-
tems liquid chromatograph (Beckman, the United
States) equipped with a fast-response spectrophoto-
metric detector (model 168) and a 6.20 250-mm Zor-
bax PSM 300 S column for exclusion chromatography
(Du Pont, the United States).

Standard samples of BDUS 100/130 bitumens (five
samples) have the following parameters: ring-and-ball
softening point 43345oC; penetration (needle 0.1 mm
in diameter, 25oC) 1033118; ductility before heating

ÄÄÄÄÄÄÄÄÄÄ
1 Produced on a bitumen installation at the Kirishinefteorgsintez

Production Association, Joint-Stock Company, in May 2000.
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1403150 cm, after heating 1123140 (25oC); brittle
point after heating<312oC.

Substandard BDUS 100/130 bitumens (four sam-
ples) differed from the standard samples in that their
ductility at 25oC was considerably lower (49374 cm)
upon heating, being below the prescribed level of
100 cm.

Standard BDUS 70/100 bitumens (five samples)
have the following parameters: ring-and-ball softening
point 43346oC; penetration at 25oC 92397; ductility
before heating 1473150 cm, after heating 1133125 cm
at the prescribed level of 100 cm; brittle point after
heating <315oC.

Substandard BDUS 70/100 bitumens (seven sam-
ples) exhibited the same parameters except that their
ductility at 25oC after heating was considerably lower
(47371 cm), being below the prescribed level of
100 cm.

We found nosignificant differences between the to-
tal content of malthenes and asphaltenes in standard
and substandard BDUS 100/130 bitumens. The con-
tent of malthenes in the studied samples of the stand-
ard and substandard bitumens was, respectively, 77.83

79 and 77.9378.1 wt %.

For standard and substandard samples of BDUS
70/100 bitumens, these differences are also insignifi-
cant: The content of malthenes is 77.7379.4 and 78.73
79.1 wt %, respectively.

The content of toluene-insoluble residue in the sub-
standard samples varies by a factor of 24325, but in
standard samples the variation range is still wider: by
a factor of 58. On the whole, no quantitative relation-
ship can be revealed.

The maximal content of toluene-insoluble residue
is 0.88% in standard bitumens and 0.73% in substand-
ard bitumens.

The chemical composition of the toluene-insoluble
residue was determined by ICP3MS upon dissolution
in aqua regia (Table 1). It is seen that the major com-
ponent of insoluble bitumen residues is iron, apparent-
ly present in the form of oxides. Also, the residues
contain significant amounts of calcium, magnesium,
barium, and aluminum. Zinc, copper, vanadium, man-
ganese, and nickel are present in smaller amounts.

It should be noted that, on the whole, the content
of Mg, Al, Ca, Ba, Zn, Cu, and Mn impurities is
higher in the residues from standard bitumens (BDUS
70/100 and 100/130), compared with those from the
substandard samples. The only exception is iron whose

Table 1. Results of ICP3MS analysis of residues after
dissolution of bitumen samples
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Element content, mg kg31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Ele- ³ BDUS ³ BDUS ³ BDUS ³ BDUS
ment ³ 70/100 ³ 100/130 ³ 100/130 ³ 70/100

ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
³ standard ³ substandard

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Mg ³ 2700 ³ 2200 ³ 3300 ³ 6900
Al ³ 2600 ³ 3600 ³ 4600 ³ 10500
Ca ³ 6100 ³ 3100 ³ 11200 ³ 8200
Fe ³ 10500 ³ 21300 ³ 6400 ³ 11500
Ba ³ 1400 ³ 1300 ³ 2400 ³ 3200
Zn ³ 610 ³ 580 ³ 840 ³ 960
Cu ³ 450 ³ 380 ³ 450 ³ 630
V ³ 350 ³ 230 ³ 300 ³ 220
Mn ³ 190 ³ 210 ³ 200 ³ 350
Ni ³ 300 ³ 130 ³ 170 ³ 230

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 2. Characteristics of bitumen samples studied by
HPLC, ICP3MS, 1H and 13C NMR, and X-ray diffraction
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ BDUS ³ BDUS ³ BDUS ³ BDUS

Parameter ³ 70/100³100/130³100/130³ 70/100
ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ standard ³ substandard

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
Elemental ³ ³ ³ ³
composition, %:³ ³ ³ ³

C ³ 81.10 ³ 81.08 ³ 81.08 ³ 81.06
H ³ 10.54 ³ 10.26 ³ 10.36 ³ 10.30
N ³ 0.50 ³ 0.66 ³ 0.40 ³ 0.72
S ³ 1.94 ³ 0.98 ³ 0.66 ³ 1.19
O ³ 5.92 ³ 7.20 ³ 7.50 ³ 6.73³ ³ ³ ³

Ash content, %³ 0.110 ³ 0.054 ³ 0.090 ³ 0.085³ ³ ³ ³
Weight loss ³ 0.11 ³ 0.13 ³ 0.06 ³ 0.08
in aging, % ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

content in residues from substandard bitumens is ap-
proximately two times that in standard bitumens of
the same brand.

From the whole set of 21 samples, we selected two
standard and two substandard samples whose charac-
teristics are listed in Table 2. A comparative study
of these samples was performed by HPLC.

Table 2 shows that standard bitumen samples have
higher sulfur content than the substandard samples.
This phenomenon is due to the fact that the crude
oil delivered for processing to the Kirishinefteorgsin-
tez Production Association has significantly varying
sulfur content. For example, according to the data
of X-ray spectral analysis, the sulfur content in
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Table 3. Content of impurities in standard and substandard bitumens (average values)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Ele- ³ Content, mg kg31, in bitumens ³ Ratio of º Ele- ³ Content, mg kg31, in bitumens ³ Ratio of
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ º ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´³ ³ impurity º ³ ³ impurity

ment ³ standard ³ substandard ³ contents º ment ³ standard ³ substandard ³ contents
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Mg* ³ 160 ³ 87 ³ 1.8 º Zn ³ 7.7 ³ 5.3 ³ 1.4
Si ³ 1535 ³ 1657 ³ 0.9 º Ni ³ 35.5 ³ 35 ³ 1.01
S ³ 225 ³ 235 ³ 0.95 º P ³ 32 ³ 37 ³ ~0.9
V ³ 13 ³ 12 ³ 1.08 º B ³ 11.3 ³ 8.1 ³ 1.4
Na ³ 140 ³ 148 ³ 0.95 º Ba ³ 9.3 ³ 4.8 ³ 1.9
Al ³ 263 ³ 165 ³ 1.6 º Pb ³ 1.6 ³ 3.1 ³ 0.5
Ca ³ 167 ³ 119 ³ 1.40 º Sr ³ 1.1 ³ 0.53 ³ ~2.0
Fe ³ 247 ³ 206 ³ 1.2 º As ³ 1.1 ³ 0.53 ³ ~2.0
Br ³ 23.5 ³ 25 ³ 0.9 º Cu ³ 12.3 ³ 1.6 ³ 7.7
Mn ³ 2.1 ³ 2.2 ³ 0.95 º Ti ³ 4.9 ³ 5.6 ³ 0.9
Co ³ 2.8 ³ 2.3 ³ 1.2 º W ³ 1.8 ³ 1.6 ³ 1.1
Se ³ 9.9 ³ 12.7 ³ 0.8 º ³ ³ ³
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Data for impurities whose contents differ the most significantly are printed bold.

the crude oil delivered to the oil-refining plant varied
from 0.3 to 1.66 wt %, being within 1.231.4 wt %
in most samples.

Fig. 1. Chromatograms of standardBDUS 100/130 bitumen.
Eluent: (a) THF and (b) THF3CH3CN (1 : 1). (I) Intensity
and (t) retention time. Fraction no.: (1) 1, (2) 2, and (3) 3.

An HPLC analysis of the four selected bitumen
samples was performed in a column packed with
silanized silica gel based sorbent, with THF (flow rate
1 ml min31) as eluent. A typical chromatogram is
shown in Fig. 1a. It is seen thateach bitumen sample
is separated in two fractions with similar UV spectra.
The area of the first peak with a shorter retention
time, corresponding to the fraction that mainly con-
sists of monocyclic aromatic compounds of oils, is
higher for standard bitumens than for the substandard
samples. The ratio of the areas of the first and second
peaks for standard bitumens is 0.13 for BDUS 70/100
and 0.23 for BDUS 100/130, whereas for substandard
bitumens this ratio is 0.10 and 0.14, respectively.
Thus, standard bitumens are characterized by the high-
er degree of aromaticity of oils. This may be due to
the fact that polycyclic aromatic compounds, resins,
and asphaltenes are among the compounds giving in
the chromatogram a peak with a long retention time.

The bitumens samples in hand, after aging for 2 h
at 160oC and subsequent elution with THF3CH3CN
(1 : 1), also show two peaks in the chromatogram
(Fig. 1b). The ratio of the areas of the first and second
peaks is different in standard and substandard sam-
ples. This ratio changes after heating as compared
to the initial samples. Apparently, the fraction with
the shorter retention time mainly consists of paranaph-
thenic (PNCs), monocyclic aromatic (MCACs), bicy-
cloaromatic (BCACs), and toluene (TCs) compounds,
and also alcohol3toluene resins (ATRs) in the mo-
nomeric and partially associated form. Asphaltenes
show a longer retention time. The intensity ratios of
these peaks in both initial and aged bitumens suggest
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that the structure of bitumens primarily differs on
the associative level, with the chemical composition
being similar. Samples with more closely packed
structural units (a micelle with associated asphaltene
molecules in the center, with resins in the shell and
MCACs, BCACs, and PNCs in the remote surround-
ing) exhibit higher ductility, including the ductility
after aging. If a sample forms[looser] structures be-
cause of the lower aromaticity of asphaltenes, resins,
and oils, it will exhibit lower ductility as well.

Table 3 gives experimental data on the content
of microimpurities in standard and substandard bitu-
mens, as determined by ICP3MS. Since the total error
of the ICP3MS method does not exceed 20%, the dif-
ference in the average content of some impurity ele-
ments between the bitumen samples can be considered
significant (Table 3). As a rule, the content of impuri-
ties in standard bitumens is considerably higher than
that in substandard samples, except in the case of lead
impurity (Table 3). This fact is consistent with the in-
creased content of the same impurities in the residues
upon dissolution of standard bitumens in toluene, as
compared with the insoluble residues of substandard
bitumens (Table 1). The weight content of impurities
in standard bitumens is higher than that in substandard
bitumens by 80% for Mg, 40% for Ca, 90% for Ba,
270% for Sr, 60% for Al, 40% for B and Zn, and
100% for As.

The most significant difference between the stand-
ard and substandard bitumen samples is observed for
the Cu content: by a factor of 7.7.

It should be noted that the obtained data on
the increased content of impurity elements in standard
bitumens as compared with the substandard samples
are fully consistent with the results of analysis of
toluene-insoluble substances. The insoluble residues
of standard bitumens contain increased amounts of
alkalineearth metals, aluminum, zinc, copper, and

manganese as compared with the toluene-insoluble
residues of the substandard samples.

Apparently, the increased content of a number of
impurity elements in standard bitumen samples as com-
pared with the substandard samples suggests a strong-
er catalytic effect of these elements on the oxidation
of the initial vacuum residue, resulting in higher qual-
ity of the bitumen. Since the oxidation occurs by
oxidative dehydrogenation, this assumption also ac-
counts for the increased aromaticity of malthenes and
asphaltenes in standard bitumens.

CONCLUSIONS

(1) A study by ICP3MS, HPLC, and elemental
analysis showed that samples of standard and sub-
standard paving bitumens have virtually identical
qualitative chemical compositions of the base (organic
part) but differ in the degree of aromaticity of mal-
thenes and asphaltenes and in the content of ash, sul-
fur, oxygen, and microelements [alkaline-earth ele-
ments (Mg, Ca, Sr, Ba), 3d elements (Cu, Co, Zn),
and also Al, B, Pb, and Ag].

(2) Aging is accompanied by changes in the group
composition of bitumens, primarily on the associative
level. The standard and substandard bitumens differ
the most significantly in the ratio of monomeric and
associated forms of oil, resin, and asphaltene mole-
cules, which is particularly manifested in aging of
the bitumens.
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Abstract-The effect of chlorine and nitrosyl chloride impurities on the regeneration of nitrogen(IV) oxide-

oxidizing agent in oxychlorination of hydrocarbons-was studied at two temperatures. An assumption is made
that the process occurs by radical-chain mechanism and involves chlorine oxides.

The substitution of oxygen by nitrogen(IV) oxide
in oxidative chlorination of a number of organic com-
pounds allows a 2310-fold acceleration of the process,
depending on the chosen technological scheme. To
prevent discharge of the forming hydrogen chloride
and nitrogen oxides into the atmosphere, nitrogen
oxides are used in a closed cycle

RH + HCl + NO2 6 RCl + H2O + NO, (1)

NO + 1/2O2 6 NO2, (2)

2NO2 + 4HCl 6 Cl2 + 2NOCl + 2H2O. (3)

Reaction (2) has been studied in a wide tempera-
ture range [1]. In the course of oxychlorination, the
reaction may proceed either at room temperature in
a separate apparatus, conventionally named the oxidiz-
ing vessel, simultaneously with the oxidation of hydro-
gen chloride [reaction (3)], or directly in the oxychlo-
rination reactor simultaneously with reaction (1) at
relatively high temperatures. However, in both cases,
it will proceed in the presence of chlorine and nitrosyl
chloride-products of hydrogen chloride oxidation by
nitrogen(IV) oxide, which may affect the reaction rate.
The aim of the present study was to elucidate this
influence.

EXPERIMENTAL

The effect of chlorine and nitrosyl chloride was
studied by IR spectroscopy on a Specord 75-IR in-
strument in a 214-ml high-temperature quartz cu-
vette under atmospheric pressure at 298 and 523 K.
The content of chlorine and nitrosyl chloride was

up to 25 mol % relative to nitrogen(II) oxide. The re-
action conditions were chosen with account of reagent
concentrations and temperatures in the oxidizing ves-
sel and oxychlorination reactor. The components of
the reaction mixture were introduced into the cuvette
with a medical syringe, the cuvette was purged, and
the reaction mixture was diluted, with argon. The re-
action course judged from the rate of nitrogen(IV)
oxide formation measured by recording kinetic curves
of NO2 accumulation at a wave number of 1626 cm31.

The results of the experiments are presented in
Figs. 1a and 1b. At 298 K, the presence of chlorine
and nitrosyl chloride has no effect on the rate of nitro-
gen(II) oxide oxidation into nitrogen(IV) oxide, where-
as at 523 K their presence accelerates the process.

Fig. 1. NO2 concentrationC vs. time t in (a) oxidizing
vessel and (b) oxychlorination reactor. Temperature (K):
(a) 298 and (b) 523. Initial reagentconcentration (mol m33):
NO 0.194 and O2 0.388. Impurity concentration (mol m33):
(1) 0, (2) 0.0485 Cl2 (a) and 0.0291 NOCl (b);
(3) 0.0485 Cl2.
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The apparent temperature-independence of the reac-
tion rate is accounted for by the low negative acti-
vation energy, growing with increasing temperature
through a change of the dominant reaction path [1].

Chlorine may affect the rate of NO oxidation in-
to NO2 through a decrease in the NO concentration
caused by the occurrence of a concurrent reaction

2NO + Cl2 6 2NOCl. (4)

However, the rate of reaction (4) is three orders of
magnitude lower than that of reaction (2). The absence
of effect of nitrosyl chloride can be attributed to its
inertness with respect to nitrogen(II) oxide and oxy-
gen at low temperature.

To account for the acceleration of NO oxidation in-
to NO2 in the presence of chlorine at high tempera-
ture, an assumption should be made that oxygen com-
pounds ofchlorine may be formed, exhibiting marked-
ly higher activity in nitrogen(II) oxide oxidation,
compared with oxygen. Rather probable is the radical-
chain mechanism of the process, according to which
a ClOO

.

radical is formed upon decomposition of
a chlorine molecule

Cl
.

+ O2 6 ClOO
.

. (5)

The reaction of NO with the ClOO
.

radical pro-
ceeds in two stages [2]

NO + ClOO
.

6 NO2 + ClO
.

, (6)

NO + ClO
.

6 NO2 + Cl
.

, (7)

with a chain developed after that.

The presence of nitrosyl chloride increases the rate
of nitrogen(IV) oxide formation, especially strongly in
the first 603100 s, which can be attributed to thermal
decomposition of nitrosyl chloride

NOCl 6 NO + Cl
.

. (8)

This, firstly, makes higher the nitrogen(II) oxide
concentration and, secondly, gives rise to a chain pro-
cess involving oxygen compounds of chlorine, which
are, as mentioned above, much more active in nitro-
gen(II) oxide oxidation as compared with oxygen.
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Abstract-Carbonyl compounds in the form of 2,4-dinitrophenylhydrazones in alcoholic solutions were
analyzed by high-performance liquid chromatography. This simple procedure is characterized by high
sensitivity and reproducibility.

Detection of formaldehyde, acetaldehyde, and
propionaldehyde in alcoholic solutions by gas chroma-
tography is rather difficult because of the low sensi-
tivity of flame ionization detectors to carbonyl com-
pounds with small number of atoms (especially to
formaldehyde) and, in the case of gas-liquid chroma-
tography, because of the poor separation of acetalde-
hyde and propionaldehyde from the main component
(ethanol), which hinders their quantitative determina-
tion [1, 2]. In this work we used high-performance
liquid chromatography (HPLC) with preliminary prep-
aration of 2,4-dinitrophenylhydrazine (DNPH) deriva-
tives [3]. These derivatives can be easily separated
and determined under the conditions of the reversed-
phase HPLC.

Carbonyl compounds (aldehydes and ketones) pres-
ent in the alcoholic solutions determine their quality.
These compounds can serve as fragrant additives (ar-
omatic aldehydes and some others) and toxins (form-
aldehyde,acetaldehyde, glutaraldehyde, etc.). The con-

tent of some compounds (e.g., formaldehyde and acet-
aldehyde) in alcohol liquors is strictly standardized
and controlled.

In this work, we studied the behavior of DNPH
derivatives under the conditions of the reversed-phase
HPLC.

EXPERIMENTAL

The measurements were carried out by reversed-
phase HPLC on a Pharmacia-LKB unit equipped with
a UV 430 nm detector and a 40 250-mm column
packed with LiChrosorb RP-8 (10mm) silica gel
under the isocratic conditions using an acetonitrile3
0.1 N acetic acid (2 : 1) eluent with an elution rate of
0.9 ml min31.

The required derivatives were prepared before plac-
ing the sample in the column as follows. A solution
of a sample (0.5 ml) containing no more than 1 mg of
the carbonyl compound was mixed with a 0.03 M

Fig. 1. Chromatograms of samples (a)III , (b) II , and (c)IV. (a) Absorption and (t) retention time. Content: (1) initial DNPH,
(2) formaldehyde, (3) acetaldehyde, (4) acetone, (5) propionaldehyde, (6) isobutyraldehyde, (7) butanone, (8) benzaldehyde,
(9) isopentanal, and (10) pentanal.
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DNPH solution in acetonitrile (0.5 ml), acidified with
a drop of concentrated hydrochloric acid, and kept at
50390oC for 10315 min. Then the mixture was cooled;
if the solution was turbid, it was diluted tenfold with
the eluent. In the case of alcoholic liquors, 0.5-ml
samples were analyzed without dilution. The reaction
conditions ensured quantitative conversion of carbonyl
compounds.

The HPLC procedure was performed using 20-mm
samples. The retention parameters and the peak areas
were determined on a Spectra-Physics SP4290 in-
tegrator. The chromatograms are shown in Fig. 1.

As seen, the separation order of the DNPH deriv-
atives of the carbonyl compounds corresponds to the
number of carbon atoms in the carbonyls. Moreover,
the derivatives with branched carbon chains are eluted
before the normal compounds with the same number
of carbon atoms. Unchanged DNPH is eluted first and
does not hinder detection of the carbonyls in question.

The elution order was determined by comparison
with chromatograms of individual carbonyls; the con-
tent of carbonyls was found using the gaging
dependence for the DNPH3acetaldehyde derivative.

The results of the analysis of alcoholic liquors are
listed in the table.

Such compounds as acetaldehyde, propionalde-
hyde, acetone, and methyl ethyl ketone, difficultly
detectable by gas-liquid chromatography, can be deter-
mined at concentrations lower than 0.5 mg l31 with
increased sample volume. This procedure is fairly
promising in analysis of the quality of the alcoholic
liquors and in quantitative determination of carbonyl
compounds in various objects. However, it should be
noted that analysis of herb infusions may be hindered
by various extracted compounds. For example, very
high content of formaldehyde in sampleIII is prob-
ably due to the overlap with a peak of extracted com-

Content of carbonyl compoundsC in alcoholic liquors
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

tr,
* ³ C, mg/100 ml ³

CompoundÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´
min

³ I ³ II ³ III ³ IV ³
ÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
4.37 ³19.1 ³ 2.60³163.1 ³ 3 ³Formaldehyde
4.76 ³ 3 ³ 25.7 ³ 73.4 ³212.9 ³Acetaldehyde
5.28 ³ 7.95³ 3.96³ 18.1 ³ 2.54³Acetone
5.42 ³ 3 ³ 3 ³ 28.4 ³ 3 ³Propionaldehyde
5.74 ³ 0.82³ 3 ³ 3 ³ 3 ³Isobutyraldehyde
6.14 ³10.13³ 3 ³ 3 ³ 6.40³Butanone
6.50 ³ 3 ³ 1.62³ 31.2 ³ 3 ³Benzaldehyde
6.66 ³ 3 ³ 3 ³ 3 ³ 1.14³Isopentanal
7.21 ³ 3.77³ 3 ³ 15.3 ³ 3 ³Pentanal
7.94 ³ 3 ³ 3 ³ 3.49³ 3 ³U.i.**

8.44 ³ 3 ³ 3 ³ 2.42³ 3 ³ "

8.83 ³ 3 ³ 3 ³ 0.97³ 3 ³ "

ÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* (tr) Retention time.

** (U.i.) Unidentified; dash designates that the content
of the corresponding compound is lower than 0.5 mg/100 ml.

pound. This problem can be solved by using a di-
ode-matrix detector. On the whole, the sensitivity
of the developed procedure is higher as compared
with that of gas3liquid chromatographic procedure
and constitutes at least 0.5 mg l31 with an rms error of
no more than 10%.
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Abstract-The feasibility of using hexafluoropropylene ozonides for initiating low-temperature polymeriza-
tion and copolymerization of tetrafluoroethylene, hexafluoropropylene, and some other monomers was de-
monstrated.

The mechanism of low-temperature ozonolysis of
tetrafluoroethylene (TFE) and hexafluoropropylene
(HFP) has been studied in detail [1, 2]. It was found
that the decomposition products of TFE ozonide ef-
fectively initiate the radical polymerization of TFE.
In this work, we studied the initiating power of HFP
ozonide in low-temperature polymerization of TFE
and some other monomers.

EXPERIMENTAL

Studies of the low-temperature ozonolysis, thermal
stability of ozonolysis products, and polymerization
kinetics were performed by calorimetry, successful-
ly used for this purpose previously [3]. Gaseous
TFE and HFP were purified by being passed through
a sulfuric acid solution and a column packed with
activated carbon, followed by low-temperature frac-
tionation.

Ozone was generated by means of electric dis-
charge; an oxygen flow was passed through a glass
ozonizer. To obtain pure ozone, its solution in liquid
oxygen was subjected to low-temperature fractiona-
tion. Crystalline ozone was additionally purified by
sublimation. All experiments were performed in glass
calorimetric cells. The IR spectra of polymers prepared
as films were taken on an H-800 (Higler) spectrometer.

To evaluate the initiating power of HFP ozon-
ide, we performed the following experiments. First,
we prepared HFP ozonide at low temperatures. For
this purpose, ozone and HFP in an equimolar ratio
were frozen in a calorimetric cell with a vacuum
stop-cock at 77 K and then slowly warmed to 220 K

(see figure, curve1). An endothermic peak of HFP
melting was observed atTm = 117 K. Then, in the
range 1603220 K, was observed an exothermic peak
due to formation of the ozonide and the correspond-
ing acid fluorides. As shown in [1, 2], HFP molozon-

ide CF3ÄCFÄCF2
hf
O3

is first formed in this tempera-
ture interval and then transformed into the ozonide
CF3ÄCFÄOÄOÄCF2

Ofh
and acid fluorides. After the

formation of HFP ozonide, the warming was stop-
ped, the calorimeter with the cell was cooled to 77 K,
the cell was connected to a vacuum unit, a certain
portion of TFE was condensed, and the cell was again
placed in the calorimeter. The calorimetric curve
was recorded in the course of slow thawing. The
calorimetric curve of thawing of such the system (see
figure, curve 2) shows endothermic peaks associ-
ated with dissolution of products of low-tempera-

Calorimetric curves of warming of an HFP (0.0289 g)3O3
(0.0092 g) mixture: (1) initial mixture and (2) after warm-
ing to 220 K, cooling to 77 K, and addition of 0.096 g of
TFE. (W) Heat release, (T) temperature, and (t) time.
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ture HFP ozonolysis and melting of TFE (Tm =
141 K). Further warming in the range 2403290 K
is accompanied by vigorous heat evolution related
to polymerization of TFE. Note that it is in this
range that HFP ozonide decomposes to give a very
reactive bipolar ion which can initiate TFE polymer-
ization [1]:

F3CÄCFÄOÄCF2 6 [ F3CÄC+F + F2CO]
f h

OÄO3

h
OÄO

6 F3ÄCFO + F2CO + 1/2O2.

F3CÄCFÄOÄCF2 6 [ F3CÄC+F + F2CO]
f h

OÄO3

h
OÄO

6 F3ÄCFO + F2CO + 1/2O2.

For the initial molar ratio HFP ozonide : TFE =
1 : 50, the conversion of the monomer, determined
gravimetrically after the process completion, was
100%. Thus, the decomposition products of HFP ozon-
ide effectively initiate TFE polymerization.

This conclusion is confirmed by the following
experiment. If TFE is introduced into the cell after
warming the system HFP3ozone to 300 K, when de-
composition of the ozonide is already complete and
the cell contains only stable decomposition products,
no polymer is formed.

It should be noted that low-temperature decompo-
sition of HFP ozonide also initiates copolymeriza-
tion of TFE with HFP. A mixture of TFE and HFP in
a 4 : 1 molar ratio was frozen at 77 K in a cell in
which HFP ozonide was prepared. In the course of
thawing of this system, we also observed in the range
2403290 K vigorous heat release associated with
copolymerization. The yield of the copolymer in such
experiments was about 100%. Hence, the resulting
TFE3HFP copolymer contains no less than 25% HFP,
since it is known [3] that HFP does not undergo

homopolymerization under these conditions and can
only enter copolymerization. The IR spectra of the
resulting copolymer contain absorption bands charac-
teristic of the TFE3HFP copolymer.

With the HFP content in the initial mixture raised
further (e.g., to HFP : TFE = 1 : 2), the copolymer-
ization rate decreases and the yield of the polymeric
product becomes as low as~50%.

Note that the products of ozonide decomposition
can also initiate polymerization of other monomers,
e.g., acrylonitrile and methyl methacrylate. For exam-
ple, the yield of the polymer in 24 h at 290 K was
65% with acrylonitrile and 30% with methyl meth-
acrylate.

Thus, we have demonstrated the feasibility of using
the decomposition products of HFP ozonide for initi-
ating polymerization and copolymerization processes.
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Abstract-The resistance of rosin-modified polyester resin to thermal oxidative degradation was studied. This
resin can be used as organic binder in low-temperature corrosion-inactive soldering pastes.

Among microelectronic devices under develop-
ment, a prominent place is occupied by devices
produced by hybrid integrated technology. The as-
sembling and mounting of hybrid integrated micro-
circuits are accelerated and the mounting quality is
improved when tin-plating or soldering pastes are
used [1, 2].

At present, various resins and polymeric materi-
als are used as organic binders in soldering pastes.
A binder imparting to the paste the required viscosity
and adhesive power should not evaporate at ambient
temperature, but should completely volatilize on heat-
ing before the solder starts to melt. Furthermore, it
should be inert with respect to the solder in both stor-
age and paste fusion. The most used as the main com-
ponent of the organic binder are traditional products
of wood chemical industry: rosin and products of its
processing [335]. Studies showed that rosin solutions
do not ensure the required process properties of sol-
dering pastes. Rosin has low softening pointTs
(60368oC) and poor heat resistance [6]. Many solu-
tions of polymeric materials are unsuitable for binder
preparation because of the high softening point, which
results in that the organic matter is not separated from
the solder in the course of soldering.

To ensure the required adhesion, heat resistance,
and softening point of the organic binder, we prepared
a polyester resin modified with rosin. Because the
working temperature of fusion of low-temperature sol-
dering pastes is, depending on the solder composition,
2003450oC for template printing and 1403350oC for
the dosing unit, the heat resistance of the polymeric
product is of crucial importance for development of
the organic binder.

In this work, we studied the resistance to thermal
oxidative degradation of a rosin-modified polyester
resin.

EXPERIMENTAL

The polyester resin was prepared from ethylene
glycol (bp 1983200oC, d4

20 = 1.115), glycerol (bp
290oC, d4

20 = 1.260), maleic anhydride (bp 202oC,
d4

20 = 0.934), and phthalic anhydride (bp 285oC, d4
20 =

1.527). To prevent side reactions, the synthesis was
performed under argon. The initial mixture was heated
at 1953198oC for 4 h. Then commercial oleoresin pine
rosin (OPR) was added, and the addition reaction was
performed for 1 h at 1983200oC. The polycondensa-
tion equilibrium was shifted by removal of the released
water using a Dean3Stark trap. The yield of the poly-
ester was 90% based on the initial charge. The product
is a dark yellow transparent solid. The softening point
Ts and acid number AN were determined by the pro-
cedure given in [7]. The physicochemical characteris-
tics of the samples are as follows: OPR,Ts = 65oC,
AN = 165 mg KOH g31; polyester resin,Ts = 953
100oC, AN = 110 mg KOH g31.

The parameters of thermal oxidative degradation
of the resulting polyester resin were determined
by dynamic thermogravimetry [8]. To determine the
onset temperature of the resin degradation more ac-
curately by means of thermogravimetric analysis,
we recorded along with the TG curves also the
DTG and DTA curves [9]. The study was done with
an MOM Q-1000 derivatograph (Hungary) in pro-
grammed sample heating mode. A 0.1-g sample was
heated in a platinum crucible in air at a rate of
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5 deg min31. The instrument sensitivities were as fol-
lows: balance, 100 mg; DTA galvanometer, 1/3; and
DTG galvanometer, 1/10.

Because the polyester resin contains the solvent,
free water, residual alcohol, and unsaponifiable sub-
stances boiling in the range 1003250oC, the weight
loss starts at relatively low temperatures. Therefore,
the heat resistance of the sample was judged from
the onset temperature of degradation (Td

DTA is the onset
temperature of the exothermic effect in the DTA curve,
associated with the onset of oxidation;Td

DTG is the
temperature at which the DTG curve starts to deviate
from the horizontal), rather than from the temperatures
of 5% and 10% weight loss [9]. The activation energy
of thermal degradationEd was estimated by the Free-
man3Carrol procedure [8]. Data on the thermal ox-
idative degradation of the polyester resin are listed in
the table.

Data in the table show that, as regards all the
criteria: Ts = 953100oC, Td

DTG, Td
DTA, Td

av (average
degradation onset temperature from the DTG and
DTA data), the synthesized polyester resin meets all
the requirements to organic binders for low-tempera-
ture soldering pastes.

In the course of fusion of the soldering paste, a
major fraction of the binder evaporates and burns out;
the residue should be corrosion-inactive and noncon-
ducting. The polyester resin was tested for corrosion
activity on copper plates according to GOST (State
Standard) 20.57.40638 in a humid (93+3% humidity)
chamber for 21 days at 40+2oC. An assessment of
the results according to GOST 275.97388 showed that
the resin is corrosion-inactive. This fact makes assem-
bling and mounting of hybrid integrated microcircuits
less labor-consuming, because the washing stage is
eliminated.

The volume resistivity of the polyester resin after
partial fusion and storage in a humid chamber was,
on the average, 1.70 1013

W m.

CONCLUSIONS

(1) A new product, rosin-modified polyester resin,
was prepared.

Parameters of the heat resistance of samples, as determined
by dynamic thermogravimetry
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³ Td
DTG ³ Td

DTA ³ Td
av ³

ÃÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ´Sample ³ ³Ed, kJ mol31

³ oC ³
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
OPR ³ 200 ³ 160 ³ 180 ³ 50
Polyester resin ³ 540 ³ 460 ³ 500 ³ 80
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Td

av = (Td
DTG

3 Td
DTA)/2.

(2) As shown by dynamic thermogravimetry, the
modified polyester resin is resistant to thermal oxi-
dative degradation.

(3) The modified polyester resin can be used as
organic binder in low-temperature corrosion-inactive
soldering pastes.
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In Commemoration of Professor
Gleb Aleksandrovich Mamantov

(193131995)

G.A. Mamantov, one of the best known specialists
in chemistry and electrochemistry of molten salts,
honored professor and head of the chemical faculty at
the University of Tennessee, Knoxville, USA, would
be 70.

G.A. Mamantov was born on April 10, 1931 in a
small town of Karsava, situated in the eastern part of
Latvia. There lived during the Civil war in Russia his
parents, Elena and Aleksandr G.A. Mamantov, general
practitioners, both St. Petersburg born. In 1944,
the G.A. Mamantov family was taken out of Latvia
and they found themselves in a camp for displaced
persons at Kleinkotz (West Germany). In 194531949,
G.A. Mamantov was studying there at a Latvian gym-
nasium. In 1949, the G.A. Mamantov family moved
to the US. In the same year, G.A. Mamantov entered
the University of Louisiana, and in 1953 was awarded
there the degree of a bachelor of chemistry. At the
same university (in 1954) he backed his master’s
dissertation [Studies in Voltammetry]). In 1957,
G.A. Mamantov received his PhD degree in electro-
chemistry. The title of his PhD dissertation was
[Anodic Stripping Voltammetry and Other Studies of
Electrode Processes.] In final stages of G.A. Maman-
tov’s education, his work was supervised by P. Del-
ahay, the most prominent American electrochemist,
author of a number of monographs, two of which have
been translated into Russian [Delahay, P.,Novye
pribory i metody v elektrokhimii(New Devices and
Methods of Electrochemistry), Moscow: Inostrannaya
Literatura, 1957;Dvoinoi sloi i kinetika electrodnykh
protsessov(Double Layer and Kinetics of Electrode
Processes), Moscow: Mir, 1967]. The first of these
books had strong impact on the development of volt-
ammetric measurements in the USSR. The second,
with a foreword written by Academician A.N. Frum-
kin, was highly appreciated by him. In 195431958,
G.A. Mamantov published, together with Delahay,
four papers concerned with the theory and practice of
voltammetry. In particular, they derived equations for
the transient time in the case of linear diffusion and
simultaneous migration, and also for the case of spher-

G. A. Mamantov (photograph taken in the 1960s).

ical diffusion. G.A. Mamantov studied at Delahay’s
laboratory the reproducibility of the transient time in
voltammetric (chronopotentiometric measurements)
and reduction of complex ions in aqueous solutions.
In 195731958, the scientist worked as a researcher
chemist at Dupont Corp. (Niagara Falls, NY). In
195831960, he served in the US Air Force in Califor-
nia. On having finished his military service, G.A. Ma-
mantov for some time (196031961) conducted scien-
tific research together with Prof.J.L. Margrave at
the University of Wisconsin. Their publication (1961)
was concerned with decomposition of liquid borazine.

Beginning in 1961 and till the end of G.A. Maman-
tov’s life, his pedagogical and scientific activities had
been associated with the University of Tennessee.
In 1971 he became professor, and in 1979, head of
the chemical faculty. Simultaneously, he had been
a consultant at Oak Ridge National Laboratory since
1962, and held a similar position at Los Alamos
National Laboratory since 1986. In 1987, G.A. Ma-
mantov founded a small company Molten Salt Tech-
nology and became its president. In the summer of
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1991, the scientist delivered lectures at Paris Univer-
sity as an invited professor.

The scientific legacy of G.A. Mamantov is vast and
diverse. The list of his works, compiled by the scien-
tist himself shortly before his death, includes 261
items. Let us make an attempt to distinguish the main
directions of research. During 196331973, more than
30 publications were concerned with the application
of modern electrochemical and spectroscopic methods
to investigation of fluoride melts which are of interest
for the nuclear reactor technology. Particular attention
was paid to the behavior of various compounds dis-
solved in the mixtures LiF3BeF23ThF4, LiF3BeF23
ZrF4, and LiF3NaF3KF. The results obtained in study-
ing fluoride systems were summarized in reviews
[1, 2]. In some studies, the behavior of compounds
of uranium with various oxidation levels in fluoride
melts was analyzed.

G.A. Mamantov and co-workers proposed an orig-
inal design of a reference electrode for molten fluo-
rides and fluoroborates [3].

About 60 publications (197031975) were devoted
to investigation of various systems based on chloro-
aluminate melts by optical and electrochemical meth-
ods. In the initial stage of this series of works, the na-
ture of the system AlCl33NaCl and the behavior of
various ions introduced into melt were studied.

Changing the composition of a chloroaluminate
melt alters its acid3base properties and affects redox
processes involving the dissolved substances and their
coordination characteristics. The composition of the
species present in a melt was determined by Raman
spectroscopy, the equilibria were studied quantitative-
ly by potentiometry. Voltammetric measurements were
also widely used to study specific features of electrode
reactions. With the chemistry of chloroaluminate solu-
tions and acid3base equilibria in these melts was con-
cerned a summarizing paper by G.A. Mamantov and
R. Osteryoung [4]. In 1980, G.A. Mamantov and co-
workers were the first to develop and apply an orig-
inal-spectroelectrochemical-technique for investiga-
tion of electrode reactions. Optically transparent elec-
trodes allowed observation of the absorption spectra
of substances involved in the electrode process [5, 6].
Particular attention was given by G.A. Mamantov dur-
ing a succession of years to application of optical
methods in studying the behavior of compounds of
sulfur in higher oxidation states in chloroaluminate
melts and to electrochemical reactions involving these
compounds. These investigations were for the most
part summarized in [7].

Gleb and Charmaine Mamantov.

In 1980, G.A. Mamantov published an extensive
review [8] concerned with the use of molten salts in
rechargeable secondary power cells. Together with co-
workers, he proposed and comprehensively studied
a rather efficient secondary chemical power cell with
sodium anode, solid electrolyte composed ofb``-alu-
mina, and cathode in the form of a chloroaluminate
melt with S(IV) ions [9311]. Also, quite a number of
other cathode formulations were considered. Later,
the possibility was demonstrated of using glassy solid
electrolyte instead ofb``-alumina [12].

A numerous series of works with G.A. Maman-
tov’s participation was devoted to low-temperature
spectroscopic and spectroelectrochemical studies of
organic compounds [13, 14].

G.A. Mamantov’s scientific activities were charac-
terized by an exceedingly close attention to the ex-
perimental technique and account of all the factors
affecting the interpretation of a result obtained. For
example, he was the first to point to the necessity for
a repeated study of the electrochemical behavior of
a number of rare metals in halide melts when, after
the appearance of a number of reports (by Russian sci-
entists, in the first place) in the late 1980s, it became
clear that oxygen-containing impurities exert strong
influence on the complexation in these media.

By G.A. Mamantov’s initiative, and under his and
his colleagues’ (J. Braunstein, G.P. Smith) editorship,
six collections of worksAdvances in Molten Salt
Chemistry were published in 197131987, together
with some other books, the last of which appeared in
print in 1994 [15].

The scientific and organizational activities of
G.A. Mamantov were distinguished by exceptional in-
tensity. He was a member of the American Chemical
Society, Electrochemical Society, Society of Applied
Spectroscopy, and other scientific societies, took part
in the organization and holding of a great variety of
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conferences and symposia. G.A. Mamantov initiated
the establishment of M. Bredig’s prize awarded for
the best works in chemistry of molten salts. G.A. Ma-
mantov was elected a foreign member of the Latvian
Academy of Sciences.

The list of G.A. Mamantov’s scientific awards is
vast. Gleb Aleksandrovich Mamantov had not lived in
Russia, but he was brought up in a Russian family,
had a perfect command of the Russian, and always
showed keen interest in our country. Twice, in 1974
and 1989, the scientist was in the USSR for a long
stay, visited scientific centers in Kiev, Moscow, and
Leningrad. G.A. Mamantov translated into English
B.B. Damaskin’s bookPrintsipy sovremennykh me-
todov izucheniya electrokhimicheskikh reaktsii(Mos-
cow: Mos. Gos. Univ., 1965) (Principles of Modern
Techniques for Analysis of Electrochemical Reac-
tions). G.A. Mamantov’s elder brother, Il’ya Alek-
sandrovich, taught Russian philology at the University
of Dallas and had repeatedly been to the USSR before
1978.

When the financing of the scientific research and
higher school dropped dramatically in the early 1990s,
G.A. Mamantov was truly worried about the fate of
our scientific schools. He invited to his laboratory
several young scientists from Russia, Ukraine, and
Latvia for postgraduate education and scientific train-
ing. Despite falling severely ill in 1993, G.A. Ma-
mantov was always ready to help in training of young
scientists. G.A. Mamantov died on March 12, 1995, at
the age of sixty-three at the height of his pedagogical
and scientific activities. He was true scientist, excel-
lently educated, talented, and vigorous. And he will
be remembered as such by all of those who knew him.

The authors wish to thank Professor Ch. Hussey
(University of Mississippi, USA), Dr. G. Stafford
(National Institute of Standards and Technology,
USA), and I.A. Mamantov’s son, Igor Mamantov
(Dallas, USA) for help in obtaining the necessary
materials.
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Ivan Yakovlevich Tyuryaev
(192032001)

Ivan Yakovlevich Tyuryaev, a known scientist in
the field of industrial catalysis, doctor of technical
science, Professor, Honored Scientist and Technologist
of Russia, died on March 5, 2001, at the age of 80.

I.Ya. Tyuryaev was born on September 12, 1920.
In 1948, he graduated from the Lomonosov Institute
of Fine Chemical Technology, Moscow, having re-
turned to the institute in 1946 after being discharged
from the army where he went as a volunteer after
finishing his first year as a student. He backed his
candidate dissertation in 1954, and doctoral disserta-
tion in 1963.

Tyuryaev started his labor activity in 1948, first as
a production engineer and then as deputy head of a
pilot shop at the Pilot plant (Yaroslavl). From 1952
till 1956, when doing his military service, he was ap-
pointed a military representative of the Ministry of
Defense. In 1956, by request of the Ministry of Chem-
ical Industry, he was discharged and then worked as
a senior researcher at research institutes in Yaroslavl,
Leningrad, and Moscow, being also a senior research-
er at the Research Institute of Synthetic Alcohols
(Moscow). In 1958, he was invited to head the newly
organized laboratory of contact-catalytic processes at
the Research Institute of Monomers for Synthetic
Rubber (Yaroslavl). From 1963 till 1965 he headed
the laboratory of catalytic synthesis and was deputy
director for science at the Institute of Macromolecular
Compounds, Academy of Sciences of the Ukraine
(Kiev). From 1965 to 1997, Tyuryaev headed the new-
ly organized laboratory of catalysts and leading re-
searcher at the Prikladnaya Khimiya Russian Sci-
entific Center [former GIPKh (State Institute of Ap-
plied Chemistry)].

Tyuryaev’s half-century’s scientific activities cov-
ered the following three main directions of research:
petrochemistry, organic synthesis, and catalysis.

Tyuryaev became widely known for his works in
the field of petrochemistry (194831965, Yaroslavl,
Kiev). Tyuryaev developed theoretical foundations of
the technology of manufacture of basic monomers
(butadiene, isoprene, isobutylene) for synthetic rub-
bers by dehydration of hydrocarbons. He studied

the chemistry, equilibrium, and rates of the main
and all side reactions; dynamics of, and reasons for
changes in catalyst activity; chemistry and kinetics of
catalyst regeneration.

He developed theoretical basis for calculation of
reactors and regenerators with suspended catayst bed
and performed mathematical modeling of dehydro-
genation reactors of various kinds. The research and
development culminated in designing and creating
a number of large-tonnage productions of butadiene
and isoprene in our country and abroad.

Tyuryaev is the founder of a new scientific direc-
tion in monomer synthesis: he (together with co-
authors) discovered a new reaction-oxidative de-
hydrogenation of hydrocarbons to give dienes. He
studied the chemistry and kinetics of these reactions
and found appropriate catalysts.

Tyuryaev also studied the chemistry and kinetics
of the reactions occurring in the three-stage process
for isoprene production (propylene6 2-methylpen-
tene-16 2-methylpentene-26 isoprene). He devel-
oped a theoretical approach to the choice of a homo-
geneous catalyst for the last stage.
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In the field of industrial organic synthesis (19653
1980, Leningrad), Tyuryaev was in charge of the de-
velopment of an industrial technology for manufacture
of e-caprolactam viaecaprolactone and studied the
chemistry and kinetics of the involved reactions and
found appropriate catalysts.

Tyuryaev developed industrial techniques for manu-
facture of a number of amino acids for agriculture,
food industry, health protection service (L-lysine,
L-sodium glutamate,DL-tryptophane,L-DOFA), from
synthesis of starting compounds to separation of ra-
cemates and racemation ofD-isomers. Catalysts for
the catalytic stages were found. Extensive research
and development work and tests were carried to the
stage of industrial production design.

Under Tyuryaev’s supervision was developed
(196631990, Leningrad) a group of catalysts for or-
ganic synthesis (production of indole, furan, tetra-
hydrofuran, ethylenediamine, organofluorine products,
etc.) and a set of catalysts for aerospace and defense
technology, altogether more than twenty in number. In
developing these catalysts, the chemistry and kinetics
of the main production stages were studied, com-
prehensive stand and full-scale studies were carried
out, and manufacturing facilities were created. The cat-
alysts developed for the aerospace and defense tech-
nologies are unique in their activity and service char-
acteristics and ensure fabrication and reliable opera-
tion of the obtained articles and objects.

As a result of his scientific research activities, Tyu-
ryaev published more than two hundred works, includ-
ing 2 monographs, and received about 50 inventor’s
certificates.

Together with conducting research studies, Tyurya-
ev carried out extensive scientific-organizational and
pedagogical work. During the period from 1960 to
1990, he was a permanent member of the scientific
council of catalysis at the State Committee on Science

and Technology; from 1982 till 1990 Tyuryaev was
chief chemist for catalysts of the Ministry of Chem-
ical Industry; from 1979 to 1990, he was dean of the
base faculty of the Leningrad Technological Institute
(LTI) at GIPKh, organized with his direct participa-
tion, and a professor of the chair of special catalysts
at this faculty; from 1967 till the last days of his life
Tyuryaev was a permanent member of a number of
qualifying councils awarding the degrees of candidate
and doctor of science (GIPKh, VNIINeftekhim, Le-
ningrad Technological Institute); he was one of or-
ganizers and a co-chairman of the Leningrad city
seminar on catalysis and a member of the Editorial
board of Zhurnal Prikladnoi Khimii.

Tyuryaev shared his profound knowledge and vast
experience with his pupils. Twenty candidate and two
doctoral dissertations have been prepared under his
supervision.

Tyuryaev was active citizen and a man of principle.

For his services in the development of the domestic
chemical science, Tyuryaev was decorated with an
Order of Friendship among Nations and a number of
medals.

We lost an excellent, nice, and sympathetic person,
a truly intelligent man, and a professional of great
vigor.

The blessed memory of Ivan Yakovlevich, an out-
standing scientist, colleague, and teacher, will be
cherished forever in the hearts of those who were
lucky to have known him.

Prikladnaya Khimiya Russian Scientific
Center,

St. Petersburg Technological Institute,

Editorial board and editorial staff of
Zhurnal Prikladnoi Khimii
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Reznik, I.D., Ermakov, G.P., and Shneerson, Ya.M.,Nikel’
(Nickel), Moscow: Mashinostroenie, 2000, vol. 1, 384 pp.

The first volume of a three-volume monograph
Nikel’ (Nickel) written by such known specialists as
I.D. Reznik, (Gintsvetmet Institute, Moscow), G.P. Er-
makov (Severonikel’ Combine, Monchegorsk), and
Ya.M. Shneerson (Gipronikel’ Institute, St. Petersburg)
was published in the end of 2000. All the authors
have rich experience of work at plants and institutes
of the nickel industry. The book comprises 10 chap-
ters, grouped in three parts. The first chapter considers
in detail the problems of technical development of
nickel plants in the USSR in the postwar years (19453

1991). First batches of nickel metal were obtained
in Russia as far back as 1933 at the Ufalei nickel plant
(Chelyabinsk oblast); in 193831939, Yuzhuralnikel’
(Orsk) and Severonikel’ combines were put into opera-
tion. In 1991, 282 thousand tons of nickel were
manufactured in Russia, which constituted 34% of
the world’s nickel output. In the subsequent years,
the manufacture of nickel by the domestic plants de-
creased, whereas the world’s output approached 1 mil-
lion tons in 2000. The authors discuss separately
groups ofplants processing oxidized nickel ores (ch. 1)
and sulfide copper3nickel ores (ch. 2). The second
chapter gives special attention to the Noril’sk mining
and smelting combine and the history of its construc-
tion. In 1942, the combine produced the first elec-
trolytic nickel. The second chapter also includes in-
formation about the Krasnoyarsk plant of nonferrous
metals where sludges produced in electrolysis at the
Noril’sk mining and smelting combine are processed
and platinum-group metals are refined. Both chapters
captivate the reader and mention a large number of
engineers and researchers who contributed to the crea-
tion and development of the domestic nickel industry
and to designing and implementing new technological
schemes.

Nickel ore processing has its own specificity con-
sisting in the wide variety of ore types, the variability
and complexity of their composition, low nickel con-
tent, necessity for performing numerous preliminary
treatments, and impossibility of ore dressing by
the common mechanical methods. The second part of
the book describes in ample detail the methods for
preparation of ores and concentrates for metallurgical
conversion. Such issues are covered as ore blending
(ch. 3), sampling (ch. 4), drying (ch. 5), briquetting
(ch. 6), agglomeration (ch. 7), and balling (ch. 8).
The ninth chapter is concerned with reductive calcina-
tion of oxidized nickel ores for subsequent ammonia-
carbonate leaching. The third part of the monograph
(ch. 10) describes various methods for dressing of
oxidized nickel ores. The authors consider the segre-
gation calcination with flotation or magnetic separa-
tion of the calcine to be the most efficient method for
dressing this kind of ores. The method is in the devel-
opment stage and has not been used under industrial
conditions (segregation calcination could make prof-
itable the processing of lean oxidized ores of the Ural
region).

Each part of the book is provided with a list of
references to a total of 257 works of domestic and
foreign authors. The monograph has clearly tech-
nological orientation and analyzes production proc-
esses at, in the first place, domestic plants.

The book is of interest for engineers and research-
ers working in the field of processing of nickel-con-
taining raw materials. The manner of presentation
makes the book recommended reading for senior stu-
dents, masters, and postgraduate students specializing
in metallurgy of heavy nonferrous metals.

A. G. Morachevskii, I. N. Beloglazov
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Gaile, A.A., Somov, V.E., and Varshavskii, O.M.,Aromaticheskie
uglevodorody: Vydelenie, primenenie, rynok: Spravochnik
(Aromatic Hydrocarbons: Isolation, Use, and Market:

Reference Book), St. Petersburg: Khimizdat, 2000, 544 pp.

The reference-monographic edition systematizes
the advances in chemistry and technology of aromatic
hydrocarbons with account of numerous publications
of, mainly, the last decade. The bibliography of
the book, given separately for each chapter, includes
about 1900 references.

The first chapter [Isolation and Separation of
Arenes] briefly considers, with due regard to the ex-
istence of specialized literature, the sources of arenes.
The main attention is given to extractive isolation of
aromatic hydrocarbons from catalysts for reforming of
benzine fractions and pyrocondensates, straight-run
medium-distillate petroleum fractions with simulta-
neous production of ecologically safe jet-engine and
diesel fuels. Also considered are methods for isolation
and purification of arenes obtained in coal carboniza-
tion from [crude benzene] and coal tar and techniques
for separation of C83C10 arenes. Also, this chapter
reflects the results obtained by the authors of the book
in studies performed at the St. Petersburg State Tech-
nological Institute in cooperation with PO Kirish-
nefteorgsintez.

Chapters 234 consider various ways to use benzene
and its homologues, naphthalene, and polycycloarenes.
Of particular interest are some new promising fields
of application of arenes and, in particular, production
of phenol by means of vapor-phase oxidation of ben-
zene by nitrogen(I) oxide in the presence of zeolites
modified with iron oxide.

The fifth chapter presents technological schemes of
industrial processes for production of aromatic hy-
drocarbons and their most important derivatives-

styrene, cumene, phenol, cyclohexane, linear alkyl-
benzenes, bisphenol A, aniline, caprolactam, phthalic
anhydride, terephthalic acid, etc. Performance charac-

teristics of various processes for manufacture of ar-
omatic compounds are compared.

The sixth chapter is concerned with the fields of
application of petroleum aromatic solvents and ar-
omatic concentrates-promising products that can be
isolated in extraction manufacture of ecologically safe
motor fuels, an alternative to hydrocracking, which
requires gross investment and involves high energy
consumption.

The seventh chapter presents data on the scale of
manufacture, consumption structure, and prices of
aromatic hydrocarbons and their most important de-
rivatives.

The use of the reference book is facilitated by the
provided subject index.

For this reference-monographic edition to be com-
prehensive, it would be advisable to supplement the
book with sections concerning the arene formation
processes (catalytic reforming and pyrolysis of oil
fractions, coal carbonization), composition of arenes
present in oils, and mechanisms of the reactions con-
sidered. However, the authors did not aim to cover all
arene-related issues in an encyclopedic manner, re-
stricting themselves to provision of references on
some of these topics.

The book is well published, contains an ample
body of concrete data on industrial processes and
advanced investigations in the field of isolation and
use of aromatic hydrocarbons. It seems to be a valu-
able manual both for specialists in petroleum refining
and petrochemistry and in organic synthesis and for
teachers, postgraduate students, and students of chem-
ical-technological and oil higher school institutions.

I. V. Tselinskii



1070-4272/01/7404-0715 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 4,2001, pp. 7153719. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 4,2001,
pp. 6933696.
Original Russian Text CopyrightC 2001 by Belov.

INFORMATIONÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

The Second Russian Kargin Symposium
[Chemistry and Physics of Polymers
at the Beginning of XXI Century]

The Second All-Russia Kargin Symposium[Chem-
istry and Physics of Polymers at the Beginning of
the XXI Century] (Chernogolovka, May 29331, 2000)
was organized by the Russian Academy of Sciences
(Department of General and Technical Chemistry and
Scientific Council on Macromolecular Compounds)
with active participation of the Institute of Problems
of Chemical Physics, Institute of Synthetic Polymeric
Materials, Institute of Organoelement Compounds,
and Moscow State University.

Among the Symposium participants were more
than 400 scientists and specialists from 19 Russian
towns (Moscow, St. Petersburg, Kazan, Nizhni Nov-
gorod, Chernogolovka, Irkutsk, Ufa, Yekaterinburg,
Novosibirsk, Saratov, Samara, Birsk, Barnaul, Tver,
Izhevsk, Al’met’evsk, Balakovo, Troitsk), CIS (Azer-
baijan, Armenia, Belarus Republic, Uzbek Republic),
and also scientists from Egypt, Romania, the United
States, France, Switzerland, and Japan. Participants
from Russia represented 21 institutions of the Russian
Academy of Sciences, 28 universities, and 11 research
institutes for various branches of industry.

The symposium program included 19 plenary lec-
tures and 375 posters presented at four poster sessions.
By the amount ofrelated contributions, all of them can
be arbitrarily subdivided into the following 13 topics.

(1) Polymers and biology.Various aspects of this
complex problem were outlined in six plenary lec-
tures. The general strategy of synthesis of biopoly-
mers based on lactic and glycolic acid was analyzed in
the lecture given by M. Vert (France). A. Grosberg
(US) examined in his lecture the geometry and topol-
ogy of proteins and also phase transitions in polymers
and biopolymers. E. Shakhnovich (US) reviewed re-
cent achievements in computer modeling of the struc-
ture/function relationship in proteins. The potential-
ities of the modern chemistry of medical biopolymers
for development of new materials modeling certain
functions of organs and tissues of living bodies
were discussed in the lecture given by L.I. Valuev
(Moscow).

The poster presentations by V.A. Alinovskaya,
S.A. Belyaev, S.M. Butrim, and P.M. Bychkovskii

(Minsk, Belarus) reported data on immobilization of
various drug preparations on monocarboxycellulose.
E.A. Baryshnikova and I.I. Vointseva (Moscow) de-
monstrated the possibility of synthesizing water-soluble
m-carborane-containing oligo salts for boron-neutron-
capture therapy of cancer and biocidic interpoly-
mers based on polyhexamethyleneguanidine and chlo-
rosulfonated polyethylene. T. Budtova (St. Petersburg)
reported on a study of polyelectrolyte gels based on
cross-linked sodium polyacrylate as models for new
drug preparations. Immobilization of lipases into
a complex of two oppositely charged polyelectrolytes
was reported by I.V. Gorokhova (Moscow). E.N. Da-
nilovtseva (Irkutsk) presented data on synthesis and
characteristics of new water-soluble copolymers based
on 1-vinyl-4,5,6,7-tetrahydroindole.

It is known that dendrimers bearing amino groups
on the surface of their molecules show promise for
transport of a genetic material into a cell. M.V. Zhi-
ryakova (Moscow) synthesized for the first time
water-soluble positively charged nonstoichiometric
polyelectrolyte complexes with polypropylenimine
dendrimers. The composition and properties of com-
plexes of polylysine with negatively charged lipo-
somes were reported by O.E. Kuchenkova (Moscow).
The contribution by I. Zorin (St. Petersburg) was con-
cerned with synthesis of mesogenic polyamido ethers
with amino acid units in the main chain. N.A. Kas’-
yanenko (St. Petersburg) and O.A. Pyshkina (Moscow)
reported the results of a spectroscopic study of inter-
action of DNA with synthetic polymers and of native
DNA and its single-chain analog with distearyldi-
methylammonium chloride in solution. Synthesis and
characterization of collagen3apatite composite for
medical use were reported by S.D. Litvinov (Samara).
The contribution by A.V. Makeev (St. Petersburg) was
devoted to synthesis of polyfunctional polymeric coat-
ings for medical use, based on polyvinyl alcohol and
lactic acid.

(2) Synthesis and properties of composites and
polymers. The corresponding plenary session in-
cluded eight lectures covering particular aspects of
this complex problem. They were as follows. Rigidity
and Plasticity in Solid Polymers (E.F. Oleinik, Mos-
cow); Polymer Chemical Structure, Free Volume, and
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Prediction of Membrane Properties (Yu.P. Yampol’-
skii, Moscow); Liquid-Crystal Elastomers: Features
and Mechanisms of Orientation Induced by Mech-
anical Field (R.V. Tal’roze, Moscow); Ceramic-
Reinforced Polymers and Polymer-Modified Ceramics
(J.E. Mark, US); New Principles of Development of
Photosensitive Multifunctional Materials Based on
Chiral Photochromic Copolymers (V.P. Shibaev,
Moscow); Langmuir3Blodgett Ferroelectric Polymer
Films (L.M. Blinov, Moscow); Block Ionomer Com-
plexes (A.V. Kabanov, US); and Photochemical
Effects on Polymer Films and Fibers (A. Mousa,
Egypt).

Poster presentations by V.S. Avinkin and M.Yu. Vdo-
vin (Moscow) and by B.N. Anfimov (Moscow) were
devoted to the effect of ethylene3vinyl acetate co-
polymer (EVAC) or paraffins on the mechanical and
elastic properties of the LDPE3rubber powder com-
posite and also to the contribution of chemical cross-
linking between the components to the properties of
polymer composites. O.V. Stoyanov (Kazan) reported
the structural mechanical characteristics of mixtures of
EVAC and LDPE. The properties of biocompatible
implants based on polymers and phosphates modified
with polyacrylic acid were reported by E.N. Andreeva
(Moscow). Generalized data on the phase composition
and structure of fibers of thermotropic liquid-crystal
copolyethers were reported by E.A. Antipin (Mos-
cow). The principles of closed-cycle processing of
wood by alkylation and etherefication to obtain poly-
mer composites and the molecular topological struc-
ture of such composites and various celluloses were
reported by N.G. Bazarnova (Barnaul) and Yu.A. Ol’-
khov (Chernogolovka).

Also, many other aspects related to the topic were
considered in poster sessions, including modification
of polymers in the solid state under the simultaneous
action of pressure and shear stress, studied for the ex-
ample of mixtures of cellulose and chitosan (T.A. Ako-
pova, Moscow); features of the processes occurring
in polyethylene-based metal-containing polymer mix-
tures and solid-state polymerization of acrylamide
(V.A. Zhorin, Moscow); characterization by various
methods of the structure and compatibility of such
mixtures (N.L. Voropaeva, Tashkent); effect of high
pressure on the structure and thermal properties of
mixtures of polyethylene terephthalate with liquid-
crystal (LC) polymer (H. Al-Itavi, Moscow); and
the thermodynamics and structure of polymer mix-
tures under stress conditions (E.V. Rusinova, Yekate-
rinburg). The general features and nature of heat-in-
duced relaxation of polymer glasses and a procedure
for calculating the quasi-equilibrium stress relaxation

curve were considered in the contributions presented
by M.S. Arzhakov and G.M. Lukovkin (Moscow).
A.P. Safronov (Yekaterinburg) reported a thermody-
namic model taking into account the features of dis-
solution of polymer glasses. The contributions of
V.G. Vasil’ev, V.S. Papkov, A.Yu. Rabkin, and
M.M. Levitskii (Moscow), V.A. Kovyazin (Moscow),
D.D. Korochkin (Moscow), and O.G. Nikol’skii (Mos-
cow) were devoted to various aspects of synthesis and
characterization of polyorganosiloxanes.

(3) Theoretical polymer research.In this session
two plenary lectures were given: Computer Modeling
of Self-Organized Polymers (P.G. Khalatur, Tver) and
Multiscaled Modeling of Polymer Properties and
Behavior (A. Gusev, Switzerland).

In more than 20 poster presentations, such prob-
lems were treated as orientational self-organization in
molten rigid-chain polymers (A.E. Arinshtein, Mos-
cow); effect of diblock copolymer on the final stages
of phase separation in a polymer mixture (E.N. Go-
vorun, Moscow); computer modeling of systems con-
taining polymer chains and colloid particles (N.V. Da-
vydov) (Moscow); properties of a solution of a flex-
ible-chain polymer under conditions of[contraction]
in the field of substrate surface forces (A.I. Dolinnyi,
Moscow); adsorption of a polymer chain on a spher-
ical surface (E.I. Zheligovskaya, Moscow); structure
of associates of acrylic ester series (A.A. Il’in, Yaro-
slavl); effect of chemical defects on the structure, dy-
namics, and macroscopic properties of then-paraffin
C50 and of ethylene/propylene copolymers (I.A. Kar-
milov, Moscow); conformation behavior of comb-like
macromolecules (A.A. Klochkov, Moscow); evolution
of the molecular-mass distribution (MMD) in the in-
terchain exchange reaction in polymer mixtures
(Ya.V. Kudryavtsev, Moscow); concentration limits of
the phase instability range in polymer3particle sys-
tems in the case when the particles are larger than
the globules (A.A. Litmanovich, Moscow); phase
behavior of a two-dimensional polymer comb in an
A3B binary solvent (A.A. Merkur’eva, St. Peters-
burg); analysis of the spinodal equation for a binary
polymer mixture in terms of the contractible lattice
model (N.N. Nikitina, Kazan); theory of high-fre-
quency twisting-vibrating relaxation processes in poly-
mer chains (V. Toshchevikov, St. Petersburg); and
numerical calculation of the self-diffusion coefficient
distribution function (E.B. Shakir’yanov, Birsk).

(4) Polyelectrolytes.A.A. Yaroslavov and V.A. Ka-
banov (Moscow) reported in their plenary lecture on a
study of the interaction of polyelectrolytes with lipid
membranes. The session included more than 20 poster
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presentations. S.B. Zezin, V.A. Kasaikin, A.A. Zin-
chenko, S.I. Kargov, A.S. Andreeva, S.A. Andreenko,
and I.R. Nasimova (Moscow) reported on a theoretical
and experimental study of the structure and conforma-
tion behavior of polyelectrolyte3surfactant complexes
in weakly polar organic solvents, including the fea-
tures of phase separation of such complexes, revers-
ible gelation in polyelectrolyte solutions, electrical
conductivity of polyelectrolytes, and effect of the po-
lymer matrix structure on the adsorption properties
of polyelectrolyte gels. The contributions by A.V. Le-
zov (St. Petersburg) and E.A. Lysenko (Moscow) were
devoted, respectively, to interaction of Cu(II) with
azole-containing polyelectrolytes in aqueous solutions
and to molecular properties and association of poly-
peptide3surfactant complexes of block polyelectrolytes
in organic solvents of various polarities. T.F. Lelyukh
(Novosibirsk) reported on synthesis of cationic poly-
electrolyte with tertiary amino groups and their ap-
plication as flocculants for treatment of wastewater
contaminated with mercury. The capability of hydro-
phobized polyelectrolyte gels to absorb hydrophobic
compounds from aqueous solutions was reported by
A.V. Tazina (Moscow).

(5) Radical polymerization. The plenary lecture
given by K. Matyjaszewski (Poland) was devoted to
new promoting systems for[live] radical polymeriza-
tion of various monomers. Under this topic several
poster contributions were also presented. They were
devoted to synthesis of alkoxyamines (new class of
agents of live radical polymerization) and methods for
determining the rate constants of their reversible
homolytic decomposition and copolymerization of di-
methacrylates with styrene in their presence (G.M. Ba-
kova, M.P. Berezin, and I.S. Kochneva, Chernogo-
lovka). Other contributions discussed specific fea-
tures of radical polymerization of hydrophobic deriv-
atives of acrylamide (A.I. Barabanova, Moscow) and
salts of 2-acrylamido-2-methylpropanesulphonic acid
with acrylamide in water and aqueous salt solutions
(V.F. Kurenkov, Kazan); mechanism and kinetics of
polymerization of tetrafluoroethylene promoted by
mechanically activated silica and fluorinated carbona-
ceous materials (V.P. Mel’nikov, Moscow); radical
copolymerization of vinyl acetate withN-vinylpyr-
rolidone and styrene (M.O. Pastukhov, Nizhni Nov-
gorod); possibility of preparing stereoregular polymers
by radical polymerization (Yu.I. Puzin, Ufa); and po-
lymerization of acrylonitrile in supercritical carbon
dioxide (E.U. Said-Galiev, Moscow). New approaches
to chain growth control under conditions of pseudo-
live radical polymerization were examined in three
contributions presented by D.F. Grishin and others

(Nizhni Novgorod). The effect of temperature on
the kinetics of nitroxylinhibited copolymerization of
styrene with butyl acrylate was reported by M.G. Pav-
lov (Moscow).

R.Z. Azanov (Kazan) reported on a study of cat-
ionic polymerization of isobutylene catalyzed by
AlCl3 and BF3. The thermodynamics and features of
synthesis of polyurethanes and their reactions with al-
cohols werediscussed in the contributions by T.A. By-
kova (Nizhni Novgorod) and E.R. Badamshina and
I.V. Doronina (Chernogolovka). Several poster con-
tributions were devoted to such problems as radiation
cryopolymerization and copolymerization of HCN and
radiationinduced postpolymerization of isoprene and
butadiene with sulfur dioxide (D. Kiryukhin and
G.A. Kichigina, Chernogolovka); radiation-induced
grafting to polyolefins of vinylsilanes that do not
enter into homopolymerization (A.M. Mesh, St. Pe-
tersburg); and radiation-chemical synthesis of crown-
containing gels (S.V. Nesterov, Moscow). The devel-
opment and practical applications of perfluoroolefin
ozonides (new class of promoters for polymerization
of fluorinated olefins) and the role of radicals long-
lived in solution in polymerization of fluorinated
olefins were reported byM.R. Muidinov and S. Al-
layarov (Chernogolovka).

(6) Nanoparticles in polymers. This session in-
cluded two plenary lectures: Macromolecular Reac-
tions at Phase Boundary as a Direct Method for Syn-
thesis of Polymeric Nanosystems (V.P. Zubov, Mos-
cow) and Nanosponges and Clusters of These: New
Macromolecular Particles and Their Self-Association
(V.A. Davankov, Moscow). Of particular interest
among the poster contributions were those devoted to
self-immobilization of reactive nanoparticles of po-
lyoxometallates in monolayers and Langmuir3Blod-
gett films of network polymers (V.V. Arslanov, In-
stitute of Physical Chemistry, Moscow); formation
mechanism and structure of polymeric nanocompos-
ites with copper and cadmium sulfides (A.V. Volkov,
Moscow); structure and properties of cellulose hy-
drate films containing dispersed silver (N.E. Kotel’-
nikova, St. Petersburg); polycarbonate-based ad-
amantine nanocomposites (S.V. Krasheninnikov, Mos-
cow); electroluminescence in polymer composites
(E.M. Mal’tsev, Moscow); formation of carbona-
ceous micro- and nanostructures from functionalized
polymers (O.V. Nikolaeva, Izhevsk); poly-p-xylylene-
based metal-containing polymer nanocomposites
(S.A. Ozerin, Moscow); formation of nanophases in
porous polymer matrices of varied nature, such as
polyethylene terephthalate, PVC, and isotactic poly-
propylene (E.S. Trofimchuk, Moscow).
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(7) Dendrimers. A.M. Muzofarov (Moscow)clear-
ly demonstrated in his plenary lecture that, in the
recent decade, dendrimers, initially regarded only as
exotic illustration to theoretical developments, became
one of the most popular objects in the polymer chem-
istry research. E.V. Agina, E.A. Makeeva, M.V. Zhi-
ryakova, and others (Moscow) considered in their
poster presentations synthesis and phase behavior
of five generations of LC dendrimers with terminal
mesogenic groups (anisic acid derivatives) bound to
carbosilane dendritic matrix via an undecyl spacer,
and also carbosilane dendrimers with terminal al-
iphatic groups; synthesis (for the first time) of water-
soluble electrically charged nonstoichiometric poly-
electrolyte complexes with dendrimer as a lyophiliz-
ing polycation; and ionization equilibrium in aqueous
Astramol solutions of the first five generations of po-
ly(propylenimine) dendrimers and their interaction
with network polyelectrolytes containing peripheral
carboxy groups. The properties of the first three gen-
erations of dendrimers based onL-aspartic andL-glu-
tamic acids, containing terminal ester groups and
BOC-amino acids as base dendrons were reported by
A.Yu. Bilibin, St. Petersburg).S.P.Molchanov (Mos-
cow) discussed a new method for studying individual
molecules and small clusters of dendrimers by micro-
scopy. This method was used to study the structure of
carbosilane LC dendrimers (S.A. Ponomarenko, Mos-
cow). M.V. Ryabkov reported on a thermodynamic
study of a first-generation carbosilane dendrimer with
methoxyundecyl terminal groups at 03340 K. The
phase diagram of the system third-generation LC den-
drimer3CCl4 was reported by Yu.V. Panina (Saratov).
The effect of methylene and allyl terminal groups on
the molecular characteristics of carbosilane den-
drimers was studied by G.E. Polushina (St. Peters-
burg). The translation flexibility of phosphorus-
containing dendrimers of fifth and eighth generations
in CCl4 was reported by A.I. Sagidullin (Kazan).
A.S. Tereshchenko (Moscow) discussed synthesis of a
dendrimer bearing three HO groups at each terminal
spacer. New approaches to synthesis of dendrimers
without use of protecting groups were presented by
G.N. Khimich (St. Petersburg).

(8) Liquid-crystal polymers. The plenary lecture
given by R.V.Tal’roze (Moscow) was concerned with
LC elastomers prepared through chemical cross-link-
ing or reactions induced by gamma-ray and UV radia-
tion, and also through noncovalent interactions sta-
bilizing both the network structure and LC order
under conditions of self-organization of matter. The
poster presentations concerned with this topic reported
results of a systematic and comparative analysis of the

effect of temperature on the structure and mechanical
characteristics of highly oriented fibers of LC copoly-
ethers (E.M Antipov, I.A. Volegova, and A.A. Lev-
chenko, Moscow); data on the phase behavior, struc-
ture, and magnetic properties of comb-like LC iono-
mers containing Cu, Ni, Co, Mn, Na, Ca, and Rb cat-
ions (E.B. Barmatov and D.A. Pebalk, Moscow); and
data on the structure and mechanical properties of
H-bonded LC polymer networks (M.A. Koval’, Mos-
cow). D.D. Grinshpan (Minsk) reported on formation
of LC structures in aqueous solutions of cellulose
sulfate sodium salt.

(9) Metal-containing polymers.This class of poly-
mers is of a great scientific and practical interest. In
the poster session, reports were presented concerned
with synthesis, structure, and properties of metal-
containing epoxy polymers (L.M. Amirova, Kazan);
metal oxide structures synthesized by thermal treat-
ment of salt forms of carboxyl-containing nitrocel-
lulose with metal ions (I.A. Bashmakov, Minsk);
chemical deposition of silica in a polymer matrix
(E.A. Burlova, Kazan); properties of metal-coordi-
nated polyurethanes (Davletbaeva, I.M.,Kazan); po-
lymers based on unsaturated metal oxacarboxylates
and the role of the topography of macromolecular
metal complexes in catalysis ( G.I. Dzhardimalieva
and A.D. Pomogailo, Chernogolovka);molecular prop-
erties of metal-containing disubstituted polyacetylene
(E.I. Ryumtseva, St. Petersburg); and polyfunctional
polymerizable systems based on methacrylates and
alkali metal ions (N.A. Gavrilenko, Tomsk).

(10) Synthesis of new polymers.In the plenary
lecture A.L. Rusanov (Moscow) discussed new Diels3

Alder aromatic adducts based on hexaphenyl-substitut-
ed bis-cyclopentadienones and dienophiles. In prin-
ciple, several poster contributions presented in other
sessions can also be regarded as related to this topic.
Nevertheless, mention can be made here of reports
devoted to synthesis of such polymer materials as
polyarylene sulfoxides (new class of sulfur-containing
polymers), new fluorine-containing polyether-a-di-
ketones, hydroxyl-containing polyimides (2,4,6-tri-
nitrotoluene derivatives), cyclolinear permethylpoly-
silanesiloxanes, polyarylenethynylenes with 3-hexyl-
multisubstituted oligothiophene blocks, and card po-
lyaryleneetherketones (B.A. Zachernyuk, M.L. Kesh-
tov, L.G. Komarova, D.Yu. Larkin, I.A. Khotina,
and V.V. Shaposhnikova, Moscow); new copolymers
based on methacrylic acid esters with chromophoric
groups capable of heterocyclization; thermostable
nonlinearly optically active polyamidoimides, poly-
benzoxazinones, and their complexes with Cu(I);
copolymethacrylates with heteroaromatic nonlinear-
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ly optically active chromophoric groups possessing
high molecular hyperpolarizability (G.K. Lebedeva,
N.L. Loretsyan, N.N. Smirnov, and I.V. Podeshvo,
St. Petersburg); and copolymers of butadiene mon-
oxide and propylene oxide (A.V. Nemirovskaya,
Kazan).

(11) Conducting polymers.The poster session in-
cluded reports concerned with electrochemical syn-
thesis of conducting polymers based on metal phthalo-
cyanines (N.P. Alpatova, Moscow); preparation and
transport characteristics of microporous polyethylene
films with conducting layer (polyaniline and polypyr-
role) (G.K. Elyashevich and E.Yu. Rosova, St. Peters-
burg); electrical and electrochemical properties of
composites based on polyaniline and polyacetylene
with graphite and zinc (G.I. Kozub, Chernogolovka);
synthesis of polyaniline-based interpolymer com-
plexes (N.A. Koryabina, Moscow); and molecular and
supramolecular structure of stable electroconducting
copolymers of ethylene and acetylene (V.A. Marikhin,
St. Petersburg).

(12) Synthesis and properties of polyolefins and
aliphatic polyketones.In the poster session, O.N. Bab-
kina and N.M. Brava (Chernogolovka) reported the
results obtained in measurements of the electrical con-
ductivity of various metallocene complexes and Al
alkyls, boranes, and borates as components of high-
performance catalytic systems for polymerization of
olefins. These contributions discussed the role of ions
in the indicated processes, conditions of synthesis
of polyethylene with a broad spectrum of molecular
weights and structures. Interesting data on the kinetics
of metallocene-catalyzed homo- and copolymerization
and molecular structure of polyethylene and copoly-
mers of ethylene with 1-hexene, 1-octene, and 4-meth-
yl-1-pentene were obtained by L.G. Echevskaya (No-
vosibirsk) and N.I. Ivancheva (St. Petersburg). Ternary
copolymerization of propylene with ethylene and
diene was considered by A.N. Klyamkina (Moscow).
P.M. Nedorezova (Moscow) and N.M. Pakostina
(Chernogolovka) discussed synthesis of polypropyl-
ene with controllable microstructure and MMD (high-
modulus isotactic, syndiotactic, and hemiisotactic
polypropylene) and its thermal, mechanical, and op-
tical properties.

A series of poster presentations were devoted to
synthesis and characterization of a new generation of

functionalized copolymers (so-called aliphatic poly-
ketones) based on olefins and carbon monoxide.

The reports by A.M. Kal’sin (Moscow) was con-
cerned with new ruthenium and palladium complexes
as catalysts for copolymerization of ethylene and CO.
Other contributions were devoted to studies of the
structure and deformation mechanism of new elasto-
mers based on aliphatic polyketones (V.M. Neverov,
Moscow); photolysis and photooxidation (S.I. Kuzina,
Chernogolovka) and thermodynamics of copolymers
of carbon monoxide with ethylene, propylene, and
styrene at 03600 K (A.V. Tsvetkova, Nizhni Novgo-
rod); determination of the surface free energy and
acid3base properties (O. Shashkina, Kazan), computer
modeling of the crystal structure, phase transitions,
and dynamics (N.B. Shenogina, Moscow), and IR
spectroscopic study of the phase composition of films
of ethylene3CO copolymer (D.M. Shkrabo, Troitsk).

(13) Experimental methods in polymer research.
Although mention was already made of the applica-
tion of particular techniques to studies of various
polymer properties, it seems appropriate to say several
words about other experimental methods reported by
the conference participants. These include scanning
electron-probe microscopy for determining the local
rigidity of polymer surface (A.M. Alekseev, Moscow).
Low-frequency dielectrometry was applied to study
films of polyheteroarylenes in methyl methacrylate
(L.G. Bradulina, Moscow), epoxyamine polymer mix-
tures (T.L. Elizarova, Chernogolovka), and segneto-
electric films (N.I. Kuznetsova, Moscow). The phase
formation and thermal stability of epoxy polymers and
copolymers were studied by the methods of photoac-
tive probe, ESR, solid echo, and local NMR in radio-
frequency scattering fields(S.B. Brichkin, B.E. Kri-
syuk, and N.N. Bolkov, Chernogolovka). M.I. Motor-
nov (Moscow) used PALS (Positron Annihilation Life-
time Spectroscopy) for monitoring volume changes
associated with deformations in glassy, partially
crystalline, and LC polymers.

Of course, this brief review does not exhaust the
diversity of problems discussed at the symposium.
Most of the plenary lectures and posters represented
scientific research supported financially by the Rus-
sian Foundation for Basic Research and other founda-
tions. The 3rd Kargin Symposium is planned to be
held in three years as an international conference.

G. P. Belov
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1st International Conference on Polymer
Modification, Degradation, and Stabilization (MoDeSt 2000)

The 1st International Conference on Polymer Mod-
ification, Degradation, and Stabilization was held
from September 3 to 7, 2000, in Palermo (Italy).
The conference was organized by the Department of
Chemical Engineering and Materials (University of
Palermo). The conference participants were more than
500 scientists from 27 European Countries (Italy,
Switzerland, Sweden, Russia, UK, Hungary, Romania,
France, Poland, Netherlands, Germany, Czech Repub-
lic, Slovak Republic, Portugal, Belgium, Denmark,
Ukraine, Austria, Norway, Spain, Slovenia, Finland,
Greece, Belarus Republic, Croatia, Azerbaijan, and
Georgia), 3 African countries (Egypt, Algeria, South
Africa), 7 Asian countries (Saudi Arabia, Israel, Ja-
pan, Malaysia, China, India, Turkey), 5 American
countries (US, Canada, Mexico, Venezuela, Brazil),
and also from Australia.

The international advisory board of the conference
included G. Audisio, C. Bastioli, E. Martuscelli, and
C. Neri (Italy), N. Hadjichristidis and C. Papaspyrides
(Greece), W. Habicher (Germany), A. Krzan (Slo-
venia), G. Marosi (Hungary), A. Okuwaki (Japan),
A. Queiros (Portugal), F. Shutov (US), L. Utracki
(Canada), Jianqi Wang (China), and G. E. Zaikov
(Russia). The conference Chairman was Prof.F.P. La
Mantia (University of Palermo) and Co-chairman,
Prof. G. Camino (University of Torino). Thirteen or-
ganizations were sponsors of the conference, among
them the University of Palermo, Provincia Regionale
di Palermo, and such well-known companies as Ali-
talia, Banco di Sicilia, CIBA Specialty Chemicals,
Rheometric, Belotti Strumenti, and Solvay.

More than 100 oral reports and a plenary lecture
entitled Polymer Oxidation and Stabilization-Person-
al Outlook on the Past and Future (Norman Billing-
ham, University of Brighton, Sussex, UK), were pres-
ented. Seven general lectures covered the topical prob-
lems of the conference. G. George (Queensland Uni-
versity of Technology, Brisbane, Australia) reported
on chemiluminescence mechanisms in heterochain ox-
idation of polypropylene. Dennis Price (Fire Chemis-
try Research Group, University of Salford, UK) gave
a lecture on polymer pyrolysis studies of relevance
to polymer combustion and flame retardance. The ef-
fect of processing on melt degradation and stabiliza-

tion of polymers was discussed in the lecture given
by E. Kramer (University of Applied Sciences of
Aargau, Windisch, Switzerland). The next general
lecture was devoted to photostabilization of polymer-
ic materials by surface modification (C. Decker, De-
partment of Polymer Photochemistry, University of
Mulhouse, France). Samuel J. Huang (University of
Connecticut, Institute of Material Science, Storrs,
Connecticut, US) gave a lecture on biodegradable
polymers design, synthesis, and applications. Two last
general lectures were devoted to the contribution of
organometallic catalysis to reactive processing of
thermoplastics (A. Michel, Laboratory of Polymeric
Materials and Biomaterials, University of Claude
Bernard Lyon I, Villeurbanne, France) and predic-
tion of lifetimes of polymeric materials in environ-
mental conditions fromaccelerated andultraaccelerated
photooxidation experiments (J. Lemaire, Laboratory
of Molecular and Macromolecular Photochemistry,
University Blaise Pascal, Aubiere, France).

Further the Conference was held in the form of
a number of minisymposia on 9 dedicated topics. The
1st technical session (Oxidation and Stabilization) in-
cluded 34 oral presentations and 39 posters. In this
session the problems of the kinetics and mechanism
of oxidation of various polymers in solution, melt,
and solid phase were discussed, and also those of
polymer stabilization and prediction of lifetimes.

The second session (Thermal Degradation, Com-
bustion, and Fire Retardance) included 35 oral pre-
sentations and 35 posters. Of primary concern were
the problems of nanocomposites as fireproofing com-
pounds, and also combustion mechanisms of polymer-
ic materials.

In the third session (Processing and Melt Stabiliza-
tion), 18 oral presentations and 9 posters were given.

The topic of the fourth session was High Energy
Radiation in Polymers: New Materials and Technolo-
gies. The session included 18 oral presentations and
33 posters. Particular attention was paid to polymer
photochemistry and processes occurring upon irradia-
tion of polymers with X-rays, electrons, protons, neu-
trons, and recoil atoms.
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The fifth session (Biodegradation and Biodegrad-
able Polymers) included 6 oral presentations and 20
posters. Of primary concern were the problems of ap-
plications of polymers in medicine, particularly in
surgery operations.

In the sixth session (Ageing of Polymers and Com-
posites), 12 oral presentations and 15 posters were
given, devoted to selective and accelerated ageing of
the polymers and composites, and also to prediction
of the evolution of the performance characteristics in
aging under various conditions of storage and ex-
ploitation.

The seventh session (Functionalization and Reac-
tive Processing) included 24 oral presentations and 23
posters. The major attention in this session was paid
to reactive processing of polymers, preparation of
polymer blends and composites, and solubility (com-
patibility) of polymers in polymer blends and ways
to its improvement.

In the eighth session (Testing and Life Predicition)
covered 22 oral presentations and 11 posters were
given. In this session, problems of climatic aging of
polymers, development of new generations of weath-
erometers, testing methods for studying polymer

aging, and analysis of polymer degradation products
were discussed.

Finally, the ninth session (Recycling and Material
and Energy Recovery) was devoted to polymer repro-
cessing and energy recovery from polymer wastes.
The session included 25 oral presentations and 34
posters.

A proposal was discussed at the conference to cre-
ate a permanent MoDeSt forum which would plan and
organize future activities encompassing conferences,
workshops, seminars, and courses. G. Camino and
F. La Mantia became the co-chairmen of the organiz-
ing committee of this forum.

It was accepted a good choice to held such inter-
disciplinary conferences with a broad spectrum of
topics. The Conference has demonstrated good po-
tentialities of meetings where lectures are combined
with discussions and live contacts of a large num-
ber of scientists. The 2nd International Conference on
Polymer Modification, Degradation, and Stabilization,
MoDeSt-2002, will be held in Budapest (Hungary).

G. E. Zaikov and M. I. Artsis
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IV All-Russia Conference with Participation of CIS Countries
[Scientific Foundations of Preparation and Technology

of Catalysts]
III All-Russia Conference with Participation of CIS Countries

[Problems of Catalyst Deactivation]

The conferences were organized by the initiative of
the Institute of Catalysis, Siberian Division, Russian
Academy of Sciences; Institute of Petrochemistry and
Catalysis, Academy of Sciences of the Republic of
Bashkortostan, Ural Scientific Center of the Russian
Academy of Sciences; with the support of the Acad-
emy of Sciences of the Republic of Bashkortostan;
Government of the Republic of Bashkortostan; Rus-
sian Foundation for Basic Research; Ministry of In-
dustry, Science, and Technology of the Russian Fed-
eration; Scientific Council of catalysis, Russian
Academy of Sciences; and ZAO Kaustic (Sterlitamak).

Among the participants of the conferences were
more than 140 scientists and leading specialists from
16 institutes of the Russian Academy of Sciences,
12 universities, 13 applied-research institutes and
companies, 15 industrial plants of Russia, and 9 in-
stitutes of Ukraine, Belarus, Armenia, and Uzbekistan,
who synthesize, study, and use various (heteroge-
neous and homogeneous) catalysts in large-tonnage
industrial processes of hydrogenation, dehydrogena-
tion, isomerization, polymerization, etc. Nineteen
plenary talks (including 5 concerned with metal-com-
plex catalysis) were delivered and more than 60 re-
ports (including 15 on metal-complex catalysis) pres-
ented at the conferences.

The main scientific directions of the reports pres-
ented at IV Conference were the following:

fundamental physicochemical and kinetic aspects
of synthesis of heterogeneous catalysts and supports
in all stages of their fabrication;

control over catalyst formation to obtain catalysts
with prescribed properties;

new methods for catalyst fabrication;

scientific basis for development of technologies,
versatile technological lines, and apparatus for the
main stages of catalyst and support fabrication; effect
of the scaling factor;

present state of the industrial production of cat-
alysts.

The scientific directions of the III Conference were
the following:

nature and mechanism of catalyst deactivation;

kinetics and modeling of deactivation processes;

investigation techniques;

ways of extending the service life of catalysts.

Reports on[Metal-Complex Analysis in Organic
and Metal-Organic Synthesis] were delivered at a sep-
arate section.

Within the first direction, the report by G.R. Ko-
tel’nikov (Yaroslavl) considered the state and prob-
lems of production and service life of catalysts for
synthesis of styrene,a-methylstyrene, methyl vinyl-
pyridine, and isoprene, and for dehydrogenation of
paraffins C43C5 into olefins, and also the provision of
rare-earth metals for catalyst production plants. It was
pointed out that, because of the lack of the necessary
equipment and raw materials of appropriate quality,
the possibilities of domestic catalyst production tech-
nologies are not always realized. Of much interest was
the report by A.A. Galkin (Moscow) on preparation of
oxide catalysts and supports in[sub- and above-
critical] water.

Five interesting reports were presented by the In-
stitute of Catalysis, Siberian Division, Russian Acad-
emy of Sciences (Novosibirsk). The scientific founda-
tions of mechanochemical methods as the ecologically
safest technology for fabrication of catalysts, supports
for these, and adsorbents were discussed by V.V. Mol-
chanov; the development of a technology of highly
dispersed skeleton zirconium phosphates-catalysts
for isomerization of paraffins and their selective ox-
idation into olefins, were analyzed by V.A. Sadykov;
methods of preparation and production technology of
block catalysts with cellular structure for purification
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of exhaust gases of automobiles, selective reduction
of nitrogen oxides in fume gases of thermal power
plants, and purification of volatile organic substances
in oxidation of ammonia in nitric acid production
were considered by Z.R. Ismagilov; the development
and use of domestic microspherical cracking catalysts
were discussed by V.P. Doronin; synthesis, properties,
and use of highly dispersed zirconium-containing
oxide systems were reported by A.S. Ivanova.

New tendencies in the development of methods for
preparation of catalysts for chlororganic synthesis
were discussed in the report by I.I. Kurlyandskaya
(Moscow). In particular, various techniques for cat-
alyst formation by support impregnation were consid-
ered, especially the method making no use of a solvent.
E.Z. Golosman (Novosibirsk) analyzed fundamental
mechanisms of synthesis and formation of cement-con-
taining catalysts for various processes of organic, in-
organic, and ecological catalysis. The industrial pro-
duction of these catalyst by means of a low-waste tech-
nology was commenced at catalyst shops of NIAP and
some other domestic plants; the catalysts were intro-
duced into practice of low-temperature conversion of
CO, methanization, creation of protective atmospheres,
synthesis of a number of organic compounds, and pur-
ification of discharge gases at more than 150 plants
of Russia, CIS countries, and countries beyond the
boundaries of the former Soviet Union.

At the section[Metal-Complex Catalysis in Or-
ganic and Metalorganic Synthesis,] Y.M. Dzhemilev
discussed in detail recent advances of domestic and
foreign researchers in the field of application of met-
al-complex catalysts in promising chemical technolo-
gies for production of a wide variety of practically
important monomers (a-olefins, isopentanes, vinyl-
arenes, higher mono- and dicarboxylic acids, anhy-
drides, alcohols, glycols, amines, nitrogen-containing
heterocycles, sulfides, sulfoxides, and sulfones).

The reports by V.I. Smetanyuk and E.I. Bagrii
(Moscow) considered production techniques and pos-
sibilities of metal-complex gel-immobilized catalytic
systems for the example of dimerization and oligo-
merization of ethylene and propylene, and also the
biomimetic approach to development of promising
catalytic systems for functionalization of saturated
hydrocarbons. To a new direction-use of homoge-
neous catalysts based on palladium complexes for
synthesizing a new class of polymers, alternating co-
polymers of olefins with carbon monoxide-was de-
voted report by G.P. Belov (Chernogolovka). The re-
sults of a quantum-chemical study of the geometric
and electronic structure of models of active centers

in lanthanide catalysts for diene polymerization were
considered by Z.M. Sabirov (Ufa).

Oral reports presented the results obtained in
the development of enzyme-modeling catalysts, im-
mobilization of metal-complex catalysts on polymeric
supports, and synthesis of catalysts for production of
mono- and dicarboxylic acids and alcohols and for
selective functionalization of hydrocarbons to give
oxygen- and chlorine-containing products.

At the conference on catalyst deactivation,
N.M. Ostrovskii and N.A. Pakhomov (Novosibirsk)
presented in their reports new models of catalyst de-
activation by coke, tested for concrete examples of
deactivation of catalysts for cracking and hydrogena-
tion, and also Pt/Al2O3 catalysts, in isomerization of
paraffins, dehydrogenation of cyclohexane, and de-
hydrocyclization of paraffins. They also considered
problems of reversible and irreversible deactivation of
supported bimetallic catalysts for dehydrogenation of
lower paraffins. The factors leading to deactivation of
V/Ti catalysts for partial oxidation of durene in the
temperature range 3603480oC in the course of pro-
longed operation were discussed in a report by
B.I. Kutepov (Ufa).

It was repeatedly emphasized in plenary talks and
oral reports that the catalyst deactivation is one of
the problems of industrial catalysis. The industry of
the developed countries produces annually many
hundred thousand tons of catalysts only because of
their limited service life, irreversible poisoning, and
loss of activity and selectivity; the unstable or peri-
odic (with regular regeneration) work of catalysts
leads to markedly higher investment, energy ex-
penditure, and higher-cost products. An important
task, whose accomplishment would make faster the
solution of the problem as a whole, is to develop
methods for fast catalyst testing to prognosticate the
rate of their deactivation and their stability under
industrial conditions.

The participants of the conference noted that the
designs by Russian specialists and the investigations
performed retain their high level, but, if the present
extent of science is not changed, our scientific achieve-
ments will soon become outdated. In the last 10 years
the domestic output of catalysts dropped dramatically,
constituting at present 10325% of the level of the
early 1990s. The decline in the investment in the cat-
alyst industry has led to physical aging and ob-
solescence of the equipment used and poorer quality
of catalysts. The actively aggressive, to the point of
illegal search for consumers, policy of foreign com-
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panies at the Russian market leads to purchase of im-
ported catalysts, which have much higher cost, but not
higher quality, compared with the domestic catalysts.

Among the recommended measures intended to
improve the domestic catalyst industry was mentioned
the necessity for address state financing of pilot-
evaluation shops for production of catalysts meeting
the world’s best standards at promising plants, includ-
ing AO Katalizator (Novosibirsk), catalyst shops at
Omsk and Ryazan oil refineries, and some others.

During the conferences, a round-table discussion
was held, with the participation of managers of in-
dustrial plants and presentation of institutes and pro-
duction facilities; the state of, prospects for, and prob-
lems of the development, manufacture, and consump-
tion of domestic catalysts were discussed. In order

to ensure prompt exchange of scientific and techno-
logical information and coordination of efforts at
the catalyst market, it was proposed that the Institute
of Catalysis, Siberian Division, Russian Academy of
Sciences, should initiate creation of an association
of major manufacturers and consumers of catalysts
and set-up a periodic collection of works (journal)
devoted to problems of industrial catalysis. The con-
ference participants consider the first experience of
holding a joint conference with participation of spe-
cialists in homogeneous and heterogeneous catalysis
to be a success and recommend the Organizing com-
mittee of the future conference to adopt the same
way. Full texts of plenary talks are to be published
in Kinetika i Kataliz journal.

G. P. Belov
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Kinetics of Natural Langbeinite Conversion
in Magnesium Chloride Solutions
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Abstract-The mechanism of conversion of natural langbeinite with magnesium chloride solutions was
studied. The dependence of the degree of conversion on the process time, temperature, MgCl2 concentration
in solution, and grain size of natural langbeinite was studied.

The halurgical scheme of processing potassium
polymineral ores ensures 18322% recovery of lang-
beinite to a solution [1]. Most of it remains in the
undissolved halite3langbeinite residue as a waste
product. At the same time langbeinite is one of the
main minerals of the ore (content up to 20 wt %) and
is of special value as potassium3magnesium sulfate
mineral. Different ways of langbeinite recovery were
suggested. Washing-out of halite with water or salt
solutions [2, 3] makes it possible to obtain a lang-
beinite concentrate used as a fertilizer or processed
into schoenite and potassium sulfate. The conversion
of langbeinite into schoenite under the action of water
is also used [4]. The recovery of langbeinite from the
ore increases to 80385% when it is preliminarily re-
crystallized into schoenite [5]. However, water is
rapidly saturated, which decelerates the process. More-
over, the humidified paste solidifies. The degree of
langbeinite conversion does not exceed 80% in
30 days [5]. One more feature of processing of such
ores into fertilizers is formation of excess solutions of
magnesium chloride, which must be utilized. This is
a complicated problem for ore fields that are remote
from the magnesium production.

The soluble part of potassium polymineral ores is
a five-component system of salts containing a great
number of solid phases [6]. Slow reactions occur bet-
ween these phases depending on the composition of
the liquid phase. Langbeinite is known to participate
in paragenesis with kainite, as described by the
equations

K2SO4 .2MgSO4 + MgCl2 + 6H2O

6

4
2[KCl .MgSO4 .3H2O] + MgSO4, (1)

K2SO4 .2MgSO4 + MgCl2 + KCl + 9H2O

6

4
3[KCl .MgSO4 .3H2O], (2)

K2SO4 .2MgSO4 + KCl .MgCl2 .6H2O + 3H2O

6

4
3[KCl .MgSO4 .3H2O]. (3)

The reactions occur in an MgCl2 solution and in
the absence of KCl are accompanied by the formation
of MgSO4. The reaction rate is affected by the inter-
face area, the concentrations ofMgCl2 and MgSO4
in solution, temperature, and the reactant ratio.

We studied the interaction of natural langbeinite
with MgCl2 solutions under laboratory conditions.
Natural langbeinite was taken from an operating open
pit, crushed to a particle size of <2.5 mm, washed to
remove halite impurity with water, treated with ace-
tone to remove intercrystal moisture, dried at 50oC,
and sieved. The resulting product contained (wt %)
K+ 18.6, Mg2+ 11.64, Ca2+ 0.06, Na+ 0.07, Cl3 0.05,
SO4

23 69.16, and H2O 0.42 (or 98.76% langbeinite,
less than 0.1% halite, and minor amounts of polyha-
lite, kieserite, and water). The starting solution to be
studied had the following composition (wt %): K+

1.38, Mg2+ 6.50, Na+ 0.94, Cl3 19.39, SO4
23 3.08, and

H2O 68.71 (MgCl2 22.4%). This solution was used to
prepare 15336% MgCl2 solutions from MgCl2 .6H2O
(analytically pure grade) and distilled water. Pure
grade KCl was also used.

A solution of magnesium chloride of a specified
concentration was mixed with langbeinite in glass
beakers in a weight ratio of 1 : 1. Stoichiometric
amounts of KCl [according to reaction (2)] were
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a, %

t, h
Fig. 1. Degree of langbeinite conversiona into kainite as
a function of the process timet. Temperature (oC): (1) 25,
(2) 50, (3, 3̀) 75, and (4, 4̀) 95. (3`, 4`) Crystalline KCl was
added to a system.

t, h

[1 3 (1 3 a)1/3] 0 1031

Fig. 2. Graphical confirmation of the fact that the conver-
sion of langbeinite into kainite follows the[compressing
sphere] mechanism: (a) conversion and (t) process time;
the same for Fig. 3. Temperature (oC): (1) 25, (2) 50,
(3) 75, and (4) 95.

added to langbeinite. The components were heated to
the required temperature and mixed. The mixture in
closed beakers was placed in an air thermostat and
kept there at 50+0.5oC for 480 h with intermittent
mixing and sampling. The samples were filtered on
a B1uchner funnel, the filtrate was collected in a pre-
liminarily weighed test tube, the intercrystal solution
was removed by washing the solid phase with refined
vegetable oil and acetone, and the solid was dried
at 50oC. The liquid and solid phases were analyzed
for K+ and Na+ by flame photometry, for Mg2+ and
Ca2+ by complexometric titration, for Cl3 by mer-
curimetric titration, and for SO4

23 gravimetrically [7].
The material balance was calculated by solving a sys-
tem of equations involving the content of ions in the
liquid and solid phases; the degree of conversion was
determined from the material balance with respect to

Cl3 and SO4
23 ions and from the equations of reac-

tions (1) and (2).

The effects of temperature and process time on the
degree of langbeinite conversion into kainite were
studied. Natural langbeinite with a grain size of 1.03

2.5 mm and a 23.7% solution of MgCl2 were pre-
heated to the reqiured temperature and mixed in a
desiccator. The mixture was kept in a desiccator at 25,
50, 75, and 95oC for 480 h with intermittent stirring
and sampling.

The data obtained (Fig. 1) show that the degree of
langbeinite conversion into kainite at 25oC gradually
increases and reaches 47% in 480 h. Under these con-
ditions the rate of conversion remains low. It is
known [8] that the degree of kainite formation even
from readily soluble carnallite and magnesium sulfate
hexahydrate (in the stoichiometric ratio) at 25oC
reaches only 35% in 240 h, with the process gradually
decelerating. At 50oC the process accelerates, the
conversion reaching 61.5% in 312 h. The further tem-
perature rise to 75oC drastically decelerates the proc-
ess, with the maximal conversion being as low as
18.3% in 480 h.

The addition of crystalline KCl at 75oC facilitates
reaction (2). Langbeinite converts into kainite with a
higher rate. Heating to 95oC (without adding KCl)
favors langbeinite stabilization. Under these condi-
tions the field of kainite crystallization is absent from
the stable diagram; the maximal temperature of kainite
existence under stable conditions is 83oC [8]. How-
ever, kainite can exist as a metastable phase at tem-
peratures up to 105oC [9]. In the presence of a kainite
seed the degree of the langbeinite conversion into
kainite at 95oC is 5.8% in 480 h. In the presence of
KCl this value increases to 65.2%.

The above-given data have shown that the highest
degree of langbeinite conversion into kainite is reached
at 50oC. The acceleration of the process is affected
by the addition of KCl, which salts-out kainite at
elevated temperatures [10].

The dissolution of langbeinite in a solution of
magnesium chloride is the slowest stage of the proc-
ess. It follows the[compressing sphere] mechanism.
According to the equation describing this mechanism,
the plots of [13 (1 3 a)1/3] (wherea is the conver-
sion) vs. process timet are linear (Fig. 2); this fact
suggests that the reaction occurs near the surface of
spherical langbeinite bodies.

Topochemical reactions involving a solid phase are
frequently described by the Erofeev’s equation [11]

a = 1 3 exp (3K t
n), (4)
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where n is the reaction order.

Transformation of this equation gives

nlogt = log (1/K) + log [3ln (1 3 a)]. (5)

The plots of the langbeinite conversion into kainite in
the log [3ln (1 3 a)]3logt coordinates are linear
(Fig. 3). The rate constant of the reaction can be deter-
mined graphically from the condition

K = 3ln (1 3 a
t= 1). (6)

At 25oC K is equal to 0.00602, at 50oC to 0.07079,
and at 75oC to 1.46. Substitution of these data in the
Arrhenius equation gives the activation energy of
78.9 kJ mol31 for the range 25350oC. Hence, the con-
version of langbeinite into kainite is kinetically con-
trolled [11]. To accelerate the process, it is necessary
to heat to at least 50oC and maintain this temperature
throughout the process.

The reaction order can be determined from Eq. (5).
At 25oC it is 0.83 and at 50oC, 0.47. This means that
the reaction is multistage; it is limited by the reaction
of crystalline langbeinite yielding intermediate com-
pounds.

The effect of the MgCl2 concentration in solution
on the langbeinite conversion into kainite at 50oC was
also studied. For these experiments we took the initial
langbeinite (grain size 1.032.5 mm) after washing.
Crystalline KCl was added to the reaction mixture in
the stoichiometric ratio to langbeinite corresponding
to the equation of reaction (2). Weighed samples of
the solution of definite concentration and langbeinite
were placed in separate sealed vessels. Samples of
liquid and solid phases were taken after 24, 120, and
240 h.

The data obtained (Fig. 4) show that at concentra-
tions of magnesium chloride in the reaction mixture
less than 18.0% virtually no conversion occurs. As
the MgCl2 concentration increases, the degree of
langbeinite conversion also increases. In a 35.9%
MgCl2 solution it is 72.9% in 24 h and 84.3% in
120 h.

In the reaction mixture free from KCl the conver-
sion proceeds by Eq. (1); after the process termination
the solid phase contained a mixture of kainite, epso-
mite, and unchanged langbeinite.

In the course of the conversion MgCl2 is incor-
porated into the solid phase, and its concentration in
the liquid decreases. At low initial MgCl2 concentra-
tions a high degree of the conversion cannot be at-

log t

log [3ln (1 3 a)]

Fig. 3. Graphical determination of the rate constants of
reaction (1) by the Erofeev’s equation. Temperature (oC):
(1) 25, (2) 50, and (3) 75.

a, %

C, %

Fig. 4. Degree of langbeinite conversiona as a function
of MgCl2 concentration in the liquid phaseC. Process
time t (h): (1) 24, (2) 120, and (3) 240.

tained. At any concentration of the solution reac-
tion (1) can go to completion only with respect to
langbeinite, and MgCl2 should be in excess. To reach
a high degree of the langbeinite conversion into kai-
nite, the concentration of MgCl2 in the initial solu-
tion should be 24.3335.9% at the weight ratio of the
phases of 1 : 1. Therefore, on completion of the proc-
ess, the kainite suspension should be separated into
the liquid and solid phases. The liquid phase is re-
cycled for concentrating and converting, and the solid
phase is processed into a fertilizer.

Magnesium chloride wastes concentrated by evap-
oration contain carnallite in the solid phase and mag-
nesium chloride in the liquid phase. They can be
utilized for langbeinite conversion in the course of
processing of polymineral potassium ores. In this case
the reaction follows Eqs. (2) and (3), which results in
reduced demand for potassium chloride. After the
separation of sodium chloride and unchanged MgCl2
solution, the solid phase is a mixture of kainite, syl-
vite or epsomite, unchanged langbeinite, and impuri-
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t, h

a, %

Fig. 5. Degree of langbeinite conversiona as a function
of process timet at various concentrations of MgCl2 C
and sizes of langbeinite grainsf. C (wt %): (1`33`) 22.4 and
(134) 28.3. f (mm): (1, 1̀) 1.032.5, (2, 2̀) 0.531.0,
(3, 3̀) 0.31530.5, and (4) less than 0.315.

ties of anhydrite, kieserite, and polyhalite. After dry-
ing it contains (wt %) K2O 20325, MgO 10315, Cl3

up to 20, and NaCl up to 3. When the formation of
magnesium chloride waste is undesirable, the solid
phase can be processed into chlorine-free potassium
fertilizers.

The conversion of langbeinite with an MgCl2 solu-
tion is a heterogeneous process influenced by the
interface area. Therefore, we studied the dependence
of the conversion on the size of langbeinite grains. To
do this, we took the initial concentrations of MgCl2 in
the liquid phase of 22.4 and 28.3 wt % and langbei-
nite fractions of 1.032.5, 0.531.0, 0.31530.5, and less
than 0.315 mm. The temperature was 50oC, and the
process time and KCl amount were the same as in
the previous experiments.

The results obtained show (Fig. 5) that at the
MgCl2 concentration of 22.4 wt % for the 1.03
2.5 mm fraction the conversion degree is 15.1 in 24 h,
22.5 in 120 h, and 29.0% in 240 h. For the 0.53

1.0 mm langbeinite fraction it is 37.0, 43.2, and
58.5%, respectively, and for the 0.31530.5 mm frac-
tion, 30.8, 52.8, and 72.6%, respectively.

In a more concentrated solution (28.3 wt % MgCl2)
the degree of conversion is considerably higher. Its
acceptable value is reached for the 0.531.0 mm frac-
tion in 240 h (94.5%), for the 0.31530.5 mm fraction
in 120 (91.6%) and 240 h (97.5%), and for the
<0.315 mm fraction, in 120 (93.5%) and 240 h
(97.3%). Therefore, the size of langbeinite grains less

than 0.55 mm and the process time of 120 h can be
recommended for practical purposes.

CONCLUSIONS

(1) Natural langbeinite converts into kainite in
24.3335.9% magnesium chloride solution at 25375oC.
The highest degree of conversion is reached at 50oC
and, with KCl added, at 75oC. In the presence of
kainite seeds and KCl the conversion is fairly com-
plete also at 95oC.

(2) The degree of conversion increases with in-
creasing MgCl2 concentration in solution within the
limits 24.3335.9% and with decreasing langbeinite
grain size. The >90% conversion is reached in 120 h
with a grain size less than 0.5 mm.

(3) The data obtained can be used as the basis for
the technology of processing polymineral potassium
ores without formation of magnesium chloride waste.
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Abstract-Sorption recovery of actinides and lanthanides from nitric acid solution with arsenazo group
reagents, activated carbon modified with these reagents, and chelating sorbents containing arsenazo functional
groups was studied.

Recovery of transplutonium elements from acidic
solutions is an important industrial problem, and
search for reagents suitable for sorption and extraction
recovery of these elements is urgent. It is known
[1, 2] that arsenazo group reagents are widely used in
analysis, because they form strong complexes with
more then 30 elements including actinides and lan-
thanides. Reagents based on chromotropic acid, ar-
senazo I (monoazo derivative) and arsenazo III (bisazo
derivative), are used for highly sensitive spectro-
photometric determination of certain elements [1, 2]
including americium and curium [3, 4]. The use of
these reagents for metal extraction is limited because
of their low solubility in organic solvents, which in-
creases only in the presence of higher alcohols. Arse-
nazo III can be used for recovery and separation of
actinides and lanthanides [5] including americium(III)
and (V) [6] in two-phase, free of organic solvents
aqueous systems based on water-soluble polymers. For
sorption recovery, we synthesized a series of chelating
sorbents containing arsenazo group reagents.1 It is
known [7] that chelating sorbents exhibit enhanced
selectivity, which is due to the nature of functional
groups reacting with metal ions. These groups are
introduced into the polymeric matrix by appropriate
chemical reactions or are formed during the synthesis
of the polymeric sorbent. The chelating sorbent pre-
pared by azo coupling of diazotized aminopolystyrene
with arsenazo I was used for selective concentration
of many elements [8311] and determination of trace
elements in uranium ores and concentrates, carbonate
and silicate rocks, natural water, and wastewater [2, 7,
12, 13]. Cellulose fibrous sorbent with arsenazo
groups is selective toward uranium and lanthanides
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 In the Vernadsky Institute of Geochemistry and Analytical

Chemistry, Russian Academy of Sciences.

and was used for selective recovery of these elements
form solutions with high concentration of alkali and
alkaline-earth metals [14]. A new fibrous chelating
sorbent POLIORGS 33A containing amidoxime, hy-
drazine, oxy, and arsonoazo groups selectively re-
covers plutonium from acidic saline solutions and
allows its separation from the other elements [15, 16].

In this work, we studied the recovery and concen-
tration of transplutonium and rare-earth elements from
nitric acid solutions with sorbents containing arsenazo
fragments.

EXPERIMENTAL

Nitric acid solutions containing radiochemically
pure radionuclides2423244Cm, 243Cm, 241Am, 239Pu,
and 1523154Eu were used. Sorption was studied under
static conditions by mixing nitric acid solution (V =
234 ml) containing a definite amount of radionuclide
with the sorbents (m = 53200 mg) for 0.1320 h. Sor-
bents in form of powders were separated by cen-
trifuging after the radionuclide sorption. The degree of
radionuclide recovery (%) was estimated from thea-
or g-activity of the initial and resulting solutions
(after sorption). Thea-activity was determined on
a proportional counter with 2p geometry, while the
g-activity was measured on an LP-4900 analyzer.

The following reagents were used: analytically pure
grade arsenazo I [2-(2-arsonophenylazo)-1,8-dihy-
droxynaphthalene-3,6-disulfonic acid]

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

2

,

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

2

,
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Table 1. Degree of curium and europium sorption from nitric acid solutions on carbons modified with arsenazo group
reagents.V /m = 200, sorption time 2 h
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Degree of sorption, %, on indicated carbon
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CHNO3
,
³ Daukh ³ Alkaline-A
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

M ³
unmodified

³
modified with arsenazo III

³ modified with ³
modified with arsenazo III³ ³ ³ arsenazobenzene³

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ Cm ³ Eu ³ Cm ³ Eu ³ Eu ³ Eu

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
2.50 1034 ³ 78 ³ 75 ³ 95 ³ 88 ³ 68 ³ 99
0.1 ³ 22 ³ 59 ³ 33 ³ 61 ³ 31 ³ 24
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

arsenazo III [2,7-bis-(2-arsonophenyazo)-1,8-dihy-
droxynaphthalene-3,6-disulfonic acid] prepared by
the reaction between chromotropic and aminophenyl-
arsonic acid

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

cNccNc1
jAsO H3 22

,

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

cNccNc1
jAsO H3 22

,

and arsenazobenzene [2-(2-arsonophenylazo)-7-
(phenyl-azo)-1,8-dihydroxynaphthalene-3,6-disulfonic
acid]

22
gOHgHO
cNccNc1dSO H3

j
HO S3

cNccNc1
jAsO H3 2

.

22
gOHgHO
cNccNc1dSO H3

j
HO S3

cNccNc1
jAsO H3 2

.

Daukh and Alkaline A activited carbons were used as
sorbents. Iron-free carbon was prepared by washing

with hydrochloric acid and water. Then it was satu-
rated with reagent solution at agitation for 2 h, washed
with water, and dried at 100oC.

The following chelating sorbents (all synthesized in
Vernadsky Institute) were used. Polystyreneazoarse-
nazo was prepared by the reaction of diazotized
aminopolystyrene with arsenazo I. It is a dark violet
powder insoluble in water and acids. The exchange
capacity of this sorbent for KOH is 1.632.8 mmol g31:

22
gOHgHO
cNccNc1dj

NccNcg
2
gCHccCH2 CHccCH2

c

eAsO H3

SO H3HO S3

2

22
gOHgHO
cNccNc1dj

NccNcg
2
gCHccCH2 CHccCH2

c

eAsO H3

SO H3HO S3

2

Arsenazo I polymers with benzidineazoarsenazo
(BAAI and BPVAI):

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

cccZcZ1c1cccZcZ1c
2

22
gOHgHO
cNccNc1
dAsO H3

dSO H3
j

HO S3

cccZcZ1c1cccZcZ1c
2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

(Z are various substutuents).

Polyarsenazo-n is filled fibrous chelating sorbent
composed of polyacrylonitrile fiber and polystyrene-
azoarsenazo sorbent containing sulfo,peri-dihydroxy-,
ando-hydroxy-o`-arsonoazo groups. The filling degree
of the sorbent is 50%. It is a black fibrous material
stable in strongly acidic, weakly alkaline, and neutral
solutions. Its sorption exchange capacity for NaOH is
2.2 mmol g31.

We studied sorption of actinides and lanthanides
from nitric acid solutions on activated carbons modi-
fied with arsenazo group reagents. It is known that

a coomon procedure for concentrating and separating
elements is sorption on matrices with active surface
preliminarily saturated with complexing agents. Modi-
fied activated carbons are widely used to concentrate
microelements. We modified carbons with arsenazo-
benzene and arsenazo III, which form the most stable
complexes with transplutonium and rare-earth ions.
The study of curium and europium recovery as in-
fluenced by the arsenazo III content showed that 1.20

1034 M arsenazo III is required to saturate 1 g of car-
bon. Curium and europium sorption is strongly depen-
dent on the solution acidity and is possible only from
weakly acidic medium (<0.1 M HNO3, Table 1). Car-
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Table 2. Degree of metal sorption with chelating sorbents from nitric acid solutions.V /m = 200 (100 for polyarsenazo-n);
sorption time 2 h
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CHNO3
,

³ Sorption degree, %
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

M
³ BAAI ³ BPVAI ³ polystyreneazoarsenazo ³ polyarsenazo-n
ÃÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ Cm ³ Eu ³ Cm ³ Eu ³ Cm ³ Am ³ Pu ³ Eu ³ Cm ³ Am ³ Pu ³ Eu

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
0.1 ³ 98 ³ 99 ³ 97 ³ 96 ³ >99 ³ 99 ³ 99 ³ 97 ³ 99 ³ 99 ³ 97 ³ 99
1.0 ³ 84 ³ 74 ³ 82 ³ 88 ³ 94 ³ 94 ³ 98 ³ 87 ³ 87 ³ 94 ³ 94 ³ 81
3.0 ³ 56 ³ 11 ³ 27 ³ 32 ³ 70 ³ 72 ³ 98 ³ 58 ³ 61 ³ 42 ³ 97 ³ 51

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

bons modified with arsenazo III recover metals better
than the unmodified carbons. However, quantitative
recovery of curium (98%) with unmodified carbons
can also be reached at the ratio of the solution volume
to sorbent mass equal to 200, when the time of con-
tact of the solution with the sorbent increases to 18 h.

To recover elements from more acidic solutions,
we studied their sorption with sorbents containing
arsenazo functional groups in relation to the nitric acid
concentration. As seen, quantitative recovery of ac-
tinides and lanthanides(III) is possible from solutions
with nitric acid concentration no more than 1 M
(Table 2). Plutonium can be recovered from 3 M
HNO3.

The kinetics of europium sorption from 1 and 3 M
HNO3 with polystyreneazoarsenazo and benzidineazo-
arsenazo is shown inFig. 1. At the ratio of the solu-
tion volume to the sorbent mass of 200, the equi-
librium recovery of europium with polystyreneazo-
arsenazo at stirring is reached within 1 h, and with
benzidineazoarsenazo, within 436 h. The study of the
degree of europium recovery from 1 M HNO3 in 2 h
as a function of the ratio of the solution volume (V) to
the sorbent mass (m) showed that europium is quan-
titatively sorbed with polystyreneazoarsenazo and
benzidineazoarsenazo atV/m 200 and 40, respectively.
To recover metals from more concentrated HNO3
solutions, the polystyreneazoarsenazo mass should be
increased (Fig. 2, Table 3): e.g., atV/m 100, 60%
europium is recovered even from 5 M HNO3.

Since polystyreneazoarsenazo and benzidineazoar-
senazo are fine powders, they should be separated
from the solution by centrifuging, which is incon-
venient with radioactive elements.

Fibrous chelating sorbents with high kinetic and
selective characteristics are the most promising for
recovery of actinides and lanthanides. To increase the
efficiency of metal concentration (especially from

large volumes), filled fibrous sorbents with higher
kinetic characteristics and higher selectivity were used
[17]. The study of metal sorption from nitric acid
solutions with the filled fibrous chelating sorbent
poyarsenazo-n containing polyacrylic fiber as a poly-
meric matrix and polystyreneazoarsenazo as a filler
showed that this material well compares with the
above-studied sorbents in sorption properties but has
better kinetic characteristics (Fig. 1), since it exhibits

b, %

t, h
Fig. 1. Degree of europium sorptionb with (1) polyarse-
nazo-n, (2, 4) polystyreneazoarsenazo, and (3) BAAI as
a function of sorption timet. HNO3 concentration (M):
(133) 1 and (4) 3. V/m: (1) 100 and (234) 200.

b, %

V/m, ml g31

Fig. 2. Degree of europium sorptionb with (1, 4) poly-
styreneazoarsenazo, (2, 5) polyarsenazo-n, and (3) BAAI as
a function ofV/m ratio. Sorption time 2 h. HNO3 concen-
tration (M): (133) 1 and (4, 5) 3.
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Table 3. Degree of europium sorption from nitric acid
solutions. Sorption time 2 h
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Degree of sorption, %, at indicatedV /m
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CHNO3
, ³ polystyreneazoarsenazo³ polyarsenazo-n
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄM

³ 200 ³ 100 ³ 100 ³ 50
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

3 ³ 58 ³ 72 ³ 48 ³ 56
4 ³ 54 ³ 69 ³ 42 ³ 53
5 ³ 46 ³ 60 ³ 30 ³ 53

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

rapid swelling and larger surface area. Triple-charged
metals can be quantitatively recorded with polyarse-
nazo-n from nitric acid solution with concentration
lower than 1 M, and plutonium, from solutions with
higher acid concentration. As for polystyreneazoar-
senaso, the increase of the polyarsenazo-n mass
(Fig. 2, Table 3) increases the degree of metal re-
covery.

CONCLUSION

Chelating sorbents with arsenazo functional groups
can be successfully used for sorption recovery and
concentration of actinides and lanthanides from nitric
acid solutions. Sorption can be accompanied by both
chelation and ion exchange, because, along with
chelating groups, these sorbents contain sulfo groups,
which can be sites of usual ion exchange. It was
shown that chelating sorbents with azo groups (es-
pecially those based on fibrous polymers) recover
radionuclides from nitric acid solutions better than
modified carbons.
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Abstract-Extraction-chromatographic concentration and separation of phenol and guaiacol was studied
as influenced by the composition of binary tributyl phosphate3pentyl acetate, tributyl phosphate3dinonyl
phthalate, tributyl phosphate3didecyl sebacate, and ternary tributyl phosphate3dicyclohexano-18-crown-63
toluene and tributyl phosphate3dicyclohexano-18-crown-63chloroform stationary phases.

Extraction chromatography with the use of non-
polar polymeric sorbents as supports and mixtures
of organic solvents as stationary phases (SPs) is a
promising technique for concentration of micro-
amounts of chemical compounds [1]. For example,
phenol can be recovered from aqueous solution with
tributyl phosphate (TBP) organic solution applied to
the surface of a polymeric sorbent (Polysorb S) [2, 3].
At the same time, extraction-chromatographic concen-
tration of guaiacol exhibiting physicochemical fea-
tures close to those of phenol but significantly dif-
fering from the latter in toxicological characteristics
was not studied. In this work we studied extraction-
chromatographic concentration of phenol and guaiacol
from aqueous solutions with the use of TBP or dicy-
clohexano-18-crown-6 (DCH18C6) organic solutions
as the stationary phases.

The aim of this work was to study the effect of
composition of the stationary phase on extraction-
chromatographic separation of phenol and guaiacol.

EXPERIMENTAL

Polysorb S was pretreated, impregnated with sta-
tionary phase (SP), and packed into a chromatographic
column by a common procedure [3]. The choice of the
optimal composition of the mixed stationary phase
was governed by the data on the selectivity coeffi-
cients b and distribution factorD of phenol and
guaiacol between immiscible aqueous and organic
phases. It was found that TBP3alcohol and TBP3
hydrocarbon mixtures commonly used as stationary
phases in extraction chromatography are more weakly

retained by Polysorb matrice in filtration of aqueous
phenol and desorbing solutions than the compounds
previously tested for this purpose [4].

Extraction of phenol and guaiacol under static con-
ditions with TBP3pentyl acetate (PA), TBP3didecyl
sebacate (DDC), and TBP3dinonyl phthalate (DNP)
mixtures is characterized by high values ofD and b
(Table 1, SP nos. 133). In extraction of phenol with
DCH18C6 (0.3 mole fraction) solution in chloroform
or toluene D = 20325. Relatively low distribution
factors in extraction of phenol and guaiacol with
organic solutions of the crown ether can be caused
by the lower polarity of the ether oxygen atoms in
DCH18C6 as compared to TBP. In extraction of
phenol and guaiacol with DCH18C6 solution in
toluene their distribution factors are virtually
similar (~25). In extraction with DCH18C6 solution in
chloroform (SP no. 6) the distribution factor of phenol
exceeds that of guaiacol by a factor of 2. The sta-
tionary phase no. 6 has the minimum kinematic vis-
cosityh, which facilitates diffusion of the components
and increases the separation efficiency. Therefore, in
separation of phenol and guaiacol with the use of
frontal chromatography stationary phase no. 6 is pre-
ferable.

The ternary stationary phases TBP3DCH18C63
toluene (SP no. 4) and TBP3DCH18C63chloroform
(SP no. 5) exhibit larger sorption power as compared
to the TBP3DCH18C6 binary stationary phase. We
found also that with ternary stationary phase no. 5
the separation coefficientb is maximal (Table 1).

Large distribution factors of phenol and guiacol
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Table 1. Composition and features of stationary phases
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

SP no.
³ Composition, mole fraction ³

h, mm2 s31
³ D ³

bÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´
³ main component³ additive ³ ³ phenol ³ guiacol ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³TBP, 0.6 ³PA ³ 2.8 ³ 320 ³ 95 ³ 3.3
2 ³TBP, 0.8 ³DNP ³ 6.7 ³ 395 ³ 95 ³ 4.1
3 ³TBP, 0.9 ³DDS ³ 7.0 ³ 360 ³ 90 ³ 4.0
4 ³TBP, 0.3 ³Toluene; ³ 2.2 ³ 260 ³ 70 ³ 3.7

³ ³DCH18C6, 0.2 ³ ³ ³ ³
5 ³TBP, 0.3 ³Chloroform; ³ 2.3 ³ 235 ³ 53 ³ 4.4

³ ³DCH18C6, 0.2 ³ ³ ³ ³
6 ³DCH18C6, 0.3 ³Chloroform ³ 1.4 ³ 22 ³ 11 ³ 2.0

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

between aqueous solution and the binary and ternary
stationary phases (nos. 135) indicate the high sorption
capacity of the columns with respect to the com-
pounds concerned. In experiments on extraction-
chromatographic concentration of phenol and guaiacol
and determination of the operating parameters, the
columns were packed with Polysorb (2.9 g) impreg-
nated with SP (2.9 ml). The bed height of the modi-
fied sorbenth was 14 cm. More efficient columns
used for separate determination of phenol and guiacol
contained less viscous stationary phase no. 6, and the
bed height was 5 cm.

In our experiments the sorption capacity of the
column E was conventionally determined from the
concentration of the target compound in the initial

Table 2. Column characteristics*
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

SP ³ E, ³ HETP, ³
D`

³ Vr, ³ Ve,
no. ³ mg g31 ³ cm ³ ³ ml ³ ml

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
Phenol

1 ³ 683 ³ 2.5 ³ 290 ³ 2.8 ³ 10.5
2 ³ 720 ³ 2.4 ³ 303 ³ 2.8 ³ 9.5
3 ³ 645 ³ 3.4 ³ 293 ³ 2.6 ³ 11.0
4 ³ 323 ³ 2.1 ³ 179 ³ 2.4 ³ 9.0
5 ³ 292 ³ 2.1 ³ 172 ³ 2.4 ³ 8.5
6 ³ 58 ³ 1.6 ³ 22 ³ 1.4 ³ 3.5

Guaiacol

1 ³ 302 ³ 5.2 ³ 110 ³ 2.1 ³ 8.5
2 ³ 293 ³ 5.6 ³ 109 ³ 2.1 ³ 8.0
3 ³ 276 ³ 5.8 ³ 103 ³ 1.9 ³ 8.0
4 ³ 190 ³ 2.3 ³ 56 ³ 1.7 ³ 6.0
5 ³ 155 ³ 2.8 ³ 48 ³ 1.7 ³ 7.5
6 ³ 20 ³ 1.6 ³ 11 ³ 1.3 ³ 3.5

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Vr andVe are the retention and elution volumes, respectively.

solution and the solution volume passed by the mo-
ment when the component concentration in the eluate
became 16% of the initial level [1]. We found that the
solution volume passed through the column under
these conditions remains constant irrespective of the
initial concentration of the compounds being separated
[5]. At the same time, theE value determined from
the eluate volume passed through the column by the
moment of breakthrough of the first amounts of the
target compound increases with decreasing initial con-
centration of phenol or guaiacol.

The highestE value was observed in filtration of
phenol aqueous solution (pH 3) through the column
with SP no. 2 (filtration rate 0.4 l h31). The columns
with SP nos. 1 and 2 have a high sorption capacity
with respect to guaiacol. Table 2 shows that in pass-
ing from the column with SP no. 3 to the column with
SP no. 6 containing DCH18C6 instead of TBP the
sorption capacity significantly decreases.

In extraction-chromatographic systems the distribu-
tion factor D` of a component is determined under
dynamic conditions as the ratio of the volume of the
eluate containing half concentration of the component
(relative to the initial solution) to the SP volume [1,
6]. The distribution factorsD` of phenol and guaiacol
determined by this procedure (Table 2) are compar-
able to those determined under static conditions
(Table 1).

As seen from Table 2, increase in the SP viscosity,
hindering diffusion of phenol and guaiacol [6, 7], is
responsible for decrease in HETP. The HETP is the
largest in the case of SP no. 3. The most efficient
column with SP no. 6 is characterized by relatively
small HETP. It is that column that was used to study
the possibility of separate determination of phenol and
guaiacol in their mixtures by frontal chromatography
(Fig. 1). The differential output curveDA/DV = f (V)
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has two maxima corresponding to two different reten-
tion volumes. The areas under maxima of the differen-
tial output curve correspond to the amounts of guaia-
col and phenol, respectively [6, 8].

The elution volumesVe of phenol and guaiacol
were determined by their desorption with an aqueous
solution containing 0.5 g of NaOH and 5 g of NaCl
per 100 g of the solution. As with HETP,Ve decreases
with decreasing SP viscosity facilitating diffusion of
phenol and guiacol (Table 2).

Table 2 shows that the values of extraction-chro-
matographic characteristics of guaiacol are lower
than those of phenol. We assume that this decrease is
caused by introduction of the less hydrophobic OCH3
group into the phenol molecule, which virtually does
not affect the specific interaction with SP but en-
hances nonspecific interactions with eluent (water)
[7]. This assumption is confirmed by the fact thatVr
of guaiacol is less than that of phenol, i.e., guaiacol
exhibits larger affinity for the aqueous desorbing
solution.

In elution of phenol the retention volumeVr can
decrease owing to phenol ionization in the alkaline
eluent and strong hydration of the resulting ionic
species. Table 2 shows thatVr of phenol and guaia-
col is close, so that their elution peaks superimpose
and separation of the compounds by elution with
aqueous alkaline solution becomes impossible.

In analysis of a 1-l sample of solution containing
a phenol3guaiacol mixture we found that the column
with SP no. 2 has a high sorption capacity for these
compounds and provides their 100-fold concentration
(Ve < 10 ml). Therefore, it is SP no. 2 that was used
for concentrating phenol and guiacol.

We studied also the degree of recovery (R, %) of
the compounds from aqueous solution (1 l) at a filtra-
tion rate of 0.4 l h31 as influenced by the bed height
of the modified sorbent. As seen from Fig. 2, the
degree of recovery of phenol increases with increasing
the sorbent bed height (Fig. 2). The feasibility of
selective recovery of phenol from a phenol3guaiacol
mixture on the column withh = 3 cm was reported by
us previously [9]. Concentration of phenol3guaiacol
mixture can be performed on a column withh = 8 cm.
In analysis of smaller sample of the phenol3guaiacol
mixture (10 ml) on the column with SP no. 5 having a
lower sorption capacity but a higher selectivity coef-
ficient, we obtained the similar dependence of the
degree of recovery on the sorbent bed height. With
this column phenol is selectively recovered within

(DA/DV) 0 100

(a)

(b)

V, ml

Fig. 1. (a) Integral and (b) differential output curves
of (1) guaiacol and (2) phenol sorption. (A) Eluate optical
density and (V) eluate volume.

R, %

h, cm
Fig. 2. Degree of recoveryR of (I) phenol and (II ) guaiacol
as a function of the bed heighth of the modified sorbent.
Initial compound content (mg l31): (1) 1.0, (2) 2.5, and
(3) 5.0.

a 2-cm sorbent bed, and guiacol is virtually com-
pletely recovered within 6 cm.

In extraction-chromatographic concentration of
phenol3guaiacol mixtures on the column with SP
no. 2 at a high filtration rate the sorption bands of the
compounds are smeared and overlapped [6]. There-
fore, the effect of the rate of solution filtration on the
degree of recovery was studied on the column with a
higher sorbent bed (14 cm). Figure 3 illustrates the
recovery of phenol (initial concentration 1.0, 2.5, and
5.0mg l31) and guaiacol (initial concentration 1mg l31)
from aqueous solution (1 l) at variable filtration rate.
At a filtration rate within 0.430.8 l h31 the recovery of
phenol is virtually complete (100%). Further increase
in the filtration rate causes partial breakthrough and
loss of phenol. At the filtration rate of 1.1 l h31 the
degree of recovery of phenol does not exceed 60%.
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R, %

U, l h31

V, ml

Fig. 3. Degree of recoveryR of phenol as a function of
the (bars) rate of eluate filtrationU and (dashed line) eluate
volume. Content (mg l31): phenol (1) 1.0, (2) 2.5, and
(3) 5.0; guaiacol (4) 1.0.

As seen from Fig. 3, the similar relationshipsoccur
for guaiacol (Fig. 3).

Figure 3 (dashed line) shows also the degree of
recovery of phenol (initial concentration 5mg l31) as
a function of the solution volume passed through the
column (SP no. 2) at a constant filtration rate, ap-
proximately equal to 1.1 l min31. It is seen that at
such a rapid filtration phenol can be efficiently re-
covered only from small volume of solutions. AtV <
250 ml phenol is virtually completely recovered from
aqueous solution. With increasing solution volume to
500 and 1000 ml recovery of phenol does not exceed
80 and 65%, respectively. Thus, at a filtration rate
of 1.1 l h31 recovery of phenol is the most complete
at V < 250 ml.

CONCLUSIONS

(1) The optimal compositions of binary stationary
phases for separate determination of phenol and
guaiacol (dicyclohexano-18-crown-63chloroform) and
concentration of phenol3guaiacol mixtures (tributyl
phosphate3dinonyl phthalate) by frontal extrac-
tion chromatography were established.

(2) The efficiency of concentration of phenol3
guaiacol mixtures was studied as a function of the bed
height of the modified sorbent, the filtration rate, and
the eluate volume.
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Abstract-The extent of nickel recovery from spent electrodes of nickel3iron batteries in ammonia solutions
was studied in relation to time and leaching temperature. The optimal time and the temperature at which
the extent of nickel recovery in leaching solutions containing ammonium salts is the highest were determined
and the dependence of the process efficiency on the anionic composition of the solution was analyzed. The
apparent activation energies of nickel leaching from the active mass preliminarily extracted from lamellas are
calculated, and the adequacy to the actual process of the model of leaching controlled by external diffusion
is assessed.

The problems of utilization and recycling of raw
materials containing non-ferrous metals, including
nickel, are presently the matter of strong interest.
The priority direction in this field is the development
of hydrometallurgical processing techniques charac-
terized by environmental safety and low energy con-
sumption [134].

Complexation in ammonia solutions underlies
nickel recovery from oxidized ores [537]. Previously,
it has been shown that this approach is promising for
processing of positive electrodes of nickel3iron bat-
teries. Nickel is present in lamellas of spent batteries
in the form of hydroxides, mainly Ni(OH)2 dissolving
in aqueous ammonia by the overall reaction

Ni(OH)2(s) + 6NH3(aq) 6 [Ni(NH3)6]2+(aq) + 2OH3(aq).
(1)

Ammonium salts added to aqueous solutions make
higher the dissolution efficiency because of their
buffer action preventing accumulation of OH3 ions by
reaction (1), which takes the form

Ni(OH)2(s) + 4NH3(aq) + 2NH4
+(aq) 6 [Ni(NH3)6]2+(aq)

+ 2H2O. (2)

It was established that the extent of nickel recovery
may be as high as 99% in some cases of leaching of
lamella fragments in ammonia solutions containing
ammonium salts [8]. However, revealing the pos-

sibility of such processing on industrial scale requires
more detailed studies of the process kinetics.

The rate of leaching (generally dependent on re-
agent concentration, temperature, rate of stirring, ex-
tent to which the surface of the solid phase is devel-
oped, etc.) may vary in the course of the process. The
heterogeneous process of leaching includes at least
three main stages, namely, transport of reagents
toward the reaction surface, chemical reactions proper,
and removal of dissolved products into the solution
bulk. Therefore, one of the basic tasks in studying the
kinetics of a complex process consists in finding the
apparent activation energy of the process and in deter-
mining its limiting stage.

In this study, we analyzed the efficiency of the
process in relation to the time and temperature of
leaching for several solution compositions. The leach-
ing was performed from a spent active paste, both
contained within lamella fragments and preliminarily
extracted from it. The leaching solutions were pre-
pared using the following reagents: aqueous ammonia
NH4OH (ultrapure grade) and ammonium salts (chem-
ically pure grade) NH4Cl, NH4NO3, (NH4)2SO4, and
(NH4)2CO3.

The extent of nickel recovery was calculated from
the results of spectrophotometric analysis for nickel in
the leaching solutions by the technique described in
[8]. The leaching process was studied in solutions
of the following compositions (M): 2 NH4OH and
1 NH4NO3 (solution A), 2 NH4OH and 1 NH4Cl
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h, %
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(a) h, %
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D
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Fig. 1. Kinetics of nickel recovery from (a) active paste and (b) lamella fragments into ammonia solutions A3D at various
temperatures. (h) Extent of nickel recovery and (t) time; the same for Fig. 3. Leaching temperature (oC): (1) 30, (2) 40, (3) 50,
(4) 60, (5) 70, and (6) 80.

(solution B), 1.5 NH4OH and 1 (NH4)2SO4 (solu-
tion C), and 1.5 NH4OH and (NH4)2CO3 (solution D).

The leaching was done from 1.0-g portions of spent
active paste and also from closed lamella fragments
containing approximately the same amount of the
active paste. A sample was placed in a preliminarily
thermostated flask with 50 ml of leaching solution,
equipped with a magnetic stirrer. In this stage of the
investigation, the rate of agitation was maintained
constant. The duration of leaching was varied from 5
to 240 min for lamellas and from 5 to 30 min for the
active paste without lamellas.

Figure 1a illustrates the progress in time of iso-
thermal leaching of nickel from the active paste into
solutions containing various ammonium salts. Several
tentative conclusions follow from the presented plots:
(1) the curve shapes are basically the same for all of
the studied leaching solution compositions; (2) re-
covery of nickel is strongly temperature-dependent,
especially in the initial stage of the process (first
10 min) and at temperatures lower than 50oC; the
maximum extent of recovery is observed at 70oC and
then, with temperature raised to 80oC, decreases
somewhat; (3) above 50oC the rate of leaching tends

to decrease with time, except for the initial stage;
(4) at 70380oC the optimal time of nickel recovery is
10320 min and 132 h for leaching from, respectively,
the active paste and lamellas in ammonia solutions,
irrespective of their anionic composition.

This suggests that, in its initial stage, the leaching
proceeds in a mixed diffusion-kinetic mode and then
tends to pass into the predominantly diffusion region
[9311].

The results obtained in leaching of nickel com-
pounds from lamella fragments (Fig. 1b) on the whole
agree with the aforesaid, with correction made for the
even more pronounced decrease in the leaching rate
with time. The shapes of the curves obtained at 30oC
differ from those of the curves taken at 50 and 70oC
to a greater extent than these latter differ from each
other. Comparison of the data in Figs. 1a and 1b
shows that direct leaching through the lamella sheath
at a given temperature imposes on the process obvious
diffusion limitations, which is one more evidence in
favor of the above tentative conclusions.

To confirm these conclusions quantitatively, the
obtained kinetic dependences were processed to eval-
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uate the apparent activation energy of the process. To
construct a plot in the Arrhenius coordinates, the rate
of leaching was determined from the initial portions
of the curves. Figure 2 presents the results of mathe-
matical processing of the kinetic curves obtained in
leaching in ammonia solutions of the active paste not
enclosed in a lamella. In the same coordinates are
shown experimental points describing leaching from
lamella fragments under similar conditions. The slope
of the straight line presented in the figure was used to
determine the activation energy of leaching of the
active paste to be, on the average, 30 kJ mol31, which
is a quantitative indication of the occurrence of the
process in the transition diffusion-kinetic region
[10, 11].

At the same time, the experimental dependence in
Fig. 2, well described by a straight line in the Arrheni-
us coordinates (with correlation coefficients exceeding
0.95) at 1/T > 2.950 1033 K31 (T < 65oC), shows
an obvious tendency toward a decrease in its slope
(and, consequently, in the apparent activation energy).
These results confirm the assumption that the process
tends to pass into the diffusion region with time and
with increasing leaching temperature. In addition, the
closeness of the experimental points in Fig. 2 in-
dicates that the leaching parameters affect in about the
same way the percentage of nickel recovery from the
active paste and lamella fragments. It should be noted
that no significant differences were revealed between
the activation energies obtained for all of the four
leaching solutions: 29.9, 32, 33, and 27.4 kJ mol31

for, respectively, solutions A, B, C, and D.

Erofeev and Kolmogorov derived a generalized
kinetic equation that can be used to derive, without
composing differential equations, formulas of chemi-
cal kinetics for homogeneous and heterogeneous reac-
tions. In particular, the equation for topochemical
processes has the form

E = 1 3 exp (3ktn), (3)

whereE is the fraction of substance reacted by the in-
stant of timet, having the meaning of the probability
that a molecule has reacted by the timet.

Bulanovet al. [13] used for describing the kinetics
of leaching of iron-containing raw materials in obtain-
ing ferrous chloride a similar equation

Ci = Ci
0[1 3 exp (ait)], (4)

where ai < 0 is a constant accounting for specific
features of the reagent diffusion,Ci

0 is the concentra-

B

C

D

103/T, K31

Fig. 2. Dependence of the leaching rate lnV (for explana-
tion, see text) in ammonia leaching solutions A3D on tem-
peratureT. (1) Active paste and (2) lamella fragments.

tion of ith leached substance in the starting concen-
trate, andCi is its concentration in solution.

The numerical values of the coefficients can be
obtained by means of linear regression analysis of
experimental data. Such a model of the leaching proc-
ess requires some assumptions, which idealize some-
what the process in question, but are rather frequently
used in modeling. At the same time, the validity of
the following assumptions is the criterion for the pos-
sibility of regarding the process as an ideal mixing
process [13]: (1) all solid particles have spherical
shape which is preserved during the chemical reac-
tion; (2) the average granulometric composition of
particles is the same throughout the reaction volume;
(3) the solid particles and the solution are homogene-
ously mixed in the reaction volume; (4) the active sur-
face of the particles is proportional to the concentra-
tion of the substance being dissolved in the solid
phase; (5) the sludge temperature is constant in time
and the same throughout the reaction volume; (6) the
leaching of the active paste is diffusion-controlled, the
substance transfer within pores of a particle toward
its boundary (internal diffusion) can be neglected and
only external diffusion (substance transfer from the
particle surface into the bulk of the liquid) be con-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

740 DEMIDOV, KRASOVITSKAYA

Results of linear regression analysis of the kinetics of
nickel leaching from the active paste and lamella frag-
ments in ammonia solutions at 70oC
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Solution³ G = ln (1 3 h) ³ R
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

Active paste

A ³ 31.5403 7.610 1032
t ³ 0.840

B ³ 31.9273 3.9310 1032
t ³ 0.746

C ³ 32.1193 4.9450 1032
t ³ 0.764

D ³ 31.4673 1.1130 1031
t ³ 0.865

Lamella fragments

A ³ 31.2293 8.3440 1033
t ³ 0.869

B ³ 31.5043 6.1310 1033
t ³ 0.796

C ³ 31.8883 1.3070 1032
t ³ 0.704

D ³ 32.0473 1.7760 1032
t ³ 0.836

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

sidered; (7) the concentration of the leached com-
ponent at the surface of the solid phase is close to the
saturation concentration; (8) surface adsorption can be
neglected in considering heterogeneous chemical reac-
tions and the rate at which the adsorption equilibrium
is attained greatly exceeds the rate of the chemical
reaction; (9) all reactions occur on the surface of the
solid phase; (10) ammonia leaching solutions are in
excess in the apparatus; (11) the diffusion surface can
be taken to be proportional to the nickel hydroxide
concentration in the solid phase in considering Ni2+

diffusion flows; (12) the leaching process can be con-
sidered under conditions excluding hydrolytic decom-
position of ammonia solutions.

(a)

(b)

h, %

h, %
t, min

t, min

0

0

0

0

0

0

Fig. 3. Comparison of model kinetic curves with experi-
mental data for nickel leaching from (a) active paste and
(b) lamella fragments at 70oC. Solution: (1) A, (2) B, (3) C,
and (4) D.

With account of the fact that theCi /Ci
0 ratio is in

the given case equivalent to the extent of recoveryh,
an attempt was made to describe the leaching process
in terms of the model proposed in [13]. For this pur-
pose, the experimental data were subjected to regres-
sion analysis in the coordinatesG3t, where G =
ln (1 3 h), with the slope of the straight line yielding
in this case the coefficienta. The results of the analy-
sis are presented in the table (R is the correlation co-
efficient).

Thus, the coefficients of the models are significant,
since t (Student’s test) gives significant correlation
coefficientsR > 0.67. Hence, we can obtain theoretical
and experimental models describing how nickel passes
into solution in the course of time. Model kinetic
curves of nickel recovery, plotted using the equations
(see table), are in good agreement with the experi-
mental data for the active paste (Fig. 3a). Leaching
from lamella fragments is also satisfactorily described
by the equations of the model, except in the initial
stage when, as shown above, the share of the kinetic
component is still relatively high (Fig. 3b).

Analysis of the model suggests that the process of
nickel passing into solution can indeed be considered
an ideal mixing process with sufficient accuracy. The
coincidence of the calculated and experimental data
suggests that the process of nickel leaching in am-
monia solutions from both the active paste itself and
lamellas with active paste is diffusion-controlled.

CONCLUSIONS

(1) A study of the kinetics of nickel leaching from
spent electrodes of nickel3iron batteries demonstrated
that, in the initial stage (especially at temperatures
below 50oC), the process occurs in a mixed diffusion-
kinetic mode and then tends to pass into the diffusion
region.

(2) The anionic composition of ammonia leaching
solutions exerts no fundamental effect on the effi-
ciency of nickel recovery from the active paste and
lamella fragments.

(3) The optimal time of leaching at 70380oC is
about 10320 min for the active paste and 132 h for
lamella fragments.

(4) The model of outer-diffusion-controlled leach-
ing satisfactorily describes the kinetics of nickel re-
covery from the active paste and lamella fragments
taken from spent positive electrodes of nickel3iron
batteries.
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Abstract-Products theoretically obtainable by electrochemical treatment of sodium chloride solutions in
the dynamic mode are considered. Hydrated chlorine, and hypochlorous and hydrochloric acids are determined
quantitatively by iodometric titration, spectrophotometry, and potentiometry. A comparative analysis is made
of theoretical and experimental results obtained in determining chlorine-containing ions.

Electrochemically treated solutions of sodium
chloride find increasingly wide application in medical
practice. At the same time, the mechanism of effective
action of these solutions remains unclear because
the ionic and gas species in them occur in a labile
equilibrium. In this connection, the composition of
electrochemically treated sodium chloride solutions
in a flow-through electrolyzer with a canvas dam
was studied. The obtained experimental data are com-
pared with the results of approximate theoretical cal-
culations.

A wide variety of reactions may occur at electrodes
in electrolysis of chloride solutions [1, 2]. Depending
on electrochemical treatment (ET) conditions, elec-
trolyzer parameters (type of diaphragm, distribution of
current over electrodes, electrode material, stationary
or dynamic mode), solution (nature and concentration
of electrolytes), and temperature, the resulting solu-
tions may have different chemical compositions. The
most probable and practically important are reactions
involving chloride ions and products of their oxidation
(HClO, ClO3, Cl3

3, Cl2). Reactions leading to deeper
oxidation (ClO2

3, ClO3
3, ClO4

3) are kinetically hindered
[3], being only possible as a result of redox reactions
in the bulk at high content of precursors and elevated
temperatures.

Anolyte being of primary practical importance, we
restrict consideration to processes occurring in the
anode part of the electrolyzer.

At the current densities (1310 A dm32) and elec-
trolyte concentrations used, two competitive reactions
may proceed at the electrodes:

2Cl3 = Cl2 + 2e, E0 = 1.359 V; (1)

2H2O = 4H+ + O2 + 4e, E0 = 1.229 V. (2)

Experiments show that processes (1) and (2) may
actually proceed simultaneously; however, with
ORTA (ruthenium oxide3titanium) electrodes used,
the fraction of currenta consumed for process (1) is
98399% in electrolysis of sodium chloride solutions
[4]. At low sodium chloride concentrations,a is much
lower, as indicated by the experimental data presented
below.

Let us consider processes occurring in the solution
bulk. The reaction of molecular chlorine with aqueous
solutions proceeds via hydration stage

Cl2(g) = Cl2(aq), K = 0.10430.003 (25380oC), (3)

where K is the temperature-dependent equilibrium
constant of hydration [5].

Then proceeds disproportionation, with the ther-
modynamic constantK = 3.940 1034 [5]:

Cl2 + H2O = H+ + Cl3 + HOCl. (4)

Also possible is formation of the trichloride ion

Cl2 + Cl3 = Cl3
3. (5)

The equilibrium constant of reaction (5) is 0.18
at 25oC [1].

In view of the aforesaid, it may be assumed that
with the electrolyzer and ET modes used, only molec-
ular chlorine is formed at the electrode from chlorine
compounds, and conditions for existence of only hy-
drated molecular chlorine and hypochlorous and hy-
drochloric acids are created in the anolyte solution.
In addition, thrichloride ions can theoretically exist in
the solution; however, under real conditions, the con-
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Table 1. Determination of active chlorine by iodometric titration (IM) and spectrophotometry(SP) for various ET modes
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

j, A dm32

³ Content of active chlorineC0103, M ³ Content of active chlorine species(SP)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³

IM
³

SP
³ Cl2 ³ HClO ³ fraction of indicated component, %

³ ³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ C0103, M ³ Cl2(aq) ³ HClO

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1.70 ³ 1.85 ³ 0.31 ³ 1.54 ³ 16.8 ³ 73.2
2 ³ 4.00 ³ 3.40 ³ 0.95 ³ 2.09 ³ 31.2 ³ 68.8
3 ³ 5.90 ³ 5.79 ³ 2.31 ³ 3.48 ³ 39.9 ³ 60.1
4 ³ 9.56 ³ 8.80 ³ 4.17 ³ 4.63 ³ 47.4 ³ 52.6
5 ³ 12.80 ³ 11.35 ³ 5.91 ³ 5.45 ³ 52.1 ³ 47.9

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

tent of chloride ions is less than 132% of the total
amount of active chlorine even at the highest current
density.

The total amount of oxidants in solution can be
determined by iodometric titration. Hydrated molecu-
lar chlorine and chlorine-containing ions can be
identified spectrophotometrically by their absorption
in the UV range [6]. In addition, the content of active
chlorine can be found by potentiometric titration of
hypochlorous acid. Coincidence of the results ob-
tained by the three methods can validate the assump-
tion made.

Absorption in the UV spectral region is observed
for ClO2

3, ClO3 ions, HClO molecules, and hydrated
chlorine [3, 6]. Chlorate and perchlorate ions cannot
be identified using UV spectra, having no pronounced
absorption bands in this range.

The UV spectra of chemically obtained chlorine
water were measured in order to study the direct prod-
ucts of chlorine hydrolysis under conditions when
there are no reactions occurring in the case of ET.
In doing so, the total content of active chlorine was
determined iodometrically. A preset pH value in
model solutions was maintained by adding hydro-
chloric acid or sodium hydroxide. The obtained spec-
tra of chlorine water and sodium chloride after ET
were identical at equal pH values (see figure), which
indicates that the composition of the solutions is the
same as regards the absorbing components. If the
formation of the trichloride ion, whose concentration
is, as already mentioned, not higher than 132%, is
disregarded, then measurements at two wavelengths
are sufficient for determining separately the concen-
trations of hydrated chlorine and hypochlorous acid.

Solution of the system of equations describing the
absorption of solutions containing hydrated chlorine
and hypochlorous acid gives the following expres-

sions, which can be used to determine their concen-
trations:

C(HClO) = (6.696A290 3 2.556A320) 0 1032, (6)

C(Cl2) = (2.268A320 3 1.075A290) 0 1032, (7)

where A290 and A320 is the absorption by the solu-
tions at, respectively, 290 and 320 nm.

The results obtained in determining spectrometri-
cally various active chlorine species are presented in
Tables 1 and 2 for various ET modes in comparison
with the data furnished by iodometric titration.

For the cathode fraction the results yielded by the
two methods coincide, which is due to the presence in
the catholyte of the only active chlorine species,
namely, hypochlorite ion penetrating into the catho-
lyte by electromigration. For the anolyte the spectro-
photometric method gives somewhat underestimated

, nm

Absorption spectra: (A) optical density and (l) wavelength.
Chlorine water (C = 1.138 M): (1) pH 11.65,l = 0.2 cm;
(2) pH 2.18, l = 2.0 cm; 0.137 M NaCl solution subjected
to ET (i = 3 A dm32, v = 10 l h31, flow-through elec-
trolyzer); (3) anolyte, pH 2.5,l = 5.0 cm; (4) anolyte,
pH 11.0, l = 1.0 cm; and (5) catholyte, pH 11.3,l = 5 cm.
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Table 2. Determination of active chlorine in the catholyte
by iodometric titration and spectrophotometry
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

j, A dm32
³ Content of active chlorineC 0 103, M
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ IM ³ SP

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 0.200 ³ 0.183
2 ³ 0.300 ³ 0.801
3 ³ 0.404 ³ 0.418
4 ³ 0.605 ³ 0.643
5 ³ 4.29 ³ 4.31

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Theoretically calculated amounts of various
active chlorine species accumulated in electrolysis of a
0.137 M NaCl solution in a flow-through cell (a = 100%)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

j,
³

Total content
³ Fraction of indicated

³
of active chlor-

³ component, %
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄA dm32

³ ine C0103, M ³ Cl2(aq) ³ HClO ³ Cl3
3

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 2.742 ³ 19.1 ³ 80.5 ³ 0.5
2 ³ 5.498 ³ 31.8 ³ 67.4 ³ 0.8
3 ³ 8.228 ³ 46.0 ³ 58.0 ³ 1.0
4 ³ 10.97 ³ 47.9 ³ 50.9 ³ 1.2
5 ³ 13.72 ³ 53.3 ³ 45.5 ³ 1.3
6 ³ 16.46 ³ 57.5 ³ 41.1 ³ 1.4
7 ³ 19.2 ³ 61.1 ³ 37.5 ³ 1.5
8 ³ 21.94 ³ 64.0 ³ 34.5 ³ 1.5
9 ³ 24.68 ³ 66.5 ³ 31.9 ³ 1.6

10 ³ 27.43 ³ 68.6 ³ 29.7 ³ 1.7
11 ³ 41.15 ³ 75.9 ³ 22.3 ³ 1.8

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

values as compared with the iodometric titration data,
which is probably due to the departure of the reaction
from the 100% efficiency by chlorine. Actually, the
efficiency by chlorine may be lower, especially in the
initial stages of electrolysis, when the probability of
the competing reaction of oxygen evolution grows
at high pH values.

Approximate theoretical calculations of the ac-
cumulation of various active chlorine species were
performed fora of 100, 80, and 60%. It was assumed
in the calculations that HClO is not involved in migra-
tion processes owing to its being electroneutral, and
the contributions of ClO3 and Cl3

3 to migration are
negligible because of their low concentration, com-
pared with the concentrations of Na+, H3O+, and
Cl3 ions. As a simplifying assumption, it was taken
that only Cl3 and Na+ ions are transferred across the
membrane, whereas H+ and OH3 ions formed at the

electrode surface have not enough time to reach the
diaphragm. The presented equations are of semiquan-
titative nature; however, to a first approximation,
too, it is possible to obtain the predominant forms of
active chlorine accumulation in solution. The cal-
culated data presented in Table 3 indicate that active
chlorine is mainly present in solution in the hydrated
form and as hypochlorous acid molecules. The share
of trichloride ions in the total active chlorine is
not more than 2%, and that of hypochlorite ions is
negligibly small. HClO predominates in the initial
stages of electrolysis, but at current densities exceed-
ing 5 A dm32 the content of hypochlorous acid de-
creases and most of active chlorine is present in the
form of hydrated molecular chlorine.

Hydrolysis of molecular chlorine proceeds, upon
shifting the equilibrium, to give hypochlorous and hy-
drochloric acids. In addition, hydrochloric acid is also
formed if the chlorine electrolysis proceeds with less
than 100% efficiency. Since the dissociation constants
of these two acids are markedly different, hypochlor-
ous acid can be titrated separately and the content of
active chlorine can be determined from the results of
titration.

The content of HCl and HClO was calculated from
the titration curves of sodium chloride solutions elec-
trochemically treated in various modes. The titration
curves show two jumps both for chlorine water solu-
tions and for electrochemically treated sodium chlor-
ide solutions, withV1 = V2 for the former andV1 > V2
for the latter (V1 andV2 are the titrant volumes spent
for titration to, respectively, the first and second equiv-
alence points). The obtained results are presented in
comparison with iodometric titration data in Table 4.

Thus, comparison of the results of spectropho-
tometric, potentiometric, and iodometric data on ac-
tive chlorine shows their satisfactory agreement. How-
ever, iodometric titration gives 5320% higher content
of active chlorine, compared with the other two meth-
ods. The higher concentration of hydrochloric acid,
compared with the maximum possible concentration
in hydrolysis of hydrated chlorine, indicates that oxi-
dation of water to give oxygen occurs in electrolysis
in addition to the oxidation of chloride ions, which is
in agreement with practical data [2].

EXPERIMENTAL

Electrochemical treatment was applied to 0.137 M
solutions of analytically pure sodium chloride in dis-
tilled water. The electrochemical flow-through cell
comprised two planar-parallel ORTA electrodes
separated by a canvas dam.
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Table 4. Results of iodometric and potentiometric (PM) determination ofactive chlorine in the anode chamber of a
flow-through electrolyzer
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

j, A dm32
³ Content of acidC 0 103, M ³

Content of active chlorineÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ HCl ³ HClO ³ active chlorine ³ C0103, M (IM)

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1.34 ³ 0.89 ³ 1.78 ³ 1.70
2 ³ 2.05 ³ 1.79 ³ 3.58 ³ 3.80
3 ³ 3.25 ³ 2.90 ³ 5.80 ³ 5.90
4 ³ 4.68 ³ 4.29 ³ 8.58 ³ 9.56
5 ³ 5.69 ³ 5.14 ³ 10.28 ³ 12.08

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The ET process was performed in a galvanostatic
configuration in the dynamic mode, i.e., the liquid
flow moved along the electrodes without mixing with
subsequent portions of the liquid.

The iodometric determination of active chlorine
was done by the procedure described in [7]. The spec-
trophotometric measurements were performed on an
M-40 instrument. Standard solutions of chlorine water
were prepared by passing chlorine gas through dis-
tilled water. Chlorine was generated by oxidizing hy-
drochloric acid with potassium permanganate [8]. The
potentiometric titration was done with a pH-673M
pH meter, using glass and silver chloride electrodes.
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Abstract-A high-temperature fuel cell with zirconium oxide electrolyte and various electrode materials,
efficiently operating at 107031170 K on alcohol3ammonia fuel and air as oxidizing agent, was studied.

The development and practical use of fuel cells
(FCs) and, in particular, high-temperature fuel cells
(HTFCs) based on a ZrO23Y2O3 (YSZ) solid elec-
trolyte and operating at 107031370 K for direct
generation, with high conversion efficiency, of electric
power from fuels have been a topical scientific and
technological problem for more than a decade [133].
Here, mention should be made of the increasing in-
terest (especially in such industrially developed
countries as the United States, Japan, Germany, etc.)
in use of FCs and HTFCs for obtaining[environ-
mentally clean] electric power [336]. For example,
a large research center dealing with FC problems has
been organized recently in Germany and R&D work
in this direction has been commenced, aimed at put-
ting into industrial practice FCs with fuel conversion
efficiency of up to 55% [7].

HTFCs based on solid oxide electrolytes and op-
erating on vaporous fuels can be improved by op-
timizing both the cell design and the composition of
the electrolyte and electrode layers and current leads.
This could yield in the future an HTFC with power
density of 1.532.0 W cm32 in dc current generation
[8]. A nearly as high power density (0.330.8 W cm32

at cell voltage of 1.031.2 V) has already been achieved
in recent years in HTFCs of planar and tubular design
and units on their base with power in the range 13
100 kW, operating on H2, CH4, and diesel fuels [5,
8310].

Recent investigations have been aimed to search
for efficient fuels for HTFCs, and one of those found
was a fuel based on alcohol3ammonia mixtures. A
rather detailed thermodynamic analysis of the electro-
chemical oxidation of these mixtures in HTFCs was
made in [1].

In addition, industrial use of HTFCs requires that

noble metals in their electrodes should be replaced by
lower-cost materials. By now, a number of materials
of different kinds (for cathode and anode) have been
developed for HTFCs. These are mainly alkaline-
earth- (in position A) and transition-metal-doped (in
position B) manganites, chromites, and cobaltites of
rare-earth elements of the type ABO3 [3] and metal3
ceramic (cermet) anode materials (of the type of
nickel3YSZ composites) [2, 12].

EXPERIMENTAL

The basic element of the employed HTFC is an
electrochemical cell based on a solid oxide electrolyte
of composition 0.9ZrO2 + 0.1Y2O3 (YSZ). The elec-
trolyte for these cells was fabricated on a specially
designed laboratory installation by hot die slip casting
[1, 4]. The cells have tubular shape and the following
dimensions (mm): diameter 10.0, working (central)
part length 10.0, and wall thickness in the working
area 0.3530.40. The thus obtained electrolyte cells
were degreased in C2H5OH and the cathode and
anode layers were deposited onto them.

Various kinds of electrodes were used in the study:
metallic (Pt), metal3ceramic (nickel-based), and
ceramic (based on rare-earth manganites). To obtain
stable layers close to the YSZ electrolyte in the ther-
mal expansion coefficient, 10335 wt % YSZ powder
was introduced in the electrode paste composed of the
above materials. Experiments with Pt electrodes were
only carried out to obtain comparative characteristics
of HTFCs. The main part of the study was done with
lower-cost and more efficient electrodes: anodes based
on the Ni3YSZ cermet and ceramic cathodes.

To perform electrochemical oxidation of the al-
cohol3ammonia mixture, an HTFC with a cermet
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anode and a cathode made of an La0.4Ln0.4Ca0.2
Mn0.94Cr0.04Ni0.02O3 manganite (where Ln is a mix-
ture of cerium-group rare-earth elements) doped in
positions A and B was fabricated. This composition is
sufficiently economical (having lower cost as com-
pared with chemically purified compounds of lantha-
num or other individual rare earths), being prepared
from a mixture obtained industrially as half-product in
hydrometallurgical processing of rare-earth-containing
ores of the bastnaesite type [13, 14]. It is known that
the electrochemical activity of electrodes can be sub-
stantially raised by introducing into their composition
oxides with mixed-type conduction (oxygen-ion and
electronic), such as CeO2, V2O5, PrO23 x, or Bi2O3
[1]. Commonly, oxides of this kind are introduced
already in the stage of electrode layer formation on
the electrolyte [4]. In this study, cathode materials
were synthesized from manganites of a mixture of
cerium-group rare earths, with increased (due to Pr
and Ce ions) oxygen-ion conductivity [13].

Cathode material powders were synthesized by
isothermal decomposition (at 117031270 K) of a mix-
ture of nitrate salts prepared with the use of an in-
dustrial hydrometallurgical half-product: nitrate solu-
tion with rare-earth concentration of 300 g l31 (in
terms of total rare-earth oxides) and 30 g l31 of free
HNO3 [14]. The specific consumption of the cathode
material deposited onto the electrolyte cell was
12.0 mg cm32, with the material being a composite
and containing 10.0 wt % YSZ powder.

The anode (fuel electrode) of the HTFC was made
of an Ni3YSZ nickel zirconium cermet obtained by
various methods. The specific consumption of the
anode material was about 10.0 mg cm32.

Finely dispersed Raney nickel (70 wt %) and YSZ
dross (30 wt %) were mechanically mixed, and the
electrode paste was formed on the basis of this mix-
ture (using 10% solution of rosin in C2H5OH). The
paste was fired-in in a flow of technical-grade helium
at 1550 K in the course of 2.5 h. After depositing the
anode, the cathode layer was fired-in at 142031470 K
in air for 2.5 h, which resulted simultaneously in oxi-
dation of the anode layer of nickel to NiOx oxide.

The cermet working electrode was formed through
reduction of the nickel oxide phase in the NiOx3YSZ
layer by high-temperature alcohol3ammonia mixture
in the course of operation of the electrochemical
HTFC. The process of Ni reduction from NiOx creates
pores, necessary for the operation of HTFC, in the
anode material, and the sufficiently uniform distribu-
tion of disperse YSZ particles in the anode cermet
hinders collective crystallization of nickel particles

Dj, V (a)

T, K

Dj, V (b)

T, K
Fig. 1. Potential differenceDj for an HTFCoperating on
alcohol3ammonia mixture, alcohol, and ammonia vs. tem-
peratureT. Digits at curves (a)135 and (b)3, 4 denote the
numbers ofHTFC fuels in the table. (b) (3, 4) HTFC with
non-platinum electrodes; (1) alcohol3ammonia mixture in
HTFC with Pt electrodes [11].

in sintering, thereby ensuring prolonged electro-
chemical activity of the fuel electrode [12].

As current lead was used platinum wire 0.5 mm
thick. As oxidizing agent in the HTFC served at-
mospheric oxygen supplied into the cathode space
(at a pressure of 105 Pa).

Figures 1a and 1b show the obtained temperature
dependences of the HTFC parameters. Previously
[11], the current3voltage characteristics of electro-
chemical oxidation of an alcohol3ammonia mixture in
HTFC on platinum electrodes (Fig. 1b, curve1) have
been obtained. The maximum potential differences,
voltages, and currents in HTFCs with platinum elec-
trodes in oxidation of an alcohol3ammonia mixture
are the following:Dj = 1.0 V, V = 0.9 V, I = 0.85 mA
(with an external load resistanceR = 1000 W).

Preliminarily, electrochemical oxidation of separate
components of the mixture, ammonia and ethanol,
was performed in an HTFC of this kind. Ammonia
and alcohol vapors were obtained by heating a 25%
aqueous solution of ammonia and 96% ethanol. After
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Potential differencesDj, voltagesV, and currentsI meas-
ured in an HTFC operating on alcohol3ammonia mixtures.
Load resistanceR = 1000 W

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Fuel no.³ T, K ³ Dj, V ³ V, V ³ I, mA
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

C2H5OH, carrier gas N2
1 ³ 770 ³ 0.86 ³ 0.67 ³ 0.70

³ 870 ³ 1.05 ³ 0.80 ³ 0.81
³ 970 ³ 1.09 ³ 0.82 ³ 0.86
³ 1070 ³ 1.14 ³ 0.87 ³ 0.90
³ 1170 ³ 1.20 ³ 0.92 ³ 0.96

NH3

2 ³ 770 ³ 0.90 ³ 0.70 ³ 0.75
³ 870 ³ 1.10 ³ 0.84 ³ 0.90
³ 970 ³ 1.18 ³ 0.90 ³ 0.95
³ 1070 ³ 1.17 ³ 0.90 ³ 0.95
³ 1170 ³ 1.17 ³ 0.84 ³ 0.90

NH3 + C2H5OH*

3 ³ 870 ³ 0.93 ³ 0.70 ³ 0.75
³ 970 ³ 1.00 ³ 0.84 ³ 0.85
³ 1070 ³ 1.19 ³ 0.91 ³ 0.95
³ 1170 ³ 1.26 ³ 0.97 ³ 1.00

4 ³ 770 ³ 0.73 ³ 0.54 ³ 0.60
³ 870 ³ 0.95 ³ 0.72 ³ 0.76
³ 970 ³ 1.13 ³ 0.86 ³ 0.90
³ 1070 ³ 1.18 ³ 0.90 ³ 0.94
³ 1170 ³ 1.20 ³ 0.91 ³ 0.95

5 ³ 770 ³ 0.80 ³ 0.59 ³ 0.64
³ 870 ³ 0.96 ³ 0.73 ³ 0.76
³ 970 ³ 1.01 ³ 0.78 ³ 0.82
³ 1070 ³ 1.06 ³ 0.81 ³ 0.85
³ 1170 ³ 1.09 ³ 0.83 ³ 0.88

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Method of fuel preparation: passing NH3 over the surface of

alcohol heated to 300 (fuel no. 3) and 315 K (no. 4); bubbling
of NH3 vapor through alcohol at 293 K (no. 5).

drying (to remove water vapor), the vapors of the
alcohol and ammonia were delivered into the anode
space of the HTFC. The obtained potential differ-
ences, voltages, and currents are presented in the
table. It can be seen that the parameters of HTFCs
operating on, separately, ammonia and alcohol are
rather close.

The alcohol3ammonia mixture used for electro-
chemical oxidation was prepared by methods provid-
ing different concentrations of the components in the
working fuel mixture (see table). As oxidizing agent
served atmospheric oxygen under ambient pressure.
The potential differences, voltages, and currents meas-
ured in oxidation of the alcohol3ammonia mixtures
are also given in the table. It is noteworthy that the
I value recorded in a practically important case of

HTFC operation in a circuit with an external resist-
anceR < 1000 W (in a short-circuited mode, in the
limiting case) is as high as 0.3 A, which corresponds
to a current densityi = 0.1 A cm32.

As seen from the table and Fig. 1a, the HTFC
parameters depend on how an alcohol3ammonia mix-
ture is prepared. The fluctuations of these parameters
(potential difference, voltage, and current) are prob-
ably due to variations in the alcohol concentration
in the mixture.

Analysis of the influence exerted by the HTFC
electrode materials on the efficiency of electro-
chemical oxidation of the alcohol3ammonia mixture
(Fig. 1b) suggests that the nickel3cermet anode and
manganite cathode have higher activity (yielding
Dj = 1.26 V, V = 0.97 V, I = 1.0 mA) as compared
with HTFCs having platinum electrodes [11]. This
may be associated both with an increase in the polari-
zation of the platinum electrode as a result of its sur-
face oxidation to PtOx and with sintering of platinum
grains in the course of HTFC operation, making lower
the electrode porosity [1, 3].

CONCLUSIONS

(1) The electrochemical characteristics of a tubular
high-temperature fuel cell operating on alcohol3
ammonia mixtures with air as oxidizing agent were
determined experimentally. It is established that the
method by which the alcohol3ammonia mixture is
prepared affects the electrochemical parameters of the
cell.

(2) The optimal values of the parameters of a high-
temperature fuel cell: potential differenceDj =
1.26 V, voltageV = 0.97 V, and currentI = 1.0 mA
(under loadR = 1.0 kW) were obtained for a mixture
prepared by passing NH3 vapor over the surface of
ethanol heated to 300 K. The best characteristics of
the high-temperature fuel cell operating on this fuel
were obtained with an Ni3YSZ cermet anode and a
cathode made of a new material, La0.4Ln0.4Ca0.2.
Mn0.94Cr0.04Ni0.02O3 (where Ln is a mixture of
cerium-group rare earths introduced in the form of
an industrial hydrometallurgical half-product), syn-
thesized at 107031170 K.
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Abstract-The electrocatalytic activity with respect to oxalate ions of spongy osmium immobilized within
a carbon-paste electrode was studied. A procedure is proposed for electrocatalytic determination of oxalate
ions on a chemically modified electrode based on spongy osmium under conditions of flow-through3injection
analysis.

The necessity for analytical monitoring of oxalate
ions is due to the biological importance of these com-
pounds. For example, oxalic acid and its salts play an
important part in the human body [133], quite a num-
ber of diseases being associated with disruption of the
oxalate exchange. Therefore, it is advisable to use
simple, proximate, and accurate analytical techniques
in clinical diagnostics.

Analytical laboratories more frequently employ
classical methods of analysis, gravimetry and titrim-
etry, for determining oxalate ions, with potentiometric
titration with ion-selective or glass electrodes [4] oc-
casionally used among electrochemical methods.
Voltammetric techniques have not found use for this
purpose. This is due to the fact that anions, including
oxalates, are oxidized or reduced on indicator elec-
trodes with a high overvoltage. However, as reported
in [5], the overvoltage effects can be diminished by
means of the so-called redox mediators. That is why
interest has been aroused recently in electrochemical
analytical techniques based on the use of chemically
modified electrodes (CMEs) possessing electrocatalyt-
ic properties [638]. These electrodes are already being
used successfully for electrochemical detection of
a wide variety of compounds, such as oxygen, hydro-
gen peroxide, anions, alcohols, aldehydes, carbohy-
drates, amino acids, etc., including application in
flow-through analysis systems [9].

A search for new redox mediators for CME and
their use in flow-through3injection analysis (FIA) of
biologically important compounds for the purpose of
introducing automation and improving the efficiency
of determination is a currently pressing problem.

The present study is concerned with the possibility

of electrocatalytic determination of oxalic acid and
oxalate ions, using carbon-paste electrodes (CPE)
modified with spongy osmium under FIA conditions.

Carboxylic acids and their salts are oxidized at
graphite electrodes with high overvoltage [10]. When
using a CME based on a redox mediator, the overvolt-
age can be made lower. It was found that CPE modi-
fied with spongy osmium exhibits electrocatalytic
activity toward oxalic acid. To elucidate the electro-
catalysis mechanism, electrooxidation of the modifier
and substrate on the CPE and CME was studied.

Oxalic acid is oxidized at CPE atE > 1.2 V (Fig. 1,
curve1). The anodic voltammogram of the supporting
electrolyte, recorded with CME in the absence of sub-

mA

E, V
Fig. 1. Voltammograms of oxalic acid oxidation at (1) CPE
and (2) osmium-based CME with borate buffer solution
with pH 9.0 as supporting electrolyte. Concentration of
oxalic acid 10 1033 M; the same for Fig. 2. (E) Potential.
Background curve: (3) at CPE and (4) at CME.
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strate in the potential rangeE = 0.031.5 V, shows
two waves (Fig. 1, curve4). According to published
data [4], electron transfer occurs at first-wave poten-
tials (E ; 0.8 V) to give metal oxide, probably OsO2,
oxidizing at second-wave potentials. On adding sub-
strate to the solution, the first electrochemical signal
grows in intensity, being now recorded in the form of
a peak (Fig. 1, curve2). The peak current depends on
the substrate concentration. In performing electrolysis
in a solution containing oxalate ions, bubbles of a gas,
probably CO2, accumulate on the electrode surface
at E ; 0.8 V. No gas evolution at CME in a support-
ing electrolyte solution was observed in this range of
potentials. Similar results were obtained with sodium
oxalate as substrate. This circumstance indicates that
oxalate ions are oxidized atE ; 0.8 V, i.e., at poten-
tials of modifier oxidation, at CMEs based on spongy
osmium. It was found in studying the dependence of
the peak currentip on the potential sweep ratev
that the rate coefficient of the electrode process,
D log i /D logv, is 0.27 for CME, which indicates that
the process is complicated by a chemical reaction, i.e.,
electrooxidation of oxalate ions at CME proceeds
by the EC mechanism including a preceding electro-
chemical stage and the subsequent chemical reaction.
In the first stage, there occurs electrooxidation of
the modifier to form osmium oxides oxidizing the
substrate. A similar electrocatalytic behavior of osmi-
um has been also observed in oxidation of other or-
ganic molecules [11]. The scheme of the electrode
process can be represented as [11]

[OsOx .nH2O] 3 e + OH3 6

4
[OsOxOH .nH2O],

[OsOxOH .nH2O] + 1/2C2O4
23 6 [OsOx .nH2O]

+ CO2 + OH3.

Thus, spongy osmium immobilized within CPE
exhibits electrocatalytic activity toward oxalic acid
and its salts. The catalytic effect consists in that the
overvoltage is lowered by 0.5 V. In addition, a sig-
nificant excess of the anodic current over the modifier
oxidation current recorded in the absence of substrate
is observed in oxidation of oxalate ions at CME. In
the system in question, catalysis occurs with respect
to both current and potential.

The influence exerted by the solution pH and
nature of supporting electrolyte on the current3voltage
characteristics of the first wave of modifier oxidation
(anodic current and peak position along the potential
axis) was studied with and without the substrate. As
seen from Fig. 2a, thepeak potential decreases with

Ep, V (a)

ip, mA (b)

Fig. 2. (a) Peak potentialEp and (b) peak current of
modifier oxidationip vs. pH value (1) without and (2) with
oxalic acid, with 0.1 M Na2SO4 solution as supporting
electrolyte and pH adjustment with H2SO4 or NaOH.

increasing pH in the range 235 and increases at pH
from 6 to 12 (Fig. 2a, curve1). Presumably, this is
due to changes in the position of the acid3base equi-
librium between the members of the redox couple.
The peak potential of electrocatalytic oxidation of
oxalic acid at the modified electrode steadily shifts to
less positive potentials (Fig. 2a, curve2). This can be
attributed to the dependence of mole fractionsa of the
protonated and deprotonated oxalic acid species on
pH [12]: aC2O4

23 grows with increasing pH, which
shifts the potential to less positive values.

The rise in the anodic current in the alkaline medi-
um both with and without substrate (Fig. 2b) is due to
the increasing number of catalytically active species
on the electrode surface.

The pH value is chosen with the aim of achieving
the maximum decrease in the overvoltage of substrate
oxidation, on the one hand, and recording the highest
catalytic current, on the other. These conditions are
met by using high pH values. However, the reprodu-
cibility of the catalytic signal is impaired at pH > 11.
Therefore, supporting electrolytes with pH~ 9.0 were
used. The following buffer solutions were chosen to
maintain stable pH: phosphate, ammonia, and borate.
In determining oxalate ions the best metrological
characteristics were obtained with borate buffer solu-
tion with pH 9.0 as supporting electrolyte.
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mA

t, minV

Fig. 3. FIA signal obtained in electrocatalytic oxidation of
oxalic acid at an osmium-based CME at different applied
potentials E with borate buffer solution with pH 9.0 as
supporting electrolyte. (t) Time.

i, mA

V, ml

u, ml min31

Fig. 4. FIA signal of electrocatalytic oxidation of oxalic
acid at osmium-based CME vs. flow rateu and injected
sample volumeV with borate buffer solution with pH 9.0 as
supporting electrolyte. (i) Peak current.

The osmium-based chemically modified electrode
can be used for detecting electrochemically oxalate
ions in flow-through analysis. In performing FIA, the
electrocatalytic signal was recorded in the potentio-
static mode, and, therefore, the dependence of the
peak current on the applied potential was studied.

The specific feature of how the FIA signal depends
on the discretely applied potential (Fig. 3) is the
change in the direction of the recorded peak with the
potential shifted to the anodic region, which is due to
a change in the charge of the electrophilic species. In
order to find out whether this is due to a change in the
form of mediator or substrate, a similar dependence
was studied on an electrode modified with a complex
of cobalt(II) with phthalocyanine. There is published
evidence of the use of this redox mediator for am-
perometric detection of hydroxy acids [13]. In electro-
oxidation of oxalic acid at such an electrode in the
potentiostatic mode, no change in the recording direc-
tion was observed with increasing potential. Con-
sequently, the direction of recording of the FIA signal
for the osmium-based CME is in all probability af-

fected by a change of the existing modifier species,
caused by alteration of the level of its oxidation on
applying a more positive potential. Further studies are
necessary for this process to be described in more
detail.

As shown in Fig. 3, the FIA signal grows at poten-
tials of up to 0.8 V, which confirms the assumption
that modifier species formed at first-wave potentials
are involved in electrocatalysis. In further studies,
the FIA signal was recorded atE = 0.8 V, when the
maximum analytical signal is observed.

In studying how the electrocatalytic response of
CME in flow-through systems depends on hydro-
dynamic parameters, it was found that the maximum
signal is observed at a flow rateu = 4.3 ml min31 and
injected sample volumeV = 0.7 ml (Fig. 4).

Thus, the optimal conditions of FIA are as follows:
E = 0.80 V, u = 4.3 ml min31, andV = 0.7 ml. Under
these conditions, an FIA capacity of 60 samples per
hour can be achieved.

The dependence of the FIA signal intensity on the
substrate concentration is linear in the range 0.053
350 mmol, being described by the following equation
(i, mA; c, mmol)

i = (5.8+0.7)0 1032 + (5.6+0.4)0 1033c, r = 0.9991.

The detection limit calculated using the 3s criterion
[14] is 10 nmol.

In evaluating the metrological parameters of the
proposed method, it is necessary to consider the preci-
sion of analysis. The difficulties encountered in deter-
mining oxalate ions with solid electrodes under sta-
tionary conditions are due to the formation of carbon
dioxide in electrooxidation of these anions. Gas
bubbles screen the surface of the indicator electrode.
Therefore, to obtain reproducible results, it is neces-
sary to continuously clean the electrode surface. In
a flow-through system, all the forming bubbles are
carried away by a fluid flow; in addition, the electrode
surface itself is renewed in the carrier flow. As a
result, the signal reproducibility remains practically
unchanged in a prolonged use of an indicator elec-
trode without cleaning in a flow-through cell. The
calculatedSr value does not exceed 5% within the
working concentration range (Table 1).

The adequacy of the procedure was assessed by
comparing the results of a flow-through3injection
analysis for oxalic acid of artificial mixtures with data
of potentiometric titration with a glass electrode. A
statistical analysis of the obtained results by means of
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t and F tests [14] demonstrated (Table 2) that there
is no systematic error in determination of oxalate ions.
The chosen methods are equally accurate in the range
of concentrations to be determined (Fcalc < Ftab), with
the discrepancies between means being insignificant
(tcalc < ttab).

It was found that the determination is hindered by
compounds exhibiting catalytic activity in the region
of potentials under consideration and by those in-
volved in the reaction of heterogeneous catalysis on
osmium-based CME.

Thus, osmium-based CME can be used as electro-
chemical sensor for amperometric detection of oxalate
ions in FIA.

The proposed technique can be used for determin-
ing oxalate ions in biological fluids, including the
case of enzyme analysis.

EXPERIMENTAL

The dc voltammograms were recorded on a PU-1
polarograph with a three-electrode cell. CPE and
CME served as indicator electrodes, silver chloride
electrode was used as reference, and platinum wire, as
anode. The carbon-paste electrode was prepared by
mixing activated carbon and paraffin, taken in 6 : 4
ratio. In fabricating CME, a modifier (spongy osmi-
um) was introduced into the carbon paste in amount
of 235 wt %. After thorough mixing, the mixture
of the components was placed in a glass tube 2.6 mm
in diameter. The electrode surface was renewed
mechanically with the use of abrasives and filter
paper.

FIA was made using a setup including a peristaltic
pump, injector, flow-through electrochemical cell, and
recording device. The solutions used were supplied
and discharged through flowing pipes made of sili-
cone tubes with inner diameter of 2.0 mm. The injec-
tion was done with a microsyringe through the sealing
membrane. A schematic of the flow-through mem-
brane is presented inFig. 5.

Electrical conductivity was imparted to the solu-
tions with the use of a 0.5 M aqueous solution of
Na2SO4 with NaOH or H2SO4, added to adjust the
pH value, and also borate, ammonia, or phosphate
buffer solutions. The pH value was monitored using a
pH-150 pH meter. Solutions of oxalic acid and sodi-
um oxalate were prepared by dissolving accurately
weighed portions of chemically pure geade reagents
in distilled water. Solutions with lower concentrations

Table 1. Results of analysis for oxalic acid and sodium
oxalate on osmium-based CME (n = 7, P = 0.95)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Substrate
³ Substrate content,mmol ³

SrÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ introduced ³ found (x + Dx) ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
Oxalic acid³ 0.5 ³ 0.47+0.02 ³ 0.05

³ 5.0 ³ 4.8+0.2 ³ 0.04
³ 10.0 ³ 10.0+0.3 ³ 0.03
³ 100.0 ³ 99+1 ³ 0.01

Sodium ³ 1.0 ³ 0.95+0.05 ³ 0.05
oxalate ³ 5.0 ³ 4.9+0.3 ³ 0.05

³ 10.0 ³ 10.2+0.4 ³ 0.04
³ 100.0 ³ 101+1 ³ 0.01

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

Table 2. Results of analysis for oxalic acid by voltamme-
try with osmium-based CME (method I) and by poten-
tiometric titration (method II) (N = 6, P = 0.95,ttab = 2.57,
Ftab = 5.05)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

c+d, g l31 ³
Fcalc

³
tcalcÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³

method I ³ method II ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

0.8+0.1 ³ 1.0+0.2 ³ 4.0 ³ 2.47
1.2+0.2 ³ 1.4+0.2 ³ 1.0 ³ 2.00
1.5+0.3 ³ 1.7+0.4 ³ 1.8 ³ 1.12

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

were obtained by successive dilution of the starting
solutions.

CONCLUSIONS

(1) The carbon-paste electrode modified with
spongy osmium exhibits electrocatalytic activity
toward oxalic acid and its salts. The substrates con-
sidered are oxidized at graphite electrodes, including
the carbon-paste one, with high overvoltage atE >
1.2 V. For the electrode modified with spongy osmi-
um, the overvoltage decreases by 0.5 V, and the
anodic current much exceeds the current of oxidation

Sample

Supporting
electrolyte

solution

Discharge

Fig. 5. Schematic of the flow-through3injection system:
(1) peristaltic pump, (2) injector, (3) mixer, and (4) flow-
through electrochemical cell.
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of the modifier itself. The electrode process involves
electrooxidation of the modifier, probably with the for-
mation of osmium(IV) oxide oxidizing the substrate.

(2) Chemically modified electrode based on spon-
gy osmium can be used for amperometric determina-
tion of oxalate ions in flow-through3injection analy-
sis. The optimal conditions of analysis are as follows:
E = 0.80 V, u = 4.3 ml min31, andV = 0.7 ml. The
dependence of the analytical signal on the substrate
concentration is linear in the range 0.053350 mmol.
The detection limit is 10 nmol. The signal reproduci-
bility Sr = 0.034 (forc = 1 mmol, n = 10). The analy-
sis capacity is 60 samples per hour.
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Abstract-The inhibiting action of hydrogen absorption in the course of plating of iron3nickel alloy from
a sulfate electrolyte in the presence of triphenylmethane derivatives and azo dyes was studied. An electrolyte
suitable for plating of iron3nickel alloy on articles susceptible to hydrogen embrittlement was developed.

Iron3nickel alloys as electroplated coatings are
used instead of nickel, which is in short supply, to
protect articles against corrosion and impart protec-
tion-decorative properties [138]. With such coatings
not only the performance characteristics are improved,
but also the productivity of parts is increased along
with their reliability and life [7]. The presence of ad-
ditives complicates composition and requires frequent

replacement of electrolyte. Probably, for this reason,
plating of the alloy instead of pure nickel is not wide-
ly used yet [9].

In this work, the alloy of the composition 80%
nickel and 20% iron was used. Triphenylmethane
derivatives and azo dyes were additives. Their names
and structural formulas are listed in Table 1.

Table 1. Triphenylmethane derivatives and azo dyes
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Additive no. ³ Additive name ³ Molecular weight
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³Bromocresol green (tetrabromo-m-cresolsulfophthalein) ³ 662
2 ³Eriochrome black ³ 465
3 ³Methyl red (4̀-N,N-dimethylaminoazobenzene-2-carboxylic acid) ³ 269
4 ³Eriochrome blue SE (acid chrome dark blue, acid chrome blue T)³ 520
5 ³Fuchsin new, rosaniline (3,3`-dimethyl-p-triaminotriphenylcarbinol chloride)³ 365
6 ³Pararosaniline (tri-p-aminotriphenylcarbinol chloride) ³ 323
7 ³Additive 5 + additive 2 ³
8 ³Additive 5 + Progress (CnH2n+ 1CH(CH3)OSO2Na, n = 6316) ³

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Structural formulas of the additives
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3E, V

jc, A dm32

Fig. 1. Cathode potentialE vs. current densityjc in the
presence of triphenylmethane derivatives and azo dyes
(C = 2 mM). The curve numbers are the same as the addi-
tive numbers in Table 1; (9) no additive; the same for
Figs. 2 and 3.

The sulfate3chloride electrolyte in the presence of
additives allows preparation of high-quality electro-
plated coatings with finely crystalline structure,
provides good adhesion, and ensures the minimal hy-
drogen absorption by the steel support. Also, it allows
preparation of corrosion-resistant decorative coatings
with lustrous surface.

The iron3nickel alloy was plated from an electro-
lyte containing (g l31) NiSO4 .7H2O 240, NiCl2 .6H2O
38, FeSO4 .7H2O 80, and H3BO3 40 under the fol-
lowing conditions: pH 1.832.0, jc = 1.939 A dm32,
45355oC, stirring with a magnetic stirrer. The electro-
lyte was treated for 4 h at the minimal current density.
Solutions were prepared from chemically pure grade
reagents. The hydrogen absorption was estimated on a
U83A spring wire (100 mm long and 1 mm in diam-
eter) twisted on a K-5 unit. Before plating, the sam-
ples were polished with a micrometric abrasive cloth,
degreased with lime, and washed with distilled water.
This treatment removes the oxide surface layer and
eliminates the hydrogen absorption in the course of
the preparation of the sample surface.

The hydrogen absorption was performed during the
electrolysis time of 12.5, 26, and 52 min and judged
from the decrease in the plasticity of the twisted wire
samples:N = (a/a0) 0 100%, wherea and a0 are the
number of rotations before failure of the unplated and
plated sample, respectively. The cathodic current effi-
ciency (CE) was determined coulometrically.

The 4004002 mm plates were used for studying

the physicomechanical properties of the alloy. The
iron3nickel alloy was coated to a 20mm thickness. The
silver chloride reference electrode was used. Polar-
ization measurements were recorded on a multigraph.
The lusterg was measured on an FB-5 luster meter
vs. a uviol glass as reference (luster 65 arb. units).
The nonworking side of the plate was protected with a
BF-2 glue. The adhesion of the alloy to the support
was tested by methods of intersecting scratches or
twisting on a K-5 unit. The corrosion resistance of
iron3nickel coatings was studied in a chamber filled
with a salt fog [10]. The solution containing 30 g l31

NaCl was spread every 15 min for 7 h. The spread
time was 3 min. The corrosion protection was cal-
culated by the formula:

KcorI 3 KcorII
Z = ÄÄÄÄÄÄÄÄÄÄÄÄ 0 100%,

KcorI

where KcorI and KcorII are the corrosion rates
(g m32 day31) for samples coated with the alloy with
and without additives, respectively.

In the other conditions, the procedure was similar
to that described previously [11].

Plating of iron3nickel alloy is accompanied by
strong hydrogen absorption by the steel support,
which is reflected as a 15327% decrease in the plas-
ticity at jc from 1 to 9 A dm32. With the electrolysis
time decreased to 52 min the further decrease in the
plasticity to 65% was observed (Table 2, no inhibitor).
The cathodic potential atjc = 1 A dm32 is 30.48 V,
decreasing to a value of30.72 V as the current is
increased to 9 A dm32 (Fig. 1, curve9). The deposits
are finely crystalline, rough, partially cracked, with
satisfactory adhesion to the support. Such deposits
do not impede diffusion into the steel support. The
surface is dull and semilustrous, with pitting and fila-
ment dendrites (Fig. 2, no additive, a luster of 383
20 arb. units). The current efficiency by the alloy is
71365% (Fig. 3, curve9).

Introduction of triphenylmethane derivatives and
azo dyes into a sulfate chloride electrolyte decreases
considerably the hydrogen absorption by the steel
support and enhances the performance characteristics
of the iron3nickel alloy. However, the inhibiting and
luster-producing action of all the additives is different
(Table 2).

The inhibitors on the surface of a cathode metal are
adsorbed electrostatically, specifically, and chemically
[12]. The bond strength of molecules with a cathode
surface is affected by the electron density on the atom
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Table 2. Characteristics of the iron3nickel alloy in the presence of triphenylmethane derivatives and azo dyes
ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Inhibi-
³

jc,
³

C,
³ Plasticity, %, in indicated³

CE,
³

g,
³

3E,
³

Appearance and structure of coatingtor
³

A dm32
³

mM
³ time, min ³

%
³

arb. units
³

V
³

³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³no. ³ ³ ³ 12.5 ³ 26 ³ 52 ³ ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 1 ³ 1 ³ 91 ³ 86 ³ 83 ³ 82 ³ 60 ³ 0.66³Finely crystalline, with strong internal
³ 3 ³ ³ 89 ³ 86 ³ 82 ³ 81 ³ 45 ³ 0.67³stresses, good adhesion to the support,
³ 5 ³ ³ 84 ³ 85 ³ 80 ³ 81 ³ 40 ³ 0.67³semilustrous and lustrous surface
³ 7 ³ ³ 82 ³ 80 ³ 80 ³ 79 ³ 25 ³ 0.72³
³ 9 ³ ³ 80 ³ 79 ³ 75 ³ 78 ³ 25 ³ 0.86³
³ 1 ³ 2 ³ 94 ³ 90 ³ 85 ³ 3 ³ 3 ³ 3 ³Dense, cracked from the edges with in-
³ 3 ³ ³ 91 ³ 90 ³ 84 ³ 3 ³ 3 ³ 3 ³creasing current density
³ 5 ³ ³ 89 ³ 87 ³ 83 ³ 3 ³ 3 ³ 3 ³
³ 7 ³ ³ 85 ³ 87 ³ 80 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 83 ³ 83 ³ 80 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³2 ³ 1 ³ 1 ³ 93 ³ 90 ³ 88 ³ 89 ³ 70 ³ 0.70³Finely crystalline, with good adhesion,
³ 3 ³ ³ 91 ³ 89 ³ 87 ³ 91 ³ 68 ³ 0.71³slightly cracked from the edges with in-
³ 5 ³ ³ 89 ³ 88 ³ 84 ³ 90 ³ 65 ³ 0.81³creasing current density, with lustrous
³ 7 ³ ³ 86 ³ 84 ³ 82 ³ 86 ³ 60 ³ 0.89³surface
³ 9 ³ ³ 84 ³ 82 ³ 80 ³ 85 ³ 52 ³ 0.95³
³ 1 ³ 2 ³ 96 ³ 94 ³ 92 ³ 3 ³ 3 ³ 3 ³"
³ 3 ³ ³ 93 ³ 91 ³ 90 ³ 3 ³ 3 ³ 3 ³
³ 5 ³ ³ 92 ³ 90 ³ 91 ³ 3 ³ 3 ³ 3 ³
³ 7 ³ ³ 89 ³ 90 ³ 88 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 89 ³ 86 ³ 85 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³3 ³ 1 ³ 1 ³ 87 ³ 83 ³ 80 ³ 75 ³ 50 ³ 0.60³Finely crystalline, with good adhesion to
³ 3 ³ ³ 85 ³ 80 ³ 78 ³ 74 ³ 48 ³ 0.63³the support, dense, lustrous, and partially
³ 5 ³ ³ 81 ³ 79 ³ 75 ³ 73 ³ 40 ³ 0.66³cracked from the edges
³ 7 ³ ³ 79 ³ 75 ³ 72 ³ 72 ³ 40 ³ 0.71³
³ 9 ³ ³ 77 ³ 75 ³ 70 ³ 72 ³ 38 ³ 0.85³
³ 1 ³ 3 ³ 89 ³ 85 ³ 82 ³ 84 ³ 55 ³ 0.68³Semilustrous and lustrous, with satisfac-
³ 3 ³ ³ 88 ³ 83 ³ 81 ³ 83 ³ 53 ³ 0.73³tory adhesion to the support
³ 5 ³ ³ 85 ³ 82 ³ 80 ³ 81 ³ 50 ³ 0.75³
³ 7 ³ ³ 84 ³ 81 ³ 78 ³ 81 ³ 45 ³ 0.85³
³ 9 ³ ³ 80 ³ 79 ³ 76 ³ 79 ³ 30 ³ 0.90³
³ ³ ³ ³ ³ ³ ³ ³ ³4 ³ 1 ³ 0.5 ³ 87 ³ 80 ³ 79 ³ 79 ³ 55 ³ 0.55³Finely crystalline, exfoliated from the
³ 3 ³ ³ 85 ³ 79 ³ 78 ³ 77 ³ 50 ³ 0.56³edges, with semilustrous and lustrous
³ 5 ³ ³ 81 ³ 79 ³ 75 ³ 76 ³ 48 ³ 0.65³surface
³ 7 ³ ³ 79 ³ 76 ³ 75 ³ 75 ³ 40 ³ 0.71³
³ 9 ³ ³ 76 ³ 73 ³ 71 ³ 75 ³ 38 ³ 0.82³
³ 1 ³ 1 ³ 92 ³ 90 ³ 88 ³ 3 ³ 3 ³ 3 ³Finely crystalline, with satisfactory ad-
³ 3 ³ ³ 89 ³ 89 ³ 87 ³ 3 ³ 3 ³ 3 ³hesion to the support, gray, semilustrous
³ 5 ³ ³ 86 ³ 86 ³ 85 ³ 3 ³ 3 ³ 3 ³
³ 7 ³ ³ 83 ³ 82 ³ 82 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 80 ³ 80 ³ 79 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³5 ³ 1 ³ 1 ³ 95 ³ 94 ³ 92 ³ 93 ³ 50 ³ 0.73³Finely crystalline, cracked from the
³ 3 ³ ³ 93 ³ 93 ³ 89 ³ 92 ³ 60 ³ 0.86³edges, gray, semilustrous and lustrous
³ 5 ³ ³ 90 ³ 90 ³ 89 ³ 90 ³ 55 ³ 0.94³
³ 7 ³ ³ 85 ³ 87 ³ 88 ³ 90 ³ 45 ³ 0.99³
³ 9 ³ ³ 83 ³ 82 ³ 82 ³ 89 ³ 25 ³ 0.99³
³ 1 ³ 3 ³ 98 ³ 98 ³ 95 ³ 96 ³ 45 ³ 0.76³Finely crystalline, dense, regular, with
³ 3 ³ ³ 97 ³ 96 ³ 94 ³ 95 ³ 75 ³ 0.81³good adhesion to the support and lus-
³ 5 ³ ³ 96 ³ 94 ³ 94 ³ 95 ³ 70 ³ 0.80³trous surface
³ 7 ³ ³ 93 ³ 94 ³ 93 ³ 94 ³ 55 ³ 0.94³
³ 9 ³ ³ 90 ³ 90 ³ 90 ³ 93 ³ 40 ³ 1.20³

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. (Contd.)
ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Inhibi-
³

jc,
³

C,
³ Plasticity, %, in indicated³

CE,
³

g,
³

3E,
³

Appearance and structure of coatingtor
³

A dm32
³

mM
³ time, min ³

%
³

arb. units
³

V
³

³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³no. ³ ³ ³ 12.5 ³ 26 ³ 52 ³ ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

6 ³ 1 ³ 1 ³ 90 ³ 85 ³ 82 ³ 84 ³ 45 ³ 0.58³Finely crystalline, cracked from the
³ 3 ³ ³ 86 ³ 84 ³ 80 ³ 83 ³ 40 ³ 0.60³edges with increasing current density,
³ 5 ³ ³ 84 ³ 82 ³ 80 ³ 82 ³ 42 ³ 0.72³dense, gray, semilustrous
³ 7 ³ ³ 80 ³ 80 ³ 78 ³ 81 ³ 35 ³ 0.80³
³ 9 ³ ³ 78 ³ 79 ³ 77 ³ 79 ³ 25 ³ 0.82³
³ 1 ³ 2 ³ 92 ³ 90 ³ 85 ³ 3 ³ 3 ³ 3 ³"
³ 3 ³ ³ 90 ³ 87 ³ 83 ³ 3 ³ 3 ³ 3 ³
³ 5 ³ ³ 88 ³ 86 ³ 82 ³ 3 ³ 3 ³ 3 ³
³ 7 ³ ³ 85 ³ 85 ³ 80 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 83 ³ 83 ³ 80 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³7 ³ 1 ³ 3 ³ 96 ³ 93 ³ 90 ³ 3 ³ 3 ³ 3 ³Finely crystalline, dense, smooth, strong-
³ 3 ³ ³ 94 ³ 92 ³ 88 ³ 3 ³ 3 ³ 3 ³ly adherent to the support, lustrous
³ 5 ³ ³ 91 ³ 91 ³ 87 ³ 3 ³ 3 ³ 3 ³
³ 7 ³ ³ 88 ³ 90 ³ 86 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 86 ³ 86 ³ 85 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³8 ³ 1 ³ 3 ³ 100 ³ 100 ³ 98 ³ 3 ³ 3 ³ 3 ³Finely crystalline, regular, smooth, with
³ 3 ³ ³ 99 ³ 99 ³ 95 ³ 3 ³ 3 ³ 3 ³good adhesion to the support and lustrous
³ 5 ³ ³ 95 ³ 95 ³ 95 ³ 3 ³ 3 ³ 3 ³surface
³ 7 ³ ³ 93 ³ 92 ³ 92 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 92 ³ 92 ³ 92 ³ 3 ³ 3 ³ 3 ³
³ ³ ³ ³ ³ ³ ³ ³ ³None ³ 1 ³ 3 ³ 85 ³ 78 ³ 75 ³ 3 ³ 3 ³ 3 ³Finely crystalline, with satisfactory ad-
³ 3 ³ ³ 81 ³ 75 ³ 71 ³ 3 ³ 3 ³ 3 ³hesion, cracked, rough, with pitting and
³ 5 ³ ³ 80 ³ 74 ³ 70 ³ 3 ³ 3 ³ 3 ³dendrites, dull, semilustrous
³ 7 ³ ³ 75 ³ 70 ³ 69 ³ 3 ³ 3 ³ 3 ³
³ 9 ³ ³ 73 ³ 70 ³ 65 ³ 3 ³ 3 ³ 3 ³

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

g, arb. units

1 2 3 4 5
g, arb. units

6 7 8 No additive
13579 13579 1357913579 jc, A dm32

Fig. 2. Luster g vs. jc in the presence of additives (C =
2 mM).

acting as adsorption center. With increasing electron
density the chemisorption bond between the cathode
metal and the inhibitor strengthens [13].

Let us consider the suppression of hydrogen ab-
sorption (SHA) in the presence of organic additives
(triphenylmethane derivatives and azo dyes) as in-
fluenced by their molecular structures.

CE, %

jc, A dm32

Fig. 3. Current efficiency CE vs.jc in the presence of
additives (C = 2 mM).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

PLATING OF IRON3NICKEL ALLOY 759

The additives of the first group, i.e., azo dyes
(Table 1) eriochrome black (2), methyl red (3), and
eriochrome blue SE (4) show the inhibiting and luster-
producing action. The SHA efficiency of the azo dyes
decreases in the following order:2 > 3 > 4.

For example, the plasticity of the steel samples in
the presence of methyl red is the lowest (76389% at
C = 3 mM) and CE, 79384% (Table 2, inhibitor3).
Since the surface of the iron3nickel alloy is charged
negatively, not only nitrogen of the NH2 group but
also p-conjugated ensemble of azobenzene car-
boxylated in p-position can be adsorption centers.
As a result, the adsorption of this compound increases.
The cathodic potential ranges from30.60 to30.90 V.
The coatings have finely crystalline structure and gray
color, are satisfactorily adherent to the support,
and crack with increasing current density. The luster
is 30355 arb. units atC = 3 mM. The corrosion
damages are of degree IV, and the corrosion protec-
tion is 65% (Table 3,3). The weak luster-producing
action of the additive is due to the presence of elec-
tron-donating carboxy group3COOH, which itself
actively interacts with the metal, thus competing with
the conjugated system and disturbing the equilibrium
electron distribution in the chain. As a result, the
luster-producing power of this compound decreases
[14].

Compared to methyl red, eriochrome blue SE
(4) is the stronger inhibitor. The plasticity is
79392% at C = 1 mM (Table 2,4). The adsorption
of the inhibitor is provided by the N, O, and S atoms,
two sulfonate groups as anionic centers, and3N=N3
double bonds, possessing a fairly mobile electronic
cloud capable of donatingp electrons [14]. The high
resistance of aromatic azo compounds arises from the
conjugation of the3N=N3 double bond with the
p electrons of the core [15]. An electron-accepting Cl
substituent, which serves as acceptor forp electrons of
the core, decreases adsorption of the additive. This
can explain a decrease by30.07 to 30.24 V in the
cathodic potential compared to that of the initial elec-
trolyte (Fig. 1, curve4; Table 2, inhibitor 4). The
coatings are of lower quality; their adhesion to the
support is satisfactory but they exfoliate from the
edges at higherjc; the coatings are semilustrous and
lustrous. The corrosion damages are of degree IV.
The protecting action is 72% (Table 3, additive4).

Among compounds of this group, eriochrome black
(2) is the most efficient inhibitor ensuring the highest
plasticity (86396% at C = 2 mM). CE is 92396%
(Table 2,2). The adsorption of the given compound

Table 3. Corrosion resistance of iron3nickel alloys as
20-mm-thick coatings plated in the presence of additives
(C = 2 mM and jc = 1 A dm32)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Addi- ³ Degree of corro-³ K, ³
Z, %

tive no. ³ sion damage ³ g m32 day31 ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

1 ³ III ³ 1.51 ³ 88
2 ³ II ³ 0.96 ³ 92
3 ³ IV ³ 4.20 ³ 65
4 ³ IV ³ 3.38 ³ 72
5 ³ II ³ 1.04 ³ 91
6 ³ III ³ 2.1 ³ 82
7 ³ I ³ 0.85 ³ 93
8 ³ I ³ 0.71 ³ 94

No additive³ IV ³ 5.5 ³ 55
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

is provided by two electron-donating alcohol groups
(3OH), nitrogen group (3NO2), azo group (3N=N3),
by the 3SO3H sulfonate group as anionic center, and
by two naphthalene cores.

As a result, the inhibitor is stronger bonded to the
cathode surface. The cathodic potential ranges from
30.72 to 30.92 V, which agrees with the coating
quality. The deposits are smooth and are characterized
by finely crystalline structure, good adhesion to the
support, and a luster of 50383 arb. units. The corro-
sion rate is 0.96 g m32 day31. The corrosion damages
are of degree II,i.e., the corrosion products are in the
form of dots or spots covering 10315% of the sample
surface. The corrosion protection is 92%.

The additives of the second group are triphenyl-
methane derivatives: bromocresol green (1), fuch-
sin new (5), pararosaniline (6), a mixture of additives
5 and2 (7), and a mixture of additives5 and Progress
(8). The SHA efficiency of triphenylmethane deriva-
tives decreases in the order8 > 7 > 5 > 1 > 6.

Introduction of fuchsin new (5) into an elec-
trolyte decreases the cathodic potential to the value
from 30.65 to30.85 V. The deposits are dense, gray,
and cracked from the ends with increasingjc. The
plasticity of the steel samples is 80392% and CE,
88392% at C = 2 mM. The inhibiting action of hy-
drogen absorption of this additive is due to three ben-
zene rings and three electron-donating NH2 groups.
The luster is 39370 arb. units and the corrosion
damages are of degree III (Tables 2 and 3, additive6).

Bromocresol green (1) is a stronger inhibitor. The
plasticity is 80394% and CE, 84390% (Table 2,1).
The inhibiting action of this additive on hydrogen
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absorption can be ascribed to the O and S reac-
tion centers of higher electron density and to electron-
donating methyl substituent (CH3) strengthening this
action. The Br electron-accepting substituent reduces
the reactivity of the additive. The cathodic potential
is from 30.66 to 30.81 V (Fig. 1, curve1). The
deposits are dense, exfoliating from the support at
high current densities, and semilustrous or lustrous
(Table 2,1). The corrosion damages are of degree III,
i.e., the corrosion products occupy 20340% of the
sample surface (Table 3,1).

The best inhibitor of hydrogen absorption is fuch-
sin new (5). In the presence of this additive the
plasticity N = 90398% and CE is equal to 93396%
(Table 2, 5). The strong SHA of this additive is
due to the presence of three amino groups NH2 and
two methyl groups CH3 at three benzene rings [15].
The cathode potential is considerably lower (by30.28
to 30.48 V) compared to the pure electrolyte (Fig. 1,
curve 5). The quality deposits with good adhesion to
the support and semilustrous and lustrous surface were
obtained. The presence of the NH2 groups in the addi-
tive, which itself react with the metal, thus competing
with the conjugated system and disturbing the equi-
librium electron distribution in the chain, reduces
the luster-producing power of this compound [14].
The luster was 40375 arb. units atC = 3 mM. The
corrosion damages correspond to degree II. The corro-
sion protection is 91% (Table 3,5).

To enhance the inhibiting and luster-producing
power in a sulfate3chloride electrolyte, we studied two
mixtures: the strongest inhibitor fuchsin new (5) and
the most efficient luster-producing agent eriochrome
black (2). The plasticity of the samples is rather high
(85396%) and CE is 95398% (Table 2,7). The cor-
rosion rate is 0.85 g m32 day31 and the corrosion
protection, 93%, i.e., thesurface slightly turns dark
(Table 3, no. 7).

A mixture of additive 5 and Progress (8) is
the strongest inhibitor of hydrogen absorption;N =
923100% and CE is 94397% (Table 2, 8). The
potential is considerably decreased and ranges from
30.81 to 31.3 V (Fig. 1, curve8). The luster is
enhanced only slightly (55375 arb. units). Progress is
the efficient antipitting additive ensuring wetting of
the cathode surface. Due to its adsorption on the sur-
face, the phase boundary tension weakens, thus facili-
tating escape of hydrogen bubbles from the surface
[16]. The corrosion is the lowest (0.71 g m32 day31),
the corrosion protection amounts to 94%, and the cor-
rosion damage is of degree 1.

CONCLUSIONS

(1) Plating of iron3nickel alloy from a sulfate3
chloride electrolyte is accompanied by strong hydro-
gen absorption by the steel support, which is mani-
fested as a 15335% drop of the plasticity atjc =
139 A dm32.

(2) Triphenylmethane and azo dyes are the effi-
cient inhibitors of hydrogen absorption. The strongest
inhibiting action was exerted by fuchsin new (N =
90395%), fuchsin new + eriochrome black (N = 853
96), and by fuchsin new + Progress (N = 923100%).
At the same time, these dyes are efficient corrosion
inhibitors (Z 91, 93, and 95%).

(3) Sulfate3chloride electrolyte containing fuchsin
new + Progress, fuchsin new + eriochrome black, and
fuchsin new can be recommended for industrial plat-
ing of iron3nickel alloy on articles susceptible to hy-
drogen embrittlement. The electrolyte yields quality
coatings with lustrous surface and the minimal hydro-
gen absorption and ensures the high current efficiency
and corrosion resistance.
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Abstract-The influence exerted by the composition and properties of formulations for electrodeposition on
the characteristics of release coatings on rollers for rolling of ribbon-type cathodes is described. A composi-
tion based on VUPFS-35 resin and magnesium zirconate powder is recommended for use in the formulations.

The well-known problem encountered in manufac-
ture of electrodes for chemical power cells is the high
adhesion of the cathode paste to working surfaces and
tools of the equipment employed. One of ways to
tackle with this problem is to use release coatings of
polymeric nature with mineral fillers. The require-
ments imposed upon coatings of this kind are as
follows: chemical inertness and low adhesion to the
materials being processed; good cohesion with equip-
ment parts; high hardness, strength, and wear resist-
ance; and, in some cases, dimension precision.

As criteria for assessing the quality of the coatings
chosen in the course of the present study served the
following parameters: adhesion strength of the active
paste3coating system and also wear and roughness of
the coating surface. The last two criteria were used in
assessing the quality of coatings on roller tools, per-
forated disks of granulators, and extruder parts. These
items are subject to the action of high pressure and
abrasive wear, and, at the same time, their dimension
precision directly affects the accuracy of fabrication of
rolled electrodes or extruded grains. Therefore, the
wear resistance and evenness of coating thickness are
particularly important for these equipment parts. In
this case, the most promising technique for coating
deposition is electroplating. This method yields coat-
ings of uniform thickness on articles of complex
shape and makes it possible to control the coating
structure, producing functional coatings with pre-
scribed properties.

The adhesion strength was evaluated from the rup-
ture stress of two cylindrical samples [GOST (State
Standard) 209375] between whose edges a plate made
of copper(II) oxide, manganese(IV) oxide, or carbon
was preliminarily squeezed. The sample compression

stress was 1.25 MPa for the coal plate and 1.60 MPa
for the two others. The wear resistance of coatings
was tested on an end friction machine, with plates
made of the same CuO, MnO2, or C serving as
counter bodies. The average sliding velocity was
0.048 m s31, and the load, 0.20 MPa for the carbon
plate and 0.25 MPa for two other kinds of materials.
The surface roughness was evaluated by parameter
Ra (GOST 2789373).

The service characteristics of electrodeposited or-
ganomineral coatings are determined by the formula-
tion composition, deposition conditions, and thermal
treatment of the obtained coatings. Commonly, a
formulation for electrodeposition contains a water-
soluble film-forming agent, neutralizer, and various
additives.

A number of film-forming materials are manufac-
tured commercially in the form of insoluble acid
pastes. As bases for formulations to be used for elec-
trodeposition of coatings were studied V-KF-093 and
V-K-Ch-0207 primers, KCh-0125 varnish, Residrol
VA-133, VEP-2100 and UR-1154 enamels, and
VUPFS-35 and VUPFS-35A resins. The film-forming
materials were converted to the water-soluble state by
means of neutralizers: diethylamine, triethylamine, tri-
ethanolamine, 2-diethylaminoethanol, and ammonia.

To make the coatings harder and more wear-resist-
ant, oxide powders were introduced into the formula-
tions. Al2O3, SiO2 (Aerosil), MgO, ZrO2, MgO.

ZrO2, and TiO2, exhibiting high chemical resistance
against the materials rolled, were studied. All the
oxide powders were of pure grade and had particle
size of less than 60mm; Aerosil of A-175 brand was
used [1]. The influence exerted by the type of additive
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and its concentration on the properties of the formula-
tions and coatings was analyzed.

In preliminary studies, the best results in rolling
of positive electrodes and granulation of the cathode
paste were obtained with coatings based on an alkyd3

urethane resin VUPFS-35A [2], and, therefore, further
studies described below were done with formulations
based on this resin. Diethylamine is the most efficient
in neutralization of the VUPFS-35A resin. The ob-
tained results indicate that, to obtain high-quality
coatings, the formulation pH should be maintained
within 8.738.9. This can be done with diethylamine.

Studies of the effect of the resin concentration on
the coating properties demonstrated that the optimal
content of VUPFS-35A is 10314 wt %. Making the
resin concentration higher leads to higher electrical
conductivity of the formulation, with the result that
the obtained coatings are loose and porous. Lowering
the concentrations leads first to a decrease in the
strength of the coatings and then disrupts their con-
tinuity. The content of the VUPFS-35A resin was
taken to be 10 wt %, and further studies were aimed
at selecting a mineral additive and determining the
optimal composition of the formulation.

To prepare formulations and electrodeposit coat-
ings, the VUPFS-35A resin was neutralized with di-
ethylamine to pH 8.738.85, and then the calculated
amounts of water and necessary additives were added
and the mixture was stirred for 233 h. The viscosity,
pH, and electrical resistivity of the obtained formula-
tions were monitored. Coatings were deposited onto
articles made of carbon construction (45, 40Cr,
40CrNi) and stainless steels (30Cr13, Cr18Ni10Ti,
etc.). Prior to depositing the coatings, the surface of
the articles to be coated was treated by the known
methods [2, 3]. The coatings were deposited on an in-
stallation comprising a controlled dc current source
and a bath for electrodeposition, equipped with a
stirrer. The deposition time was 2 min. The bath volt-
age in depositing coatings with the use of formula-
tions with Al2O3, MgO, and TiO2 additives was
100 V, and that for SiO2, ZrO2, and MgO.ZrO2 addi-
tives, 60 V. After depositing the coatings, the samples
were thoroughly washed with tap and distilled water
and kept at 180+5oC for 40360 min.

The stability of the electrodeposition process and
the quality of the obtained coatings are strongly af-
fected by the pH of the formulation used and its elec-
trical conductivity. As mentioned above, the most
effective agent for neutralization of the VUPFS-35A
resin is diethylamine. The introduced amount of neut-
ralizer depends on the acid number of the binder. The

optimal amount of neutralizer is ca. 0.7+0.1 wt %.
Such a content of the neutralizing agent maintains the
pH value within the range 8.738.9, which favorsfab-
rication of high-quality coatings. The introduction of
oxide additives alters the acidity and may impair
the coating quality, leading to appearance of beads,
craters, and porosity. For this reason the pH of the
formulation was adjusted in the appropriate way. Fig-
ure 1a shows the dependence of the pH value on the
content of additives. Raising the concentration of the
chosen additives leads to significant changes in pH
only in the case of a formulation with SiO2. For this
composition the pH decreases to below the admissible
level, which leads to deposition of poor-quality coat-
ings, and, therefore, an additional, compared with
other formulations, pH adjustment is necessary in this
case.

The electrical conductivity of a formulation exerts
strong influence on the stability of the electrodeposi-
tion process and the coating quality. Introduction of
Al2O3, MgO, TiO2, and ZrO2 into formulations does
not change their electrical conductivity noticeably (see
Fig. 1b). The increase in electrical conductivity on
making the content of MgO.ZrO2 or SiO2 higher than
5 wt % impairs the quality and service characteristics
of the obtained coatings. For coatings with MgO.
ZrO2, a practically appreciable quality deterioration is
observed at additive content exceeding 6.5 wt %. The
electrical conductivity of a formulation with MgO.
ZrO2 is presumably higher because of the greater
charge of colloid particles. Magnesium zirconate does
not virtually dissociate in the formulation, and, there-
fore, the pH value changes only slightly on increasing
its content.

With Aerosil, the outward appearance and service
characteristics of the coatings are markedly deterio-
rated already at an SiO2 content of 5.035.5 wt %.
This concentration corresponds to an electrical con-
ductivity as high as 1200 1033 S m31, which is the
upper limit for obtaining high-quality coatings. The
rise in electrical conductivity in formulations with
Aerosil is probably due to the high activity of this
oxide, which can, under certain conditions, partly dis-
solve to form H2SiO3 and H4SiO4 whose dissociation
is responsible for the increase in electrical conductiv-
ity. The decrease in pH for the formulation with SiO2
confirms the probability of acid formation (Fig. 1a).
The abrupt change in electrical conductivity, observed
in this case, and the corresponding deterioration of
the coating quality restrict or completely rule out use
of SiO2 in formulations with VUPFS-35A.

Figure 1c shows how the concentration of additives
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(a) (b) (c)
c, mS m31

h, s

(d) (e) (f)
Ra, mm

C, wt %

A1, kPa

2 4 6 8
C, wt %

A2, kPa

C, wt %

Fig. 1. Effect of additive contentC on (a) pH, (b) electrical conductivityc, (c) viscosityh measured as outflow time from
a VZ-4 viscometer, (d) coating surface roughnessRa, and also adhesion of a plate based on (e) PME-100V carbon black,A1,
and (f) MnO2, A2, to coatings deposited using VUPFS-35A. Additive: (1) Al2O3, (2) SiO2, (3) MgO, (4) ZrO2, (5) MgO .ZrO2,
and (6) TiO2.

affects the formulation viscosity, which grows with
increasing content of oxides in the suspension. The
substantial rise in the viscosity of the formulation
with Al2O3 in the oxide content range 436 wt % is
presumably due to formation of larger colloid particles
lowering the formulation fluidity. Higher coating
quality corresponds to VZ-4 viscosity equal to 103

12.5 s. With increasing viscosity, the adhesion of the
cathode paste to the coatings grows. Figure 1d dem-
onstrates the effect of additive content on the surface
roughness of the coatings, and Figs. 1e and 1f, the in-
fluence exerted by the content of additives on the ad-

Wear of coatings based onVUPFS-35A with oxide additives (5 wt %)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Plate
³ Wear, mm h31, of coatings with indicated additives
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ Al2O3 ³ SiO2 ³ MgO ³ ZrO2 ³ MgO .ZrO2 ³ TiO2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
PME-100V ³ 0.05 ³ 0.03 ³ 0.04 ³ 0.88 ³ 0.04 ³ 0.03
MnO2 ³ 0.12 ³ 0.06 ³ 0.09 ³ 1.92 ³ 0.09 ³ 0.07
CuO ³ 0.10 ³ 0.05 ³ 0.07 ³ 1.61 ³ 0.07 ³ 0.06
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

hesion of plates based on PME-100V carbon black and
MnO2 to the coatings. The results obtained in testing
the wear resistance of the coatings are presented in
the table.

The main criteria for suitability of the coatings
under study for rolling of plates based on carbon black
(technical-grade carbon), manganese dioxide, and
copper(II) oxide are the adhesion strength of the sys-
tem cathode plate3coating and coating wear. How-
ever, the surface roughness also affects the charac-
teristics of coatings. For example, the high surface
roughness of coatings based on VUPFS-35A resin
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with SiO2 or MgO additives leads to higher adhesion
of the coatings to the active paste of the plate, and,
therefore, such coatings are not release coatings for
the materials tested. The best combination of process-
ing and service characteristics are observed for coat-
ings based on VUPFS-35A with addition of MgO.
ZrO2.

CONCLUSIONS

(1) It is recommended that electrodeposition
should be performed using a formulation of the fol-
lowing composition (wt %): VUPFS-35A resin 10,
diethylamine 0.7, MgO.ZrO2 4.536.5, surfactant
0.1030.30, and water the rest.

(2) The optimal properties of the formulation to be
used: pH 8.7038.85, viscosity measured by VZ-4
(GOST 8420374) 11.0312.2 s, and electrical conduc-
tivity (663120)0 1033 S m31.

(3) The following parameters are recommended
for deposition: voltage 60 V, time 2 min, and thermal

treatment temperature 180+5oC and time 40360 min.

(4) The coatings of this kind can be recommended
for deposition onto rolls of installations for rolling
of carbon, copper oxide, and manganese dioxide elec-
trodes.1
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Catalytic Decomposition of Cumyl Hydroperoxide
under the Action of Aspartic Acid Derivatives
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Abstract-The inhibiting activity of aspartic acid derivatives in the stage of degenerate chain branching
in decomposition of cumyl hydroperoxide was studied. The kinetic and thermodynamic parameters of the
reaction were established.

Petroleum products can be oxidized with atmos-
pheric oxygen during storage and recovery with de-
terioration of their service characteristics. To stabilize
organic materials, antioxidant additives are used. The
mechanism of the inhibiting effect of the vast majority
of additives (among them Ionol) involves termination
of oxidation chains by the reaction with peroxide
radicals. However, it is well known [1] that at low
extents of oxidation of hydrocarbons hydroperoxides
are accumulated in the substrate. These hydroper-
oxides are capable of spontaneous decomposition with
formation of free radicals, which results in additional
initiation of oxidation chains (stage of degenerate
branching).

At present it is well known that heteroatomic nitro-
gen-, sulfur-, and phosphorus-containing compounds
(esters of xanthic, dithiocarbamic, and dithiophosphor-
ic acids) catalytically decompose hydroperoxides by
the molecular mechanism [2], showing no inhibiting
activity in the stage of chain propagation reactions,
and have a low thermal stability, which restricts their
fields of application.

At the same time, sterically hindered phenols used
as commercial antioxidants are practically incapable
of inhibiting the oxidation in the stage of degenerate
chain branching as a result of their partial or complete
deactivation with radicals formed by decomposition of
the hydroperoxide. In this connection the search for
polyfunctional inhibitors capable of termination of
the oxidation chains by the reaction with peroxide
radicals and decomposition of hydroperoxides with
formation of molecular products is an urgent problem.

Previous studies [3] show that derivatives of as-
partic acid of the general formula

!
gNcH

N
ddjjOO g

Ph

cR
!
gNcH

N
ddjjOO g

Ph

cR

where R = C6H4OH-o (HIn1), C6H4CH3-o (HIn2),
and C6H5 (HIn3), are highly efficient scavengers of
peroxide radicals. Published data on possible partici-
pation of hydroxyls and amino groups [4] suggest that
these compounds will participate in the stage of
degenerate chain branching. In this connection we
studied the effect ofN-phenylarylaminosuccinimides
on decomposition of cumyl hydroperoxide.

The kinetics of decomposition of cumyl hydroper-
oxide (CHP) in the presence of aspartic acid deriva-
tives were studied at 803110oC in an inert medium
at concentrations of acceptors varying in the range
103431033 M. Under experimental conditions the rate
of thermal decomposition of CHP is negligible (10373
1038 mol l31 s31) [5]. As seen from Fig. 1, therate of
CHP decomposition in the presence of aspartic acid
derivatives considerably increases even at moderate
temperatures.

Taking into account the difference in concentra-
tions of reactants ([ROOH]/[HIn] > 1000), we can
confirm that CHP catalytically decomposes under the
action of the test compounds at a high capacity of the
inhibitor with respect to hydroperoxide

[ROOH]0 3 [ROOH]res
n = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (1)

[HIn]0

where [ROOH]0 and [ROOH]res are the initial and
residual concentrations of hydroperoxide (M), respec-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

CATALYTIC DECOMPOSITION OF CUMYL HYDROPEROXIDE 767

tively, [HIn]0 is the initial concentration of the in-
hibitor (M), and n is the efficiency of the inhibitor
with respect to hydroperoxide.

The kinetic curves of CHP decomposition in the
presence of HIn13HIn3 have the shape typical for
deactivation of the acceptor with hydroperoxide at a
high degree of conversion. When [ROOH]0 >> [HIn]0,
the process can be described by the equation [6]

d[ROOH]
ÄÄÄÄÄÄÄÄ = kcat([ROOH] 3 [ROOH]0)

dt

+ kir([ROOH] 3 [ROOH]0), (2)

wherekcat andkir are the overall rate constants of the
catalytic and irreversible stages (s31).

Integration of Eq. (2) from [ROOH]0 to [ROOH]res
gives the relation

[ROOH] = ([ROOH]0 3 [ROOH]res) exp [3(kcat + kir)t]

+ [ROOH]res. (3)

Indeed, in the semilogarithmic coordinates the
kinetic curves for CHP decomposition in the presence
of aspartic acid derivatives are linear, which suggests
the first order of the reaction with respect to hydro-
peroxide (Fig. 1). It was established that the depen-
dence of the rate of CHP decomposition on the accep-
tor concentration is linear as well (Fig. 2). This sug-
gests that the reaction is first-order with respect to
acceptor, and one HIn molecule participates in the
event of hydroperoxide decomposition. The rate of
CHP decomposition is affected by both the acceptor
concentration and the initial concentration of the start-
ing hydroperoxide. When [ROOH] > 0.15 M, the
dependence of the decomposition rate on the initial
concentration of the hydroperoxide is linear (Fig. 3),
which confirms the first order of CHP decomposition
with respect to ROOH. In the second portion of the
curve, the rate of CHP decomposition is practically
independent of the hydroperoxide concentration, and
the reaction order approaches zero. This[limiting]
dependence of the rate of CHP decomposition on its
initial concentration can be the evidence for formation
of the acceptor3hydroperoxide complex. In view of
these results, the scheme of CHP decomposition in the
presence of HIn13HIn3 can be represented as follows:

KmnROOH + HIn 76 nROOH.HIn,
47

t, min

Fig. 1. Kinetic curves of CHP decomposition in the pres-
ence of aspartic acid derivatives and their semilogarithmic
plots. Temperature 90oC, solvent 1,2-dichlorobenzene,
[HIn]0 = 5 0 1034 M; the same for Figs. 3 and 4. ([ROOH])
Concentration of hydroperoxide and (t) time. Inhibitor:
(1) none, (2) HIn1, (3) HIn2, and (4) HIn3.

[HIn]0 0 104, M

w
S
0 105, mol l31 s31

Fig. 2. Initial rate of CHP decompositionw
S

as a function
of the acceptor concentration [HIn]0. [ROOH]0 = 0.14 M,
temperature 90oC, solvent 1,2-dichlorobenzene. (1) HIn1,
(2) HIn2, and (3) HIn2; the same for Figs. 3 and 4.

kr
76 Radical products,

k
S
9

nROOH.HIn 779

9
km
76 Molecular products,

kir
nROOH + HIn 76 Reaction products.

Provided that [ROOH]0 >> [HIn]0, n = 1, and the
reaction scheme is adequately described by the
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, M

w
S
0 105, mol l31 s31

Fig. 3. Initial rate of CHP decompositionw
S

as a function
of the hydroperoxide concentration [ROOH]0.

, M

Fig. 4. Dependence of the parameter (w
S
)31

3

(w
S

max[ROOH])31 on CHP concentration [ROOH].

Michaelis3Menten equation [7]

k
S
Km[HIn]0[ROOH]

w
S

= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ, (4)
1 + Km[ROOH](1 + kir

31[ROOH])

where Km is the constant of complex formation
(l mol31), kS is the rate constant of hydroperoxide de-
composition in the complex (s31), and kir is the rate
constant of oxidation with hydroperoxide (s31).

Graphical solution of Eq. (4) (Fig. 4) gave thekS,
kir, and Km values.

The values of the kinetic and thermodynamic pa-
rameters of CHP decomposition in the presence of
HIn13HIn3 are listed in Table 1.

With increasing probability of formation of the

intermediate HIn.ROOH, the rate of hydroperoxide
decomposition increases. The calculated thermo-
dynamic parameters of complex formation (Table 1)
suggest energetically favorable formation of the com-
plex HIn.ROOH.

3
hc
R

Nc
$
hhO
..
HOOR
.

NcPh
ee
g

H

OI

3
hc
R

Nc
$
hhO
..
HOOR
.

NcPh
ee
g

H

OI

In view of published data on the reactivity of
aminophenols [8, 9], formation of complexI with
a hydrogen bond is the most preferable.

The effect of the substituent in theortho position
to the nitrogen atom of the amino group is one of the
factors governing the kinetic parameters of CHP de-
composition in the presence of the compounds in
hand. For example, as the electron-donor power in-
creases in passing from HIn2 to HIn3, the rate con-
stant of hydroperoxide decomposition grows owing to
decreasing activation energy of the process. However,
it should be noted that this effect is insignificant.

It is well known that the effect of inhibitor in the
stage of degenerate chain branching in the total oxi-
dation process is mainly governed by the pathway by
which the hydroperoxide decomposes (molecular or
radical). An increase in the inhibition activity of
antioxidants is caused by the increase in the fraction
of hydroperoxide decomposition catalyzed by these
antioxidants with formation of active radicals. To
determine the relative contribution of radical decom-
position of the hydroperoxide with addition of aspartic
acid derivatives, we studied decomposition of CHP
under the action of inhibitors in the presence of
radical scavengerN,Ǹ-di-b-naphthyl-p-phenylenedi-
amine (DPA), which reacts with free radicals to give
colored quinone diimine (QDI) [10]

68
Q
S
cN

76 7c
c<
<ccNc
85Q
S

+ 2HO2
.

68
Q
S
cNg

H
c4cN
gHc
85Q
S

+ 2RO2
.

.68
Q
S
cN

76 7c
c<
<ccNc
85Q
S

+ 2HO2
.

68
Q
S
cNg

H
c4cN
gHc
85Q
S

+ 2RO2
.

.

The rate of DPA consumption was measured from
the rate of accumulation of QDI whose concentration
was determined spectrophotometrically from absorp-
tion in the visible range (l = 480 nm).

Since aspartic acid derivatives are polyfunctional
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Table 1. Kinetic and thermodynamic parameters of CHP decomposition in the presence of aspartic acid derivatives.*
[ROOH]0 = 0.14 M, [HIn]0 = 5 0 1034 M, 1,2-dichlorobenzene, 90oC
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

HIn
³

k
S
, s31 ³ E

S
, ³ K, ³ E, ³ 3DS#, ³

kir, s31 ³ Eir,
³ ³ kJ mol31 ³ l mol31 ³ kJ mol31 ³ J mol31 K31 ³ ³ kJ mol31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
HIn1 ³ 2.8 ³ 78 ³ 0.34 ³ 27 ³ 81 ³ 0.71 ³ 86
HIn2 ³ 2.1 ³ 89 ³ 0.27 ³ 30 ³ 90 ³ 0.66 ³ 96
HIn3 ³ 1.9 ³ 97 ³ 0.19 ³ 33 ³ 96 ³ 0.60 ³ 99

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* k

S
andE

S
are the apparent constant and the apparent activation energy of catalytic decomposition of CHP, respectively;K, E, DG#,

andDS# are the equilibrium constant, activation energy, Gibbs energy, and entropy of formation of the HIn.ROOH intermediate,
respectively;kir and Eir are the rate constant and activation energy of oxidation of the inhibitor with the hydroperoxide, respec-
tively; the relative error of determination of the parameters is 5310%.

Table 2. Kinetic and energy characteristics of radical decomposition of CHP in the presence of aspartic acid derivatives
([ROOH]0 = 0.14 M, [HIn]0 = 5 0 1034 M, 1,2-dichlorobenzene, 90oC)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

HIn
³

kin, l mol31 s31
³

Er, kJ mol31
³ w

S
0 105 ³ wr 0 106 ³

a 0 100%³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ mol l31 s31 ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
HIn1 ³ 0.13+0.03 ³ 74.4+0.8 ³ 6.2+0.2 ³ 9.1+0.3 ³ 16.2+0.2
HIn2 ³ 0.11+0.01 ³ 81.2+0.6 ³ 4.3+0.2 ³ 8.2+0.1 ³ 20.4+0.5
HIn3 ³ 0.08+0.01 ³ 86.1+0.6 ³ 2.8+0.2 ³ 6.0+0.1 ³ 21.3+0.5

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* kin, wr, and Er are the rate constant of initiation and the rate and activation energy of radical decomposition of the intermediate

HIn .ROOH, respectively;w
S

is the total rate of decomposition of the intermediate HIn.ROOH; a is the relative contribution of
radical decomposition of the hydroperoxide in the complex.

inhibitors, they can react with radicals formed in de-
composition of hydroperoxide after passing of these
radicals from the solvent cage to the solvent bulk.
However, this reaction is unlikely under the experi-
mental conditions since free radicals react primarily
with dissolved DPA, which is a more efficient radical
scavenger than HIn. It was found that the rate of CHP
decomposition under the action of DPA is 1.20
1036 mol l31 s31 at 90oC, which is substantially lower
than the rate of catalytic decomposition of CHP under
the action of aspartic acid derivatives. Hence, the
effect of DPA on decomposition of hydroperoxide can
be neglected. The relative contribution of radical de-
composition of CHP is determined as

a = wr/wS
, (5)

The kinetic and energy characteristics of radical
decomposition of CHP are listed in Table 2. These
data show that aspartic acid derivatives inhibit oxida-
tion of hydrocarbons in the stage of degenerate chain
branching, directing hydroperoxide decomposition for
the most part to the molecular pathway as compared
to thermal decomposition (atherm~ 80%). In this case,
the relative contribution of radical decomposition of
CHP in the presence of HIn13HIn3 is practically in-

dependent of the nature of the substituent in theortho
position to the nitrogen atom of the amino group.

EXPERIMENTAL

Decomposition of CHP was carried out in 1,2-di-
chlorobenzene in a glass reactor of bubbling type at
853110oC in high-purity argon. To remove dissolved
oxygen, argon was bubbled through the reaction mix-
ture for 30 min before experiments. The temperature
was maintained with an accuracy of 0.1oC. The total
volume of the samples withdrawn during an experi-
ment did not exceed 10315% of the volume of the
reaction mixture. The discrepancy between the results
of parallel runs did not exceed 436%. The hydroper-
oxide content in a sample was determined by iodo-
metric titration in concentrated acetic acid [11]. The
discrepancy between the results of parallel runs did
not exceed 3%.

The relative contribution of radical decomposition
of CHP was determined by the inhibitor technique
with the use of spectroscopy. The electronic absorp-
tion spectra were recorded on an SF-56 spectropho-
tometer. The optical density of the samples of the
reaction mixture withdrawn from the reactor at certain
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intervals was measured at a wavelength of 480 nm
at 20oC.

CONCLUSIONS

(1) Aspartic acid derivatives exhibit inhibition
activity in the stage of degenerate chain branching
caused by their ability for catalytic decomposition of
hydroperoxide by the molecular mechanism (relative
contribution of molecular decomposition 80385%).
For the compounds studied, the capacity of the anti-
oxidant with respect to hydroperoxide is 583150, and
the overall decomposition constants are in the range
1.832.8 s31.

(2) Based on kinetic and thermodynamic charac-
teristics of decomposition of cumyl hydroperoxide
under the action of aspartic acid derivatives, it was
proposed that catalytic decomposition of hydroper-
oxide proceeds with formation of a complex with a
hydrogen bond HIn.ROOH.
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Abstract-A mathematical model of hydrogen sulfide and carbon dioxide absorption by a moving drop
of alkaline solution is proposed on the basis of a theoretical analysis of the process. The results obtained in
solving numerically the equations of the model are presented and analyzed.

The cost efficiency of jet scrubbers in absorption
purification of fume gases formed in recovery units of
pulp and paper industry to remove hydrogen sulfide
depends on how the problem of reducing the con-
sumption of the alkaline solution absorbing hydrogen
sulfide is solved.

As known, the fume gases of recovery units con-
tain, in addition to hydrogen sulfide, also carbon
dioxide in amounts much exceeding the content of the
former. If the absorption purification of fume gases to
remove hydrogen sulfide is performed at comparable
rates of hydrogen sulfide and carbon dioxide absorp-
tion, this entails an unjustified increase in the absor-
bent consumption. This poses the problem of reducing
the intensity of carbon dioxide absorption, compared
with that of hydrogen sulfide. Solving this problem
requires a theoretical analysis of the joint absorption
of hydrogen sulfide and carbon dioxide in a moving
drop of an alkaline solution, which is one of the main
components of the gas3fluid jet formed in the absorp-
tion apparatus under consideration.

Constructing a model of this process at the level of
inclusion of a disperse phase (developing a model of
the elementary transfer event) is the aim of the present
study. The model is defined under the following as-
sumptions. The drop is spherical. There is no fluid
flow inside the drop. The drop moves at a constant
velocity. A diffusion boundary layer is formed in the
gas phase near the drop surface. Outside this boundary
layer, i.e., in the gas flow core, the concentrations of
hydrogen sulfide and carbon dioxide are taken to be
constant. It is assumed that the main resistance to
mass transfer in carbon dioxide absorption by a drop
of an alkaline solution rests in the fluid phase. Then
the carbon dioxide concentration at the drop surface

can be taken to differ only slightly from that in the
gas flow core.

The diffusion coefficients of all the chemical com-
ponents involved in the process in question are the
same and constant in time. It is assumed that the heat
effect of absorption is negligible, and the temperature
of the physical system, constant. The reaction of hy-
drogen sulfide with the alkaline solution is considered
to be instantaneous, which allows use of the Olender
condition [1] assuming the existence of a local equi-
librium at any point of the drop volume for hydrogen
sulfide and products of reaction with OH3 ions. This
assumption makes it possible to use in the model
equilibrium equations relating the concentrations of
chemical components in reactions involving hydrogen
sulfide and sodium hydrosulfide.

The reactions of carbon dioxide, involving interac-
tions with water and OH3 ions, are not instantaneous.
For the reaction

CO2 + H2O 6
4 H+ + HCO3

3 (1)

the expression for the rate constantk1 has the form [1]

logk1 = 329.8 3 110.541 logT 3 17 265.4/T, (2)

whereT is temperature (K), andk1 is the rate constant
of the pseudo-first-order reaction (s31).

In alkaline medium, H+ ions are neutralized as
a result of the following instantaneous chemical
reaction:

H+ + OH3 6
4 H2O. (3)

The result of two successive reactions (1) and (3)
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can be written in the form

CO2 + OH3 6
4 HCO3

3. (4)

The rate of reaction (4) is governed by the rate of
its slower first stage.

Carbon dioxide can also react directly with OH3

ions. This reaction is written in the same way asreac-
tion (4). The reaction is not instantaneous, its rate
constant k2 is expressed as

logk2 = 13.835 3 2895/T, (5)

wherek2 is the rate constant of a second-order reac-
tion (m3 kmol31 s31).

The overall rateq of the chemical reaction of car-
bon dioxide with the alkaline solution (kmol m33 s31)
can be expressed in terms of the rate constantsk1 and
k2 as follows:

q = k1[CO2] + k2[OH3][CO2]. (6)

The nature of the dependence ofk1 and k2 on the
ionic strength of the solution was reported in [1].

All other reactions occurring in the alkaline solu-
tion in absorption of hydrogen sulfide and carbon
dioxide are considered instantaneous. To these belong

HCO3
3 + OH3 6

4 CO3
23 + H2O, (7)

H2S + OH3 6
4 HS3 + H2O, (8)

HS3 + OH3 6
4 S23 + H2O. (9)

The absorption of hydrogen sulfide by a drop of
the alkaline solution can be described using diffusion
equations written for each chemical component in-
volved in the process. With account of the assump-
tions made, these equations are written as follows:

§c1
ÄÄÄ = DB2c1 3 q1 3 q2, (10)
§t

§c2
ÄÄÄ = DB2c2 + q1 + q2 3 q3, (11)
§t

§c3
ÄÄÄ = DB2c3 + q3, (12)
§t

§c4
ÄÄÄ = DB2c4 3 q1 3 q2 3 q3 3 q4 3 q5, (13)
§t

§c5
ÄÄÄ = DB2c5 3 q4, (14)
§t

§c6
ÄÄÄ = DB2c6 + q4 3 q5, (15)
§t

§c7
ÄÄÄ = DB2c7 + q5, (16)
§t

1 §
whereB2 = ÄÄÄÄÄ(r2§/§r) is a Laplacian;r is the

r2 §r
current drop radius;D is the diffusion coefficient of
reagents in the fluid phase;c1, c2, ..., c7 are the con-
centrations of, respectively, CO2, HCO3

3, CO3
23, OH3,

H2S, HS3, and S23; q1, q2, ..., q5 are the rates of
chemical reactions (1), (3), (7), (8), and (9).

In order to simplify the written system of equa-
tions, let us introduce the following designations:

c1 + c2 + c3 = x, (17)

c2 + 2c3 + c4 + c6 + 2c7 = y, (18)

c5 + c6 + c7 = z. (19)

With account of expressions (17)3(19), Eqs. (10)3
(16) take the form

§x
ÄÄÄ = DB2x, (20)
§t

§y
ÄÄÄ = DB2y, (21)
§t

§z
ÄÄÄ = DB2z, (22)
§t

The system of Eqs. (17)3(22) contains ten un-
knownsc13c7, x, y, andz and is nonclosed. It should
be supplemented with four closing relations. As three
relations of this kind can be used, in accordance with
the Olender conditions, equilibrium equations for
those chemical components reactions between which
are considered to be instantaneous. These relations
have the form

c6 = K1c5c4, (23)

c7 = K2c6c4, (24)

c3 = K3c2c4, (25)
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where K13K3 are the equilibrium constants
(kmol m33).

The formulas for calculating the equilibrium con-
stants were reported, e.g., in [2]. The fourth closing
relation can be derived from Eq. (10) by expanding
the termsq1 and q2 in accordance with (6). Let us
write this relation in the form

§c1
ÄÄÄ = DB2c1 3 k1c1 3 k2c1c4, (26)
§t

The thus obtained system of equations (17)3(26) is
closed. The initial conditions for this system can be
written as

at t = 0 ci = c0i, i = 1, 2, ..., 7,

x = x0, y = y0, z = z0. (27)

By virtue of the central symmetry of the spherical
drop, the following natural boundary conditions can
be written

§x §y §z §c1
at r = 0 ÄÄÄ = ÄÄÄ = ÄÄÄ = ÄÄÄÄ = 0. (28)

§r §r §r §r

The boundary condition for the variabley has the
form

at r = R §y/§r = 0, (29)

where R is the drop radius.

This boundary condition expresses the known fact
of zero ion transfer across the phase boundary.

For the variablez, representing the total content of
sulfur at each point of the drop, a boundary condition
of third kind can be written

at r = R §z/§R = b(A 3 He5c5)/D, (30)

where b is the mass-transfer coefficient in the gas
phase (m s31), A is the hydrogen sulfide concentration
in the gas flow core (kmol m33), and He5 is Henry’s
constant for hydrogen sulfide.

This boundary condition expresses the equality of
the hydrogen sulfide flow rate in the gas medium and
the flux of the quantityz (the so-called total sulfur)
in the fluid medium at the phase boundary.

The flow of hydrogen sulfide transferred in the gas
phase toward the drop surface depends on the mass
transfer coefficientb which is a function of param-

eters determining the conditions of gas flow around
the drop. The coefficientb can be found using the
known Fressling formula [1]:

b = D(2 + 0.5Re0.33Sc0.5)/2R, (31)

where Re is the Reynolds number and Sc is the
Schmidt number.

As known, the main resistance to the transport of
carbon dioxide is exerted by the fluid phase, and, con-
sequently, its concentration at the phase boundary can
be considered to be equal to the concentration of this
component in the gas flow core with sufficient preci-
sion. Then the following boundary condition of first
kind can be written for Eq. (26):

at r = R, c1 = cR1
. (32)

The cR1
value can be found from the carbon dioxide

concentrationB in the gas flow core (kmol m32),
using the relation

cR1
= B/He1, (33)

where He1 is Henry’s constant for carbon dioxide.
A condition of the third kind for the variablex can be
written as follows:

§x §c1
at r = R, ÄÄÄ = ÄÄÄÄ = 0. (34)

§r §r

Equation (21) with boundary conditions (28), (29)
and initial conditions (27) has a trivial solution

y = y0. (35)

Thus, the constructed mathematical model, describ-
ing nonstationary diffusion in joint absorption of
hydrogen sulfide and carbon dioxide by a moving
drop of alkaline solution, includes three parabolic
differential equations (20), (22), and (26), involving
second-order partial derivatives, with initial and
boundary conditions (27), (28), (30), (32), and (34)
and seven algebraic equations (17)3(19), (23)3(25),
and (35). This system can only be solved numerically.
For this purpose, a calculational scheme was devel-
oped, having the following specific features. The
scheme is marching with respect to time.

An iteration process is performed within each time
slice. A finite-difference model is constructed on a
four-point T-shaped gage. A grid nonuniform along
the spatial coordinater and uniform in timet was
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r 0 105, m

c 0 102, kmol m33

Fig. 1. Distribution of the concentrationsc of chemical
components involved in hydrogen sulfide and carbon
dioxide absorption along the drop radiusr. R = 1034 m,
t = 0.8 s, E = 520, A = 501035 kmol m33, c3 = 0, c4 =
0.1 kmol m33. c: (1) c1, (2) c2, (3) c3, (4) c4, (5) c5, (6) c6,
and (7) c7.

Mz, kmol

t, s
Fig. 2. Amount of hydrogen sulfide,Mz, absorbed by a
drop of alkaline solution vs. absorption timet at varied
initial concentration of sodium hydroxide in the drop,c04.
R = 1034 m, A = 601036 kmol m33, c03 = 0, cR1

=

301033 kmol m33. c04 (kmol m33): (1) 501032, (2) 0.1,
(3) 0.2, and (4) 0.5.

used. The differential equations were approximated
with respect to the parametersx, z, and c1, using
implicit schemes with approximation of first order
with respect to time and second order with respect to
spatial coordinate. The finite-difference analogs of
differential equations are transformed into three-point

relations, which, taken together with the initial and
boundary conditions also written in the finite-dif-
ference form, are solved by the sweep method.

The calculation of the algebraic part of the system
consists in solving a fourth-order equation inc4 and
then finding the unknownsc2, c3, and c53c7 with
the use of the already calculated values ofx, z, c1,
and c4.

To ensure the uniqueness of solution, it is neces-
sary to single out the only positive root of the fourth-
order equation inc4. In finding the numerical solu-
tion, the temporal,Dt, and spatial,Dr, steps of the grid
are chosen in such a way that, with their values de-
creasing further, the dependence of the sought-for
numerical solution on the grid steps becomes inessen-
tial. Thus, the convergence of the scheme chosen for
solving the problem in question is established.

Figures 134 show the results obtained in solving
the equations of the model under the following com-
mon initial conditions:c01 = c02 = c05 = c06 = c07 = 0
and constantD = 1039 m s31, b = 0.1 m s31, He5 =
0.283, He1 = 1.33, andT = 293 K appearing in the
equations of the model as coefficients. The calcula-
tions were done at ionic strengthI = 1 kmol m33.
The values of the other parameters used to obtain the
results presented in Figs. 134 are given in the figure
captions.

Figure 1 shows the curves describing the distribu-
tion along the drop radius of the concentrations of the
chemical components involved in the absorption of
hydrogen sulfide and carbon dioxide. The curves in-
dicate a complex nature of the diffusion processes
occurring in the drop of the alkaline solution. The
curves were obtained under the condition thatE =
520, where

E = B/A, (36)

i.e., under condition that the concentration of carbon
dioxide exceeds manyfold that of hydrogen sulfide.
It can be seen from Fig. 1 that the sum of theareas
under curve nos.133 is approximately equal to that
under curve nos.537. Consequently, the amounts of
the absorbed components (hydrogen sulfide and car-
bon dioxide) can be considered equal. Their concen-
trations being strongly different, it is apparent that
the intensity of hydrogen sulfide absorption much
exceeds that for carbon dioxide. Thus, the model is
in agreement with the known data [3], which qualita-
tively confirms its validity.

Figure 2 shows how the amount of hydrogen sul-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

A MODEL OF JOINT ABSORPTION OF HYDROGEN SULFIDE AND CARBON DIOXIDE 775

(a)

1.0 2.0 3.0t, s

(b)

t, s

Fig. 3. Mole fraction Nz of hydrogen sulfide absorbed by drop vs. absorption timet. A = 601036 kmol m33, cR = 30
1033 kmol m33, c03 = 0. (a)R = 1034 m. c4 (kmol m33): (1) 501032, (2) 0.1, (3) 0.2, (4) 0.5, and (5) 1. (b) c4 = 0.1 kmol m33.
R (m): (1) 1035, (2) 501035, (3) 1034, and (4) 501034.

(a)

A 0 105, kmol m33

(b)

0.5 1.5 2.5
A 0 105, kmol m33

(c)

A 0 105, kmol m33

Fig. 4. Relative amount of sodium hydroxide,Nm, consumed for chemical reaction with hydrogen sulfide and carbon dioxide
absorbed by the drop vs. hydrogen sulfide concentrationA in the gas flow core.R = 1034 m, c04 = 0.1 kmol m33. (a) c03 = 0,
t = 0.5 s.E: (1) 0, (2) 60, (3) 20102, (4) 60102, and (5) 103. (b) c03 = 0, E = 103. t (s): (1) 201032, (2) 0.1, (3) 0.5, and (4) 2.
(c) E = 103, t = 0.5 s. c03 (kmol m33): (1) 0 and (2) 1.

fide, Mz (kmol), absorbed by a drop of alkaline solu-
tion in the presence of carbon dioxide depends on
time. This quantity is given by

R

Mz = 4p{} r2zdr. (37)

0

It should be noted that the obtained kinetic curves
of absorption of the above two components are similar

to the curves characterizing the absorption kinetics
of a single component, hydrogen sulfide, by alkaline
solution. The initial linear portions of all of the pre-
sented kinetic curves correspond to that stage of ab-
sorption in which the main resistance to mass transfer
is exerted by the gas phase. The rate of this stage is
determined by the mass-transfer coefficientb. With
the amount of sodium hydroxide in a drop decreasing
through absorption of hydrogen sulfide and carbon
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dioxide, the resistance to transfer of these components
in the fluid phase grows. Correspondingly decreases
the absorption rate, which reflects on the shape of the
calculated kinetic curves in Fig. 2.

Figure 3 shows the curves characterizing the
change with time of the mole fractionNz of hydrogen
sulfide in the total amount of carbon dioxide and
hydrogen sulfide absorbed by the drop. TheNz value
is given by

R

{
} r2zdr

0
Nz = ÄÄÄÄÄÄÄÄÄÄ. (38)

R

{
} r2(z + x)dr

0

From Fig. 2a follows that the largest relative
amount of hydrogen sulfide absorbed by the drop in
the presence of carbon dioxide in the gas phase is
observed at the lowest initial concentration of sodium
hydroxide in the drop. Thus, the selectivity of hydro-
gen sulfide absorption from a gas mixture including
also carbon dioxide grows with decreasing absorbent
concentration. However, as follows from Fig. 2, this
leads to lower total amount of absorbed hydrogen
sulfide.

The plots in Fig. 3 demonstrate that the selectivity
of hydrogen sulfide absorption varies with time non-
steadily, with the corresponding curves exhibiting a
maximum. This is accounted for by the fact that the
rate of hydrogen sulfide absorption exceeds that for
carbon dioxide in the initial stage of the process. It
also follows from Fig. 3b that the absorption time
elapsed until theNz(t) function reaches its maximum
is the shorter, the smaller the drop radius.

The plots in Fig. 4 make it possible to evaluate the
consumption of sodium hydroxide for hydrogen sul-
fide absorption, which is important from the tech-
nological standpoint. Figure 4 presents theNm3A
dependences in which the quantityNm defined by

R

{
} r2(c04 3 c4)dr

0
Nm = ÄÄÄÄÄÄÄÄÄÄÄÄÄ (39)

R

{
} r2zdr

0

expresses the ratio of the amount of sodium hydroxide
chemically bound to hydrogen sulfide and carbon

dioxide to the amount of hydrogen sulfide absorbed
by the drop. It follows from Fig. 4a that the relative
consumptionNm of sodium hydroxide decreases with
increasing concentration of hydrogen sulfide in the
gas phase and grows with increasing carbon dioxide
concentrationE. This is accounted for by the fact that
part of sodium hydroxide is consumed for absorption
of carbon dioxide.

Figure 4b demonstrates that the relative consump-
tion of sodium hydroxide,Nm, decreases with increas-
ing absorption time. This result casts doubt on the
concept occurring in the scientific literature, namely,
that the absorption of hydrogen sulfide by sodium
hydroxide in carbon dioxide should be performed at
short time of contact between the fluid and gas phases.

From Fig. 4c follows that thepresence of sodium
carbonate in a sodium hydroxide solution at the initial
instant of time (curve2) makes lower the relative con-
sumption of sodium hydroxide,Nm, for hydrogen sul-
fide absorption.

Thus, the presence at the initial instant of time in
the alkaline solution of other components (possibly
contained in spraying solution circulated in the ab-
sorption apparatus) may exert influence on the con-
sumed amount of sodium hydroxide.

CONCLUSIONS

(1) An analysis was made of chemical reactions
occurring in absorption of hydrogen sulfide and car-
bon dioxide in an aqueous solution of sodium hy-
droxide.

(2) The results of the analysis were used to con-
struct a closed system of differential equations de-
scribing the nonstationary diffusion of components
involved in these chemical reactions, and the corre-
sponding boundary-value problem was formulated.

(3) Numerical solution of the boundary-value
problem yielded relations making it possible to eval-
uate the selectivity of hydrogen sulfide absorption
and the consumption of sodium hydroxide for hydro-
gen sulfide and carbon dioxide absorption.
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Abstract-A mathematical model of extraction from a capillary-porous particle with bidisperse structure is
described. Results of numerical simulations are presented together with the criterial equation for calculating
the effective diffusion coefficient, obtained on processing these results. A criterion is established for selecting
the optimal oscillation frequency. The criterion is tested on a physical model, with the obtained numerical
results qualitatively confirmed.

Capillary-porous particles with bidisperse structure,
possessing capillaries of two, strongly different sizes,
frequently occur in nature and technology. Into this
category may be placed tissues of plant or animal
origin, and also many kinds of catalysts [1]. Neglect-
ing the polydispersity of capillary sizes in capillary-
porous particles makes less accurate the obtained
results and gives no way of elucidating some physical
mechanisms of substance transfer inside the particles.
The bidisperse model of a capillary-porous particle is
the analytically simplest variety of the polydisperse
model, making it possible to reveal fundamental
aspects of mass transfer in real polydisperse particles.

The present study is concerned with the process of
extraction from a bidisperse model of a capillary-por-
ous particle.1 In the simplest case the model of a bi-
disperse particle can be represented as fine capillaries,
which are the main channels for solutions of target
components, branching-off from coarse pores (blind or
through). As a rule, there is virtually no fluid motion
within the capillaries, with substance transfer occur-
ring by the molecular-diffusion mechanism. However,
at certain amplitudes, pulsation of the external pres-
sure in coarse pores may give rise to oscillatory
motion of fluid because of the compression of gas
trapped in capillaries [2, 3]. Thus, coarse pores play
the role of transport channels with convective sub-
stance transfer, with the resulting manyfold accelera-
tion of solute extraction from the particle as a whole.

In order to simplify the analysis, a planar model
[4, 5] of a capillary-porous particle with bidisperse
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The mathematical model was developed with participation of

G.M. Ostrovskii (St. Petersburg State Technological Institute).

structure was adopted (Fig. 1). The ensemble of fine
capillaries was replaced by an anisotropic porous
structure with preset porositye, a porous block whose
pores are filled at the initial instant of time with a
concentrated solution of the target component; the
anisotropy is manifested in that the diffusion occurs
only along they-axis. A transport channel whose side
walls border on the porous block passes through the
particle. Molecular diffusion of the substance from
the porous block into the channel occurs (shown by
arrows in Fig. 1) through these boundaries. The diffu-
sion in the channel itself is convective.

The mathematical model of the extraction process
in the particle under consideration can be described by
the following system of equations [indices: (0) initial
state, (1) porous block, and (2) transport channel].

Diffusion equation for the porous block:

§C1/§t = D(§2C1/§y2), (1)

whereC1 is the substance concentration in the porous
block (kg m33), t is time (s), andD is the molecular
diffusion coefficient (m s31).

Fig. 1. Planar model of a particle with bidisperse structure
and through transport pores: (1) porous block and (2) trans-
port channel.
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Convective diffusion equation for the transport
channel:

§C2/§t + u§C2/§x = D(§2C2/§x2 + §2C2/§y2), (2)

whereC2 is the substance concentration in the trans-
port channel (kg m33), andu is the longitudinal (along
the x-axis) fluid velocity (m s31).

Initial conditions:

C1(x, y) = C10, 0 < x < L, h2 < y < h1 + h2; (3)

C2(x, y) = C20, 0 < x < L, 0 < y < h2, (4)

where h1 and h2 are the half-widths of the porous
block and the transport channel, respectively (m),
and L is the particle length (m).

Boundary conditions:

C2(x, h2) = C1(x, h2), (5)

q2(x, h2) = q1(x, h2), (6)

C2(0, y) = C2(L, y) = C20, (7)

q1(x, h1 + h2) = 0, (8)

q2(x, 0) = 0, (9)

whereq1 andq2 are the substance fluxes (kg m32 s31).

With account of the smallness of the actual veloci-
ties in the transport channels and the dimensions of
these, the fluid flow mode was taken to be laminar,
and the velocity profile can be taken, without any
significant loss of accuracy, to be parabolic in space
and harmonic in time:

u(x, t) = umax[1 3 (y/h2)2] sin (wt), (10)

wherew is the angular velocity of oscillation (rad s31).

The substance fluxes at the interface between the
porous block and the channel (aty = h2) are given,
with the diffusion coefficientD assumed to be in-
dependent of the substance concentration, by

q1 = 3eD (§C1/§y), (11)

q2 = 3D (§C2/§y). (12)

Equation (7) characterizes, in the case of good
agitation within the volume of a continuous apparatus,
the boundary conditions at the channel ends, which
can be taken as conditions of constant concentrations.
In the general case, the conditions (7) of the first kind
should be replaced by boundary conditions of the

third kind, and, with account taken of the variation of
the substance concentration in a batch apparatus, by
conditions of fifth or sixth kind [6].

Equation (8) corresponds to the absence of a flow
through the blind ends of fine capillaries, and Eq. (9),
to the symmetry condition along the channel axis.

The coefficiente in Eq. (11) accounts for the frac-
tion of the surfacearea across which the substance
transfer from the porous block side occurs.

The system of Eqs. (1)3(12) was solved by the grid
method, using for approximation of Eq. (2) the modi-
fied Pismen3Rackford method of variable directions,
accurate to first order, with approximation error [Dt,
(Dx)2, (Dy)2], whereDt is the time step of the grid (s);
Dx, Dy are the grid steps along thex- and y-axes, re-
spectively (m), with the grid being absolutely stable in
the linear case [7]. Equation (1) was approximated us-
ing the absolutely stable Krank3Nicholson method, ac-
curate to second order. The boundary conditions were
approximated by expressions accurate to second order.

The fluid volume contained within the transport
channel is described by the balance equation express-
ing the law of mass conservation with respect to the
substance being extracted:

§M1/§t = Gbc 3 G0,

where§M /§t is the rate at which the mass of the sub-
stance being extracted grows in the transport channel
(kg s31), Gbc is the substance flux at the boundary
between the porous block and the transport channel
(kg s31), andG0 is the outward flux from the transport
channel (kg s31):

§M1 § §C2
h2 L L

ÄÄÄÄ = ÄÄ{}
{
} C2dxdy, Gbc = D {

} ÄÄÄ9 dx,
§t §t §y

0 0 0 9y= h2

§C2 §C2

h2
� �

G0 = D{
} �ÄÄÄ9 3 ÄÄÄ9 �dy.

§x §x
0 9x= 0 9x= L� �

The developed software made it possible to observe
dynamically the concentration fields at grid nodes and
record in a data file instantaneous values ofGbc, G0,
and §M /§t (Fig. 2).

Several numerical experiments were performed. At
Peclet numbers

PeL = 3u L/D < 1

p/w h2
(3u = wp31 {

}
{
} u(y, t)§y§t = 4umax/3p is the fluid

0 0
motion velocity averaged over the half-period and the
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transport channel cross-section), the convective trans-
fer in the channel has virtually no effect on the ex-
traction rate. Therefore, the main calculations were
done at

PeL = 3u L/D > 1. (13)

Numerical experiments demonstrated that, all other
conditions being the same, there exists the optimal
frequency of fluid oscillations in the channel,wopt, at
which the minimum process duration can be achieved.

Analysis of the curves in Fig. 2 shows that two
stages exist at any oscillation frequency. The first is
the attainment of regularity, with the substance con-
tent in the porous block falling fast because of high
concentration gradients. In the process, one part of
molecules of the substance being extracted goes from
the transport channel outwards, and the other is ac-
cumulated in the transport channel (for all plots in
Fig. 2 this stage is over whencurve 2 intersects the
abscissa axis and curve3 has inflection).

The second stage (mode which is[regular] when
period-averaged) depends of the oscillation frequency
(with all other parameters of the model fixed).

At low frequencies, the role played by convective
substance transfer is insignificant; for example,
curves1 and3 in Fig. 2a are monotonic and the lower
portion of curve2 tends asymptotically to the abscissa
axis. At higher frequencies (Fig. 2b), curve3 exhibits
a weakly pronounced maximum nearly coinciding in
phase with the minimum in curve2; at the same time
the intensity of substance transfer is still rather low.
This is due to the fact that the molecules of the sub-
stance being extracted have to pass a longer way to-
ward the opening of the transport channel virtually by
means of diffusion only.

At a nearly optimal frequency (Fig. 2c) all the three
curves show clearly pronounced extrema virtually
coinciding in phase. The outflow of the substance
from the transport channel (curve2) is virtually im-
mediately followed by its transfer from the particle
outwards, into the fluid surrounding the particle
(curve 3). In addition, transfer from the porous block
into the transport channel is enhanced (curve1 ex-
hibits a pronounced maximum), since the fluid in the
transport channel rapidly[releases] the substance
outwards, with all the three lines having large ampli-
tudes. This type of substance transfer resembles ex-
change of potential and kinetic energies in mechanical
oscillatory systems and, therefore, quite deserves
being termed the[resonance] in mass transfer. It may
be stated that the frequency of external action coin-

3 0 1038

1 0 1038

3 0 1038

1 0 1038

t 0 102, s

Gbc, §M/§t, G0, kg s31

Gbc, §M/§t, G0, kg s31

(a)

(b)

(c)

1 0 1038

3 0 1038

3 0 1038

1 0 1038

t 0 102, s

Gbc, §M/§t, G0, kg s31

Gbc, §M/§t, G0, kg s31

(d)

t 0 102, s
31 0 1038

31 0 1038

Gbc, §M/§t, G0, kg s31 (e)
3 0 1038

1 0 1038

t 0 102, s

Fig. 2. Variation with timet of the (1) substance flux at the
block3channel interface,Gbc; (2) rate of mass gain in the
transport channel,§M /§t; and (3) substance flux from the
transport channel outwards,G0. Calculated parameters:
h1 = h2 = 1036 m, L = 1035 m, D = 0.50 1039 m2 s31,
e = 0.4, umax = 5 0 1033 m s31, C10 = 10 kg m3, C20 = 0.
Angular frequencyw (s31): (a) 1, (b) 10, (c) 100, (d) 1000,
and (e) 10000.
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cides with the characteristic fundamental frequency of
mass transfer inside the capillary-porous particle.

At fluid oscillation frequencies exceeding the op-
timal frequency severalfold (Fig. 2d), the amplitude of
oscillations of curves2 and3 decays fast; in addition,
curve 2 intersects the abscissa axis at maxima in
curve3, with the minimum in curve3 nearly reaching
zero. This is accounted for by the fact that the fluid in
the transport channel moves, together with the point
of maximum concentration, so fast that the substance
does not have enough time to be removed from the
transport channel outwards. As a result, the maximum
concentration in the channel becomes higher than that
in the adjacent layers of the porous block, i.e., the
transverse concentration gradient is reversed. Thus,
the substance in the high-concentration zone starts to
penetrate from the transport channel back into the
porous block (back transfer), which on the whole
hinders the process of substance extraction from the
particle [4, 5].

This fact indicates that, in different parts of the
transport channel, theGbc flux may change not only
its magnitude, but also its sign. This leads to an in-
disputable conclusion that the rate of molecular diffu-
sion, characterized by the coefficientD, exerts no
direct influence on the optimal frequency of oscilla-
tions. Indeed, let us assume that, all other parameters
being the same, the diffusion coefficient becomes two
times greater. Then, the local flux of substance across
the boundary between the porous block and the trans-
port channel will increase twofold in accordance with
the Fick law. However, further, being saturated fast
with the substance being extracted, the fluid in the
channel will move to the region in which the porous
block is depleted (i.e., the local concentration in
the porous block is lower than that in the transport
channel), and the local back flux of the substance
at the same boundary will also increase twofold. Thus,
the faster the fluid in the transport channel is saturated
with the substance being extracted, the faster it returns
the substance to the depleted porous block. Naturally,
these considerations refer to[long] transport channels
(L /h2 >> 1), since the molecular diffusion plays very
important role in[short] channels. Numerical experi-
ments demonstrated that atL ; h2 there is no optimal
frequency: The short way to the opening of the trans-
port channel is traveled by molecules fast because of
the occurrence of molecular diffusion.

At frequencies exceeding the optimal frequency by
an order of magnitude and more (Fig. 2e), the ampli-
tude of oscillations of curves2 and 3 markedly de-
creases. Curve1 becomes monotonic, as in the case of

low frequencies (Figs. 2a, 2b), since the concentra-
tion field has not enough time to change substantially
during a period of oscillation. The dramatic decrease
in the total rate of mass transfer can be understood as
follows. The fluid flowing into the channel at high
velocity has no time to be saturated with the substance
and flows back after a short period of time. In doing
so it returns the substance that has passed into the
fluid in the channel to the depleted layers of the por-
ous block at the ends of the transport channel.

A detailed analysis of the concentration field and
fluxes at the channel wall at these frequencies demon-
strated the following. The transverse concentration
gradient in the channel rapidly approaches zero owing
to intense convection; macroscopic volumes of fluid
with relatively high concentration at the channel axis
rapidly move from its middle part (x ; L /2) into zones
with low concentration, where occurs back substance
transfer, and the flux signs are reversed, i.e., the sub-
stance passes from the fluid in the channel into the
porous block.

Thus, too [fast] fluid oscillations within the
channel (at, e.g., ultrasonic frequencies) are as ineffi-
cient as too[slow] oscillations.

Let us make an attempt to evaluate qualitatively the
optimal frequency of fluid oscillations in the channel
at fixed other parameters.

In order that the convective transfer of substance
from a particle with bidisperse structure occur with
the highest intensity it is necessary that, at the highest
velocity, the concentration at the right-hand edge of
the channel (Fig. 1, atx = L) should also be the
highest, since the convective flux of the substance
qconv = uC2. The velocity reaches its highest value
in a time equal to a quarter of the oscillation period;
t0 = (1/4)2p/w = p/2w. During this time the fluid
front must pass a distance on the order of the channel
length L, being saturated, on its way, with the sub-
stance being extracted. In the model in question,
the instantaneous velocity of the fluid frontuf =
(2/3)umaxsin (w t), and, during a timet0, it will travel

t0
through a distancexf = {

} uf dt = 2umax/3w = uav/w,
0

and just this distance should be on the order ofL.
Thus, the optimal frequency of fluid oscillations can
be found from the condition

Sr = wL /uav ~ 1. (14)

The results obtained in calculating the Struchal
number Sr at the optimal frequency of fluid oscilla-
tions are presented in Table 1.
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Engineering calculations require simple relations,
e.g., in the form of criteria. An analysis of the mathe-
matical model demonstrated that the determining
criteria include the fine-pore porositye of the porous
block, geometric simplexesG1 = h1/L andG2 = h2/L,
and the Struchal number Sr, and the dependent cri-
terion is the inverse effective Peclet number:Kd =
1/Peeff = Deff /

3uL, where3u = (4/3p)umax is the fluid
velocity in the transport channel, averaged over the
cross-section and the half-period. The effective diffu-
sion coefficientDeff was found from the slope of the
kinetic curve [4] in the regular process regime. Proc-
essing of results obtained in more than 80 numerical
experiments gave the following criterion equation

Deff/
3u L = 0.218Sr0.5exp (31.2Sr)e30.22G1

30.63G2
0.29. (15)

The exponential factor is introduced into the equa-
tion to account for the[resonance] dependence of the
effective diffusion coefficient on the Struchal number
[Fig. 3 shows the function (15) for fixede, G1, G2].
This curve exhibits a maximum at Sr = 0.42,i.e., at Sr
on the order of unity.

EXPERIMENTAL

To verify the numerically obtained relations, an
experimental setup shown schematically in Fig. 4a
was assembled. The oscillatory motion of the fluid
through the central channel in the particle was effected
by means of a system comprising a compressor1, a
solenoid-and-pressure-operated valve2, and a control
unit (pulse generator)3 with variable repetition fre-
quency and off duty factor of rectangular pulses.
The valve 2 was connected by a tube4 with inner
diameterDt = 15 mm and hose5 to the model6 of
a capillary-porous particle with bidisperse structure,
which, in turn, is connected by means of a tight joint
in the form of a plug7 to a 5-l glass vessel8. The
amplitude of fluid oscillations was controlled by
means of bypass9 and throttling 10 valves. The
U-shaped part of the hose was 53350 mm long, the
length of the pipe connecting the particle model6 to
the plug 7 was 105 mm.

The model of a capillary-porous particle with bi-
disperse structure is shown schematically in Fig. 4b.
In a glass tube11 is mounted a coaxial polyvinyl
chloride plastic tube12 with through holes13 of
diameter 0.130.2 mm, arranged in staggered rows
with a step of 233 mm. At both ends the tube11 is
sealed with rubber plugs14, between which is placed
a dense bed15 of washed river sand (particle size
3003400 mm). After being placed in the model, the

Table 1. Struchal number estimated at the optimal fre-
quency of fluid oscillations (h1 = h2 = 1 mm, L = 10 mm)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
umax0103,³ wopt, ³ PeL by ³ Sr by

m s31 ³ rad s31 ³ formula (13) ³ formula (14)
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

0.5 ³ 40 ³ 4.24 ³ 1.2
1.0 ³ 70 ³ 8.49 ³ 1.05
2.5 ³ 150 ³ 21.2 ³ 0.9
5.0 ³ 200 ³ 42.4 ³ 0.6
7.5 ³ 300 ³ 63.7 ³ 0.9

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

sand was impregnated with 10.0 ml of 2 N HCl solu-
tion to saturation. It could be seen through the trans-
parent tube11 that the entire intergrain space of the
sand was being homogeneously impregnated with the
acid solution, with air removed through holes13 in
the tube12. The bed saturation was also judged from
the onset of drop fall from the pore space. The volume
of the drops was measured with a volumetric cylinder.

Thus, a dense grainy bed saturated with liquid
was formed in the annular channel between tubes11
and 12. The bed was connected to the inner space of
tube 12 only through fine holes13. This allowed the
bed to be regarded as incompressible, and substance
transport within this bed, as having purely diffusion
nature. The fluid flowing inside the tube12 provided
for the convective transport of the substance.

In this experimental model, the pore space of the
bed 15 is analogue of fine capillaries in capillary-
porous particles of plant origin, and the tube12,
analogue of a transport channel.

After switching-on the compressor1 and control
unit 3 and filling the vessel8 (Fig. 4a) with 1 l of
0.01 N NaOH solution, a stopwatch was set going.
The duration t (s) of the extraction process was
judged from the instant of decolorization (neutraliza-
tion) of the alkali solution to which 1 ml of 1% al-
coholic solution of phenolphthalein was preliminarily

Fig. 3. Typical plot of the quantity 0.218Sr0.5exp (31.2Sr)
vs. Struchal number.
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(a)
To atmosphere

To atmosphere

(b)

Fig. 4. Setup for modeling extraction from capillary-porous
particle with bidisperse structure: (a) overall scheme and
(b) cartridge simulating the porous particle.L = 78 mm,
D = 23 mm, d1 = 10 mm, andd2 = 7.5 mm. (1) Com-
pressor, (2) solenoid-and-pressure-operated valve, (3) con-
trol unit (pulse generator), (4) glass tube, (5) hose, (6) par-
ticle model, (7) plug, (8) vessel with bottom neck, (9,
10) valves, (11) glass tube, (12) polyvinyl chloride plastic
tube, (13) holes, (14) rubber plugs, and (15) dense bed of
sand.

w, s31

K 0 104, s31

Fig. 5. Extraction indexK vs. angular velocityw of oscilla-
tions at different amplitudesA of fluid oscillations in the
particle model.A (m): (1) 0.60 and (2) 0.12.

added. The amount of acid present in the pore space
of sand twice exceeded that required by the stoichiom-
etry. In experiments with large oscillation amplitude,
the fluid in the vessel was rather well agitated by a
pulsing jet; in other cases, the fluid was additionally
agitated, in order to equalize concentrations, by slight-
ly rocking the vessel8. In an experiment with[im-
mobile] fluid, when no fluid oscillations were gen-
erated in tube2, the particle model was placed in a
volumetric cylinder in which fluid was agitated with
a slowly rotating glass rod (with rotation frequency of
1 s31). These measures were taken to enable the outer-
diffusion resistance to substance transfer (outside the
particle model) to be considered infinitely small as
compared with the inner-diffusion resistance (inside
the particle model). Also measured were the pulse
durationTp, interval durationTi, and the amplitudeLt
of fluid motion in the tube4 (Fig. 4a).

The amplitude of fluid motion in the tube2 was
determined using the formula

A = Lt(Dt/d2)2, (16)

and the average velocity of the fluid in the tube was
found as

uav = A /Tp. (17)

The angular frequency of oscillations were cal-
culated using the relation

w = 2p / (Tp + Ti), (18)

and the off-duty factor of pulses was found as the
ratio of the pulse duration to the oscillation period:

Y = Tp / (Tp + Ti). (19)

As a similarity criterion, characterizing the simul-
taneous (homochronous) nature of the diffusion ex-
traction of substance from the intergrain space into the
transport channel (tube12 in Fig. 4b), on the one
hand, and the convective transfer of the extracted sub-
stance from this channel into the bulk of the fluid in
the apparatus, on the other, was taken the Struchal
number calculated using the formula

Sr = wLeff / uav, (20)

with the sum of the lengths of tube12 and hose and
tube connections taken as the effective channel length
Leff = 0.533 m. As the characteristic of the process
intensity was chosen a reciprocal of the extraction
process duration:K = 1/t.

The results of the experiments are presented in
Table 2, and dependences ofK onw and Sr in, respec-
tively, Figs. 5 and 6. The run of these dependences



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

SIMULATION OF EXTRACTION FROM A CAPILLARY-POROUS PARTICLE 783

Table 2. Results obtained in modeling the process of extraction from a capillary-porous particle with bidisperse structure
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Ti ³ Tp ³ Lt ³ A ³
w, s31

³
uav, m s31

³
Y

³
Sr

³
t, sÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³

s ³ m ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

i ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 4200
9 ³ 1 ³ 0.145 ³ 0.58 ³ 0.628 ³ 0.58 ³ 0.10 ³ 0.577 ³ 1200
3 ³ 1 ³ 0.15 ³ 0.6 ³ 1.57 ³ 0.6 ³ 0.25 ³ 1.39 ³ 852
6 ³ 1 ³ 0.15 ³ 0.6 ³ 0.897 ³ 0.6 ³ 0.143 ³ 0.797 ³ 1380
3 ³ 1 ³ 0.15 ³ 0.6 ³ 1.57 ³ 0.6 ³ 0.25 ³ 1.39 ³ 789
2.5 ³ 1.5 ³ 0.28 ³ 1.12 ³ 1.57 ³ 0.747 ³ 0.375 ³ 1.12 ³ 740
6 ³ 6 ³ 0.21 ³ 0.84 ³ 0.523 ³ 0.14 ³ 0.50 ³ 1.99 ³ 1065
3 ³ 3 ³ 0.18 ³ 0.72 ³ 1.05 ³ 0.24 ³ 0.50 ³ 2.32 ³ 1405
1 ³ 1 ³ 0.05 ³ 0.2 ³ 3.14 ³ 0.2 ³ 0.50 ³ 8.37 ³ 1320
9 ³ 9 ³ 0.15 ³ 0.6 ³ 0.349 ³ 0.0667 ³ 0.50 ³ 2.79 ³ 1380
3 ³ 3 ³ 0.03 ³ 0.12 ³ 1.05 ³ 0.04 ³ 0.50 ³ 13.9 ³ 2820
6 ³ 6 ³ 0.03 ³ 0.12 ³ 0.523 ³ 0.02 ³ 0.50 ³ 13.9 ³ 2697
9 ³ 9 ³ 0.03 ³ 0.12 ³ 0.349 ³ 0.0133 ³ 0.50 ³ 13.9 ³ 2182
9 ³ 9 ³ 0.06 ³ 0.24 ³ 0.349 ³ 0.0267 ³ 0.50 ³ 6.97 ³ 1380
6 ³ 6 ³ 0.035 ³ 0.14 ³ 0.523 ³ 0.0233 ³ 0.50 ³ 12.0 ³ 1260
3 ³ 3 ³ 0.02 ³ 0.08 ³ 1.05 ³ 0.0267 ³ 0.50 ³ 20.9 ³ 3000

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

corresponds to the nature of the numerically obtained
relations. In particular, the dependence represented by
experimental points in Fig. 6 is in qualitativeagree-
ment with the approximation yielded by processing
the results of numerical simulations and shown in
Fig. 3.

CONCLUSIONS

(1) For each fluid oscillation amplitude there
exists the optimal oscillation frequency at which the
extraction process has the highest intensity.

(2) At a certain Struchal number, approximately
equal to unity, the extraction proceeds the most
intensely.

(3) In particles with long transport channels prac-
tically no effect on the optimal oscillation frequency.

(4) Too high oscillation frequencies, and also too
low frequencies (at equal amplitude), do not lead to
(L/h2 >> 1) the molecular diffusion coefficient has

K 0 103, s31

Fig. 6. Extraction indexK vs. the Struchal number Sr.

any noticeable acceleration of the extraction process
as compared with simple infusion, being, therefore,
energetically unfavorable.

(5) The obtained relations make it possible to pro-
vide recommendations for determining the optimal
extraction conditions on measuring the pore size in
real particles.

REFERENCES

1. Aksel’rud, G.A. and Al’tshuler, M.A.,Vvedenie v kapil-
lyarno-khimicheskuyu tekhnologiyu(Introduction to
Capillary-Chemical Technology), Moscow: Khimiya,
1983.

2. Ostrovskii, G.M., Ivanenko, A.Yu., and Aksenova, E.G.,
Teor. Osn. Khim. Tekhnol., 1995, vol. 29, no. 6,
pp. 6073611.

3. Abiev, R.Sh.,Zh. Prikl. Khim., 2000, vol. 73, no. 7,
pp. 114131144.

4. Abiev, R.Sh. and Ostrovskii, G.M.,Teor. Osn. Khim.
Tekhnol., 2001, vol. 35, no. 3, pp. 137.

5. Abiev, R.Sh., Ostrovskii, G.M., and Aletdinova, N.G.,
Sbornik trudov Mezhdunarodnoi nauchnoi konferentsii
[Matematicheskie metody v tekhnike i tekhnologiyakh3

MMTT-2000] (Proc. Int. Sci. Conf. [Mathematical
Methods in Technology-MMTT-2000]), St. Peters-
burg, June 23326, 2000, vol. 3, section 3, pp. 89391.

6. Sterlin, M.D.,Upravlenie teplofizicheskimi protsessami:
novye modeli i algoritmy(Control over Thermal Proc-
esses: New Models and Algorithms), St. Petersburg:
Sankt-Peterb. Gos. Tekh. Univ., 1997.

7. Anderson, D.A., Tannehill, J.C., and Pletcher, R.H.,
Computational Fluid Mechanics and Heat Transfer,
New York: Hemisphere, 1984.



1070-4272/01/7405-0784$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 5, 2001, pp. 7843787. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 5,
2001, pp. 7623766.
Original Russian Text CopyrightC 2001 by Begak, Syroezhko.

ENVIRONMENTAL PROBLEMS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

OF CHEMISTRY AND TECHNOLOGY

Identification of Oil Pollution Sources by a Set of Modern
Instrumental Methods

O. Yu. Begak and A. M. Syroezhko

St. Petersburg State Technological Institute, St. Petersburg, Russia
Mendeleev Russian Research Institute of Metrology, St. Petersburg, Russia

Received December 28, 2000

Abstract-Source of contamination of the soil and water with oil can be exactly identified by a set of
instrumental methods such as atomic absorption spectrometry, inductively coupled plasma mass spectrometry,
atomic emission spectroscopy, X-ray fluorescence analysis, and inductively coupled plasma emission
spectrometry.

Sources of pollution of environmental objects (soil,
water) can be exactly identified using a set of instru-
mental methods including FTIR,g-ray spectrometry,
and up-to-date analytical methods for determination
of impurities in oil. Identification is carried out by
both quantitative analysis for impurities such as S,
Na, Ca, Fe, Ni, Cu, V, Mn, Zn, Mg, Al, Ba, and Ti
and their relative content.

In the previous work [1] on the basis of analytical
data on oils of six oil fields of the Khanty-Mansi
autonomous district we recommended to use FTIR
and g-ray spectrometry for preliminary identification
of oil pollution sources. Gas chromatography3mass
spectrometry and capillary GLC appeared to be low-
informative in this respect.

EXPERIMENTAL

For reliable identification of oil pollution sources,
in addition to the methods employed in [1] (FTIR,
g-ray spectrometry, gas chromatography3mass spec-
trometry, and capillary GLC) we used five more up-
to-date methods: (1) inductively coupled plasma mass
spectrometry (ICP-MS), (2) atomic absorption spec-
trometry (AAS) in the flame or unflame atomization
modes [2], (3) X-ray fluorescence analysis (XFA)
[3], atomic emission spectroscopy, and inductively
coupled plasma emission spectrometry (ICP-ES) [4].

Metal impurities in samples of oil, oil-polluted soil,
and watered oil sample were determined by ICP-MS
with a VG inductively coupled plasma mass spectrom-
eter (the United Kingdom). Standards of each of ele-

ment to be determined were prepared in nitric acid
gravimetrically.

Metal impurities were determined by electro-
thermal atomic absorption spectrometry (ETAAS)
with a Perkin3Elmer Model 4100 ZL instrument.
Hollow cathode lamps of the same manufacturer were
used.

We examined a combined scheme of identification
of oil pollution sources by impurities (metal and
nonmetal) using two different methods: (1) atomic
emission spectroscopy of oil dry ash residue with Ar
high-frequency plasma as a light source and an STE-1
crossed dispersion spectrograph and (2) ICP-ES of
mineralized acidic solutions of test oil samples on
a PS1000 instrument (Leeman Labs Inc., the United
States), which allowed determination of a wide variety
of impurities in test oils. Also we used a Hitachi
180/80 polarized Zeeman flame atomic absorption
spectrophotometer (Hitachi, Japan) with atomization
in stoichiometric acetylene3air flame.

XFA examination of oil samples was performed
on a Philips PW 1220C automatic scanning spectrom-
eter.

In Fig. 1a are given data on the V, Cu, Ni, and Cr
content in the initial oil samples (oil field numbering
is as in [1]). Basing on these data, all the oil sam-
ples can be arbitrarily subdivided into three groups
with high, medium, and low content of the indicated
metals. The first group (total content of the four
metals above 40 mg kg31) includes sample nos. 1
(Alekhinskoe oil field), 2 (Lyantorskoe oil field), and
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7 (Priobskoe oil field); the second group (103
40 mg kg31) includes sample nos. 5 (Trekhozernoe oil
field), 6 (Prirazlomnoe oil field), and 8 (Petelinskoe
oil field); and the third group (<10 mg kg31) is re-
presented by sample no. 4 (Krasnoleninskoe oil field).

Figure 1b demonstrates the relative metal content
in the oil samples. The results obtained by ICP-MS
(Figs. 1a, 1b) allow identification of oil from the in-
dicated oil fields. The most difficultly distinguishable
are sample nos. 1 and 2 (Alekhinskoe and Lyantorskoe
oil fields, respectively). However, in this case also
the relative content of impurities differs by more than
10% (effective criterion of the Russian State Ecologi-
cal Committee). Artificial aging of oil did not change
the indicated trends somewhat significantly. There-
fore, oil of different oil fields of the West Siberia can
be objectively distinguished by the content of the in-
dicated four metals, as determined by ICP-MS.

Also oil samples are unambiguously identified by
ETAAS. This method was used for determination
of V, Ni, and Cr [5].

The final stage of this study was performing of
multi-technique identification of oil pollution sources
by impurities. All oil samples were analyzed by
atomic emission spectroscopy (vaporization of ash
residue in ac arc) for 25 foreign elements (Mn, Cu,
Ni, Fe, Zn, Ca, Cr, Mg, Al, Ag, V, Na, B, Ba, Ti, Pb,
Co, Be, As, Sb, Cd, Bi, Hg, Se, and S). In none of
the samples studied we found As, Sb, Se, Bi, Cd, Hg,
Ag, and Be. The content of Co, B, Cr, and Pb was
found to be near the detection limits of the indicated
analytical techniques. Therefore, it was advisable to
develop a multi-technique procedure of oil identifica-
tion involving determination of 13 foreign elements:
S, Na, Ca, Fe, Ni, Cu, Zn, Mg, Al, V, Ba, Mn, and
Ti. Combined employment of ICP-ES, AAS, and
XFA allows reliable determination of all the indicated
13 foreign elements. In this case Ca, Fe, Ni, Cu, and
Zn can be determined by all the three techniques or
by any of them separately. Also, if needed, FTIR or
g-ray spectrometry can be attracted.

It should be pointed out that sulfur is best deter-
mined by XFA. Na, Al, Mn, and Ti are most reliably
determined by ICP-ES; and Mg, Ba, and V, by com-
bination of AAS and ICP-ES.

All the three indicated techniques are applicable to
thorough characterization of oil from the Khanty-
Mansi autonomous district. The results are sum-
marized in Table 1. They suggest that all the samples
studied, including oil-polluted soil and water, are
clearly distinct in the absolute and relative content of

(a)C, mg kg31

a, %
(b)

Fig. 1. Identification of oil from various oil fields by
(a) the content of metal impuritiesC and (b) their relative
content a. (N) Sample no.

individual foreign elements and their total content.
The concentrations of such foreign elements as Na,
Cu, V, Mn, and Ti can differ from sample to sample
by a factor of up to several tens. For Ca, Ni, Mg, and
Ba this factor is about 10, and for Zn and Al, 537.

The total content of 12 foreign elements varies over
the range 31933556 mg cm33, i.e., by afactor of 11.

The results show a strong variation in the sulfur
content from sample to sample. The maximal content
(0.9530.99%) was observed in sample nos. 1 (Ale-
khinskoe oil field) and 7 (Priobskoe oil field). The
minimal content (0.330.4%) was found in sample
nos. 4 (Krasnoleninskoe oil field) and 5 (Trekhozer-
noe oil field). The minimal and maximal contents of
sulfur in the samples studied differ by a factor of 3.1.

The individuality of the oil samples studied is
manifested even more distinctly in comparative analy-
sis of data on the relative content of foreign elements
(Table 2). In sample no. 1 the ratio Mg/Ba = 37.5 is
maximal among all the samples. Sample no. 2 is char-
acterized by the maximal Mg/Zn ratio (12.5), sam-
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Table 1. Foreign elements in oil samples
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Element
³ Element content, mg cm33, in indicated sample ³ Cmax/Cmin
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ no. 1 ³ no. 2 ³ no. 4 ³ no. 5 ³ no. 6 ³ no. 7 ³ no. 8 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
S ³ 9500 ³ 8100 ³ 3200 ³ 4350 ³ 7600 ³ 9900 ³ 5900 ³ 3.1
Na ³ 295 ³ 2730 ³ 215 ³ 260 ³ 355 ³ 115 ³ 790 ³ 23.7
Ca ³ 92 ³ 400 ³ 180 ³ 40 ³ 250 ³ 50 ³ 170 ³ 10.0
Fe ³ 90 ³ 110 ³ 35 ³ 30 ³ 90 ³ 20 ³ 80 ³ 5.5
Ni ³ 20 ³ 46 ³ 20 ³ 20 ³ 65 ³ 15 ³ 6 ³ 10.8
Cu ³ 15 ³ 20 ³ 25 ³ 5 ³ 160 ³ 10 ³ 20 ³ 32.0
Zn ³ 18 ³ 10 ³ 15 ³ 10 ³ 60 ³ 15 ³ 20 ³ 6.0
Mg ³ 75 ³ 125 ³ 115 ³ 25 ³ 210 ³ 20 ³ 30 ³ 10.5
Al ³ 40 ³ 65 ³ 50 ³ 15 ³ 50 ³ 35 ³ 10 ³ 6.5
V ³ 35 ³ 20 ³ 1.4 ³ 1.2 ³ 10 ³ 35 ³ 10 ³ 29.2
Ba ³ 2 ³ 10 ³ 5 ³ 20 ³ 7 ³ 2 ³ 6 ³ 10.0
Mn ³ 1.2 ³ 1.3 ³ 2.4 ³ 0.4 ³ 2.9 ³ 0.4 ³ 0.1 ³ 29.0
Ti ³ 5 ³ 20 ³ 0.8 ³ 0.6 ³ 1.3 ³ 1.2 ³ 1.0 ³ 33.3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
S foreign elements³ 688 ³ 3556 ³ 665 ³ 427 ³ 1261 ³ 319 ³ 1143 ³ 3

(without S) ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 2. Distinguishing features of oil samples
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Element ratio in indicated sample
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ no. 1 ³ no. 2 ³ no. 4 ³ no. 5 ³ no. 6 ³ no. 7 ³ no. 8

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Mg/Ba ³ 37.5* ³ 12.5 ³ 23 ³ 1.25 ³ 30 ³ 10 ³ 5³ 77 ³ ³ ³ ³ ³ ³
Mg/Zn ³ 4.2 ³ 12.5 ³ 7.7 ³ 2.5 ³ 3.5 ³ 1.3 ³ 1.5³ ³ 77 ³ ³ ³ ³ ³
Ca/V ³ 2.6 ³ 20 ³ 129 ³ 33 ³ 25 ³ 1.4 ³ 17³ ³ ³ ³ ³ ³ 7 ³
Ca/Ba ³ 46 ³ 40 ³ 36 ³ 2 ³ 35.7 ³ 25 ³ 28³ ³ ³ ³ 7 ³ ³ ³
Cu/S ³ 0.022 ³ 0.006 ³ 0.037 ³ 0.012 ³ 0.127 ³ 0.031 ³ 0.017³ ³ ³ ³ ³ 77 ³ ³
Ca/Mg ³ 1.2 ³ 3.2 ³ 1.6 ³ 1.6 ³ 1.2 ³ 2.5 ³ 5.7³ ³ ³ ³ ³ ³ ³ 7

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* The maximal values are underlined.

ple no. 4, by the maximal Ca/V ratio (12.9), and sam-
ple no. 8, by the maximal Ca/Mg ratio (5.7). Sample
no. 7 is characterized by the maximal ratio of Cu to
the total of foreign elements (Cu/S = 0.127). In sam-
ple nos. 5 and 7, respectively, the ratios Ca/Ba = 2
and Ca/V = 1.4 are the minimal.

To conclude, the results obtained show that oil
from each oil field of the Khanty-Mansi autonomous
district has its individual composition of foreign ele-
ments and can be identified by a set of up-to-date
analytical techniques. One of the possible flowsheets
of identification of oil pollution source in the Khanty-
Mansi autonomous district is given in the scheme.

CONCLUSIONS

(1) It was demonstrated with an example of oils of
the Khanty-Mansi autonomous district that oil pollu-
tion sources can be identified by impurity content
using such methods asg-ray spectrometry, atomic
absorption analysis, atomic emission analysis, X-ray
fluorescence analysis, ICP-MS, and ICP-ES. For
primary identification FTIR can be used.

(2) Identification is performed by computer com-
parison of absorption bands of oil samples in the
fingerprint range, and also by the radionuclidic com-
position of elements of the thorium and uranium
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Possible flowsheet of identification of oil pollution source in the Khanty-Mansi autonomous district

Sample collected from oil spill Sample collected from the source
2 2

First stage. FTIR examination of test sample and of samples collected from all probable pollution sources
2 2

If IR spectra are similar, identification is continued If IR spectra are not similar, identification is completed
2 2

Quantitative comparative analysis of characteristic76 Parameters of IR spectra are not identical. Identification
parameters of IR spectra is completed

2

Parameters of IR spectra meet the identity criterion.
Selection of oil samples for the second stage of identification

2

Second stage.g-Ray spectrometry or ICP-MS (or AAS, ICP-ES, XFA). Determination of foreign metals and their ratios
for the group of samples selected in the first stage

2 2

Characteristic parameters of the samples meet the identity Characteristic parameters of the samples do not meet
criterion. Selection of oil samples for the third stage of identity criterion. Identification is completed

identification
2

Third stage. Statistical treatment of the results
2 2

Characteristic parameters of the samples meet the identity Characteristic parameters of the samples do not meet
criterion. Identification is completed. Samples are identical the identity criterion. Identification is completed

series, the composition of metallic and nonmetallic
impurities in oil such as S, Na, Ca, Fe, Ni, Cu, Zn,
Mg, Al, V, Ba, Mn, and Ti, and their relative content.
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Abstract-The solubilities of four synthetic pyrethroids in organic solvents at 0350oC were determined, and
the enthalpies of solution were calculated. The enthalpies of solution of pyrethroids in benzene were measured
calorimetrically.

Synthetic pyrethroids show considerable promise
as insecticides, being safe for humans, useful fauna,
and environment as a whole and meeting in this re-
spect the modern requirements to chemical means for
plant protection [1]. The most convenient form of
insecticides is their liquid form, in particular, an emul-
sifiable concentrate [2]. Up to now, pesticide formu-
lations for practical use were selected semiempirically
[3]. The emulsifiable concentrate is a multicomponent
solution whose properties are determined by a set of
physicochemical processes occurring in this system.
The scientifically substantiated approach to develop-
ment of pesticide formulations for practical use re-
quires understanding of these physicochemical proc-
esses. In this work we studied the solubility of various
pyrethroids in organic solvents.

EXPERIMENTAL

The pyrethroids were prepared in the laboratory of
fine organic synthesis. The structure and physico-
chemical properties of the pyrethroids are listed in
Table 1. At various temperatures we determined the
solubilities of these pyrethroids in heptane, toluene,
tetrachloromethane, and ethanol, and also of Alpha-
metrin and Decametrin in hexane and cyclohexane and
of Phenvalerate in chloroform. The solvents were
purified by standard procedures [4].

The solubility of synthetic pyrethroids in organic
solventsNs (mole fraction) was determined gravimet-
rically in the temperature range 0350oC. Saturated
solutions of pyrethroids were prepared by continuous
shaking of a solvent with excess pyrethroid in closed
temperature-controlled test tubes. The time required
to attain the equilibrium varied from 1 to 5 h depend-
ing on the solution viscosity and concentration; the

process was monitored refractometrically. The temper-
ature was maintained to within+0.1oC. The relative
error of solubility determination was 235%.

The enthalpy of solution of pyrethroids in benzene
was measured with a Calvet differential microcalorim-

Table 1. Physicochemical characteristics of synthetic pyre-
throids*
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
Pyre-³

Name
³Purity,³ mp, ³ d25, ³ nD

25

throid³ ³ % ³ oC ³kg dm33³
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
I ³Permetrin ³ 97 ³ 15316³ 1.191 ³1.5672
II ³Phenvalerate³ 98 ³ 17318³ 1.172 ³1.5689
III ³Alphametrin ³ 99 ³ 79380³ 3 ³ 3

IV ³Decametrin ³ 99 ³ 97398³ 3 ³ 3

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* Structural formulas:
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Table 2. Solubility of synthesic pyrethroids in organic solvents at various temperatures
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ Solubility, mole fraction º

T, K
³ Solubility, mole fraction

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ I ³ II ³ III ³ IV º ³ I ³ II ³ III ³ IV

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
ºIn hexane º In ethanol
º

283.2³ 3 ³ 3 ³ 0.00056 ³ 0.00025 º 308.2 ³ 0.25955³ 0.0380 ³ 0.00543 ³ 0.00166
288.2³ 3 ³ 3 ³ 0.00123 ³ 0.00038 º ³ ³ (306.2 K) ³
293.2³ 3 ³ 3 ³ 0.00143 ³ 0.00050 º 313.2 ³ 3 ³ 3 ³ 0.00777 ³ 0.00228
298.2³ 3 ³ 3 ³ 0.00199 ³ 0.00069 º
303.2³ 3 ³ 3 ³ 0.00265 ³ 0.00110 º In toluene
308.2³ 3 ³ 3 ³ 0.00385 ³ 0.00131 º
313.2³ 3 ³ 3 ³ 0.00559 ³ 0.00191 º 273.2 ³ 3 ³ 0.278 ³ 0.0687 ³ 3

º 283.2 ³ 0.477 ³ 0.334 ³ 0.0929 ³ 0.0363
In cyclohexane º 288.2 ³ 3 ³ 0.356 ³ 0.109 ³ 0.0458

º 293.2 ³ 0.590 ³ 0.388 ³ 0.125 ³ 0.0578
283.2³ 3 ³ 3 ³ 0.00290 ³ 0.00093 º 298.2 ³ 0.626 ³ 3 ³ 0.153 ³ 0.0708
288.2³ 3 ³ 3 ³ 0.00366 ³ 0.00140 º 303.2 ³ 0.682 ³ 3 ³ 3 ³ 0.0840
293.2³ 3 ³ 3 ³ 0.00615 ³ 0.00212 º
298.2³ 3 ³ 3 ³ 0.00799 ³ 0.00275 º In tetrachloromethane
303.2³ 3 ³ 3 ³ 0.01214 ³ 0.00360 º
308.2³ 3 ³ 3 ³ 0.01904 ³ 0.00537 º 273.2 ³ 3 ³ 3 ³ 0.0686 ³ 3

313.2³ 3 ³ 3 ³ 0.02264 ³ 3 º 280.2 ³ 0.436 ³ 3 ³ 3 ³ 3

º 283.2 ³ 0.455 ³ 3 ³ 3 ³ 0.0121
In heptane º 286.2 ³ 0.466 ³ 3 ³ 0.0784 ³ 3

º ³ ³ ³ (285.2 K) ³
283.2³ 0.0985 ³ 3 ³ 0.00391 ³ 0.00041 º 288.2 ³ 0.469 ³ 3 ³ 0.0820 ³ 0.0155

³ ³ ³ (284.2 K) ³ º ³ (290.2 K) ³ ³ ³
288.2³ 0.1241 ³ 0.0309 ³ 0.00419 ³ 0.00052 º 293.2 ³ 0.479 ³ 3 ³ 0.0893 ³ 0.0236
293.2³ 0.1514 ³ 0.0374 ³ 0.00464 ³ 0.00064 º 298.2 ³ 3 ³ 0.398 ³ 0.0914 ³ 0.0309
298.2³ 0.1798 ³ 0.0488 ³ 0.00527 ³ 0.00080 º ³ ³ (299.2 K) ³ ³
303.2³ 0.2355 ³ 0.0670 ³ 0.00570 ³ 0.00100 º 303.2 ³ 3 ³ 3 ³ 3 ³ 0.0458
308.2³ 3 ³ 0.0924 ³ 0.00627 ³ 3 º 307.2 ³ 3 ³ 0.514 ³ 3 ³ 3

º 310.2 ³ 3 ³ 0.568 ³ 3 ³ 3

In ethanol º 315.2 ³ 3 ³ 0.651 ³ 3 ³ 3

º 318.2 ³ 3 ³ 0.716 ³ 3 ³ 3

273.2³ 3 ³ 0.00808³ 3 ³ 3 º 320.2 ³ 3 ³ 0.769 ³ 3 ³ 3

283.2³ 0.09724 ³ 0.0157 ³ 0.00131 ³ 0.00039 º
³ ³ (285.2 K) ³ ³ º In chloroform

288.2³ 0.11906 ³ 0.0162 ³ 0.00172 ³ 0.00055 º
293.2³ 0.14464 ³ 0.0217 ³ 0.00232 ³ 0.00074 º 283.2 ³ 3 ³ 0.366 ³ 3 ³ 3

³ ³ (291.2 K) ³ ³ º 288.2 ³ 3 ³ 0.417 ³ 3 ³ 3

298.2³ 0.16779 ³ 0.0240 ³ 0.00293 ³ 0.00094 º 293.2 ³ 3 ³ 0.467 ³ 3 ³ 3

³ ³ (296.2 K) ³ ³ º 298.2 ³ 3 ³ 0.490 ³ 3 ³ 3

300.2³ ³ 0.0267 ³ 3 ³ 3 º 300.2 ³ 3 ³ 0.539 ³ 3 ³ 3

303.2³ 0.1981 ³ 0.0345 ³ 0.00403 ³ 0.00127 º ³ ³ ³ ³
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

eter (Setaram, France) at 30oC. The temperature was
maintained to within+0.005oC. The device was cali-
brated by the heat due to the Joule effect. The calibra-
tion accuracy was+0.5oC.

The experimental solubility data are listed in
Table 2. From the polythermal data, using the equa-

tion § lnNs/§ (1/T) = 3DHs/R, we calculated the enthal-
pies of solution of the pyrethroids (Table 3).

Our results show that the solubility of the pyreth-
roids in all the tested solvents decreases in the order
Permetrin > Phenvalerate > Alphametrin > Decamet-
rin. According to [5], the degree of self-association of
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Table 3. Enthalpies of solution of synthetic pyrethroids in various organic solvents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvent
³ DHs, kJ mol31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ I ³ II ³ III ³ IV

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Hexane ³ 3 ³ 3 ³ 51.7+3.7 ³ 49.3+1.6
Cyclohexane ³ 3 ³ 3 ³ 53.4+2.3 ³ 49.2+1.8
Heptane ³ 30.2+1.3 ³ 40.9+2.8 ³ 14.6+0.4 ³ 31.6+0.4
Ethanol ³ 27.3+1.3 ³ 31.9+1.6 ³ 41.0+1.1 ³ 42.4+0.8
Toluene ³ 12.7+0.8 ³ 11.0+0.4 ³ 21.3+0.9 ³ 30.2+0.8
Tetrachloromethane³ 3.2+0.6 ³ 24.7+0.3 ³ 8.1+0.6 ³ 47.8+2.5
Chloroform ³ 3 ³ 13.9+1.7 ³ 3 ³ 3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pyrethroids in organic solvents increases in the oppo-
site order: Permetrin < Phenvalerate < Alphametrin <
Decametrin. For enantiomerically pure Alphametrin
and Decametrin, the solubility, apparently, is largely
affected by the crystal lattice strength.

The synthetic pyrethroids are considerably less sol-

N 0 102

DHs, kJ mol31

Fig. 1. Enthalpy of solution of pyrethroids in benzeneDHs,
determined calorimetrically at 30oC, as a function of solute
mole fraction N. Pyrethroid: (1) Phenvalerate, (2) Alpha-
metrin, and (3) Decametrin.

DGs, kJ mol31

loggi

Fig. 2. Correlations between the Gibbs energies of solution
of pyrethroidsDGs (298 K) and limiting activity coeffi-
cients gi of organic solvents in pyrethroids, calculated
from the GLC data (373 K). Pyrethroid: (1) Permetrin,
(2) Phenvalerate, (3) Alphametrin, and (4) Decametrin.

uble in saturated hydrocarbons and ethanol, as com-
pared to toluene and chlorinated solvents. As for the
solubility of Alphametrin and Decametrin in saturated
hydrocarbons, it increases in the order hexane < hep-
tane < cyclohexane. The enthalpies of solution of
these pyrethroids in hexane and cyclohexane coincide
within experimental error. Hence, the different solu-
bility is due to the entropy factor: More compact
cyclohexane molecules, apparently, penetrate more
readily into the rigid crystal lattice of Alphametrin
and Decametrin and promote their dissolution. The
enthalpies of solution in heptane are considerably
lower, especially for Alphametrin.

In dissolution of pyrethroids in CCl4, the inter-
molecular interactions with the solvent are largely
determined by the dichlorovinyl fragment: The enthal-
pies of solution of Permetrin and Alphametrin con-
taining this fragment are appreciably lower than those
of Phenvalerate and Decametrin.

The concentration dependences of the enthalpies of
solution of pyrethroids in benzene, determined calori-
metrically, are shown in Fig. 1. At 30oC, in the range
of pyrethroid mole fractions 0.0330.05 and higher, the
enthalpies of solution of Phenvalerate, Alphametrin,
and Decametrin are 4.3+ 2.1, 23.8+ 2.8, and 33.3+
2.3 kJ mol31, respectively. These values are consistent
with the values obtained from the temperature depen-
dences of the solubility in another aromatic solvent,
toluene: 11.0+0.4, 21.3+0.9, and 30.2+0.8 kJ mol31,
respectively. The lowest enthalpy of solution of Phen-
valerate could be expected from the fact that pyreth-
roid molecules can interact with aromatic hydrocar-
bons by thep3p mechanism, and Phenvalerate con-
tains three benzene rings in the molecule and exhibits
the loosest structure of the crystal lattice. Figure 2
shows that Phenvalerate is characterized by stronger
interactions with aromatic hydrocarbons than Alpha-
metrin and Decametrin.
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CONCLUSIONS

(1) The solubility of pyrethroids in organic sol-
vents varies in opposite direction with the degree of
their self-association.

(2) The calorimetrically measured enthalpies of
solution of pyrethroids are comparable with the values
calculated from the temperature dependences of the
solubility.
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Abstract-With the aim of searching for new antioxidants, including those of the biogenic type, the antioxi-
dant properties of phenylhydrazones of some aromatic aldehydes were studied under conditions of ascorbate-
dependent peroxide oxidation of oleic acid residues in Tween-80. Also the reactivity of these hydrazones
toward a stable radical, diphenylpicrylhydrazyl, was studied. The correlation between the antioxidant and
antiradical activities of phenylhydrazones was examined.

The reactions of free-radical peroxide oxidation of
lipids (POL) in biomembranes not only play an im-
portant role in the normal cell physiology but also
often act as key units of the mechanisms of various
pathological states, including the radiation sickness,
infection and oncological diseases, etc. [1]. Therefore,
search for physiologically active substances exhibiting
antioxidant and antiradical properties and favoring
normalization of the level of peroxide oxidation of
lipids in biomembranes is an urgent problem. It is
interesting to study in this respect phenylhydrazones,
which exhibit a wide spectrum of physiological activ-
ity. It is known that phenylhydrazones (PHs) of some
ketones exhibit antitubercular and antiviral activity
[2, 3]. Salicylaldehyde benzoylhydrazone inhibits
DNA synthesis in cells of radiation-sensitive tissues
and is an effective low-toxic radioprotector [4]. It is
believed that the pharmacological effect of phenylhy-
drazone compounds is associated, directly or indirect-
ly, with their effect on the free-radical processes
occurring in a living body. Data on the antioxidant
activity of phenylhydrazones were obtained only
recently [5]. The quantitative evaluation of the anti-
oxidant and antiradical activity of phenylhydrazones
will give insight into the mechanisms of their biolog-
ical effect, on pathways of their transformations in
radical processes, and on the structure3antioxidant
activity relationships.

In this work we studied the antiradical and anti-
oxidant activity of phenylhydrazones and the correla-
tion of their reactivity in radical reactions with their
composition and molecular structure.

EXPERIMENTAL

The antiradical activity of phenylhydrazones was
studied relative to a stable radical, diphenylpicryl-
hydrazyl (DPPH), as substrate. The reaction was
monitored photocolorimetrically with a KFK-3 device.
Phenylhydrazones [6] of the formulas
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were prepared and purified by standard procedures.
The purity of phenylhydrazones was evaluated by
elemental analysis and IR spectroscopy, and that of
DPPH, by IR, UV, and ESR spectroscopy. Solutions
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of DPPH in hexane (e = 1.40 103 l mol31 mm31),
benzene (e = 1.240 103 l mol31 mm31), and methanol
(e = 1.180 103 l mol31 mm31) exhibit an absorption
maximum in the visible range (520 nm) and are stable
in storage. Solutions of phenylhydrazones and DPPH
were mixed in an equimolar ratio at 293 K in the
range of reactant concentrations 1034

31035 M, after
which variation of the optical density of the DPPH
solution was monitored in time and the kinetic curves
of DPPH consumption were constructed (DPPH solu-
tions in this concentration range obey the Lambert3

Beer law).

The antioxidant activity of phenylhydrazones was
studied in oxidation of Tween-80 (polyoxyethylene
sorbitan monooleate), which is a model of lipid oxida-
tion. Tween-80 purchased from Laba Chemie Fischa-
mend, Austranal Pr1aparate was used without addi-
tional purification. Oxidation of Tween-80 in dilute
aqueous solutions was performed for 48350 h at
313 K in the presence of optimal concentrations of
Fe(II) and ascorbic acid. The concentration of malon-
dialdehyde (MDA), which is the peroxidation product,
was determined photocolorimetrically from the ab-
sorption of a pink complex of MDA with thiobarbi-
turic acid (l = 540 nm,e = 1.560 104 l mol31 mm31)
[8]. The performance of phenylhydrazones as antioxi-
dants was evaluated from the decrease in the concen-
tration of malondialdehyde as compared to the control
experiment.

Figure 1 shows the kinetic curves of consumption
of the DPPH radical in its reaction with phenylhydra-
zones of salicylaldehyde and benzaldehyde in hexane.
Study of the reaction rate as a function of the DPPH
and phenylhydrazone concentrations (Fig. 2) showed
that the reaction is first-order with respect to both
DPPH and phenylhydrazone. Such reaction orders are
preserved in hexane for all the compounds studied.
Thus, the kinetic equation for the reaction rate can be
given as follows:

W = kapp[DPPH][PH].

The constantskappcalculated by this equation from
the initial rates of DPPH consumption are listed in
Table 1. It is seen that the rate constants of thisreac-
tion depend on the composition and structure of phen-
ylhydrazones. Benzaldehyde benzylphenylhydrazone
containing no labile hydrogen atom at nitrogen lacks
antioxidant activity. This fact suggests that in the
reaction with DPPH the reactive center in the phenyl-
hydrazone molecule is the NH group of the hydrazone
moiety. Thus, the reaction pattern can be represented

t, min
Fig. 1. Kinetic curves of the reactions ofDPPH with phen-
ylhydrazones of (1) benzaldehyde and (2) salicylaldehyde
in hexane solution at 293 K. (t) Time.

3ln C2 [M]

3ln C1 [M]

Fig. 2. Rate of reaction ofDPPH with benzaldehyde phen-
ylhydrazone as a function of the concentrations of (1) phen-
ylhydrazone C1 and (2) DPPH C2.

as follows:
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The final products of this reaction, along with the
reduced form of diphenylpicrylhydrazyl (DPPH3H),
are probably recombination products of the phenylhy-
drazone radicals with DPPH and of two phenylhydra-
zone radicals.

Comparison of the rate constants for different
phenylhydrazones in hexane (Table 1) shows that
introduction of the hydroxy group into the aldehyde
moiety of the phenylhydrazone (compound2) signif-
icantly increaseskapp as compared to1. This fact is
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Table 1. Kinetic parameters of the reactions of aromatic
aldehyde phenylhydrazones withDPPH in various solvents
(T = 293 K)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compd.
³ kapp, l mol31 s31

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄno.* ³ hexane ³ benzene ³ methanol
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ 115+5 ³ 11+1 ³ 6.2+0.6
2 ³ 201+7 ³ 16+20 ³ 155+2
3 ³ 0.10+0.01 ³Weak reaction³ 3.6+0.5

³4 ³ No reaction with DPPH
³5 ³ 1.5+0.2 ³ 0.27+0.01 ³ 4.5+0.6

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Compounds: (1) benzaldehyde phenylhydrazone, (2) salicyl-

aldehyde phenylhydrazone, (3) salicylaldehyde benzylphenyl-
hydrazone, (4) benzaldehyde benzylphenylhydrazone, and
(5) Ionol.

due to additional contribution of the OH group to the
reaction with DPPH, which occurs with the homolytic
cleavage of the O3H bond. This contribution can be
estimated by determining the antiradical activity of
the hydrazone containing the hydroxy group in the
aldehyde moiety but lacking the labile hydrogen atom
at N (compound3). Table 1 shows that this activity
is low, i.e., the main contribution to the reaction with
DPPH (and hence to the antiradical activity) is made
by the NH group.

Study of the solvent effect on the reaction kinetics
showed that the reaction order is the same in all the
tested solvents but the rate constantkapp strongly
depends on the solvent.

The apparent rate constants of the reaction of
DPPH with benzaldehyde phenylhydrazone in various
solvents (kapp, l mol31 s31) were measured at various
temperatures in the range 2933323 K, and the follow-
ing relations were obtained:

kapp = 2.290 103exp [(36800+380)/RT] (hexane),

kapp = 2.270 107exp [(336 000+1200)/RT] (benzene),

kapp = 2.330 104exp [(320 000+1000)/RT] (methanol).

Ea, kJ mol31

Fig. 3. Correlation between the preexponential termA and
activation energyEa of the reaction ofDPPH with benzal-
dehyde phenylhydrazone in various solvents.

The decrease in the apparent rate constants, in-
crease in the activation energy, and variation of the
preexponential term in going from hexane to benzene
and methanol show that the reactivity of the hydra-
zones decreases in going from hexane to benzene and
methanol. The logarithm of the preexponential term
linearly correlates with the activation energy (Fig. 3),
which suggests the presence of a compensating effect.
This effect is due to the localized interaction of the
reagent with the solvent. For example, in benzene the
decrease in the reaction rates is due to the well-known
capability of DPPH to formp complexes with aromat-
ic hydrocarbons, in which the radical is considerably
less reactive than in the nonsolvated state [9]. In
methanol, the reaction center of phenylhydrazone is
blocked as a result of hydrogen bonding with the
solvent [10]. The decrease inkapp and increase inEa
are in this case due to a decrease in the concentration
of free, more active phenylhydrazone molecules.
A considerably higher rate constant of the reaction
with 2 in methanol, as compared to1, is due to active
participation in the reaction of the hydroxy group in
the aldehyde fragment of2. Owing to the high dielec-
tric permittivity of methanol, the hydroxy group dis-
sociates in this solvent to a greater extent.

The activity of the examined phenylhydrazones in
the reaction with DPPH considerably exceeds that of
the commercial inhibitor Ionol.

Our data on the antiradical activity of phenylhydra-
zones correlate with data on their antioxidant activity
in oxidation of ethylbenzene [5]. This fact shows that
the antioxidant properties of these compounds are due
to their capability for reacting with radicals and con-
firms the suggested mechanism of the antioxidant
action of these compounds in oxidation of hydrocar-
bons. Study of aromatic aldehyde phenylhydrazones
as antioxidants of the ascorbate-dependent peroxide
oxidation of oleic acid residues in Tween-80 showed,
however, that their activity parameters do not always
correlate with the characteristic of the antiradical
activity (Table 2). This may be due to specific features
of oxidation in this system, and also to possible oper-
ation of alternative mechanisms of the antioxidant
effect of phenylhydrazones. At present, the mechan-
ism of lipid oxidation in the presence of peroxide
oxidation cofactors, Fe(II) and ascorbic acid, is not
fully understood. Along with the radical-chain mech-
anism [1], oxidation by the ionic mechanism [11] is
also probable. As seen from Table 2, the antioxidant
activity of phenylhydrazones increases in the order
1 < 2 < 4 < 3. The high antioxidant activity of3 and
4, with their low antiradical effect, is due to the possi-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

ANTIRADICAL AND ANTIOXIDANT ACTIVITY OF PHENYLHYDRAZONES 795

Table 2. Effect of phenylhydrazones of aromatic alde-
hydes on the rate of accumulation of malondialdehyde
(MDA) in oxidation of Tween-80
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Compd.
³MDA concentrationC0106, M³ Decrease in
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´

no. ³ control ³ experiment ³
MDA accumu-

³ ³ ³ lation rate, %
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ 1.94 ³ 1.46 ³ 25
2 ³ 2.50 ³ 1.47 ³ 41
3 ³ 2.35 ³ 0.67 ³ 71
4 ³ 1.93 ³ 0.65 ³ 66

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

bility of their reaction with hydroperoxides initiating
POL and of complexation with iron ions affecting the
reaction rate. Also, interaction of oleic acid residues
with phenylhydrazones, accompanied by structural
changes, can enhance the oxidation resistance of the
system.

CONCLUSIONS

(1) The kinetic study of the reactions of aromatic
aldehyde phenylhydrazones with a stable radical, di-
phenylpicrylhydrazyl, in various solvents showed that
the parameters of the antiradical activity of phenyl-
hydrazones depend both on the compound structure
and on the solvent.

(2) Reactions of diphenylpicrylhydrazyl with
phenylhydrazones involve abstraction of hydrogen
atom from the NH group of the hydrazone moiety.
The contribution of the hydroxy group in the aldehyde
moiety to the antiradical activity of phenylhydrazones
is significant only in methanol.

(3) The antiradical activity of phenylhydrazones
correlates with their antioxidant activity in oxidation
of hydrocarbons and does not fully correlate with their
antioxidant activity in ascorbate-dependent peroxide

oxidation of oleic acid residues in Tween-80 in aque-
ous solutions. This is due to specific features of oxi-
dation of this system and to possible operation of
alternative mechanisms of antioxidant action.
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Abstract-The number of free and esterified carboxy groups of polygalacturonic acid was determined
by conductometric titration.

Pectins are abundant in nature. They are present in
almost all plants and, in relatively great amounts, in
fruits and vegetables [1]. Pectins are also contained in
pedicels and plant fibers [235]. Pectins are conven-
tionally used in food and pharmaceutical industries
and in cosmetics [1, 6, 7].

The number of methoxylated groups of pectin
(polygalacturonic acid, PGA) is one of the main pa-
rameters determining the properties of its aqueous
solutions and gels. The solubility of pectin in water,
its gelating power, and sorption properties with
respect to heavy metal ions also depend on the num-
ber of methoxy groups. The content of methoxy
groups in a PGA molecule is characterized by the
number of methoxy groupsKMeO and the esterifica-
tion degree (ED, number of esterified carboxy groups
per the total number of carboxy groups):

ED = (Ke/Kt)0100 = [(Kt 3 Kf)/Kt] 0100 =

[(1 3 Kf)/Kt] 0100, (1)

whereKe is the number of esterified carboxy groups;
Kf the number of free carboxy groups; andKt is the
total number of carboxy groups,Kt = Kf + Ke.

The esterification degree is usually determined by
potentiometric titration and by the Ca acetate proce-
dure [1, 8].

When the potentiometric procedure is used, the
number of esterified groups is determined by back-
titration. It should be noted that determination of both
the number of esterified carboxy groups and free
carboxy groups contributes to the determination error
ÄÄÄÄÄÄÄÄÄÄÄÄ
K Deceased.

of ED of pectins. In addition, since polygalacturonic
acid is a weak acid, the equivalence point of the titra-
tion cannot be precisely determined. We developed
a conductometric titration procedure for more accurate
determination of the number of free and esterified
carboxy groups of pectins.

EXPERIMENTAL

We studied apple pectin. Its ED was determined by
potentiometric titration and conductometric titrations.

When the number of free carboxy groupsKs of
PGA was determined by the potentiometric procedure,
a weighed portion of the pectin (0.2 g) was placed
in a weighing bottle for titration and wetted with
ethanol. Distilled water heated at 40oC (20 ml) was
added with stirring. The polymer was dissolved with
stirring for 2 h. The resulting solution was titrated
with 0.1 N NaOH in the presence of phenolphthalein
to pail rose color. The pH of the solution was also
measured by a laboratory pH meter. The number
of free carboxy groups (%) was calculated by the
equation

NNaOHVNaOH00.045
Kf = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 100, (2)

a

where a is the weighed portion of pectin with ab-
sorbed water (g);NNaOH and VNaOH the normality
and volume (ml) of the alkali solution spent for
titration.

The number of esterified carboxy groups (Ke) was
determined as follows. 0.1 N NaOH solution (10 ml)
was added to a neutralized PGA sample after deter-
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mination of the free carboxy groups. The weighing
bottle was plugged with a stopper. The content was
stirred at room temperature for 2 h to saponify the
esterified carboxy groups of the polymer. Then 0.1 N
HCl (10 ml) was added. Excess HCl was titrated with
0.1 N NaOH. The number of the esterified carboxy
groups was calculated from the volume of 0.1 NaOH
solution spent for titration:

NNaOHVNaOH00.045
Ke = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 100. (3)

a

The total number of the COOH groups (%) is equal to
the sum of the free and esterified groups:Kt = Kf + Ke.

The number of methoxy groups in PGA can be cal-
culated from the ED by the equation:

100ED031
KMeO = ÄÄÄÄÄÄÄÄÄÄÄ, (4)

176 + ED014

where ED is necessarily expressed in fractions of
unity.

The conductometric determination of the number of
carboxy groups by was performed similarly.

To determine the total amount of carboxy groups,
0.1 N NaOH (10 ml) was added with the aid of a
volumetric pipet to a neutralized sample after deter-
mination of the free carboxy groups. The weighing
bottle was plugged with a stopper. The content was
stirred at room temperature for 2 h to saponify the
esterfied carboxy groups of the polymer. The polymer
solution was titrated with 0.1 N HCl. The equivalence
point was determined form the conductometric titra-
tion curves (seeFig. 1a, curve 2). The total content
of the carboxy groups, %, of the polymer was cal-
culated by the equation:

NHCl VHCl00.045
Kt = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 100, (5)

a

where VHCl = V2 3 V1.

The number of esterified carboxy groups was cal-
culated asKe = Kt 3 Kf.

As seen from Fig. 1b, neutralization offree COOH
groups of pectin is completed at pH 8.539.0 (curve1).
The equivalence point is rather blurred. Usually the
titration is performed in the presence of phenolphtha-
lein to appearance of a pail-rose color of the solution
[1]. It should be noted that the color of the indicator

(a) C, mS

V, ml

(b) C, mS

V, ml

Fig. 1. (1) Potentiometric and (2) conductometric titration
curves constructed for determination of (a) the total number
of carboxy groups and (b) the number of free carboxy
groups in PGA. (C) Electrical conductivity; (V) the volume
of (a) 0.1 N HCl or (b) 0.1 N NaOH added to thesample.

changes from colorless to rose in a relatively wide pH
range (8.2310.0), which can results in appreciable
error. The conductometric procedure is free ofthis
drawback. In this case the electrical conductivity of
the solution is measured. The electrical conductivity
depends on the mobility, concentration, and nature of
the ions present in the solution. The mobility of
protons is the highest and it decreases in going to
OH3 and then to single-, double-, and higher charged
ions. The conductometric titration curve of PGA
(Fig. 1b) has a minimum and consists of two sections.
Section I is due to conversion of the COOH groups
into COONa groups. In the course of this process the
proton concentration in the solution decreases and the
concentration of Na+ cations increases owing to disso-
ciation of the COONa groups. Since polygalacturonic
acid is a weak acid, its carboxy groups are incom-
pletely dissociated in a solution. Sodium polygalac-
turate is dissociated completely. The slight decrease in
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Esterification degree ED and the concentration of methoxy
groupsKMeO in PGA, determined by potentiometric and
conductometric titration
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Method
³ ED ³ KMeO
ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Potentiometric ³ 72.30+0.35 ³ 12.04
Conductometric ³ 67.8+0.15 ³ 11.30
Published data ³ 60.0368.0 ³ 10.0311.4
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

the electrical conductivity during titration is caused by
the fact that the effect of the introduced Na+ cations
cannot compensate for the decrease in the conductiv-
ity due to consumption of H+ ions, because Na+ ions
are less mobile than protons. As excess NaOH appears
after completion of neutralization of the COOH
groups the conductivity sharply increases proportion-
ally to the concentration of OH3 and Na+ ions (sec-
tion II ). Thus, conductometric titration allows more
reliable and accurate, as compared to the potentiomet-
ric titration, determination of the equivalence point of
neutralization of the pectin COOH groups with NaOH
(Fig. 1b).

The titration curves of PGA saponified with an
HCl solution are shown in Fig. 1a. The completion of
neutralization of unreacted alkali with hydrochloric
acid and the onset of protonation of ionized carboxy
groups

R3COONa + HCl = R3COOH + NaCl

can be determined in the presence of the same indica-
tor from the potentiometric titration curve (curve1).
The conversion of COONa groups into COOH groups
(and appearance of free HCl) is completed at pH 3.23

3.5 and is difficult to detect. Hence in the case of
the potentiometric titration the additional manipula-
tion is used: after pectin saponification an HCl solu-
tion is added in the amount equivalent to that of
NaOH solution used for PGA saponification. The
alkali not spent in the saponification is neutralized
with the acid. The number of esterified (saponified)
carboxy groups in a PGA sample is calculated from
the results of titration of the excess acid with an
NaOH solution [1].

The above operations are eliminated when the con-
ductometric procedure is used (curve2). A saponified
pectin sample is titrated with an HCl solution and the
total number of carboxy groups in the polymer is

determined. Two sharp knees in the titration curves
divide it into three sections. SectionI is assigned to
neutralization of the strong base with the strong
acid. After the neutralization the concentration of OH3

anions and hence the electrical conductivity decrease.
SectionII is due to conversion of the sodium form of
the carboxy groups into the H form. The increase in
the electrical conductivity of the solution is typical for
titration of a weak acid salt with a strong acid,i.e., is
proportional to the proton concentration formed by
dissociation of the weak polyacid. Finally sectionIII
is due to appearance of freeHCl. The electrical con-
ductivity increases more sharply owing to an increase
in the proton concentration in the solution. Thus, con-
ductometric titration, unlike the potentiometric proce-
dure, allows reliable determination of the onset and
the end of protonation of ionized carboxy groups with
HCl. Section II corresponds to the total amount of
PGA carboxy groups. The esterification degree as the
arithmetic mean of five measurements performed by
the potentometric and conductometric procedures is
presented in the table. As seen from the table, the
scatter of ED determined by potentiometric titration is
higher than that of ED determined by conductometric
titration. The average ED of apple pectin determined
by conductometric titration agrees well with the pub-
lished data (ED 0.6030.68). At the same time, ED
andKMeO obtained by the potentiometric titration are
slightly overestimated [1]. The reasons of the overes-
timation were discussed above. Thus, conductometric
titration allows determination of the esterification
degree of polygalacturonic acid with higher accuracy
as compared to the potentiometric procedure.

CONCLUSION

Advantages of the conductometric titration over
potentiometric titration in determination of the esteri-
fication degree were demonstrated.
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Abstract-The procedure for thermal chlorination of methyltrichlorosilane to chloromethyltrichlorosilane
in a circulation flow system was developed. The yield of ClCH2SiCl3 was studied as influenced by the
reaction temperature and the reactant ratio.

Chloromethyltrichlorosilane, ClCH2SiCl3 (CMTS),
is a valuable reagent for preparing carbofunctional
organosilicon monomers and polymers (surface-modi-
fying and cross-linking agents, adhesion promoters,
immobilized catalysts, etc. [136]) and is used in syn-
thesis of sorbents, ion exchangers, and bioprotecting
coatings. This compound is also a precursor of widely
used biostimulant, 1-(chloromethyl)silatrane (Mival)
[7, 8]. Chloromethyltrichlorosilane is usually prepared
by free-radical chlorination of methyltrichlorosilane
(MTS) with gaseous chlorine:

Cl2 + CH3SiCl3 6 ClCH2SiCl3 + HCl.

The reaction is performed either in the vapor phase
on exposure to UV [9, 10] or visible [11] radiation or
in a solution in the dark in the presence of azobis-
(isobutyronitrile) as the initiator [9, 10]. It should be
noted that, since chlorination of mono- and dichloro-
methyltrichlorosilanes (ClCH2SiCl3 and Cl2CHSiCl3)
is considerably faster than that of the initial MTS, the
monochloro derivative is prepared at its continuous
removal form the reaction mixture or at a large excess
of MTS. The first procedure is based on photochemi-
cal chlorination of MeSiCl3 vapor with gaseous chlor-
ine on exposure to UV [9, 10] or visible light [9].

Large-scale photochemical chlorination of MTS is
complicated by the lack of industrial reactors contain-
ing parts made form optical quartz and by the need for
intermittent removal of the polymeric film absorbing
UV3Vis radiation from the surface of the transparent
window or from the built-in light sources. It is dif-
ficult to construct powerful photochemical reactors
since the light intensity decreases proportionally to the
square of the distance form the light source. In some
cases the photochemical reaction can be accompanied
by spontaneous combustion or explosion of a mixture

of gaseous reactants [10]. The industrial process of
dark chlorination of MTS in the presence of asobis-
(isobutyronitrile) is performed in a distillation column
under inversion conditions (the temperature in the
reaction zone and in the still is 64 and 110oC, re-
spectively) [12]. The CMTS yield based on the spent
MeSiCl3 is 75%. In this case the steady-state inver-
sion conditions in the upper part of the column and
the working temperature in the reaction zone are dif-
ficult to maintain, and large amount of the expensive
initiator and large excess of MeSiCl3 are required. In
addition, Cl2CHSiCl3 and Cl3CSiCl3 are formed in
considerable amounts, i.e., the selectivity of theproc-
ess is low.

Another procedure for preparing CMTS is based on
photochemical chlorination of MeSiCl3 with sulfuryl
chloride [13, 14]:

hn
SO2Cl2 + CH3SiCl3 76 SO2 + ClCH2SiCl3 + HCl.

This reaction is catalyzed by yttrium chloride, lan-
thanum chloride, and manganese chloride [14].
Although this procedure does not require complex
equipment, it is more expensive as compared to the
chlorination with gaseous chlorine.

We developed a new procedure for preparing
CMTS by chlorination of MeSiCl3 with gaseous chlor-
ine at 3003400oC in a circulation system.

This reaction occurs by the radical mechanism
similar to that of thermal chlorination of alkanes [15].
The chain propagation involves formation of Cl and
CH2SiCl3 radicals:

3003400oC
Cl2 77776 2Cl.,

Cl. + CH3SiCl3 6 CH2SiCl3 + HCl,

Cl2 + .CH2SiCl3 6 ClCH2SiCl3 + Cl..
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Yield of ClCH2SiCl3 as influenced by the conditions of thermal chlorination of MeSiCl3.
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Treactor, ³ Feed rate ³ Flow rate ³ MeSiCl3 : Cl2, ³
t, h

³
CMTS yield, %

³
a,* %

oC ³ of MeSiCl3, g h31 ³ of Cl2, l h31 ³ mol : mol ³ ³ ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

350 ³ 829.4 ³ 1.18 ³ 105 : 1 ³ 12 ³ 82.2 (42)** ³ 51.1
300 ³ 222.7 ³ 1.27 ³ 26 : 1 ³ 12 ³ 72.3 (35) ³ 48.4
350 ³ 576.0 ³ 2.42 ³ 36 : 1 ³ 6 ³ 77.7 (38.5) ³ 49.5
400 ³ 783.3 ³ 2.63 ³ 45 : 1 ³ 6 ³ 76.3 (40.6) ³ 53.2
450 ³ 852.5 ³ 1.66 ³ 77 : 1 ³ 12 ³ 66.7 (40.2) ³ 60.3
500 ³ 844.8 ³ 3.18 ³ 40 : 1 ³ 6 ³ 62.5 (35.2) ³ 56.3
300 ³ 238.1 ³ 1.20 ³ 30 : 1 ³ 12 ³ 77.0 (37.8) ³ 49.0
250 ³ 162.8 ³ 0.22 ³ 111 : 1 ³ 20 ³ 85.9 (7.7) ³ 9

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* a is the MTS conversion.

** Yield of CMTS based on reacted andinitial (in parentheses) MTS.

It is known that the rate constants and activation
energies of radical-chain consecutive chlorination
reactions yielding mono-, di-, and trichloro derivatives
are almost the same [15]. Hence, for CMTS to be
selectively formed, large excess of MTS with respect
to chlorine should be used and CMTS being formed
should be removed from the reaction mixture.

The chlorination was performed at MeSiCl3 : Cl2
~100 : 1 (see table). At 350oC the selectivity of the
process (the CMTS yield based on consumed MTS)
was higher than 82% and the MTS conversion in 12 h
was 51%. With a larger MTS excess, the output of
CMTS is lower. At MeSiCl3 : Cl2 = 25 : 1 49.5% of
MTS is converted within 6 h; however the selectivity
decreases to 77%. Thus, taking into account the out-
put of the reactor and the process selectivity, the
MeSiCl3 : Cl2 molar ratio can be varied from 25 : 1 to
100 : 1 depending on the technical and economical
requirements.

The temperature influence on the MTS chlorination
is similar to that of alkane chlorination. With increas-
ing temperature the reaction is accelerated, and its
selectivity decreases. In addition, at 500oC the reactor
nozzle is strongly clogged with coke.

At the same time the process occurs even at 250oC.
However, in this case, despite high selectivity (the
CMTS yield based on consumed MTS is 86%), a 9%
conversion of MTS is reached only in 20 h.

Thus, as seen from the table, the best reaction tem-
perature is 3503400oC.

EXPERIMENTAL

Methyltrichlorosilane was chlorinated on a circula-
tion unit (see figure). The unit consists of a 0.5-l
heated flask (1), connected through a packed column

(2) and a condenser with a dosing apparatus and then
with an electrically heated flow reactor. The reactor is
connected with two condensers (straight-run6 and re-
flux 7). The condensate formed in the first condenser
goes in the accumulator with a siphon and then back
in the flask. Gaseous HCl and unchanged Cl2 pass
to the absorbers through the reflux condenser. The
reactor is a quartz tube 12.5 mm in diameter and
250 mm long, packed with quartz chips.

An MTS vapor formed in the flask passes through
the packed column, is condensed in the condenser,
and is fed into the dosing apparatus form which it is
fed with a controlled rate to the reactor heated to

Scheme of the unit for gas-phase thermal chlorination of
methyltrichlorosilane: (1) 0.5-l flask, (2) packed column,
(3, 6, 7) condensers, (4) dosing pump, (5) reactor, (8) con-
densate accumulator, (9) thermometer, (10) tubular furnace,
and (11) electric heater.
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3003400oC. Chlorine is fed simultaneously form a
cylinder. The flow rate of chlorine is measured with a
rheometer. The flask temperature in the first and final
steps of the process is 65 and 105oC, respectively.
The temperature of the column head is about 65oC.
The MeSiCl3 : Cl2 molar ratio at the outlet of the
reactor was maintained constant.

An example of the CMTS synthesis is presented
below. Methyltrichlorosilane (149.5 g, 1 mol) is placed
in the still of the packed column and is heated to boil.
When the temperature of the top of the column reaches
65oC, MTS condensate formed in the condenser is fed
into the dosing apparatus and then with a 830 g h31

(5.55 mol h31) flow rate into the reactor heated to
350oC. Simultaneously gaseous chlorine is fed with
a 1.18 l h31 (0.0526 mol h31) flow rate into the
reactor. The MeSiCl3 : Cl2 molar ratio is 105 : 1. The
process lasts for 12 h. In this period 14.2 l (0.63 mol)
of chlorine is passed through the system. Fractiona-
tion of the bottoms on a 20-TP column yields the ini-
tial MTS (73.1, 0.49 mol) with bp 65366oC (720 mm
Hg) and CMTS (77.3 g, 0.42 mol) with bp 1173119oC
(720 mm Hg), nD

20 = 1.4530, d4
20 = 1.4420, and a

99.7% purity determined by GLC {published data
[14]: bp 1183120oC (760 mm Hg),nD

20 = 1.4530}.

Found (%): C 6.56, H 1.03, Cl 77.00, Si 15.07,
6.25, 1.12, 76.91, 15.14.

CH2Cl4Si.
Calculated (%): C 6.53, H 1.10, Cl 77.10, Si 15.27.

The CMTS yield based on the initial MeSiCl3 and
spent MTS is 82.2 and 42%, respectively. The MTS
conversion is 51.1%.

The weight of the remaining bottoms is 10.2 g.
As determined by GLC, the bottoms contain 31%
Cl2CHSiCl3 and 69% Cl3CSiCl3. Cl2CHSiCl3 (2.6 g,
0.012 mol) was isolated by fractionation of the bot-
toms; bp 1413142oC (720 mm Hg), 99.3% purity
determined by GLC,nD

20 = 1.4715, d4
20 = 1.5503

{published data [14]: bp 144oC (760 mm Hg),nD
20 =

1.4715}.

Found (%): C 5.40, H 0.41, Cl 81.27, Si 12.32,
5.44, 0.53, 81.21, 13.05.

CH2Cl5Si.
Calculated (%): C 5.50, H 0.46, Cl 81.18. Si 12.86.

The purity of the chlorine-containing products was
determined by GLC on an LKhM-80 chromatograph
equipped with a catharometer. Helium was the carrier
gas. A 30000 3 mm steel column was packed with

3% OV-17 on Inerton Super (0.16030.200 mm).
The column was heated form 40 to 180oC at a rate of
4 deg min31.

The 1H NMR spectra were recorded at 25oC on a
Tesla 480 C spectrometer operating at 80 MHz, with
TMS as the internal reference. The spectra of
ClCH2SiCl3 and Cl2CHSiCl3 contain only one singlet
at 3.24 and 5.44 ppm, respectively. The chemical
shifts agree with the published data [14].

The 35Cl NQR spectrum of ClCH2SiCl3 recorded
on an IS-3 spectrometer contains the following sig-
nals, n

77, MHz : 36.77 (ClCH2); 19.555, 19.470
(SiCl3) (cf. [16]).

CONCLUSION

Thermal chlorination of methyltrichlorosilane with
elemental chlorine in the gas phase at 3003400oC
yields chloromethylchlorosilane in a 63382% yield
based on reacted MeSiCl3.
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Abstract-The kinetics of homopolymerization ofN-vinyl-3(5)-methylpyrazole and its copolymerization with
vinyl acetate, 2-hydroxyethyl methacrylate, and acrylic acid, as influenced by the reaction medium, were
studied. The properties of the resulting (co)polymers were determined.

(Co)polymers of N-vinyl-3(5)-methylpyrazole
(VMP) show promise in preparation of coatings, ad-
hesives, films, flocculants, ion-exchange resins,
physiologically active substances, etc. [1, 2]. Various
procedures were developed for preparing VMP (co)-
polymers: radical (co)polymerization in the bulk, in an
organic solvent, in suspension, in emulsion, or in
aqueous-organic media; there are indications that the
(co)polymerization can be initiated by ionizing radia-
tion [1, 338]. By varying the nature of the comono-
mer, the composition of the monomeric mixture, and
the reaction conditions, it is possible to prepare
copolymers with various molecular weights and solu-
bilities, including water-soluble products.

However, published papers, as a rule, are applied
and do not involve the kinetic analysis of (co)poly-
merization; the possibility of controlling the reactivity
of the monomers by varying the process conditions
and the reaction medium is not examined. Only scarce
data are available on the properties of VMP (co)poly-
mers, in particular, of VMP3vinyl acetate (VA) co-
polymers prepared in the bulk [9]. This paper con-
siders the effect of the medium (comonomer, initiator,
solvent) on the kinetic features of the synthesis of
VMP (co)polymers and on their properties.

VMP3VA copolymers were prepared by three pro-
cedures: in the bulk, in emulsion, and in aqueous-
organic solutions. Bulk copolymerization was per-
formed at 70oC with azobis(isobutyronitrile) (AIBN)
as initiator (0.131.0% relative to the total weight of
the monomers); the copolymers were prepared and
isolated as described in [10]. Copolymerization
in aqueous emulsion was performed at 60oC using
the initiating system manganese tris(acetylaceton-
ate)3acetic acid. The initiator concentration was

3.401033 M; the emulsifier, sodium laurylsulfonate or
Sol’var (VA3vinyl alcohol copolymer with the mole
fraction of VA units of 0.12), was added in an amount
of 24329 g l31; the polymers were prepared and iso-
lated as described in [11]. Copolymerization in a
water3dimethyl sulfoxide (DMSO) mixture was per-
formed at 25345oC with the initiating system am-
monium persulfate (AP)3ascorbic acid (AscA); the
concentration of the monomers was 132 M, and that
of the components of the initiating system, 0.023
0.2 M; the copolymers were prepared and isolated as
described in [5].

Copolymers of VMP with 2-hydroxyethyl methac-
rylate (HEMA) and with acrylic acid (AA) were pre-
pared in a water3DMSO mixture at 25345oC. Copoly-
merization of the monomers and isolation of the reac-
tion products were performed according to [12, 13];
the component concentrations were similar to those
used in copolymerization of VMP with VA. Base
hydrolysis of VMP3VA copolymers was performed
according to [14].

Samples for physicomechanical, thermal, and di-
electric tests were prepared and the properties of the
(co)polymers wee determined by the procedures in
[15]. The thermal analysis was performed according to
[16]. The composition of the copolymers was deter-
mined from the nitrogen content using a CHN analy-
zer. The copolymerization constants were calculated
taking into account the monomer conversion [17].

A structural feature of the VMP molecule isp3p
conjugation between the lone electron pair of the ni-
trogen atom and the double bond of the vinyl group.
As a result, the electron density on the double bond in-
creases. This feature is typical ofN-vinyl compounds
and determines the electron-donor character of VMP.
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Although the VMP heterocycle contains two nitrogen
atoms imparting the acceptor properties to the hetero-
cycle, this fact will not reduce significantly the polar-
ity of the vinyl group. For example, vinylazoles con-
taining two and more nitrogen atoms in the hetero-
cycle are regarded as electron-donor monomers [18].
The donor properties of VMP should be more pro-
nounced than those ofN-vinylsuccinimide (VSI)
whose molecule contains two electron-withdrawing
carbonyl groups. The electron-donor character of
VMP should facilitate its radical copolymerization
with electron-withdrawing monomers.

The existing synthesis procedures allow preparation
of VMP as a mixture of two isomers:N-vinyl-3-meth-
ylpyrazole andN-vinyl-5-methylpyrazole:

#
N

99jH C3

gCHccCH 2

N

99
gCHccCH 2

#
N C

HC CH

CH3j
CHC

N CH

#
N

99jH C3

gCHccCH 2

N

99
gCHccCH 2

#
N C

HC CH

CH3j
CHC

N CH

N-Vinyl-3-methylpyrazole N-Vinyl-5-methylpyrazole

Irrespective of the catalyst used, the ratio of the
3-methyl and 5-methyl isomers in the monomer is
60 : 40 [4]. The heterocycle of the VMP molecule
contains double bonds. Therefore, conjugation in this
molecule is stronger than in VSI. It can be expected
that the VMP monomer will be more active in copoly-
merization than VSI. However, the activity of the
VMP radical should be relatively low.

Our experimental results are nicely consistent with
theoretical analysis of the structural features and reac-
tivity of VMP.

Kinetic study of bulk copolymerization of VMP
with VA showed that the reaction rate increases to
a definite limit with increasing AIBN concentration.
At similar reaction times, the conversion of the mono-
mers increases as the AIBN concentration is increased
from 0.1 to 0.5 wt %, but at higher AIBN concentra-
tions the conversion did not increase further. As the
relative content of VMP in the initial mixture is in-
creased, the overall copolymerization rate increases
(Fig. 1). At the same time, the homopolymerization
rate is higher for VA than for VMP. These facts show
that the VMP radical is more active than the VA radi-
cal. The shape of the dependences shown in Fig. 1
suggests occurrence of the gel effect characteristic of
radical (co)polymerization in the bulk and associated
with occlusion of the macroradicals in the polymer
matrix; as a result, the chain termination rate constant
abruptly decreases.

K, %

t, min
Fig. 1. Conversion of monomersK as a function of copoly-
merization time t. AIBN content 0.5% relative to the
weight of the monomers. VMP mole fraction in the mono-
mer mixture: (1) 0.05, (2) 0.10, (3) 0.15, and (4) 0.25.

The copolymers are enriched in VMP units as com-
pared to the initial mixture (Table 1). The VA3VMP
copolymerization constants (Table 2) show that VMP
is considerably more active. Ther1/r2 ratio shows that

Table 1. Compolsition of VMP3VA copolymers prepared
under various conditions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
VMP mole fraction³ Conversion,³ VMP mole frac-
in monomer mixture³ % ³ tion in copolymer
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Bulk copolymerization

0.05 ³ 3.0 ³ 0.399
0.05 ³ 5.2 ³ 0.388
0.10 ³ 4.4 ³ 0.513
0.10 ³ 6.8 ³ 0.501
0.15 ³ 6.6 ³ 0.640
0.15 ³ 9.3 ³ 0.618
0.25 ³ 7.4 ³ 0.749
0.25 ³ 12.5 ³ 0.735

Emulsion copolymerization

0.22 ³ 13.6 ³ 0.410
0.22 ³ 21.6 ³ 0.370
0.30 ³ 9.7 ³ 0.667
0.30 ³ 14.6 ³ 0.610
0.46 ³ 17.6 ³ 0.714
0.46 ³ 34.5 ³ 0.634

Copolymerization in water3DMSO mixture
(7 : 2 by volume)

0.25 ³ 7.5 ³ 0.887
0.25 ³ 16.1 ³ 0.831
0.50 ³ 16.5 ³ 0.891
0.50 ³ 33.9 ³ 0.852
0.75 ³ 37.5 ³ 0.922
0.75 ³ 47.1 ³ 0.910

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Copolymerization constants of VMP (M1) with other monomers (M2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Comonomer M2 ³ Copolymerization³ T, oC ³ r1 ³ r2 ³ r1 /r2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
VA ³Bulk ³ 70 ³ 6.90+0.10 ³ 0.03+0.01 ³ 230

³Emulsion ³ 60 ³ 1.58+0.26 ³ 0.10+0.02 ³ 15.8
³In H2O3DMSO ³ 25 ³ 4.20+0.07 ³ 0.01+0.01 ³ 420

HEMA ³" ³ 25 ³ 0.03+0.01 ³ 1.94+0.10 ³ 0.015
AA ³" ³ 25 ³ 0.02+0.01 ³ 1.54+0.20 ³ 0.013
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

the rate constant of the reaction of VMP macroradical
with VMP monomer exceeds by a factor of 230 the
rate constant of the reaction of VA macroradical with
VA monomer. The calculated relative activities of the
monomers toward radicals 1/r show that in the course
of copolymerization VA reacts faster with VMP radi-
cal than with VA radical.

Comparison of the VMP3VA copolymerization
constants with the results obtained from studies of the
bulk copolymerization of VSI with VA (rVSI = 5.1,
rVA = 0.17,rVSI /rVA = 30) [19] shows that the activi-
ties of VMP and VA differ to a greater extent than
those of VSI and VA, i.e., VMP is a more active
monomer than VSI. The same conclusion follows
from the Alfrey3Price parameters calculated for VMP.
Taking for VA Q = 0.026 ande = 30.22 [20], we
obtain for VMPQ = 1.14 ande = 31.47, whereas for
VSIQ = 0.13 and e = 30.34 [20].

Preparation of polymers in aqueous media is ad-
vantageous from the technological and environmental
viewpoints. With high-performance initiating systems,
the reaction temperature can be decreased, and the
process can be made power-saving. Therefore, we
examined the possibility of preparing VMP polymers
in aqueous solutions in the presence of emulsifiers,
and also in aqueous-organic mixtures.

C, M

t, h

Fig. 2. ConcentrationC in the reaction mixture: (1) VMP,
(2) VA, and (3, 4) total of monomers, as a function of
copolymerization timet, with (133) Sol’var and (4) so-
dium laurylsulfonate as emulsifiers. Concentrations, M:
Mn(acac)3 3.40 1033 and CH3COOH 0.84.

Kinetic study of the (co)polymerization of VMP
with VA in emulsion in the presence of the initiating
system Mn(acac)33CH3COOH showed that under
these conditions it is possible to prepare both homo-
polymers of VMP and VA and their copolymers of a
wide range of compositions. Homopolymerization of
VA is faster (13.80 1033 mol l31 s31) than that of
VMP (8.320 1033 mol l31 s31), which is due to the
higher activity of the VA radical as compared to
VMP. VMP monomer is more active than VA mono-
mer; therefore, similar to bulk copolymerization,
VMP is consumed in the monomer mixture faster than
VA (Fig. 2, curves1, 2). The gel effect characteristic
of bulk copolymerization is not manifested in this
case. Sol’var as emulsifier is more efficient than sodi-
um laurylsulfonate, as it ensures higher copolymeriza-
tion rates (Fig. 2, curves3, 4). Emulsion copolymeri-
zation does not require elevated temperatures; it can
be performed in the range 20360oC [21].

Similar to bulk copolymerization, the copolymers
are enriched in VMP units (Table 1). With increasing
conversion of monomers, the differences in composi-
tions are leveled out. The copolymerization constants
for the emulsion process differ less significantly than
those for the bulk copolymerization (Table 2). This
may be due to complexation of VA monomer with
Mn(acac)3 [22], affecting the VA reactivity and in-
creasing its relative activity in copolymerization with
VMP owing to polarization of the double bond in VA.
VMP monomer forms no complexes with Mn(acac)3,
as such complexation is characteristic of vinyl esters
only [22].

VMP monomer is water-insoluble; therefore, its
(co)polymers cannot be prepared in aqueous solutions.
We have studied the solubility of VMP and its mix-
tures with other monomers (VA, HEMA, AA) in
aqueous-organic media (water3acetone, water3dimeth-
ylformamide, water3DMSO) and examined the possi-
bility of preparing (co)polymers in these media using
the redox initiating systems AP3AscA, AP3sodium
sulfite, etc. The best results were obtained with the
system AP3AscA in a water3DMSO mixture [23].
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The reaction can be performed at 25345oC. Copoly-
merization of VMP with VA in the presence of the
system AP3AscA occurs with an induction period
which is longer when the reaction is performed in air.
Furthermore, in the presence of atmospheric oxygen
the reaction decelerates (Fig. 3a, curves3, 5). Increase
in the total concenration of monomers from 1 to 2 M
has virtually no effect on the copolymerization rate;
the experimental points fall on a common kinetic
straight line. Therefore, taking into account the solu-
bility of the monomers in water3DMSO mixtures, it
is not appropriate to take the monomers in concentra-
tions higher than 1 M.

Under the chosen conditions, it is possible to pre-
pare both VMP3VA copolymers of a wide composi-
tion range and VMP homopolymers. However, the
VA homopolymerization under these conditions does
not occur even at the concentration of the initiating
system increased to 0.2 M. This is probably due to
the inhibiting effect of atmospheric oxygen dissolved
in water.

The monomer ratio significantly affects the copoly-
merization rate and the copolymer yield. Similar to
the bulk process, VMP monomer is more active:
The reaction rate and the copolymer yield increase
with increasing contyent of VMP in the monomer
mixture (Fig. 3a, curves234), and the copolymer is
enriched in VMP as compared to the initial mixture
(Table 1). In the course of the reaction, with increas-
ing conversion the content of VMP in the copolymer
decreases, becoming close to the composition of the
monomer mixture. The copolymerization constants are
as follows:rVMP = 4.20+0.07 andrVA = 0.01+0.01.
The activation energy of copolymerization in the
range 25345oC was 41.2 kJ mol31, which is close to
the values obtained for polymerization of the other
monomers in the presence of this initiating system
[24].

The copolymerization rate and the copolymer yield
are affected by the water : DMSO ratio (Fig. 3b).
This is probably due to different solubilities of the
monomers and copolymer in water and in DMSO and
to the heterophase nature of the process, which affects
the rates of the elementary reaction events. The effect
of the medium on the reaction kinetics was also noted
for homopolymerization of VMP in water3acetone
mixtures [25].

Copolymerization of VMP with HEMA is suffi-
ciently fast at room temperature; the yield of the
copolymer in 1 h exceeds 80% at the monomer ratio
varied in a wide range. Similar to copolymerization
of VMP with VA, an induction period is observed. In

(a)K, %

(b)K, %

t, h
Fig. 3. Conversion of monomersK (134) in argon and
(5) in air as a function of copolymerization timet. Concen-
tration, M: monomers 1.0; AP and AscA 0.02 M each.
25oC. VMP mole fraction in monomer mixture: (a) (1) 1.00
(homopolymerization), (2) 0.75, (3, 5) 0.50, and (4) 0.25;
(b) 0.50. Water :DMSO volumeratio: (a) 7 : 2; (b) (1) 1 : 2,
(2) 4 : 5, and (3) 7 : 2.

copolymerization withN-vinyl compounds, HEMA
is more reactive [26]. The same trend is observed with
VMP: The reaction rate increases from 2.20 1034 to
2.80 1034 mol l31 s31 as the mole fraction of the less
active monomer VMP is decreased from 0.75 to 0.25;
the copolymer is enriched in HEMA units as com-
pared to the composition of the initial monomer mix-
ture (Table 3).

The copolymerization rate constants were as fol-
lows: rVMP = 0.03+0.01 andrHEMA = 1.94+0.10.
With conversion, the content of the less active mono-
mer, VMP, in the copolymer increases, approaching
its content in the initial monomer mixture (Table 3),
which corresponds to the copolymerization constants
r1 < 1 andr2 > 1 and is characteristic of copolymeri-
zation of N-vinyl compounds with acrylates.

Similar trends were also observed in copolymeriza-
tion of VMP with AA: The copolymers were enriched
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Table 3. Composition of VMP3HEMA and VMP3AA
copolymers prepared in an H2O3DMSO mixture (volume
ratio 7 : 2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
VMP mole fraction³ Conversion,³ VMP mole frac-
in monomer mixture³ % ³ tion in copolymer
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Copolymerization of VMP with HEMA

0.25 ³ 38 ³ 0.156
³ 81 ³ 0.183

0.50 ³ 73 ³ 0.324
³ 80 ³ 0.378

0.75 ³ 65 ³ 0.605
³ 69 ³ 0.611

Copolymerization of VMP with AA

0.25 ³ 68 ³ 0.171
0.50 ³ 64 ³ 0.386

³ 65 ³ 0.408
0.75 ³ 59 ³ 0.538

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Influence of reaction medium on the probability of diad formationf and the statistical mean block lengthL
in chains of VMP (M1)3VA (M 2) copolymers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
VMP mole fraction in monomer mixture³ f11 ³ f22 ³ f12 = f21 ³ L1 ³ L2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

Bulk copolymerization

0.1 ³ 0.253 ³ 0.089 ³ 0.330 ³ 1.77 ³ 1.27
0.2 ³ 0.449 ³ 0.031 ³ 0.260 ³ 2.73 ³ 1.12
0.3 ³ 0.588 ³ 0.014 ³ 0.199 ³ 3.96 ³ 1.07
0.4 ³ 0.692 ³ 0.007 ³ 0.151 ³ 5.60 ³ 1.04
0.5 ³ 0.773 ³ 0.003 ³ 0.112 ³ 7.90 ³ 1.03
0.6 ³ 0.837 ³ 0.002 ³ 0.081 ³ 11.4 ³ 1.02
0.7 ³ 0.889 ³ 0.0007 ³ 0.055 ³ 17.1 ³ 1.01
0.8 ³ 0.932 ³ 0.0003 ³ 0.034 ³ 28.6 ³ 1.008
0.9 ³ 0.969 ³ 0.0001 ³ 0.016 ³ 63.1 ³ 1.003

Emulsion copolymerization

0.1 ³ 0.057 ³ 0.293 ³ 0.325 ³ 1.18 ³ 1.90
0.2 ³ 0.141 ³ 0.143 ³ 0.358 ³ 1.40 ³ 1.40
0.3 ³ 0.233 ³ 0.080 ³ 0.344 ³ 1.68 ³ 1.23
0.4 ³ 0.329 ³ 0.047 ³ 0.312 ³ 2.05 ³ 1.15
0.5 ³ 0.429 ³ 0.027 ³ 0.272 ³ 2.58 ³ 1.10
0.6 ³ 0.534 ³ 0.015 ³ 0.225 ³ 3.37 ³ 1.07
0.7 ³ 0.644 ³ 0.008 ³ 0.175 ³ 4.69 ³ 1.04
0.8 ³ 0.757 ³ 0.003 ³ 0.120 ³ 7.32 ³ 1.03
0.9 ³ 0.876 ³ 0.0007 ³ 0.062 ³ 15.2 ³ 1.01

Copolymerization in H2O3DMSO mixture (7 : 2)

0.1 ³ 0.183 ³ 0.035 ³ 0.391 ³ 1.47 ³ 1.09
0.2 ³ 0.340 ³ 0.013 ³ 0.324 ³ 2.05 ³ 1.04
0.3 ³ 0.471 ³ 0.006 ³ 0.262 ³ 2.80 ³ 1.02
0.4 ³ 0.581 ³ 0.003 ³ 0.208 ³ 3.80 ³ 1.015
0.5 ³ 0.676 ³ 0.002 ³ 0.161 ³ 5.20 ³ 1.010
0.6 ³ 0.758 ³ 0.001 ³ 0.120 ³ 7.30 ³ 1.006
0.7 ³ 0.830 ³ 0.0004 ³ 0.085 ³ 10.8 ³ 1.004
0.8 ³ 0.894 ³ 0.0001 ³ 0.053 ³ 17.8 ³ 1.003
0.9 ³ 0.950 ³ 0 ³ 0.025 ³ 38.8 ³ 1.001

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

in AA units as compared to the initial monomer mix-
tures (Table 3); the copolymerization constants are
listed in Table 2.

The probability of diad formation and the statistical
mean length of blocks and chains of VMP3VA co-
polymers are largely affected by the reaction medium
(Table 4).

Since the rate constant of the reaction of VMP
macroradical with VMP monomer considerably ex-
ceeds the rate constant of the reaction of VA macro-
radical with VA monomer, the probability of forma-
tion of VMP3VMP diads is higher compared to VA3
VA diads. For copolymerization in the bulk and in the
water3DMSO mixture, this relation is observed at any
content of VMP in the monomer mixture. In emulsion
copolymerization, this is characteristic of monomer
mixtures with the mole fraction of VMP greater than
0.3. In the copolymer prepared in the water3DMSO
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Table 5. Probability of diad formationf and the statistical mean block lengthL in chains of copolymers of VMP (M1)
with acrylic monomers (M2), prepared in the water3DMSO mixture
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
VMP mole fraction in monomer mixture³ f11 ³ f22 ³ f12 = f21 ³ L1 ³ L2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

M2 = HEMA

0.1 ³ 0.0002 ³ 0.897 ³ 0.051 ³ 1.003 ³ 18.5
0.2 ³ 0.0008 ³ 0.795 ³ 0.102 ³ 1.007 ³ 8.76
0.3 ³ 0.002 ³ 0.692 ³ 0.153 ³ 1.013 ³ 5.53
0.4 ³ 0.004 ³ 0.590 ³ 0.203 ³ 1.02 ³ 3.91
0.5 ³ 0.008 ³ 0.489 ³ 0.252 ³ 1.03 ³ 2.94
0.6 ³ 0.014 ³ 0.387 ³ 0.300 ³ 1.05 ³ 2.29
0.7 ³ 0.024 ³ 0.287 ³ 0.345 ³ 1.07 ³ 1.83
0.8 ³ 0.046 ³ 0.186 ³ 0.384 ³ 1.12 ³ 1.49
0.9 ³ 0.109 ³ 0.087 ³ 0.402 ³ 1.27 ³ 1.22

M2 = AA

0.1 ³ 0.0001 ³ 0.874 ³ 0.063 ³ 1.002 ³ 14.9
0.2 ³ 0.0006 ³ 0.754 ³ 0.123 ³ 1.005 ³ 7.16
0.3 ³ 0.002 ³ 0.641 ³ 0.179 ³ 1.009 ³ 4.59
0.4 ³ 0.003 ³ 0.534 ³ 0.231 ³ 1.01 ³ 3.31
0.5 ³ 0.006 ³ 0.433 ³ 0.281 ³ 1.02 ³ 2.54
0.6 ³ 0.010 ³ 0.336 ³ 0.327 ³ 1.03 ³ 2.03
0.7 ³ 0.017 ³ 0.244 ³ 0.370 ³ 1.05 ³ 1.66
0.8 ³ 0.033 ³ 0.156 ³ 0.406 ³ 1.08 ³ 1.39
0.9 ³ 0.077 ³ 0.073 ³ 0.425 ³ 1.18 ³ 1.17

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

mixture, the content of diads with alternating units
is higher than in the product of bulk copolymerization
but lower than in the product of emulsion copolymeri-
zation.

In copolymers of VMP with acrylic monomers, the
relation is inverse (Table 5): The probability of for-
mation of VMP3VMP diads is lower compared to
HEMA3HEMA or AA3AA diads at a mole fraction of
VMP less than 0.9.

By comparing the copolymerization constants
(Table 2) and the probabilities of diad formation in
copolymer chains (Tables 4, 5), we can compare the
relative activities of VMP, VSI, VA, HEMA, and AA
in copolymerization. The ratior1/r2 suggests that AA
in copolymerization with VMP is more active than
HEMA: rAA /rVMP = 77 and rHEMA /rVMP = 64.7.
However, it is seen from Table 5 that the probability
of formation of HEMA3HEMA diads in copolymeri-
zation of VMP with HEMA is higher than that of
formation of AA3AA diads in copolymerization of
VMP with AA at any monomer ratio. Figure 4 shows
that copolymerization of VMP with HEMA is faster
than that with AA; therefore, the monomers can be
ranked in the following order with respect to activity:
VA < VSI < VMP < AA < HEMA.

The VMP homopolymer is a white powder soluble
in alcohols and aromatic and chlorinated hydrocar-
bons but insoluble in water and petroleum ether.
VMP3VA and VMP3HEMA copolymers are also iso-
lated as white powders soluble in dimethylformamide
and methanol. VMP3AA copolymers are white pow-
ders soluble in methanol.

K, %

t, h

Fig. 4. Monomer conversionK as a function of copolymeri-
zation time t. Concentration, M: monomers 1.0; AP and
AscA 0.02 each; VMP mole fraction in the monomermix-
ture 0.75; volume ratio water :DMSO 7 : 2; 25oC. Co-
monomer: (1) HEMA, (2) AA, and (3) VA.
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Table 6. Properties of VMP homopolymers [27] prepared
at 70oC
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Copoly-
³ AIBN con- ³ [h], dl g31, ³

Tf, oCmerization
³ centration, ³ in benzene ³
³ mol % ³ at 20oC ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Bulk ³ 0.1 ³ 1.15 ³ 2383245
In toluene³ 0.5 ³ 0.98 ³ 1803200

³ 1.0 ³ 0.89 ³ 1653180
³ 1.5 ³ 0.75 ³ 1503165
³ 2.0 ³ 0.69 ³ 1603170

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

It is known [6] that homopolymers of VMP with
the highest molecular weight (up to 1.30 106) are
formed by bulk polymerization with AIBN initiator.
In organic solvents in the presence of AIBN, poly-N-
vinyl-3(5)-methylpyrazole (PMVP) of a lower molec-
ular weight is formed: (0.631.0)0 105 in benzene and
(1.033.0)0 104 in ethyl acetate [7].

As the initiator concentration is decreased, the
molecular weight of PMVP decreases, as indicated by
decrease in the intrinsic viscosity of polymer solu-
tions [h]; the flow point Tf also decreases (Table 6).

The properties of VMP3VA copolymers prepared
by bulk copolymerization are listed in Table 7. The
samples were prepared from the monomer mixtures
with the VMP mole fraction varying from 0.05 to
0.75, in the presence of AIBN initiator (0.5% of the
total weight of the monomers).

The properties of the copolymers (Table 7) show
that, as the content of VMP units increases, the
strength, heat resistance, and glass transition point
increase. The pyrazole rings of VMP are less polar

Table 7. Properties of copolymers ofN-vinyl-3(5)-methylpyrazole with vinyl acetate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Parameter
³ Copolymer with indicated VMP mole fraction ³

PVMPÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´
³ 0.05 ³ 0.25 ³ 0.50 ³ 0.75 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Intrinsic viscosity in toluene at 25oC, dl g31 ³ 0.21 ³ 0.52 ³ 0.75 ³ 0.89 ³ 3

Breaking bending stress, MPa ³ 3 ³ 3 ³ 25 ³ 28 ³ 3

Specific impact resilience, kJ m32 ³ 538 ³ 538 ³ 334 ³ 132 ³ 132
Brinell hardness, MPa ³ 3 ³ 45 ³ 75 ³ 102 ³ 145
Glass transition point,oC ³ 3 ³ 40 ³ 48 ³ 59 ³ 78
Temperature of degradation onset,oC ³ 190 ³ 205 ³ 240 ³ 245 ³ 255
Temperature of 5% weight loss,oC ³ 300 ³ 3 ³ 300 ³ 305 ³ 380
Temperature of maximal degradation rate,oC ³ 330 ³ 3 ³ 425 ³ 435 ³ 445

³ ³ ³ ³ ³Dielectric permittivity at 106 Hz ³ 3.0 ³ 2.8 ³ 2.8 ³ 2.5 ³ 2.3
³Tangent of dielectric loss angle at 106 Hz ³ 0.0130.02
³ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

than the acetate groups of VA; therefore, with increas-
ing content of VMP units the dielectric properties of
the copolymers are improved. The thermal properties
of the copolymers are as follows: heat conductivity
0.1030.18 W m31 K31, temperature conductivity (43
6)01038 m2 s31, and specific heat 1.233.2 kJ kg31 K31.

Thermal analysis of the polymers shows that the
temperatures of the onset and maximal rate of degra-
dation increase with increasing VMP content. Decom-
position of the samples occurs in two stages: At 1903
360oC vinyl acetate units degrade, which is followed
by degradation of VMP units at 3603500oC (Fig. 5).
The homopolymers decompose in one stage.

The preparation conditions affect the intrinsic vis-
cosity of solutions of VMP3VA copolymers (Table 8);
the thermal and dielectric properties change insignif-
icantly (within the determination error).

The properties of VMP3HEMA copolymers pre-
pared in the water3DMSO mixture at a VMP mole
fraction of 0.50 are as follows: Brinell hardness
116 MPa, Vicat softening point 72oC, temperature of
maximal degradation rate 412oC, and water absorption
in 2 h 50%.

VMP (co)polymers are highly resistant to hydrol-
ysis. Base hydrolysis of VMP homopolymer at 203
90oC occurs neither under heterogeneous (in aqueous
NaOH) nor under homogeneous (in aqueous-methan-
olic NaOH) conditions. The IR spectrum of the hydro-
lyzed polymer is identical to that of the initial poly-
mer; the bands at 1530 (stretching vibrations of sub-
stituted heteroaromatic five-membered rings) and
780 cm31 (out-of-plane ring vibrations) are preserved.

In VMP3VA copolymers, only VA units are sub-
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DTA
DTA

DTG

DTG

Fig. 5. DTA and DTG curves of (1) copolymer of VMP
with VA (VMP mole fraction 0.50) and (2) PVMP.

ject to hydrolysis; VMP3VA copolymers are hydro-
lyzed faster than VA homopolymers prepared under
the similar conditions. This is probably due to the
fact that the microstructure of the copolymer macro-
chains makes the VA units in the copolymer more
accessible to the hydrolyzing agent. Separate VA units
alternating with VMP blocks are hydrolyzed more
readily, and the maximal degree of hydrolysis is close
to the content of VA units in the copolymers, so that
their conversion is practically 100%.

Thus, hydrolysis of VMP3VA copolymers yields
copolymers of VMP with vinyl alcohol. These sub-
stances are yellow or yellowish powders. Depending
on the composition, the products can be soluble in
organic solvents or water. VMP3HEMA copolymers
undergo practically no changes at attempted base
hydrolysis, because the HEMA units are also highly
resistant to hydrolysis up to 803100oC. The AA units
in VMP3AA copolymer in hydrolysis with NaOH
solutions transform into sodium acrylate units.

Table 8. Effect of the medium on the intrinsic viscosity
[h] of VMP3VA copolymers in toluene at 25oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Copolymerization

³ [h], dl g31, at indicated
³ VMP mole fraction
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ 0.25 ³ 0.75

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Bulk ³ 0.52 ³ 0.89
Emulsion ³ 0.54 ³ 0.76
In water3DMSO mixture³ 0.77 ³ 1.18
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

CONCLUSIONS

(1) The reaction medium affects the relative activ-
ity of N-vinyl-3(5)-methylpyrazole in copolymeriza-
tion and the alternation of units in the resulting co-
polymers. The kinetics of (co)polymerization in the
bulk, emulsion, and water3dimethyl sulfoxide mix-
tures were studied, and the copolymerization constants
were determined.

(2) N-Vinyl-3(5)-methylpyrazole in copolymeriza-
tion with vinyl acetate is more active, which results
in formation of compositionally nonuniform copoly-
mers. Copolymers with a better unit alternation can be
obtained by performing the reaction in emulsion in the
presence of the initiating system manganese tris(ace-
tylacetonate)3acetic acid.

(3) Copolymers of N-vinyl-3(5)-methylpyrazole
with vinyl acetate, 2-hydroxyethyl methacrylate, and
acrylic acid of a wide composition range can be pre-
pared in a water3dimethyl sulfoxide mixture (volume
ratio 7 : 2).

(4) The physicomechanical, thermal, and dielectric
properties ofN-vinyl-3(5)-methylpyrazole were stud-
ied. The strength, heat resistance, and glass transition
point increase with increasing content ofN-vinyl-3(5)-
methylpyrazole.

(5) The possibility of modification ofN-vinyl-
3(5)-methylpyrazole (co)polymers by base hydrolysis
was examined. TheN-vinyl-3(5)-methylpyrazole units
are not hydrolyzed. Depending on the nature of the
comonomer, copolymers soluble in water or organic
solvents can be thus prepared.
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Abstract-The kinetics of copolymerization of acrylamide with magnesium, calcium, and strontium 2-acryl-
amido-2-methylpropanesulfonates in aqueous solutions in the presence of potassium persulfate3sodium hydro-
sulfite initiating redox system at pH 9 and 50oC was studied as influenced by the cation nature.

The radical copolymerization in aqueous solutions
is the main, but still not clearly studied procedure for
preparing copolymers of acrylamide (AA) with salts of
2-acrylamido-2-methylpropanesulfonic acid (H-AMS),
which are widely used in various branches of industry
thanks to their valuable properties [1, 2]. One of the
typical features of copolymerization of the salts of
weak [3] and strong [4] unsaturated acids is the
dependence of the kinetic parameters of synthesis
and characteristics and properties of the resulting
polymers on the cation nature [5]. Such dependences
were found previously for polymerization of salts
of H-AMS with single- [6] and double-charged [7]
cations, and in the course of copolymerization of AA
with single-charged metal 2-acrylamido-2-methyl-
propanesulfonates [8]. In this work we studied the
kinetics of radical copolymerization of acrylamide
with magnesium, calcium, and strontium 2-acryl-
amido-2-methylpropanesulfonates in water and aque-
ous salt solutions as influenced by the cation nature.

EXPERIMENTAL

In our work we used acrylamide purchased from
Mitsubishi Chem. Ind. Ltd. (Japan) (mp 84.5oC),
H-AMS purchased from Lubrizol Corp. (Great Bri-
tain) (mp 186oC), distilled water, and other chemical-
ly pure grade reagents. Magnesium, calcium, and
strontium 2-acrylamido-2-methylpropanesulfonates
were prepared by neutralization of H-AMS (upon
cooling and mixing) in aqueous solution to pH 9 with
suspensions of Mg(OH)2, Ca(OH)2, and Sr(OH)2,
respectively, with subsequent filtration of the undis-

solved residue and were used as aqueous solutions.
The procedures of copolymerization, dilatometric
measurements, and tests were presented previously
in [9]. The shift of the meniscus of the reaction mix-
ture in a dilatometer capillary in the course of reaction
was controlled with a KM-8 cathetometer.

After copolymerization the resulting polymers were
precipitated from aqueous solutions into acetone,
filtered off, washed with acetone, and dried to con-
stant weight in a vacuum at room temperature.

The intrinsic viscosity [h] of copolymer solutions
was measured in a 0.5 M NaCl solution at 25oC using
a VPZh-3 viscometer (dc = 0.56 mm).

The content of ionic groups in copolymer was
determined from the content of sulfur [10].

Copolymerization of AA (M1) with H-AMS salts
(M2) was carried out in concentrated aqueous solu-
tions ([M1 + M2] = 5315 wt %) at pH 9 and 50oC
with the potassium persulfate (PP)3sodium hydrosul-
fite (SHS) redox initiating system. Variation in the
ionic strengths of solutionsm at changing concentra-
tions of the ionic monomer and low-molecular-weight
nonpolymerizing salts does not affect the AA reactiv-
ity, because the rate of its polymerization in aqueous
solutions is independent of salt addition [11, 12].
Solution pH 9 maintained during copolymerization
and utilization of PP initiator provide constant rates
of initiation at changing ionic strengthm, because the
rate of PP decomposition in alkaline solutions is in-
dependent ofm [13]. Moreover, constant pH 9 provides
high polymerization efficiency of the PP3SHS system
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Table 1. Parameters of AA copolymerization withH-AMS salts in aqueous solutions,initial molar ratio [M1 + M2] = 3 : 7
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Monomer
³ [M1 + M2] ³ Salt added ³

v0 0 105, mol l31 s31
³

Yield in 2 h, %
³

[h], cm3 g31ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³
³ M ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Mg-AMS ³ 0.29 ³ 3 ³ 0.58 ³ 63 ³ 57

³ 0.57 ³ 3 ³ 4.08 ³ 68 ³ 84
³ 0.57 ³ MgCl2, 0.4 ³ 5.13 ³ 80 ³ 89
³ 0.57 ³ MgCl2, 0.8 ³ 6.09 ³ 89 ³ 88
³ 0.86 ³ 3 ³ 17.02 ³ 76 ³ 100
³ ³ ³ ³ ³Ca-AMS ³ 0.28 ³ 3 ³ 0.68 ³ 62 ³ 3

³ 0.56 ³ 3 ³ 4.36 ³ 62 ³ 107
³ 0.56 ³ CaCl2, 0.4 ³ 5.43 ³ 98 ³ 106
³ 0.56 ³ CaCl2, 0.8 ³ 6.37 ³ 99 ³ 105
³ 0.84 ³ 3 ³ 19.78 ³ 64 ³ 112
³ ³ ³ ³ ³Sr-AMS ³ 0.26 ³ 3 ³ 0.82 ³ 47 ³ 3

³ 0.51 ³ 3 ³ 6.24 ³ 60 ³ 3

³ 0.51 ³ SrCl2, 0.4 ³ 7.72 ³ 83 ³ 3

³ 0.51 ³ SrCl2, 0.8 ³ 8.32 ³ 86 ³ 3

³ 0.76 ³ 3 ³ 20.13 ³ 61 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

[14], and hinders hydrolysis of H-AMS salts [15] and
imidization of the amide groups possible during
polymerization of AA in concentrated aqueous solu-
tions [16].

Copolymerization was carried out under the homo-
geneous conditions at any conversions, and no spon-
taneous polymerization was observed in the absence
of the PP3SHS initiating system.

The effect of the cation nature on copolymerization
of AA and Mg-, Ca-, and Sr-AMS was studied at
various concentrations of the initial monomer mix-

x, %

t, min

Fig. 1. (133) Initial sections of the kinetic curves of copoly-
merization of AA with (1, 4, 7) Sr-AMS, (2, 5, 8) Ca-AMS,
and (3, 6, 9) Mg-AMS in aqueous solutions. Initial molar
ratio [M1] : [M 2] = 3 : 7; [PP] = 3.90 1034, [SHS] = 2.60
1034 M. (x) Conversion and (t) time. [M1 + M2], wt %:
(133) 15, (436) 10, and (739) 5.

tures M1 + M2; the initial molar ratio [M1] : [M 2] was
3 : 7. The kinetic curves of copolymerization were
obtained by the dilatometric procedure and are shown
in Fig. 1. In all cases the initial sections of the kinetic
curves were linear, and, using them, we determined
the copolymerization initial ratesv0 at low conver-
sions (x < 3%). The resultingv0 values are listed in
Table 1. As seen from Fig. 1 and Table 1,v0, conver-
sion, and [h] of copolymers increase with increasing
concentration of M1 + M2 in the reaction mixture. The
copolymerization ratesv0 and conversion also increase
with increasing concentration of low-molecular-weight
salts (MgCl2, CaCl2, and SrCl2) at constant [M1 +
M2] = 10 wt % (Table 1). Such a change inv0 with
increasing concentrations of the monomer mixture
M1 + M2 and low-molecular-weight additives is due
to the increase inm, which decreases the electrostatic
repulsion between similarly charged sulfonate groups
of the ionic monomers and macroradicals and the
terminal ionic groups in the events of the chain
growth [9].

Table 1 shows that at fixed compositions of the
monomer mixture M1 + M2 v0 increases in the order
Mg2+ < Ca2+ < Sr2+. This dependence is observed
in the absence and in the presence of low-molecular-
weight salts;v0 and [h] increase in parallel in going
from copolymers of AA with Mg-AMS to copolymers
with Ca-AMS (Table 1).

The data on copolymerization at various initial
molar ratios [M1] : [M 2] (Figs. 2, 3) confirm the
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dependence ofv0 and [h] on the nature of double-
charged cation. With Sr-AMS at [M1] : [M 2] > 4 : 6
(Fig. 2) the system was microheterogeneous (thereac-
tion solutions were turbid), and therefore we failed
to determinev0. As seen from Fig. 3, the higher-
molecular-weight copolymers of AA with Ca-AMS
and Mg-AMS are formed in the monomer mixtures
enriched with the ionic monomers.

To explain the observed dependence of the copoly-
merization parameters on the cation nature in H-AMS
salts, we consider the ionization equilibrium of the
ionic groups of the monomers and macroradicals in
the salt solutions:

A3X+ 6
4

A3 99 X+ 6
4

A3 + X+, (1)
I II III

where A3 is the anion of the monomer or macroradi-
cal; X+ is the cation; andI, II , andIII are the contact
ion pairs, ion pairs separated with a solvent, and free
ions, respectively.

The increase inm and degree of binding of the
cations with polyanions shifts the ionization equilib-
rium (1) to the left, decreasing the intra- and inter-
molecular interactions in the reaction system. This
affects the reactivity of H-AMS salts and their macro-
radicals and causes instability in the polymerization
rate constants and copolymerization constants. As
a result, the copolymerization with participation of the
ionic monomer could not be described by classical
equations with fixedr1 and r2.

It is known [17] that with increasing cation radius
r (0.720 1010, 1.000 1010, and 1.260 1010 m for
Mg2+, Ca2+, and Sr2+, respectively [18]) the degree of
the cation binding with polysulfonate anions increases
in the series Mg2+ < Ca2+ < Sr2+.

As a result, the electrostatic repulsion of similarly
charged H-AMS salts with the similar macroradical
decreases in the order Mg2+ > Ca2+ > Sr2+, which
causes the increase inv0 and [h] in the reverse order
Mg2+ < Ca2+ < Sr2+.

The effect of the monomer molar ratio [M1]/[M 2]
in the initial reaction mixture on the composition of
AA copolymers with Mg-AMS and Ca-AMS was
studied at [M1 + M2] = 10 wt %, other conditions
being equal (Fig. 4). In these two copolymer systems
the rate constants of the monomer addition to the dis-
similar macroradical are higher than that to the similar
one, i.e., for AA r1 = k11/k12 < 1 and for H-AMS
salts r2 = k22/k21 < 1. The data given in Fig. 4 for
[M1]/[M 2] = const indicate the enrichment of copoly-

v0, mol l31 s31

M1

Fig. 2. Initial rate of copolymerizationv0 of AA with
(1) Mg-AMS, (2) Ca-AMS, and (3) Sr-AMS as a function
of the AA content in the initial monomer mixtureM1
(mole fraction). [M1 + M2] = 10 wt %, [PP] = 5.20
1034 M and [SHS] = 3.50 1034 M; the same for Fig. 4.

M1

[h], cm3 g31

Fig. 3. Intrinsic viscosity of solutions [h] of AA copoly-
mers with (1) Ca-AMS and (2) Mg-AMS as a function of
the AA content in the initial monomer mixtureM1 (mole
fraction), t = 2 h.

M1
Fig. 4. Composition of AA copolymer with (1) Mg-AMS
and (2) Ca-AMS as influenced by the mole fraction of AA
in the initial monomer mixture M1. (m1) Mole fraction
of AA units in copolymer.
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Table 2. Composition of AA copolymer with H-AMS salts
as influenced by the concentration of the initial monomer
mixture (initial molar ratio [M1] : [M 2] = 3 : 7)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Monomer

³
[M1 + M2],

³ Contents of indicated units
³ ³ in copolymer
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³

M
³ AA ³ H-AMS salt

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Mg-AMS ³ 0.57 ³ 53.0 ³ 47.0

³ 0.86 ³ 47.0 ³ 53.0
³ ³ ³Ca-AMS ³ 0.56 ³ 44.0 ³ 56.0
³ 0.84 ³ 43.0 ³ 57.0
³ ³ ³Sr-AMS ³ 0.51 ³ 39.3 ³ 60.7
³ 0.76 ³ 37.7 ³ 62.3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

mers with ionic monomers on passing from Mg- to
Ca-AMS (passing from curve1 to curve 2).

The data listed in Table 2 illustrate the effect of the
cation nature on the composition of AA copolymers
with Mg-, Ca-, and Sr-AMS at various concentrations
of the monomer mixture M1 + M2, other conditions
being equal. The experimental data at [M1 + M2] =
const illustrate the increase in the content of the ionic
units in the copolymer macromolecule in the series
Mg2+ < Ca2+ < Sr2+, which agrees with results given
in Fig. 4. Our data (Table 2) also show that the in-
crease in the concentration of the reaction mixture
M1 + M2 causes the enrichment of the copolymers
with ionic units. This concentration effect is due to
the increase in the ionic strength of the solutionsm.
With increasingm and binding of cations with poly-
sulfonate anions in the order Mg2+ < Ca2+ < Sr2+ the
electrostatic repulsion of similarly charged particles
becomes weaker, which increasesk22. As a result,
the copolymers are enriched with ionic units (Fig. 4,
Table 2). Similar increase inv0 with increasing cation
radius was found previously in polymerization of Mg-,
Ca-, and Ba-AMS [7] and Ca, Sr, and Ba-p-styrene-
sulfonates [19]. This fact suggests that the effect of
cations on (co)polymerization is a general feature for
salts of strong unsaturated acids.

Thus, the kinetic parameters of copolymerization of
AA with H-AMS salts of double charged cations and
the properties of the resulting copolymers can be con-
trolled by varyingm and the nature of cations in the
ionic monomer.

CONCLUSIONS

(1) Thev0 values increase with increasing concen-
tration of monomers in the M1 + M2 reaction mixture

and with addition of low-molecular-weight salts in the
order Mg2+ < Ca2+ < Sr2+.

(2) The intrinsic viscosity of copolymers [h] in-
creases with increasing concentration of the reaction
mixture M1 + M2 in the following order: Mg2+ <
Ca2+.

(3) The content of the ionic groups increases with
increasing concentration of the reaction mixture M1 +
M2 and in the order Mg2+ < Ca2+ < Sr2+.
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Abstract-The kinetic features of formation and equilibrium swelling in water and aqueous solutions of
metals were considered for new hydrogels based on acrylic acid and methylenebisacrylamide modified with
2-methyl-5-vinyltetrazole in the polymerization stage. The influence of the concentration of the reactants
on the gelation rate and the degree of equilibrium swelling was studied, as well as the influence of 2-methyl-
5-vinyltetrazole on the properties of the copolymers prepared. Possible application fields for the new hy-
drogels were proposed.

Polyacrylate hydrogels find wide application owing
to their unique water-absorbing and immobilizing
power with respect to various media. These properties
are of special value in the context of the present-day
problems of biological medicine and ecology [1, 2].
Incorporation into the polymer structure of complex-
ones, in particular, nitrogen-containing heterocyclic
moieties, intensifies the absorption of aqueous solu-
tions of electrolytes [3]. High complexing power of
the tetrazole ring with respect to heavy and noble
metal ions makes these gels suitable for water treat-
ment application. The immunobiological activity of
polyvinyltetrazoles and copolymers of vinyltetrazoles
with acrylic acid (AA) makes these hydrogels promis-
ing for application in living bodies [4, 5].

The aim of this work is to study the kinetic features
of gelation and the behavior of the gels in electrolyte
solutions, as well as to analyze the mechanism of
formation and interaction of the gel prepared with
solutions of salts of copper, cobalt, nickel, and other
metals.

EXPERIMENTAL

Network copolymers were prepared by radical
polymerization of AA partially neutralized with sodi-
um hydroxide (degree of neutralizationa = 0.830.9),
2-methyl-5-vinyltetrazole (MVT), and methylenebis-
acrylamide (MBAA) as cross-linking agents in an
aqueous solution at 40360oC. The initiator was the
ammonium persulfate3tetramethylethylenediamine
(TMED) redox system. The initial concentrations of
the reactants in polymerization were as follows:

monomer 30, MVT 0370 wt % of the AA mass, and
MBAA 0 30.9 wt % of the monomer mass. Prior to
polymerization, 2-methyl-5-vinyltetrazole1 was puri-
fied by vacuum distillation (bp 80oC at 20 mm Hg).
The other reactants, as well as their purification and
copolymerization procedures, were characterized in
[6]. Polymerization was carried out in ampules; the
reaction mixture was deoxygenated prior to adding the
initiator by passing argon through the solution for
233 min. A specific feature of the experiment was
freezing of AA in a refrigerator at 335oC prior to the
reaction.

The kinetic parameter to be measured was the gela-
tion time as estimated from the time of the onset of
the fluidity loss by the reaction mixture.

The gel structure was investigated by13C NMR
spectroscopy and differential thermal analysis (DTA).
The presence of the tetrazole moiety in the polymer
was judged from the peaks in the IR spectrum atn

1100, 1208, and 1635 cm31 (tetrazole ring vibrations).
The resulting copolymers are thermally stable, as
evidenced by the thermal oxidation analysis data as
processed by the Freeman and Carrol’s method (Ea =
420 kJ mol31).

The copolymers synthesized were kept in distilled
water to remove the sol fraction. The equilibrium
swelling of the gels and the swelling kinetics were
studied by the standard gravimetric method. The
degree of equilibrium swelling was calculated by the
equationQ = (ms 3 md) /md, wherems, g, is the mass
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Synthesized at the St. Petersburg State Technological Institute.
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of the swollen sample, andmd, g, is the mass of the
dried sample [6].

The macrokinetics of the three-dimensional copoly-
merization of AA, MVT, and MBAA have a number
of specific features. As seen from Fig. 1, the plot of
the gelation time (induction period) vs. the MVT con-
centration has a maxumim at the MVT concentration
of 10320 wt % with respect to AA. The cross-linking
agent, MBAA, exerts the expected effect: the induc-
tion period tends to increase, and the gelation rate,
to decrease with decreasing MBAA concentration
from 0.5 to 0.05 wt %. This is consistent with the
mass action law in the gelation macrokinetics. The
fact that at the MBAA concentrations over 0.5 wt %
the gelation point is observed at a later time is due to
the specific features of the gelation mechanism. The
gel based on AA and MBAA, most likely, was formed
by the colloidal-chemical mechanism, as indirectly
noted in a number of works [7]. Dissimilar reactivities
of AA and MBAA are responsible for the formation
at high MBAA concentrations of blocks from the
MBAA units with a low activity of side double bonds
and of intramolecular rings, divinyl loops, and net-
work of engagements [7]. Thus, at the MBAA concen-
tration of 0.9 wt % the hydrogel has a heterogeneous
structure.

The nonlinear dependence of the induction period
on the MVT concentrtation in the reaction mixture can
be explained by the difference in the relative copoly-
merization activity constants:rAA = 0.67 andrVT =
0.29 in the AA35-vinyltetrazole system [8],rAA <
rMBAA [9], as well as by the influence of complexing
with TMED [10, 11], formation of an interpolymeric
complex in AA and MVT polymerization [12], and
formation of ion pairs [8, 12]. It was found [8] that
the carboxy groups from AA participate in hydrogen
bonding with the proton from the tetrazole ring of
unsubstituted 5-vinyltetrazole. As a result, the initial
polymerization rate and the degree of conversion of
the monomers tend to decrease with increasing con-
tent of vinyltetrazole in the monomer mixture. In
our case, MVT can also induce polarization of the
COO3H+ (Na+) group of AA. A greater reactivity of
the AA3MVT3MBAA system compared to the system
without MVT is indicated by the calculated activation
energies of the reaction, namely,Eapp of 120 and
140 kJ mol31 in the former and latter cases, respec-
tively [these parameters were calculated form the plots
of the gelation timetg, min, vs. the synthesis tempera-
ture T (K)]. This fact can be explained by formation
of the redox complex MVT3ammonium persulfate
[13] initiating AA copymerization. Formation of a

t, min

C, wt %
Fig. 1. Gelation timet as a function of the MVT concen-
tration C at different proportions of the cross-linking agent
(MBAA). Initiator (ammonium persulfate) concentration
0.4 wt %. MBAA concentration, wt %: (1) 0.1, (2) 0.2,
(3) 0.9, and (4) 0.5.

Q, g g31

C, wt %

Fig. 2. Equilibrium degree of swellingQ of hydrogels
in distilled water as a function of the MVT concentration
C in the reaction mixture at different concentrations of
MBAA. MBAA concentration, wt %: (1) 0.1, (2) 0.2,
(3) 0.5, and (4) 0.9.

complex with the charge transfer between the persul-
fate ions and the[pyridinium type] nitrogen atom
of MVT, i.e., of the tetrazole3ammonium persulfate
redox system, was observed earlier [12]. Gel forma-
tion was observed in the system without ammonium
persulfate. In that case, weakly cross-linked networks
of predominantly physical nature were formed, as
judged from a large amount of the sol fraction. The
mechanism of such initiation is, evidently, due to
formation of the MVT3TMED complex [10]. A high
reactivity of MVT in gelation is supported by the
13C NMR data: the sol fraction contains no MVT. At
MVT concentrations over 30%, a strong gel is formed
which retains its elasticity and the shape in the equi-
librium swollen state. The analysis of the gelation
mechanism should, probably, take into account the
gel effect, which is indicated by the dependence of
the gelation time on the MBAA concentration.

The influence of the MVT concentration on the
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I, M

logQ [g g31]

Fig. 3. Equilibrium degree of swellingQ of hydrogels
based on AA and MVT as a function of the ionic strength
of the external electrolyteI. MVT concentration in the
reaction mixture 36 wt %.MBAA concentration, wt %:
(1) 0.05, (2) 0.1, and (3) 0.2.

equilibrium degree of swelling of the hydrogel at dif-
ferent proportions of the cross-linking agent MBAA at
20oC is shown in Fig. 2. Based on data in Figs. 1 and
2, it is possible to prepare gels with desired properties
within a certain period. This is essential for solving
specific technical problems. e.g., fabrication of hollow
fibers filled with a water-swelling absorbent. This
problem can be solved, e.g., by selecting appropriate
concentrations of the reactants.

Figure 2 shows that with decreasing proportion of
the cross-linking agent the equilibrium degree of
swelling tends to increase. The influence of the MVT
concentration is ambiguous. In loosely cross-linked
polymers the equilibrium degree of swelling tends
to increase with increasing MVT concentraiton (to
80 wt %). With MBAA concentrations over 0.1 wt %
the plot of the degree of swelling vs. the MVT con-
centration passes through a maximum, which shifts to
lower MVT concentrations with increasing network
density. The decrease in the equilibrium degree of
swelling is due to increase in the proportion of the gel
fraction.

In electrolyte solutions, the hydrogels of interest

Equilibrium degree of swellingQ of the hydrogels based
on AA and MVT at different concentrations of NiCl2,
CoCl2, and CuCl2. MVT concentration 36.6, andMBAA
concentration 0.2 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Salt concen-
³ Q, g g31, in salt solution
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄtration, M ³ NiCl2 ³ CoCl2 ³ CuCl2

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1 0 1035 ³ 544 ³ 556 ³ 546
1 0 1034 ³ 604 ³ 521 ³ 466
1 0 1033 ³ 110 ³ 212 ³ 238
1 0 1032 ³ 17 ³ 11 ³ 26

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

behave as three-dimensional membranes. The ion
distribution pattern for the hydrogel3solution system
varies with the composition of the surrounding solu-
tion (e.g., concentration and the nature of salt of poly-
valent metal) [14]. Figure 3 presents a typical plot
of the equilibrium degree of swelling vs. the ionic
strength of the surrounding solution for polyelectro-
lyte hydrogels differing in the cross-linking density.
It is seen that at the salt (sodium chloride) concentra-
tions over 1034 M the degree of swelling tends to
decrease. The increased concentration of the ions out-
side the hydrogel was observed at salt concentrations
under 10 1034 M. Budtova et al. [2] theoretically
interpreted these phenomena in terms of the Donnan
theory and the diffusion approach. Those authors
treated the gel as an ionic sorbent, and the thermo-
dynamic basis of the phenomenon was considered in
[15, 16]. The equilibrium degree of swelling for the
gel with the metal salt concentrations of 10 1034 M
increases relative to that in distilled water. This can be
explained by the structurization of the solution sur-
rounding the gel, owing to participation of the MVT
units in the system of intermolecular and ionic bonds
[10, 17]. The gels under study collapse with the salt
concentration increasing to 10 1031 M.

The table shows how the equilibrium degree of
swelling varies with the concentrations of selected
salts for hydrogels based on AA and MVT at 16oC.

It is seen that with increasing salt concentration the
equilibrium degree of swelling tends to decrease. The
hydrogels based on AA and MVT have high degrees
of equilibrium swelling in salts compared to those
based on AA. This is due to formation of chelate
complexes with the Co2+, Ni2+, and Cu2+ ions involv-
ing both the tetrazole ring [18] and the acrylate groups
[19]. It was found that the tetrazole-containing gels
decolorize the salt solutions, and the hydrogels based
on AA only partly sorb metals ion.

The swelling of the gels based on AA, MBAA, and
MVT in salt solutions exhibit the following charac-
teristic features that can be explained basing on the
Donnan principle and the diffusion approach. In the
initial stage the hydrogel swells faster in a more con-
centrated solution, and in salt solutions equilibrium is
attained faster than in distilled water.

The swelling of the synthesized hydrogels can be
described by an S-shaped curve (Fig. 4). It is seen that
with increasing MVT proportion in the copolymer the
degree of equilibrium swelling in distilled water tends
to increase. The swelling rate of the copolymers in
the initial stage of the process tends to increase with
increasing MVT proportion in the monomer mixture.
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Q, g g31

t, h

Fig. 4. Degree of swellingQ of hydrogels as a function
of the time t at the cross-linking agent (MBAA) concen-
tration of 0.1 wt %. MVT concentration in the reaction
mixture, wt %: (1) 77 and (2) 36.

Our experiments suggest that the synthesis condi-
tions ensuring the maximal absorption capacity of hy-
drogels based on AA, MVT, and MBAA as cross-link-
ing agent are as follows: ammonium persulfate con-
centration 0.8 wt %, and synthesis temperature 60oC.

CONCLUSIONS

(1) Tetrazole-containing hydrogels based on
acrylic acid, methylenebisacrylamide, and 2-methyl-
5-vinyltetrazole were synthesized for the first time
by radical copolymerization of monomers in aqueous
solution.

(2) The kinetic features of gelation and the proper-
ties of the forming products were studied as influnced
by the monomer ratio and the initiator concentration.
The optimal conditions of preparing hydrogels with
the maximal degree of equilibrium swelling and the
shortest gelation time were determined.

(3) The equilibrium swelling of the gels in dis-
tilled water and solutions of copper, nickel, cobalt,
and sodium salts at room temperature was studied.
The gels exhibit high water-absorbing power in solu-
tions with the salt concentration under 10 1033 M,
namely, up to 600 g g31 for the gels synthesized
at the methylenebisacrylamide concentration in the
monomer mixture of 0.2 wt %. The high absorbing
power of the gels in salt solutions is due to formation
of chelate complexes.

(4) High immobilizing power of the gels prepared
makes them promising for water treatment and selec-
tive binding of metals from salt solutions.
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Abstract-The results of calculating the viscosity of binary nonelectrolyte systems by methods obviating
fitting parameters were compared. A method was proposed for calculating the viscosity ofn-alkanol3n-alkane
solutions with account of the molecular association by the free-volume theory accurately to within 7.9%.

Studies of the concentration dependence of the
viscosity of liquid solutions have recently generated
much interest in the context of many practical prob-
lems [134]. The viscosity as a physicochemical prop-
erty is very sensitive to intermolecular interactions.
For example, experimental data in [5, 6] suggest that
in the water3dimethylformamide (DMF) system the
maximal deviations from additivity make 2% for
density, 9% for heat capacity, and 24% for adiabatic
compressiblity against 197% for viscosity. This trend
is observed for other nonelectrolyte systems as well.
Development of methods for calculating the viscosity
of multicomponent liquid systems is in the scope of
the theory of solutions [739].

By now, the theory of viscosity of liquids has by
no means been developed to completion, and the vis-
cosity of solutions can be calculated practically in
terms of semi-theoretical concepts like the Eyring
theory [10], the free-volume theory [11], or their com-
bination [12]. Also, caclulations can be made by for-
mulas utilizing fitting parameters to be determined us-
ing one or several preset experimental points [13315].

In this work we carry out a comparative analysis of
selected methods for calculating the viscosity of
binary nonelectrolyte mixtures obviating fitting pa-
rameters.

The deviation of the physicochemical properties of
mixtures from their additive values is the greatest in
the vicinity of the equimolar composition. This makes
reasonable analysis of the predictive power of the cal-
culational methods either for the composition corre-
sponding to the maximal deviation from additivity, or
for all the systems at the equimolar composition. In
this work, we chose the latter option.

In [16], we calculated the viscosity of nonelectro-
lyte solutions in terms of the Eyring concept of the
activation nature of viscous flow. The viscosity of
organic liquids and their mixtures is adequately de-
scribed by the formula

h = Aexp (DH# /RT), (1)

whereDH# is the activation enthaply of viscous flow.

Following the Eyring’s assumption that the activa-
tion enthalpy is a fraction of the cohesion energyEcoh:

DH # = Ecoh/n, (2)

we obtained eventually for equimolar mixtures [XA =
XB = 0.5 mole fraction (m.f.)] the relation [16]

D lnh = 3HE /RT(0.5/nA + 0.5/nB) + (DHA
vap 3 DHB

vap)/2RT

0 [(0.5 + jA)00.5/nB + (0.5 + jB)00.5/nA], (3)

whereDHA
vap = EA, coh + RT, DHB

vap = EB, coh + RT is
the enthalpy of vaporization of the components A and
B, respectively;D lnh = lnh 3 0.5 lnhA 3 0.5 lnhB;
h is the dynamic viscosity of the equimolar solution;
hA and hB are the dynamic viscosities of the com-
ponents A and B, respectively; andjA andjB are the
volume fractions of these components, respectively.

Herefrom, the viscosities of the pure components
hA and hB are assumed to be known. TheDHvap

values for the pure components were taken from [17],
and HE, from reference books [18, 19]. The experi-
mental values of the viscous flow activation energy
for solution DH# were determined from the depen-
dence lnhexp = 1/T, i.e, from the experimentalhexp
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values for a binary solution taken from the reference
book [20].

One of the semi-theoretical methods for describing
the viscosity of liquids that obviate fitting parameters
is that based on the free-volume theory relating the
viscosity h to the so-called reduced volume

~
V [11]:

h = Aexp [1/ (
~
V 3 1)], (4)

where

~
V = V/ V*, (5)

V is the molar volume, andV* is the volume occupied
by the liquid molecule (the occupied volume).

The term [occupied volume] is an ambiguous
physical notion that has different definitions [21, 22].
In this work we took advantage of the Flory theory
[23] for calculating

~
V. This theory relates the reduced

volume to the volume expansion coefficienta as

~
V1/3 3 1 = aT/3(1 + aT). (6)

As the a values are usually known for pure solvents
only, formulas (5) and (6) enable calculating

~
VA,

~
VB

and V*A, V*B. In view of the fact that the occupied
volume V* is physically an additive parameter, for
binary mixtures holds

V* = V*A XA + V*B XB. (7)

Hence, the reduced volume of the equimolar mixture
can be determined by the formula

~
V = V / V* = V / (0.5V*A + 0.5V*B). (8)

The viscosity of the equimolar mixture can be cal-
culated as

lnh = 0.5 lnhA + 0.5 lnhB + (
~
V 3 1)31 3 0.5(

~
VA 3 1)31

3 0.5(
~
VB 3 1)31. (9)

Lastly, the Lobe formula [24] enables calculating
the kinematic viscosityn of liquid mixtures by the
empirically established relation

n = jBnBe
aAjA + jAnAe

aBjB, (10)

aB = 31.7 ln (nA/nB),

aA = 0.27ln (nA/nB) + [1.3 ln (nA/nB)]0.5, (11)

where theaB, nB, andjB parameters characterize the
component with a lower viscosity. To change to the
dynamic viscosityh, n is to be multiplied by the
density r (h = nr).

Table 1 presents the results of calculating the
dynamic viscosity in terms of various theories for
30 binary systems containing components of different
chemical nature (h1 was calculated in terms of the
Eyring theory,h2, in terms of the free-volume theory,
andh3, in terms of the Lobe theory). Also presented
are the rms and the maximal deviations of the cal-
culated values from the experiment,sS and smax.
The calculations were carried out for the equimolar
ratio of the components at 298.15 K. The experimental
viscosities of the solutionshexp and pure liquids
(Table 2) were taken from [20, 25, 26]. The volume
expansion coefficientsa of the components required
for calculating the reduced volume by formula (6)
were taken from the reference book [20]; they are
presented in Table 3 along with some other properties
of the pure components. The molar volumes of the
equimolar mixtures of nonelectrolytes taken from
[20, 25, 26] and theV* and

~
V values calculated by

formulas (7) and (8) are presented in Table 4.

All the systems are classified into three groups:
both polar components, a polar and a nonpolar com-
ponent; and both nonpolar components.

Table 1 shows that semi-theoretical methods of
calculating the viscosity, afford, on the average, an
rms deviation under 10%. For systems polar3nonpolar
and polar3polar components, the best results are af-
forded by the Eyring theory (rms deviation of 4.9
and 5.6%, respectively), and for systems nonpolar3
nonpolar components, by the free-volume theory
(sS = 4.5%).

We separately calculated the viscosities of 15 bina-
ry systemsn-alkanol3n-alkane for which the free-
volume theory fairly correctly takes into account the
molecular association (up to now, this was done only
in calculations of thermodynamic properties [27]).

The occupied volumeV*Aassof the associated com-
ponent, similar to theK andjA1 parameters, becomes
in this case a function of the temperature and the
composition of the mixture

V*Aass = V*
A1 + DV0KjA1, (12)

wherejA1 is the mole fraction of the monomers of A
in the mixture as defined by the ratio

jA1 = [2KjA + 1 3 (4KjA + 1)1/2] /2K2jA, (13)
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Table 1. Calculatedh13h3 and experimentalhexp values of the dynamic viscosity of binary nonelectrolyte systems
at the equimolar ratio of the componentsT = 298.15 K)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

System
³ h1 0 103 ³ h2 0 103 ³ h3 0 103 ³ hexp0103

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
³ Pa s

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Polar components

Acetone3DMF ³ 0.479 ³ 0.499 ³ 0.503 ³ 0.502
Acetone3methanol ³ 0.349 ³ 0.382 ³ 0.353 ³ 0.342
Acetone3ethanol ³ 0.399 ³ 0.510 ³ 0.489 ³ 0.430
Acetone3ethyl acetate ³ 0.346 ³ 0.356 ³ 0.363 ³ 0.361
Methanol3THF ³ 0.457 ³ 0.539 ³ 0.521 ³ 0.469
Methanol3triethylamine ³ 0.517 ³ 0.488 ³ 0.417 ³ 0.486
Methanol3chloroform ³ 0.516 ³ 0.511 ³ 0.566 ³ 0.604
Ethanol3triethylamine ³ 0.625 ³ 0.634 ³ 0.498 ³ 0.598
Ethanol3ethyl acetate ³ 0.500 ³ 0.557 ³ 0.575 ³ 0.536
Chloroform3methyl acetate ³ 0.495 ³ 0.404 ³ 0.474 ³ 0.495
Ethyl acetate3methyl acetate ³ 0.389 ³ 0.398 ³ 0.420 ³ 0.387
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
sS, % ³ 4.9 ³ 8.6 ³ 7.8 ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
smax, % ³ 15 ³ 19 ³ 17 ³

³Methanol3chloroform³ Acetone3ethanol ³Ethanol3treiethylamine³

Polar3nonpolar components

Acetone3benzene ³ 0.402 ³ 0.428 ³ 0.453 ³ 0.403
Acetone3hexane ³ 0.263 ³ 0.311 ³ 0.317 ³ 0.298
Acetone3tetrachloromethane ³ 0.512 ³ 0.600 ³ 0.642 ³ 0.514
Benzene3methanol ³ 0.521 ³ 0.558 ³ 0.595 ³ 0.551
Benzene3Propanol ³ 0.828 ³ 0.967 ³ 0.956 ³ 0.846
Benzene3Chloroform ³ 0.579 ³ 0.549 ³ 0.602 ³ 0.563
Benzene3ethanol ³ 0.661 ³ 0.707 ³ 0.768 ³ 0.712
Benzene3ethyl acetate ³ 0.501 ³ 0.491 ³ 0.525 ³ 0.470
Chloroform3hexane ³ 0.310 ³ 0.371 ³ 0.423 ³ 0.372
Chloroform3tetrachloromethane ³ 0.684 ³ 0.651 ³ 0.757 ³ 0.665
Acetonitrile3tetrachloromethane ³ 0.522 ³ 0.598 ³ 0.720 ³ 0.574
Cyclohexane3ethanol ³ 0.826 ³ 0.763 ³ 1.004 ³ 0.868
Cyclohexane3isopropanol ³ 0.983 ³ 1.211 ³ 1.247 ³ 1.018
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
sS, % ³ 5.6 ³ 6.8 ³ 14 ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
smax, % ³ 17 ³ 19 ³ 26 ³

³Chloroform3hexane ³Cyclohexane3iso- ³Acetonitrile3tetra- ³
³ ³propanol ³chloromethane ³

Nonpolar components

Benzene3heptane ³ 0.502 ³ 0.441 ³ 0.488 ³ 0.413
Benzene3cyclohexane ³ 0.646 ³ 0.648 ³ 0.768 ³ 0.610
Benzene3chlorobenzene ³ 0.720 ³ 0.665 ³ 0.701 ³ 0.672
Hexane3heptane ³ 0.357 ³ 0.342 ³ 0.364 ³ 0.341
Hexane3cyclohexane ³ 0.482 ³ 0.489 ³ 0.479 ³ 0.438
Cyclohexane3tetrachloromethane ³ 0.873 ³ 0.848 ³ 0.970 ³ 0.855
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
sS, % ³ 8.6 ³ 4.5 ³ 13 ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
smax, % ³ 22 ³ 12 ³ 26 ³

³ Benzene3heptane ³Hexane3cyclohexane³ Benzene3cyclohexane³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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V*A1 refers to a hypothetical liquid consisting of the
monomers;DV0 = 35.6 cm3 mol31 is the change in
the volume in the association reaction [27], andK is
the alcohol association constant in the Kraetschmer3
Wiebe continuous association model [27].

The V*A1 and K values were taken equal to those
in [27]; they are presented, along with some other
properties of the pure components, in Table 5. For the
occupied volume of the binary equimolar solution we
obtain:

V*ass = (V*A1 + DV0KjA1)00.5 + V*B00.5. (14)

Consequently, in terms of the association model
considered, Eq. (8) for the reduced volume of a binary
equimolar mixture takes the form

V V~
Vass = ÄÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ. (15)

V*ass (V*Al + DV0KjAl)00.5 +V*B00.5

Using the calculated
~
V value for solutions, we cal-

culated by formula (9) the dynamic viscosity of the
mixtures. The molar volumesV of the equimolar
n-alkanol3n-alkane solutions required for calculating
the reduced volumes

~
Vassand

~
V were taken from [20,

28334]. They are presented in Table 6 along with the
V*ass, V*,

~
Vass, and

~
V parameters.

Table 7 presents the calculated dynamic viscosities
for n-alkanol3n-alkane systems at the equimolar ratio
of the components at 298.15 K (h1 in terms of the
Eyring theory,h2 in terms of the free-volume theory,
h3 in terms of the free-volume theory with account of
molecular association, andh4 by the empirical Lobe
method). The experimental viscosities for these solu-
tions and pure liquids (Table 2) were taken from
[20, 31, 32, 34338]. The calculated results (Table 7)
show that the empirical Lobe formula is suitable for
n-alcohol3n-alkane mixtures (with the rms deviation
of 4.2%). The free-volume theory with the molecular
association taken into account affords a closer agree-
ment with the experiment than the classical free-
volume theory (rms deviations 7.9 and 10%, respec-
tively). On the whole, there is no interconnection bet-
ween the nature (polarity) of the mixture components
and the accuracy of the calculational method.

As an illustration, we will calculate the dynamic
viscosity for the equimolar butanol3hexane mixture
by all the calculational methods discussed in this
work.

Eyring theory. (1) Using relation (3), we will de-
termineD lnh for the equimolar mixture {XA = XB =

Table 2. Dynamic viscosity of pure liquids atT = 298.15 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Liquid ³ h 0 103, Pa s
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Acetone [20] ³ 0.301
Acetonitrile [20] ³ 0.348
Benzene [20] ³ 0.598
Butanol [31] ³ 2.550
Hexane ³0.286 [31], 0.296 [35]
Heptane [35] ³ 0.391
Decane [26] ³ 0.832
DMF [20] ³ 0.796
Methanol [20] ³ 0.553
Methyl acetate [25] ³ 0.360
Nonane [26] ³ 0.647
Octane [32] ³ 0.506
Pentanol [34] ³ 3.513
Propanol [35] ³ 1.968
Isopropanol [20] ³ 2.036
Tetrachloromethane [20]³ 0.897
Tetrahydrofuran [20] ³ 0.466
Triethylamine [20] ³ 0.356
Chlorobenzene [20] ³ 0.750
Chloroform [20] ³ 0.533
Cyclohexane [20] ³ 0.869
Ethanol [35] ³ 1.087
Ethyl acetate [25] ³ 0.422

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Properties and parameters of the pure components
at T = 298.15 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Component
³
a 0104,

³ V*, ³ ~V
³

K31 [20]
³ cm3 mol31 ³ [for-

³ ³ [formula (5)] ³ mula (6)]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Acetone ³ 15.20 ³ 54.99 ³ 1.346
Acetonitrile ³ 14.00 ³ 39.92 ³ 1.324
Benzene ³ 12.60 ³ 68.87 ³ 1.299
Hexane ³ 14.00 ³ 99.34 ³ 1.324
Heptane ³ 12.47 ³ 111.5 ³ 1.296
DMF ³ 10.35 ³ 61.72 ³ 1.255
Methanol ³ 12.05 ³ 31.60 ³ 1.288
Methyl acetate ³ 14.85 ³ 59.40 ³ 1.339
Propanol ³ 9.15 ³ 61.09 ³ 1.230
Isopropanol ³ 11.50 ³ 60.21 ³ 1.278
Tetrachloromethane³ 11.30 ³ 76.19 ³ 1.274
Tetrahydrofuran ³ 12.35 ³ 63.25 ³ 1.294
Triethylamine ³ 15.35 ³ 103.5 ³ 1.348
Chlorobenzene ³ 9.95 ³ 81.96 ³ 1.247
Chloroform ³ 13.45 ³ 61.43 ³ 1.314
Cyclohexane ³ 13.05 ³ 83.26 ³ 1.307
Ethanol ³ 10.15 ³ 46.90 ³ 1.251
Ethyl acetate ³ 14.30 ³ 74.07 ³ 1.330
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

826 TOTCHASOV et al.

Table 4. Properties and parameters of equimolar mixtures
of nonelectrolytes atT = 298.15 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

System

³
V [20]

³ V* ³ ~V
³ ³ [formu- ³ [formu-
³ ³ la (7)] ³ la (8)]
ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ cm3 mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
Acetone3DMF ³ 75.40 ³ 58.36 ³ 1.292
Acetone3methanol ³ 57.19 ³ 43.30 ³ 1.321
Acetone3ethanol ³ 66.29 ³ 50.95 ³ 1.301
Acetone3ethyl acetate ³86.34 [25]³ 64.53 ³ 1.338
Methanol3THF ³ 61.00 ³ 47.43 ³ 1.286
Methanol3triethylamine³ 88.22 ³ 67.55 ³ 1.306
Methanol3chloroform ³ 60.76 ³ 46.52 ³ 1.306
Ethanol3triethylamine ³ 97.04 ³ 75.20 ³ 1.290
Ethanol3ethyl acetate ³ 78.76 ³ 60.49 ³ 1.302
Chloroform3methyl ³ 80.66 ³ 60.42 ³ 1.335
acetate ³ ³ ³
Ethyl acetate3methyl ³ 88.90 ³ 66.74 ³ 1.332
acetate ³ ³ ³
Acetone3benzene ³ 81.76 ³ 61.93 ³ 1.320
Acetone3hexane ³ 102.6 ³ 77.17 ³ 1.330
Acetone3tetrachloro- ³ 84.81 ³ 65.59 ³ 1.293
methane ³ ³ ³
Benzene3methanol ³ 65.11 ³ 50.24 ³ 1.296
Benzene3propanol ³ 82.37 ³ 64.98 ³ 1.268
Benzene3chloroform ³ 95.86 ³ 75.42 ³ 1.271
Benzene3ethanol ³ 74.27 ³ 57.89 ³ 1.283
Benzene3ethyl acetate³ 94.09 ³ 71.47 ³ 1.316
Chloroform3hexane ³ 106.6 ³ 80.39 ³ 1.326
Chloroform3tetrachloro-³ 89.28 ³ 68.81 ³ 1.298
methane ³ ³ ³
Acetonitrile3tetrachloro-³ 74.95 ³ 58.06 ³ 1.291
methane ³ ³ ³
Cyclohexane3ethanol ³ 84.32 ³ 65.08 ³ 1.296
Cyclohexane3isopro- ³ 93.29 ³ 71.74 ³ 1.300
panol ³ ³ ³
Benzene3heptane ³ 117.8 ³ 90.19 ³ 1.306
Benzene3chlorobenzene³ 95.86 ³ 75.42 ³ 1.271
Hexane3heptane ³138.0 [26]³ 105.4 ³ 1.309
Hexane3cyclohexane ³ 120.4 ³ 91.30 ³ 1.319
Cyclohexane3tetrachloro-³ 103.1 ³ 79.73 ³ 1.293
methane ³ ³ ³
Benzene3cyclohexane ³ 99.88 ³ 76.07 ³ 1.313
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

0.5 m.f.; HE = 527 [18], for butanolDHV
A = 52300

[17], for hexaneDHB
V = 31 380 [17],H#

A = 18872 [20],
H#

B = 6629 J mol31 [20]; EA, coh = DHV
A 3 RT =

52300 3 8.3140298.15 = 49821,EB, coh = DHV
B 3

RT = 313803 8.3140298.15 = 28901 J mol31; nA =
EA, coh/H#

A = 2.64, nB = EB, coh/H#
B = 4.36; jA =

0.412, jB = 0.588}:

Table 5. Properties and parameteres of associated
components (alkanols) and alkanes atT = 298.15 K [27]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

Component
³

K
³ V ³ V*Al ³ V*

³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
³ ³ cm3 mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
Ethanol ³ 317 ³ 58.66³ 52.19³ 46.90
Propanol ³ 197 ³ 75.12³ 66.32³ 61.09
Butanol ³ 175 ³ 91.98³ 80.89³ 75.70
Pentanol ³ 153 ³ 108.7 ³ 94.37³ 89.20
Hexane ³ 3 ³ 131.5 ³ 3 ³ 99.34
Heptane ³ 3 ³ 144.5 ³ 3 ³ 111.5
Octane ³ 3 ³ 163.5 ³ 3 ³ 127.7
Nonane ³ 3 ³ 178.8 ³ 3 ³ 141.6
Decane ³ 3 ³ 196.0 ³ 3 ³ 156.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

D lnh = 30.493.

(2) We will calculate the dynamic viscosity of the
equimolar mixture (for butanol,hA = 2.5501033 [31],
and for hexane, hB = 0.2860 1033 Pa s [31]):

h = exp (D lnh + 0.5lnhA + 0.5lnhB) = 0.52201033 Pa s.

Free-volume theory. (1) Using formula (5), we
will calculate the reduced volumes of butanol

~
V and

hexane
~
V (for butanol atT = 298.15 KV*A = 75.7 [27],

VA = 91.98 cm3 mol31 [27]; for hexane atT =
298.15 KV*B = 99.34 [27],VB = 131.5 cm3 mol31 [27]):

VA~
VA = ÄÄÄ = 1.215,

V*A

VB~
VB = ÄÄÄ = 1.324.

V*B

(2) Using formula (7), we will calculate the oc-
cupied volume for the equimolar mixture:

V* = 0.5V*A + 0.5V*B = 87.52 cm3 mol31.

(3) Using formula (8), we will determine the re-
duced volume of the equimolar mixture (for the molar
volume of the equimolar mixture butane3hexaneV =
111.6 cm3 mol31 [31]):

V~
V = ÄÄÄ = 1.275.

V*

(4) We will determineD lnh of the equimolar mix-
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Table 6. Properties and parameters of equimolar mixtures alkanol3alkane at T = 298.15 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

System
³ V ³ V* [formula (7)] ³ V*ac [formula (14)] ³ ~V

³ ~VassÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ cm3 mol31 ³ [formula (8)] ³ [formula (15)]

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Ethanol3hexane ³ 95.51 [20]³ 73.12 ³ 73.24 ³ 1.306 ³ 1.304
Ethanol3heptane ³ 102.1 [20] ³ 79.20 ³ 79.33 ³ 1.289 ³ 1.287
Propanol3hexane ³ 103.5 [28] ³ 80.22 ³ 80.34 ³ 1.290 ³ 1.288
Propanol3heptane ³ 110.2 [20] ³ 86.30 ³ 86.43 ³ 1.277 ³ 1.275
Propanol3nonane ³ 127.7 [29] ³ 101.4 ³ 101.5 ³ 1.259 ³ 1.258
Propanol3decane ³ 136.0 [30] ³ 108.6 ³ 108.7 ³ 1.252 ³ 1.251
Butanol3hexane ³ 111.6 [31] ³ 87.52 ³ 87.63 ³ 1.275 ³ 1.274
Butanol3octane ³ 128.0 [32] ³ 101.7 ³ 101.8 ³ 1.259 ³ 1.257
Butanol3nonane ³ 135.8 [33] ³ 108.7 ³ 108.8 ³ 1.249 ³ 1.248
Butanol3decane ³ 144.3 [30] ³ 115.9 ³ 116.0 ³ 1.245 ³ 1.244
Pentanol3hexane ³ 119.5 [20] ³ 94.27 ³ 94.37 ³ 1.268 ³ 1.266
Pentanol3heptane ³ 126.6 [20] ³ 100.4 ³ 100.5 ³ 1.261 ³ 1.260
Pentanol3octane ³ 136.3 [34] ³ 108.5 ³ 108.6 ³ 1.256 ³ 1.255
Pentanol3nonane ³ 144.4 [33] ³ 115.4 ³ 115.5 ³ 1.251 ³ 1.250
Pentanol3decane ³ 152.6 [30] ³ 122.6 ³ 122.7 ³ 1.245 ³ 1.244
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 7. Calculatedh13h4 and experimental (hexp) values of the dynamic viscosity of the systemsn-alkanol3n-alkane
at the equimolar ratio of components (T = 298.15 K)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

System
³ h1 0 103 ³ h2 0 103 ³ h3 0 103 ³ h4 0 103 ³ hexp 0 103

ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ Pa s

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Ethanol3hexane ³ 0.391 ³ 0.433 ³ 0.422 ³ 0.425 ³ 0.439 [35]
Ethanol3heptane ³ 0.569 ³ 0.522 ³ 0.506 ³ 0.520 ³ 0.515 [35]
Propanol3hexane ³ 0.476 ³ 0.583 ³ 0.569 ³ 0.514 ³ 0.549 [35]
Propanol3heptane ³ 0.604 ³ 0.681 ³ 0.660 ³ 0.617 ³ 0.627 [35]
Propanol3nonane ³ 1.054 ³ 0.911 ³ 0.864 ³ 0.874 ³ 0.848 [36]
Propanol3decane ³ 1.299 ³ 1.092 ³ 1.036 ³ 1.069 ³ 1.008 [36]
Butanol3hexane ³ 0.522 ³ 0.677 ³ 0.664 ³ 0.574 ³ 0.639 [31]
Butanol3octane ³ 0.814 ³ 0.885 ³ 0.872 ³ 0.816 ³ 0.798 [32]
Butanol3nonane ³ 1.059 ³ 1.040 ³ 1.008 ³ 0.969 ³ 0.955 [37]
Butanol3decane ³ 1.300 ³ 1.196 ³ 1.156 ³ 1.157 ³ 1.093 [37]
Pentanol3hexane ³ 0.544 ³ 0.927 ³ 0.923 ³ 0.693 ³ 0.783 [20]
Pentanol3heptane ³ 0.716 ³ 1.018 ³ 0.997 ³ 0.807 ³ 0.846 [38]
Pentanol3octane ³ 3 ³ 1.133 ³ 1.107 ³ 0.945 ³ 0.982 [34]
Pentanol3nonane ³ 1.084 ³ 1.234 ³ 1.203 ³ 1.076 ³ 1.069 [37]
Pentanol3decane ³ 1.326 ³ 1.464 ³ 1.424 ³ 1.241 ³ 1.258 [37]

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
sS, % ³ 14 ³ 10 ³ 7.9 ³ 4.2 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
smax, % ³ 31 ³ 20 ³ 18 ³ 12 ³

³Pentanol3hexane³Pentanol3heptane³Pentanol3hexane³Pentanol3hexane³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

ture by the relation

D lnh = (
~
V 3 1)31 3 0.5(

~
VA 3 1)31 3 0.5(

~
VB 3 1)31 = 30.232.

(5) We will calculate the dynamic viscosity of the
equimolar mixture as

h = exp (D lnh + 0.5 lnhA + 0.5 lnhB)

= 0.67701033 Pa s.

Free-volume theory with molecular association
taken into account. (1) Using formula (13), we will
determine the mole fraction of the butanol monomers
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Table 8. Calculatedh13h4 and experimentalhexp values
of the dynamic viscosity of the system butanol (A) +
hexane (B) atT = 298.15 K
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ

XA,
³ h10103³ h20103³h30103³h40103³hexp0103

ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
m.f. ³ Pa s

ÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ
0.073 ³ 0.293 ³ 0.315 ³ 0.309³ 0.311³ 0.306
0.185 ³ 0.321 ³ 0.373 ³ 0.364³ 0.357³ 0.348
0.338 ³ 0.389 ³ 0.478 ³ 0.469³ 0.441³ 0.440
0.438 ³ 0.461 ³ 0.588 ³ 0.575³ 0.516³ 0.539
0.648 ³ 0.743 ³ 0.935 ³ 0.931³ 0.775³ 0.909
0.738 ³ 0.963 ³ 1.166 ³ 1.159³ 0.970³ 1.169
0.868 ³ 1.489 ³ 1.701 ³ 1.693³ 1.459³ 1.688

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* h1 by the Eyring theory,h2 by the free-volume theory with-

out association taken into account,h3 with association taken
into account, andh4 by the Lobe method.

in the systemjAl (for butanolK = 175 atT = 298.15 K
[27], jA = 0.412):

jA1 = [2KjA + 1 3 (4KjA + 1)1/2] /(2K2jA) = 0.00508.

(2) Using formula (12), we will calculate the oc-
cupied volume for the associated componentV*ass(for
butanolV*A1 = 80.89 [27],DV0 = 35.6 cm3 mol31 [27]):

V*
Aass

= V*A1 + DV0KjA1 = 75.91 cm mol31.

(3) We will determine the reduced volume of the
associated component (butanol)

~
Vass with account of

association:
VA~

VA = ÄÄÄ = 1.212.
V*A

(4) Using formula (14), we will determine the
occupied volume for the binary equimolar mixture

V*ass = (V*A1 + DV0KjA1)00.5 + V*B 0 0.5

= 87.63 cm3 mol31.

(5) Using formula (15), we will determine the re-
duced volume of the equimolar solution with account
of association

~
Vass:

V~
Vass = ÄÄÄ = 1.274.

V*ass

(6) We will calculateD lnh for the equimolar sys-
tem by the relation

D lnh = (
~
Vass 3 1)31 3 0.5(

~
VAass 3 1)31 3 0.5(

~
VB 3 1)31

= 30.252.

(7) We will determine the dynamic viscosity of the
equimolar mixture

h = exp (D lnh + 0.5 lnhA + 0.5 lnhB)

= 0.66401033 Pa s.

Lobe method. (1) Using formula (10), we will cal-
culate the kinematic viscosity of the equimolar mix-
ture (atT = 298.15 K the kinematic viscosity of buta-
nol nA = 3.1650 1036 [31], and that of hexane,nB =
0.4370 1036 m2 s31 [31]):

n = jBnBe
aAjA + jAnAe

aBjB = 0.80 1036 m2 s31,

aB = 31.7 ln (nA/nB) = 33.366,

aA = 0.27 ln (nA/nB) + [1.3 ln (nA/nB)]0.5 = 2.139.

(2) The density of the equimolar mixture butanol3

hexane at T = 298.15 K is equal to 0.71780
103 kg m33 [31]. Hence, the dynamic viscosuty of this
system can be calculated ash = rn = 0.71780 103 0
0.80 1036 = 0.5740 1033 Pa s.

Along with the equimolar composition, we also
calculated the viscosity throughout the concentration
range by all the methods utilized in this work for the
butanol3hexane system. The calculated viscosities
(Table 8) show that the results of analysis do not
markedly change for nonequimolar mixtures either.

CONCLUSIONS

(1) The semi-theoretical methods for calculating
the viscosity of the binary mixtures based on the
Eyring theory or the free-volume theory afford virtual-
ly identical accuracy (rms deviation of 439%). The
empirical method affords a lower accuracy (8314%)
for all classes of nonelectrolyte systems (classified
into polar3polar, polar3nonpolar, and nonpolar3
nonpolar component mixtures). The maximal inac-
curacy for all the methods can reach 20326%.

(2) For systemsn-alkanol3n-alkanel set apart for
the viscosity calculations as a separate series, because
they were extensively studied previously, the best
results are afforded, however, by the Lobe method
(4.2%). By taking into account the molecular associa-
tion in terms of the free-volume theory, it is possible
to improve the accuracy (from rms deviation of 10 to
7.9%) in predicting the viscosity of then-alkanol3
n-alkane solutions.
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Abstract-The metal complex systems based on Co(II) and Mn(II) chlorides ande-caprolactam were studied.
Temperatures of the phase transition, activation energy of the electrical conductivity, and mobility of the
charge carriers in the compounds obtained were determined.

In [133], we found that a series of coordination
compounds of transition metal [Co(II), Mn(II), Cu(II),
and V(III)] chlorides cross-link polymers containing
electron-donor groups. Up to now, aromatic diisocya-
nates and related urethane-forming systems were the
main objects of the study of interaction with metal
complexes.

The initial components forming metal-complex
modifying systems can be subdivided in two types. In
the first group, 3d metal chlorides with variable metal
oxidation state [Cu(II), Fe(III), V(III), and Cr(III)] are
used as coordinating centers, andN,N`-diethylhy-
droxylamine and polyoxyethylene glycol, as ligands.
Interaction is accompanied by redox process, and
yields polynuclear complexes in which 3d metal ions
exist in two oxidation states. The resulting reactive
system cross-links polyurethane matrix, enhances its
physicomechanical properties, and substantially (by
a factor of 1043105) increases the electrical conduc-
tivity. It was shown that the cross-linking effect in the
urethane-forming system occurs at a low content of
metal chloride (0.131%).

In the second case, 3d metal chlorides in the lower
oxidation state [Co(II) and Mn(II)] and monoethanol-
amine (MEA) were the initial components for obtain-
ing a metal-complex modifier. It was found that the
reaction of CoCl2 with MEA is completed by forma-
tion of a mixture of mono-, bi-, and polynuclear tetra-
hedral cobalt complexes in which the metal ions keep
their oxidation state and are bound with each other
by chloride bridges.

The ability of metal ions to coordinate the urethane
amide group and thus to cross-link macromolecules
was used in synthesis and studying modifying systems

based on Co(II) and Mn(II) chloride complexes with
e-caprolactam.

It was found that on addition of a CoCl2 (MnCl2)3
MEA mixture thee-caprolactam melt becomes turbid,
and its viscosity increases. Thermooptical study on a
polarization microscope with a thermal stage showed
that the resulting turbid melt is a smectic liquid crys-
tal phase, which is readily identified through charac-
teristic [schlieren] textures. These results were con-
firmed by DSC (Fig. 1).

The intrinsic viscosity was measured for the initial
e-caprolactam and products of the final stage of its
reaction with MnCl23MEA and CoCl23MeA. For
caprolactam, the intrinsic viscosity is close to zero,
while for coordinatede-caprolactam it is 0.027 dl g31.
Such a small increase in the intrinsic viscosity in-

Fig. 1. DSC curves for the (1) CoCl23MEA3e-caprolactam
and (2) MnCl23MEA3e-caprolactam systems. Heating rate
8 deg min31. (T) Temperature. Phase state of the substance:
(C) crystalline, (S) smectic liquid crystal, and (I) isotropic
liquid.
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dicates thate-caprolactam does not polymerize under
reaction conditions.

The change of the chemical composition ofe-cap-
rolactam caused by interaction with the metal-complex
system was controlled by IR spectra. The most charac-
teristic absorption band fore-caprolactam caused by
stretching vibrations of the amide carbonyl group lies
at 1672 cm31. After interaction with the metal-
complex system it shifts to 1678 cm31 and noticeably
broadens. Such changes are characteristic for coor-
dinated carbonyl group and suggest thate-caprolactam
forms coordination bonds with metal complexes in the
CoCl23MEA system.

To study features of mesomorphic phase formed,
we measured the temperature dependences of elec-
trical conductivity in the systems CoCl23MEA3
e-caprolactam and MnCl23MEA3e-caprolactam.
These dependences are shown in Fig. 2 in semi-
logarithmic coordinates. Three sections of the curves
are observed. They can correspond to the crystalline
state (C), mesomorphic state of the smectic type (S),
and state of isotropic liquid (I).

At phase transitions S6 I (at heating) and I6 S
(at cooling), the electrical conductivity changes by
more than an order of magnitude. At C6 S phase
transition, no jump of the electrical conductivity is
observed; however, the break appears in the lns31/T
curve, caused by the change of the activation energy.
The position of this break in the temperature curve
approximately corresponds to the C6 S phase transi-
tion temperature in the DSC curve. Since it is known
that the temperature dependence of the electrical con-
ductivity for organic semiconductors is well fitted by
the Arrhenius equation, we used the equation

s = s0exp [3Ea/kT] (1)

to determine the activation energiesEa of the elec-
trical conductivity. The activation energies, phase
transition temperatures, and conductivities are listed
in the table.

The shape of DSC dependences and the values of
Ea obtained in our work are similar to published data
for other systems [436]. However, we can note cer-
tain features characteristic for the systems studied: the
activation energies of high-frequency and dc electrical
conductivity for the isotropic phase are practically
the same; the temperature range of the mesophase
existence is fairly broad; the electrical conductivity is
several orders of magnitude larger than that described
in the literature (up to 1033 W31 cm31 in the I phase);
the pronounced temperature hysteresis occurs, i.e.

(a)

(b)
s [W31 cm31]ln

C

C

Heating

Heating

Cooling

Cooling

103/T, K31

lns [W31 cm31]

Fig. 2. Temperature dependence of the electrical con-
ductivity s for the (a) CoCl23MEA3e-caprolactam and
(b) MnCl23MEA3e-caprolactam systems.

at sample cooling the temperature interval of the exist-
ence of the mesophase is fairly narrow.

The DSC curves are shown in Fig. 1. For both sys-
tems the melting point varies within the range 503
60oC. The DSC curves were measured up to the corre-
sponding S6 I transitions. The temperature of the
transition into the isotropic liquid was determined
from both the corresponding jumps in the curves of
temperature dependence of the electrical conductivity
and the DSC curves. It is 1163120oC and 1153119oC
for the CoCl23MEA3e-caprolactam and MnCl23
MEA3e-caprolactam systems, respectively.

Phase transfer temperaturesT, activation energiesEa, and
electrical conductivity s for systems MCl23MEA3
e-caprolactam; M = Co, Mn
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Co ³ Mn
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
T, oC: C6 S ³ 55 ³ 57

S6 I ³ 116 ³ 115
I 6 S ³ 65 ³ 45

Ea, eV: for C ³ 1.06 ³ 1.29
for S ³ 0.43 ³ 0.14
for I ³ 0.38 ³ 0.24

s I /sS ³ 15 ³ 23
Ds, W cm31 ³ 8.3501037

3 ³ 1.210 1036
3

³ 1.0001033 ³ 2.7501034

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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(a)

ln I [A]

ln I [A]

(b)

[V]

[V]
Fig. 3. Volt-ampere characteristics of the (a) MnCl23MEA3
e-caprolactam and (b) CoCl23MEA3e-caprolactam systems.
(I) Current and (U) voltage. Sample: (1) initial and (2) after
electrochemical purification.

The volt3ampere characteristics (VAC) measured
for freshly prepared samples are linear at a low field
intensity. At fieldsE > 4 0103 V cm31 they become
sublinear up to saturation. Moreover, the current de-
creases with time. Such a phenomenon is known for
liquid crystals and the other systems with the ionic
conductance and is due to the electrochemical puri-
fication to remove extrinsic ions. After standing for
30 min in the maximal electric field of 20104 V cm31,
the current through the sample decreases and becomes
independent of time. Probably, after the electrochemi-
cal purification to remove extrinsic ions, the volt3
ampere characteristic of samples is mainly caused by
the electronic component of the current. The volt3
ampere characteristics for MnCl23MEA3e-caprolac-
tam and CoCl23MEA3e-caprolactam systems are
shown in Figs. 3a and 3b, respectively. For the system
with CoCl2, both ohmic and nonohmic sections are
described by the Child3Langmuir law. Such a be-
havior of VAC is caused by the following two effects.
At a relatively high current density corresponding to
the strong electric field, the concentration of current

carriers moving in the gap between the electrodes is
fairly large, and these carriers form a space charge.
The next reason of the VAC nonlinearity is the exist-
ence of traps such as impurities, defects of crystal
packing, dislocations, and other lattice defects. These
defects give rise to additional localized levels in the
band gap [7].

At low voltages, injection of current carriers from
the electrode is negligible, and the current obeys the
Ohm law (sectionAB). In the absence of traps, the
current is restricted by the space charge at the voltage
corresponding to pointB. In this point, the concen-
tration of free carriers injected from the electrode
begins to prevail over the thermally equilibrium con-
centration of carriers. After this point, VAC obeys the
Child3Langmuir law and follows theBE line, and the
current I (A cm32) is determined by the equation

meU
I , 10313

77, (2)
d3

whereU is applied voltage (V),m is the carrier mobil-
ity (cm2 V31 s31), e is the dielectric constant, and
d is the distance between the electrodes (cm).

The current stops to be ohmic beginning from the
definite voltageUtr (point B) at which the currents
start to be limited by the space charge. After determin-
ing Utr from the experimental VAC curve for the sub-
stance studied (CoCl23MEA3e-caprolactam system)
and its substitution in Eq. (2), we obtain a formula for
determination of the carrier mobilitym:

m = 1013Id3/(eU2)

All liquid crystal compounds are characterized by
anisotropy of dielectric parameters. In this case, the
average dielectric constant equal to 41 was used for
the CoCl23MEA3e-caprolactam system.

After substitution ofUtr = 73 V from the VAC
curve for the CoCl23MEA3e-caprolactam system in
Eq. (3), we calculated the mobility of charge carriers:
m = 7 0 1034 cm2 V31 s31, which corresponds to the
electronic mobility characteristic typical of organic
semiconductors in the case of hopping (electronic)
conductance.

The volt3ampere characteristic for the MnCl23
MEA3e-caprolactam system after the electrochemical
purification is ohmic; transition to the quadratic sec-
tion at field intensities up to 20 104 V cm31 was not
observed.
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EXPERIMENTAL

The crystal hydrate MnCl2 .4H2O was dried to
MnCl2 .3H2O at 106oC, and CoCl2 .6H2O was dried
at 60oC in a thermal box. Monoethanolamine was
purified by vacuum distillation. Chemically pure
gradee-caprolactam was prepared by recrystallization
of commercial gradee-caprolactam from ethyl acetate.
The reaction of CoCl2 and MnCl2 with MEA was per-
formed with vigorous agitation and heat removal. The
molar ratios MnCl2 : MEA and CoCl2 : MEA was
1 : 10 and 1 : 3.6, respectively. The resulting complex
was introduced directly into thee-caprolactam melt at
the molar ratio [MnCl2] and [CoCl2] : [e-caprolac-
tam] = 1 : 9. The reaction mass was agitated at 90oC
for 30 min. Catalytic amounts of acetonitrile and
2,4-toluylene diisocyanate were also introduced into
the reaction mass.

The IR spectra were registered on a Perkin3Elmer
16PC FT-IR spectrometer with precise fixation of
the light radiation (+1%). The thickness of the spec-
trometric cell was 0.022 cm. Thermograms were ob-
tained on a DSM-2M differential scanning micro-
calorimeter (rate of heating to 200oC 8 deg min31).
The intrinsic viscosity was determined on a Ubbe-
lohde viscometer at 20oC. Phase transitions were reg-
istered with a Polam P-211 polarization microscope
equipped with a thermal stage.

The study of electrophysical characteristics was
reduced to measurement of the temperature depen-
dences of the dc electrical conductivity within the
2903420 K range by the standard method. Platinum
electrodes with optimal size were introduced into the
vessel with the sample studied. To avoid field end
effects, the fixed distance between the electrodes was
substantially smaller than their linear sizes. The tem-
perature was controlled through the change of the
voltage on a thermostat heater and monitored with a
Chromel3Alumel thermocouple (connected with a
V7-21 voltmeter) placed directly in the vessel with the
sample. The electrical resistance of the latter was
measured with a E6-13A teraohmmeter with an error
of 2.5%.

The charge carrier mobility was determined through
recording volt3ampere characteristics at 290 K. The
sample was installed into a specially fabricated cell
of the [sandwich] type: two flat glass plates with
the applied transparent conducting layer of SnO2
were separated by a mica layer with a small window
in which the sample was placed. The thickness of
the gap between the glass plates was equal to the
thickness of the mica layer, which in our case was

4 01035 m. The voltage on the sample (40 V) was fed
from a stabilized V5-9 source. The current was re-
corded on a V7-21 universal voltmeter. The electric
field intensity was varied up to 20 103 V cm31.

CONCLUSIONS

(1) Data on electrical conductivity and conductiv-
ity activation energy show that the compounds ob-
tained by the reaction between MnCl2 (or CoCl2),
monoethanolamine, ande-caprolactam and existing in
the crystalline, liquid-crystalline, and isotropic state
are organic semiconductors.

(2) Phase transitions crystal3liquid crystal and
liquid crystal3isotropic liquid appear in the tempera-
ture dependence of the electrical conductivity as a
break or sharp jump (at the liquid crystal3isotropic
liquid transition). The pronounced temperature hys-
teresis in the heating3cooling cycle is observed.

(3) The electrical conductance of freshly prepared
samples has a mixed ionic-electronic character. After
the electrochemical purification, volt3ampere charac-
teristics of the systems studied are characteristic for
organic semiconductors with hopping electronic con-
ductance.

(4) The transition from ohmic to quadratic (the
Child3Langmuir dependence) section in the volt3
ampere curves of the CoCl23MEA3e-caprolactam sys-
tem is observed. The mobility of charge carriers was
calculated from the inflection point.
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Abstract-Epoxidation of 5-vinyl-2-norbornene withtert-butyl hydroperoxide in the presence of Mo, V, and
Ti compounds was studied. The optimal conditions for synthesis of 2,3-epoxy-5-vinylnorbornane were found.

Recently there has been a great deal of interest in
preparation of new polymeric materials for electron-
ics, electrical and medical engineering, etc. Incorpora-
tion into polymers of hydrocarbon or functional deriv-
tives of norbornene ensures high thermal and chemical
resistance of the resulting materials [133]. Among ali-
cyclic epoxy compounds, the demand for 2,3-epoxy-
5-vinylnorbornane increases because of its extending
application field [3312].

Development and mastering on the pilot scale in
Russia of a process for production of ethylidenenor-
bornene [13] made 5-vinyl-2-norbornene (VNB) avail-
able and created prerequisites for setting up produc-
tion of 2,3-epoxy-5-vinylnorbornane. The feasibility
of selective epoxidation of VNB into mono- and diep-
oxides was demonstrated in [14316].

Recent reviews [17319] reflecting most exhaustive-
ly the present state of studies in the filed of epoxida-
tion of unsaturated cyclic hydrocarbons contain prac-
tically no data on oxidation of VNB with alkyl hy-
droperoxides. Among commercially available alkyl
hydroperoxides [20], we chosetert-butyl hydroper-
oxide (TBHP), since with this agent the products of
hydroperoxide epoxidation of VNB can be separated
most readily.

In this work we studied the features of VNB epoxi-
dation with tert-butyl hydroperoxide, catalyzed with
transition metal compounds.

EXPERIMENTAL

5-Vinyl-2-norbornene was prepared by the Diels3

Alder reaction from cyclopentadiene and 1,3-butadi-
ene [21]; the main substance content in the product

isolated by sharp fractional distillation in a vacuum
was no less than 98.5 wt %. TBHP (99 wt %) was
prepared by oxidation oftert-butyl sulfate with hy-
drogen peroxide [22]. As epoxidation catalysts were
tested molybdenyl ethanediolate MoO2(OC2H4OH)2,
molybdenyl 2,3-butanediolate MoO2[OCH(CH3)CH.

(CH3)OH]2, molybdenyl 2-methyl-2,3-butanediolate
MoO2[OC(CH3)2CH(CH3)OH]2, molybdenyl ethyl-
ene-1,2-bis(salicylidenimine) MoO2(salen), molyb-
denyl resinate MoO2(OCOC19H29), molybdenum
boride MoB, vanadium acetylacetonateV(acac)3,
vanadyl acetylacetonate VO(acac)2, and tetrabutoxy-
titanium Ti(OC4H9)4, which were prepared by appro-
priate procedures [20, 23, 24] or taken as commercial
chemicals. The solvents (chemically pure grade) were
dried before use.

Epoxidation of VNB was performed under nitrogen
in a glass or metallic temperature-controlled vessel
equipped with a magnetic stirrer. In the course of the
experiments, samples of the reaction mixture were
taken and analyzed for the content of TBHP (by iodo-
metric titration [25]) and VNB epoxidation products
(chromatographically, after treatment of the sample
with triphenylphosphine to reduce the unchanged hy-
droperoxide). An LKhM-80 chromatograph equipped
with a thermal conductivity detector and a 30000

3-mm column was used; the stationary phase was 5%
XE-60 on Chromaton N-AW-DMCS (0.2030.25 mm).
The column temperature was 125oC, and the carrier
gas (hydrogen) flow rate, 30 cm3 min31. The content
of VNB and its monoepoxide was determined using
an internal reference (n-tridecane).

The consumption of the initial reactants, VNB and
TBHP, and accumulation of the epoxidation products
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were monitored. As kinetic characteristic was used the
initial rate of consumption of TBHP or VNBW0 or
the apparent rate constantkapp, calculated graphically
from the slopes of the kinetic curves of TBHP con-
sumption in the semilog coordinates. The determina-
tion error of these quantities did not exceed 5%.

The 1H NMR spectrum was taken on a Tesla BS-
567 spectrometer (100 MHz) from a 20% solution of
the sample in CCl4, with HMDS as internal reference.
The IR spectrum was taken on a Shimadzu IR-4354
spectrophotometer in the range 40003400 cm31 from
a thin film between NaCl plates. VNB monoepoxide
isolated from the reaction mixture by fractional vacu-
um distillation had the following constants: bp 64.53

65.5oC at 1.13 kPa,d4
20 = 1.0224 g cm33, andnD

20 =
1.4875. Published data: bp 53356oC at 4.5 mm Hg
[26], 37oC at 20 mm Hg [4] (the latter value is prob-
ably a misprint; 2.0 mm Hg seems to be correct);
nD

20 = 1.4870 [14].

Catalytic epoxidation of VNB with tert-butyl
hydroperoxide at 803100oC and molar ratio VNB :
TBHP = 3 : 1 yields exclusively a mixture of isomeric
monoepoxides exo-2,3-epoxy-5-vinylnorbornane (I )
and 5-epoxyethyl-2-norbornene (II ):
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The chromatogram of the VNB epoxidation prod-
uct contains two peaks in a 92 : 8 ratio. The structure
of the VNB epoxidation product was studied by1H
NMR and IR spectroscopy [27329]; the spectra were
compared with those of the initial VNB [30]. The
major signals in the1H NMR spectrum of the VNB
epoxidation product can be assigned toI , d, ppm:
5.75 m (H8), 5.0 q (H9), 2.95 q (H2 and H3), 2.25 m
(H5), 2.4 m (H1 and H4), 1.7 m and 0.75 m (2H6),
1.35 m and 1.1 m (2H7); these parameters are identi-
cal to those obtained in [3, 4]. CompoundII is de-
tected as an impurity; the corresponding signals are
weak, d, ppm: 6.10 m, 5.95 m (H3 and H2); 2.8 m
(H8); 2.65 m, 2.15 m (2H9).

IR spectrum,n, cm31: 3068 m, 3040 s (nC3H in
epoxy ring), 2966 s, 2864 s, 1636 s (nC=C, 3C=CH2),
1461 m, 1446 m, 1424 w, 1377 s, 1321 m, 1280 w,
1265 m, 1236 w, 1223 w, 1158 w, 1087 w, 1028 w,
994 s (d=C3H), 980 s, 910 s (d=C3H), 866 s, 845 s
(nC3O), 790 w, 764 w, 723 w, 661 w. The spectrum
also confirms formation ofI as the major product [4].

Selective hydroperoxide oxidation of VNB across the
norbornene double bond was also noted in [14, 16].
Diepoxide derivatives of VNB are formed only with a
large excess of TBHP, or by epoxidation of VNB
monoepoxides.

Epoxidation of VNB in the presence of metal com-
plexes can be accompanied by side reactions: radical
decomposition of TBHP and reaction of the resulting
VNB epoxide with tert-butyl alcohol. Experiments
showed that the contribution of these reactions is
small, and VNB epoxidation occurs selectively with
a high conversion of TBHP. Also, epoxidation and
subsequent isolation of the products can be accompa-
nied by formation of polymers; this was prevented by
adding an inhibitor, 4-tert-butylpyrocatechol (50
1033 wt %), to the initial VNB.

We have performed several series of experiments
in which we varied the initial concentrations of TBHP
and catalyst in the reaction mixture, the molar ratio
VNB : TBHP, and the reaction temperature and time.
The influence of various factors on epoxidation of
VNB is illustrated by Table 1.

The concentration of the catalyst, MoO2(OC2H4 .

OH)2, was varied from 1.90 1034 to 23.30 1034 M,
which corresponds to the molar ratio Mo : TBHP from
1 0 1034 : 1 to 120 1034 : 1. We found that, as the
catalyst concentration is increased, the TBHP conver-
sion grows and the yield of VNB epoxide (mixture of
isomers I and II ) based on reacted TBHP (reaction
selectivity) passes through a maximum. At the molar
ratio Mo : TBHP = 120 1034 : 1 the reaction selectiv-
ity decreases owing to accelerated thermocatalytic
decomposition of TBHP. In further experiments on
epoxidation of VNB we took the molar ratio Mo :
TBHP = 60 1034 : 1 ensuring reproducibly high yield
of the target product.

With increasing initial concentration of TBHP in
the reaction mixture from 0.97 to 1.95 M at the molar
ratio VNB : TBHP = 3 : 1, the TBHP conversion
increases, but the yields of VNB epoxide based on
reacted TBHP and VNB decrease insignificantly. The
best concentration of TBHP is 1.95 M (19.8 wt %); in
this case the output of VNB epoxide from the unit of
the reactor volume is the highest.

As noted in [20], olefins facilitate heterolytic de-
composition of organic hydroperoxides. As the molar
ratio VNB : TBHP is increased from 1 : 1 to 3 : 1, the
conversion of TBHP increases from 77 to 98% and
the yield of VNB epoxide based on reacted TBHP
increases from 84.0 to 96.7 mol %. Taking VNB in
more than threefold molar excess is not appropriate,
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Table 1. Influence of various factors on epoxidation of VNB withtert-butyl hydroperoxide in the presence of the catalyst,
MoO2(OC2H4OH)2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial concentration, M ³
Solvent

³
T, oC

³
t, min

³
K,* %

³
Yield,** mol %ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³

TBHP ³ VNB ³ [Mo] 0 104 ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

1.95 ³ 5.85 ³ 1.9 ³ 3 ³ 100 ³ 60 ³ 92.3 ³ 93.5/95.2
1.94 ³ 5.85 ³ 5.8 ³ 3 ³ 100 ³ 60 ³ 97.6 ³ 97.4/96.0
1.95 ³ 5.85 ³ 11.8 ³ 3 ³ 100 ³ 60 ³ 98.1 ³ 96.7/95.8
1.94 ³ 5.85 ³ 23.3 ³ 3 ³ 100 ³ 60 ³ 99.5 ³ 78.4/93.9
0.97 ³ 2.90 ³ 5.8 ³ Toluene ³ 100 ³ 60 ³ 77.8 ³ 98.9/98.6
1.30 ³ 3.90 ³ 7.8 ³ " ³ 100 ³ 60 ³ 93.3 ³ 97.8/97.2
1.95 ³ 1.95 ³ 11.8 ³ " ³ 100 ³ 60 ³ 77.0 ³ 84.0/95.6
1.95 ³ 3.90 ³ 11.8 ³ " ³ 100 ³ 60 ³ 93.5 ³ 93.3/96.2
1.95 ³ 5.85 ³ 11.8 ³ 3 ³ 80 ³ 60 ³ 86.1 ³ 98.2/98.5
1.94 ³ 5.85 ³ 11.7 ³ 3 ³ 90 ³ 30 ³ 86.3 ³ 99.0/99.2
1.94 ³ 5.85 ³ 11.7 ³ 3 ³ 90 ³ 60 ³ 92.0 ³ 97.5/96.8
1.94 ³ 5.85 ³ 11.7 ³ 3 ³ 90 ³ 90 ³ 95.4 ³ 96.8/94.7
1.95 ³ 5.85 ³ 11.8 ³ 3 ³ 100 ³ 30 ³ 94.7 ³ 97.9/97.6
1.94 ³ 5.85 ³ 11.7 ³ 3 ³ 110 ³ 60 ³ 98.8 ³ 92.4/94.3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (K) Conversion of TBHP; ** yield of VNB based on reactedTBHP (in numerator) and on reacted VNB (in denominator).

because it will require additional power consumption
for recovery of recycled VNB.

With increasing tempertature, the conversion of
TBHP increases, but the epoxidation selectivity de-

(a)

(b)

t, min

C, M

t, min
Fig. 1. (a) Variation with timet of the TBHPconcentration
C in the course of VNB epoxidation and (b) the same
curves in the semilog coordinates. Solvent toluene; initial
concentrationC0, M: TBHP 1.23, VNB 3.65, and Mo 7.40
1034. Temperature,oC: (1) 80, (2) 90, and (3) 100.

creases, especially above 110oC. At 100oC epoxida-
tion is practically complete in 60 min. The residual
TBHP concentration is less than 0.4 wt %, which
allows safe isolation of VNB epoxide from the reac-
tion mixture.

Kinetic study of VNB epoxidation at 803100oC
showed that the hydroperoxide is consumed without
noticeable induction period owing to high reactivity
of VNB; the reaction rate is described by a first-order
equation with respect to TBHP (Fig. 1). Certain decel-
eration of VNB epoxidation is observed at hydroper-
oxide conversions exceeding 70%. The temperature
dependence of the apparent rate constantkapp (s31) of
VNB epoxidation with tert-butyl hydroperoxide in
toluene, catalyzed with MoO2(OC2H4OH)2, has the
form kapp = 5.260 105exp(358968/RT).

It is known [20] that the solvent used in hydroper-
oxide epoxidation of olefins appreciably affects each
elementary stage of oxidation, primarily by affecting
the solvation environment of the catalyst and the com-
plexing power of the solvated catalyst toward the
components of the reaction mixture. As a result, the
epoxidation rate and selectivity are largely solvent-
dependent. Studies of the solvent effect (Table 2)
showed that the initial rate of TBHP consumptionW0
in the course of VNB epoxidation decreases in the
order toluene > chlorobenzene > octane > isobutanol.
There is no clear correlation ofW0 with the dielectric
permittivity of the solvent. With a mixed solvent
alcohol3aromatic hydrocarbon, epoxidation of VNB
is accelerated, which is probably due to activation of
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Table 2. Solvent effect on epoxidation of VNB, catalyzed with MoO2(OC2H4OH)2 at 100oC. Initial concentration of
TBHP 1.95 M, molar ratio VNB : TBHP = 2 : 1, Mo : TBHP = 60 1034 : 1
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Run no.³ Solvent ³ e [34] ³ W0 0 103, mol l31 s31 ³ K,** % ³ S,** mol %
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³Octane ³ 1.95 ³ 3.5 ³ 77.5 ³ 90.8
2 ³Toluene ³ 2.38 ³ 5.1 ³ 87.2 ³ 94.5
3 ³Chlorobenzene ³ 5.61 ³ 4.6 ³ 82.0 ³ 88.9
4 ³Isobutanol ³ 17.7 ³ 1.7 ³ 56.8 ³ 76.6
5 ³Isobutanol3toluene ³ 3 ³ 8.3 ³ 99.5 ³ 82.1
6 ³Isopropanol3toluene ³ 3 ³ 9.2 ³ 98.9 ³ 82.6
7 ³ 3 ³ 3 ³ 6.5 ³ 94.7 ³ 97.9

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Molar ratio VNB : TBHP 1 : 1 in run nos. 5 and 6 and 3 : 1 in run no. 7.

** ( K) Conversion of TBHP in 30 min and (S) selectivity.

the molybdenum catalyst. Under certain conditions
alcohol forming a stronger complex with the catalyst
weakens the ligand3molybdenum bonds to such an
extent that their fast exchange with the olefin becomes
possible. The influence of alcohol on epoxidation of
olefins was discussed in [31]. To ensure higher selec-
tivity, it is appropriate to perform epoxidation of VNB
without a solvent.

As VNB epoxidation catalysts we used the com-
pounds of the most active transition metals [32]: Mo,
V, and Ti (Table 3). It is seen from these data that
in the presence of molybdenum catalysts, which are
readily soluble in the reaction mixture, epoxidation of
VNB occurs selectively with a high conversion of
TBHP. The catalytic activity of the tested Mo cata-
lysts shows no noticeable dependence on the ligand.
The heterogeneous catalyst MoB ensures a higher
selectivity of VNB epoxidation, but the reaction rate
is lower. Sapunovet al. [33] revealed a correlation of
the catalytic activity of organometallic epoxidation
catalysts with the acceptor power of the metal ion,
characterized by the specific charge of the metal ion
z/r2, where z is the charge andr, the radius of the
metal ion [34]. Table 3 shows that the activity of the
catalysts decreases in the order Mo > V > Ti,i.e.,
with decreasing specific charge of the metal ion.

CONCLUSIONS

(1) The optimal conditions were determined for
epoxidation of 5-vinylnorbornene withtert-butyl hy-
droperoxide in the presence of a soluble molybdenum
catalyst, providing the reaction selectivity of 963

98 mol %: initial concentration oftert-butyl hydro-
peroxide 1.95 M, molar ratios 5-vinyl-2-norbornene :
tert-butyl hydroperoxide = 3 : 1 and Mo :tert-butyl

hydroperoxide = 60 1034 : 1, 100oC, and reaction
time 60 min.

(2) The apparent activation energy of epoxidation
of 5-vinyl-2-norbornene is 59 kJ mol31.

(3) Analysis by gas3liquid chromatography and
1H NMR and IR spectroscopy shows that epoxidation
of 5-vinyl-2-norbornene yieldsexo-2,3-epoxy-5-vinyl-
norbornane and a minor amount of isomeric 5-epoxy-
ethyl-2-norbornene.

(4) The activity of catalysts in epoxidation of 5-vi-
nyl-2-norbornene decreases in the order Mo > V > Ti,

Table 3. Catalytic activity of transition metal compounds
in epoxidation of VNB with tert-butyl hydroperoxide.
90oC; reaction rime 30 min; initial concentration of TBHP
1.94 M; molar ratios VNB : TBHP = 3 : 1, Mo : TBHP =
6 01034 : 1, V : TBHP = 60 1034 : 1, and Ti : TBHP =
6 0 1033 : 1
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Catalyst* ³ K, % ³ S, mol % ³ A,** s31³ z/r2**
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
MoO2(OR1)2 ³ 86.3 ³ 99.0 ³ 1.54 ³ 15.61
MoO2(OR2)2 ³ 95.8 ³ 98.6 ³ 1.70 ³ 15.61
MoO2(OR3)2 ³ 96.6 ³ 98.6 ³ 1.71 ³ 15.61
MoO2(OCOR4) ³ 98.9 ³ 94.8 ³ 1.68 ³ 3

MoO2(salen) ³ 97.8 ³ 98.2 ³ 1.72 ³ 3

MoB ³ 68.2 ³ 96.3 ³ 1.18 ³ 3

V(acac)3 ³ 43.0 ³ 85.1 ³ 0.66 ³ 3

VO(acac)2 ³ 50.9 ³ 86.4 ³ 0.79 ³ 14.36
Ti(OC4H9)4 ³ 23.7 ³ 77.9 ³ 0.03 ³ 8.65
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* R1 = C2H4OH, R2 = CH(CH3)CH(CH3)OH, R3 = C(CH3)2 .

CH(CH3)OH or CH(CH3)C(CH3)2OH, R4 = C19H29 (residue
of a tricyclic carboxylic acid like abietic acid), salen =
N,N-bis(salicylidene)ethylenediamine OC6H4CH=NC2H4N=
CHC6H4OH, acac = acetylacetonateOC(CH3)=CHCOCH3.

** ( A) Molar catalytic activity equal to the amount of VNB
epoxide (moles) formed in 1 s on 1 mol of the catalyst;
(z/r2) specific charge on the metal ion.
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with a decrease in the specific charge of the metal
ions.
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Abstract-Thermal degradation of polyvinylpyrrolidone was studied by thermogravimetry, IR spectroscopy,
and thermal-desorption mass spectrometry.

Due to high complexing and adhesion properties,
nontoxicity, and solubility in water and most organic
solvents polyvinylpyrrolidone (PVP) is widely used in
various branches of industry [1]. Along with common
use of PVP in medicine, pharmacology, and textile
industry, studies are actively pursued aimed at prepar-
ing new materials on its basis. Among them prepara-
tion of new copolymers and polymer blends including
organic-inorganic hybrid materials and nanocom-
posites is the most promising. Such polymer3silica
composites based on PVP were prepared by adsorp-
tion procedure [2, 3] or by grafting to the surface of
solid particles with formation of covalent bonds bet-
ween the polymer and SiO2 [4, 5]. Previously, the
PVP3silica materials were used to prepare selective
membranes [6, 7], optical materials [8, 9], and chro-
matographic supports [10, 11].

In highly filled polymeric systems the fraction of
PVP units directly contacting with the silanol surface
groups of silica increases. It is known that the degree
of filling and the nature of the surface active groups of
dispersed filler significantly affect thermal and ther-
mal oxidative degradation of polymeric materials [12].
Since for PVP such data are lacking, the study of
thermal transformations of PVP in the adsorption
layers of various thickness on the surface of finely
dispersed silica is urgent.

EXPERIMENTAL

In our work we used medical-grade PVP (Sintvita,
Russia) with an average molecular weight of 10700
and A-300 Aerosil pyrogenic silica (Khlorvinil,
Ukraine) with a specific surface area of 320 m2 g31.

The samples were prepared as follows. First, a
dispersion of silica and a 10% solution of PVP in

distilled water were prepared, and the required amount
of the PVP solution was added to the silica dispersion.
Then the resulting mixture was thoroughly mixed and
after 1-h storage deposited on glass plates as thin
layers, which were dried at 80oC for 435 h. The prod-
uct was ground in an agate mortar and additionally
dried at 80oC for 1 h.

The silica samples with sorbed PVP were analyzed
for the carbon content on an AN-7529 express analyz-
er by combustion in an oxygen flow. The specific sur-
face area was determined by low-temperature desorp-
tion of argon according to the standard procedure.
The properties of the resulting PVP3silica samples are
listed in Table 1.

Thermal analysis was carried out using a Q-1500 D
derivatograph. The measurement parameters were as
follows: 500, 500, and 250mV for TG, DTA, and
DTG, respectively; sensitivity 200 mg, and heating
rate 10 deg min31. The samples (300.16+0.24 mg)
were heated in a ceramic crucible.

The IR spectra were taken from pressed samples
(536 mg cm32). The thermal transformations were
studied using a heated quartz cell (CaF2 optics). The

Table 1. Properties of PVP3silica samples
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Sample
³

Carbon
³ PVP content ³ Ssp,³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´

no. ³ content, %³ % ³ mmol g31 ³ m2 g31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 3.8 ³ 5.8 ³ 0.52 ³ 258
2 ³ 8.2 ³ 12.6 ³ 1.14 ³ 217
3 ³ 11.0 ³ 16.9 ³ 1.52 ³ 183
4 ³ 15.8 ³ 24.3 ³ 2.19 ³ 128
5 ³ 19.0 ³ 29.3 ³ 2.64 ³ 65

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
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, oC

Fig. 1. DTG curves of the samples of pyrogenic silica with
sorbed PVP: (dm/dt) rate of the weight loss and (T) tem-
perature. The figures at the curves correspond to sample
nos. in Table 1; the same for Fig. 4.

sample was heated in a spectral cell for 15 min in air
and then evacuated for 131.5 min without cooling.
The IR spectra were registered after cooling of the
sealed cell to room temperature. Then the temperature
of the spectral cell was increased and the measurement
cycle was repeated. The IR spectra were registered
on a Specord M-80 spectrophotometer.

The mass-spectrometric measurements were carried
out on a vacuum thermal-desorption unit with a heated
quartz cell. The mass spectra were registered on an
MKh 7304 spectrometer equipped with a computer
system for registration and treatment of the experi-
mental results. The sample weight was 2.0+0.3 mg.

The average molecular weight of the PVP used in-
dicates that the polymer molecule contains about
96 monomeric units

H C3CHccg
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High solubility of PVP in water allowed prepara-
tion of silica dispersions in the PVP solution in a wide
concentration range of components. The presence of
the silanol groups on the silica surface and the tertiary
amine and carbonyl groups in the polymer molecule
suggests strong adsorption interaction. However, it
was found [13] that in the hybrid PVP3silica material
the polymer and SiO2 are bound only through the

hydrogen bonds between the carbonyl and silanol
groups.

The IR spectra of the PVP3silica samples studied
exhibit the bands of stretching vibrations of the
SiO3H groups (3748 cm31) that do not participate in
bonding with carbonyl groups. With increasing poly-
mer concentration the intensity of the absorption band
of the C=O group (1664 cm31) increases, whereas the
band at 3748 cm31 decreases and finally completely
disappears. With decreasing PVP concentration the
fraction of the units in the polymer chain interacting
with the silanol groups on the silica surface increases.
These results agree with the data on the sorption of
PVP on silica [3].

With increasing content of the polymer the specific
surface area of the samples decreases because of
the increase in the layer thickness of sorbed PVP
(Table 1).

The DTG curves of the PVP3silica layers are
shown in Fig. 1. The firstpeak with the maximal
weight loss for all the samples occurs at 1003115oC
and corresponds to the removal of water physically
sorbed on the silica surface [14]. The DTG curves for
sample nos. 235 exhibit three steps of the weight loss,
and only in the case of sample no. 1 thermal oxidative
degradation proceeds in two steps. The parameters of
the weight loss during thermal degradation are given
in Table 2. The weight loss in the 20031000oC range
is taken as 100%. In each sample the temperature
boundary between the degradation steps was deter-
mined as the point of the minimal rate of the weight
loss.

As seen from the above data, despite different
width of the temperature range of the first step of oxi-
dative degradation, the temperature maxima of all the
samples occur in the narrow range: 3153325oC. Simi-
lar pattern is observed for the second step of oxidative
thermolysis:Tmax is 4203425oC, except sample no. 1.

The third stage of degradation is characterized by
a lower rate of the weight loss. In this case the DTG
curves exhibit a broad peak whoseTmax increases
from 570 to 660oC with increasing content of PVP
in the sample.

The TG analysis reveals two stages of thermal oxi-
dative degradation with nearly equal weight losses.
The first stage proceeds in two steps, and their param-
eters change depending on the amount of sorbedPVP.
With decreasing content of PVP in the sample the
relative contribution of the weight loss in the second
step decreases. As seen, in sample no. 1 the first stage
of thermolysis proceeds in one step. The second stage
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Table 2. Weight loss Dm in the steps of thermal oxidative degradation of the PVP3silica samples
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Sample no.
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4 ³ 5 ³ PVPin

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Temperature range,oC ³ 2003415 ³ 2003390 ³ 2003380 ³ 2003370 ³ 2003340 ³ 2003395
Dm, % ³ 43.6 ³ 41.4 ³ 38.7 ³ 23.6 ³ 23.6 ³ 13.4

³ ³ ³ ³ ³ ³Temperature range,oC ³ 3 ³ 3903465 ³ 3803470 ³ 3703465 ³ 3603485 ³ 3953495
Dm, % ³ 3 ³ 17.1 ³ 19.5 ³ 20.6 ³ 27.1 ³ 58.1

³ ³ ³ ³ ³ ³Temperature range,oC ³ 41531000 ³ 46531000 ³ 47031000 ³ 46531000 ³ 48531000 ³ 49531000
Dm, % ³ 56.4 ³ 41.5 ³ 41.8 ³ 55.8 ³ 49.3 ³ 20.3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

of thermal oxidative degradation occurs in one step,
with similar weight loss for all the samples.

For comparison, we performed the TG analysis of
the initial PVP under the conditions similar to those
used for the PVP3silica samples. The weight com-
position of the sample was comparable with that of
sample no. 5: 100 mg of the polymer was mixed with
200 mg of the inert filler. As seen, the parameters of
thermal oxidative degradation of this sample are sig-
nificantly different. The first peak of the weight loss
at Tmax 105oC belongs to the removal of water, whose
presence is manifested by a broad band at 30003
3600 cm31 in the IR spectrum. The most intense
weight loss is observed in a narrow temperature range
(Table 2). Thermal degradation of the initial PVP
powder without filler (137 mg) exhibits nearly similar
results. The main weight loss (75%) occurs in the
3303430oC temperature range.

As seen from the data on the weight loss (Table 2),
adsorption of PVP on the pyrogenic silica surface in-
duces intense oxidative degradation of the polymer
at lower temperatures, but hinders oxidation of the
carbonized residue.

Adsorption of the PVP molecules on the silica sur-
face decreases the flexibility of the molecular chains,
causing the nonequilibrium strained state of the poly-
mer chain [15]. As a result, the strained sections that
appeared in macromolecule more readily undergo
thermal oxidation, and thus the volatile products can
appear under milder conditions. According to [16], the
volatile products of PVP oxidation at 3003400oC are
carbon dioxide and pyrrolidone. We assume that the
TG peak atTmax 320oC belongs specifically to the
stage of thermal oxidative degradation of the strained
sections of the polymer chain. The relative weight loss
in this stage decreases with decreasing weight fraction
of silica and thus with decreasing surfacearea of silica
in the sample.

The stage of oxidative degradation atTmax 420oC
was observed for all the samples containing more than
12% PVP. This stage involves thermal degradation of
the polymer chains occurring in the adsorption layer
at a larger distance from the silica surface. The rela-
tive weight loss in this step increases with increasing
content of PVP in the sample.

The IR spectroscopic study of thermal oxidative
degradation of the PVP3silica samples in air was per-
formed by heating in steps according to the procedure
given above. The IR spectra of sample no. 1 registered
in the 203600oC range are shown inFig. 2a. As seen,
a new absorption band appears at 160031800 cm31.

The dependences of the intensity of the selected
absorption bands on the temperatures of thermal
degradation are shown in Fig. 2b. Above 200oC a new
absorption band appears at 1712 cm31 and reaches
the highest intensity at 300oC. At this temperature the
majority of the C3H groups is broken down (Fig. 2b,
curves1, 4) and the sample becomes brown. The IR
spectrum of sample no. 5 with the highest content of
PVP exhibits an absorption band at 1770 cm31 after
heating to 3003350oC (Fig. 2c).

Appearance of new absorption bands in the course
of thermal degradation is probably due to the change
in the environment of the carbonyl groups of the
sorbed polymer, with formation of double bonds. The
stretching vibration band of the C=O groups con-
jugated with these double bonds is observed at
1720 cm31 [17]. With increasing layer thickness of
the adsorbed polymer more complex cyclic structures
involving carbonyl groups and oxygen atoms in the
polymer chain can appear. The frequencies of the
C=O groups in such structures are 174031800 cm31

[17].

The thermal degradation of the adsorbed polymer
in vacuum was monitored by the composition of the
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(a)A, %

n, cm31

(b)

T, oC

(c)A, %

n, cm31

Fig. 2. (a) IR spectra of sample no. 1 (1) at room tempera-
ture and (2) after heating for 15 min to 600oC in air and
evacuation for 1 min (intermediate spectra correspond to
intermediate heating temperatures); (b) optical densityD =
logI0/I at (1) 1428, (2) 1660, (3) 1712, (4) 2924, and
(5) 3748 cm31 as influenced by the temperature of thermal
treatmentT, and (c) IR spectra of sample nos. (1, 2) 1 and
(3, 4) 5 after heating for 15 min in air at 300 and 350oC and
evacuation for 1 min. (A) Transmission and (n) wave
number.

volatile degradation products using mass spectrom-
etry. It was found that the degradation of PVP with
liberation of pyrrolidone begins at approximately
100oC in all the samples studied. This low-tempera-
ture step in the PVP degradation suggests that similar
process occurs in air simultaneously with removal of
water from the samples. We failed to separate the
contributions of these processes to the weight loss
using IR and DTG data.

The degradation of the PVP3silica and initial PVP
samples involves different number of stages (Fig. 3).
The low- and high-temperature stages proceed at
Tmax 903105 and 3503390oC, respectively. Addi-
tional step is observed for the initial PVP at 2803

300oC. To confirm that this intermediate step involves
thermal degradation of the initial polymer, we studied
the PVP samples with an average molecular weight of
10000. For this purposed we used another PVP sam-
ple from Sintvita (Russia), K-15 PVP (Fluka), and
PVP after dissolution in water and drying in air at
75oC. In all the cases the intermediate stage of ther-
mal degradation was observed. Simultaneous appear-
ance of various ions in the mass spectra(Fig. 3) in-
dicates degradation of the polymer with formation of
volatile products and their further fragmentation in
the ionization source of a mass spectrometer.

As seen from the mass spectra registered atTmax
for low- and high-temperature degradation stages, the
difference in the yields of the molecular ions of pyrro-
lidone (85+) and vinylpyrrolidone (111+) is the most
significant. These two ions can be used to analyze
thermal degradation of PVP,because the relative in-
tensity of the ion 85+ in the mass spectra of vilylpyr-
rolidone is lower than 8.1% [18], whereas in the spec-
trum of pyrrolidone the vinypyrrolidone molecular ion
(111+) is absent.

The mass thermograms for the ions 85+ and 111+,
taken in the course of degradation of the samples
with adsorbed polymer, are shown in Fig. 4. As
seen, pyrrolidone is released in two stages, whereas
vinylpyrrolidone appears only in one stage; the
ratio of the release of pyrrolidone in both stages
was determined. For sample nos. 1, 3, 5 the ratio
I85+(2nd stage) /I85+(1st stage) is 6.56, 2.75, and 1.66,
respectively; in the case of the initial PVP it is 1.04.

The degradation of vinyl polymers (polyvinyl
alcohol, polyvinyl acetate, polyvinyl chloride) starts
with breakdown of the side groups [19] with forma-
tion of the corresponding double bonds. Similar
scheme of breakdown of the pyrrolidone ring with
formation of the intermediate cyclic complex was
suggested for PVP in [16].
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I, arb. units (a)

(b)I, arb. units

T, oC

Fig. 3. Mass thermograms of (a) sample no. 5 and (b) ini-
tial PVP. (I) Relative intensity and (T) temperature; the
same for Fig. 4. The numbers at the curves are the weights
of the positive ions.

The hydrogen bond between the C=O group in
PVP and the silanol group of the SiO2 surface can
block formation of such cyclic complex and thus
hinder elimination of pyrrolidone from the polymer
chain. This phenomenon is observed in the low-tem-
perature stage of thermolysis. With decreasing amount
of adsorbed polymer the fraction of the carbonyl
groups bound by hydrogen bonds decreases, which, in
turn, decreases pyrrolidone release. Restricted flexibil-
ity of the polymer molecules sorbed on the support
can also decrease the yield of the intermediate com-
plexes.

Vinylpyrrolidone is released only in the high-tem-
perature stage of PVP degradation. We found certain
correlation between the ratioI85+ /I111+ and the con-
tent of PVP in the sample. This ratio changes from
4.35 to 2.03 for sample nos. 2 and 5, respectively. In
the case of various initial PVP samplesI85+/I111+
varies within the range 0.5330.68.

Thermal degradation of the polymer macromole-
cule is accompanied by breakdown of both side and
main chains. This process involves elimination of
the monomer units from the ends of the main chain
and with increasing number of the breaks in the main
chain the polymerization rate increases. Variation of
the ratio of the degradation products (ions 85+ and
111+) suggests changes in the thermal degradation
mechanism.

I, arb. units (a)

(b)I, arb. units

T, oC
Fig. 4. Mass thermograms for the ions (a) 85+ (pyrroli-
done) and (b) 111+ (vinylpyrrolidone).

In all the PVP3silica samples a pronounced depen-
dence is observed between the amount of the adsorbed
polymer and degradation with release of pyrrolidone
and depolymerization with formation of vinylpyrroli-
done. In the samples with a lower content of PVP,
i.e., with a higher content of the units of adsorbed
macromolecule directly bound to the silica surface,
thermal degradation in the high-temperature stage is
characterized by a greater contribution of elimination
of the pendant rings and smaller contribution of de-
polymerization. Thermal treatment in a vacuum at
700oC gives a carbonized residue on the silica surface.
After vacuum thermolysis in the course of mass spec-
trometric studies the samples studied became black.

Our experimental results give the following qualita-
tive pattern of PVP degradation. At temperatures of
up to 200oC certain fraction of pyrrolidone rings is
removed and double bonds in the chains appear. As a
result, cross-links in the polymer are formed, which
hinder the flexibility of macromolecule. With increas-
ing temperature, separate units of the initial PVP
molecules acquire the mobility required to form intra-
molecular complexes promoting elimination of the
pyrrolidone rings (Tmax 2803300oC). In contrast, in
the case of PVP3silica samples the solid matrix sig-
nificantly affects macromolecules occurring in the
adsorption layer, which additionally hinders flexibility
of macromolecules and thus elimination of the pen-
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dant groups. As a result, the stage withTmax 2803
300oC in the PVP3silica samples is absent.

Further heating causes the homolytic cleavage of
the polymer chains in both initial and adsorbed poly-
mer (Tmax 3603400oC). In this degradation stage
sorbed polymer hinders cleavage of the main chain
and thus promotes carbonization of the silica surface.

CONCLUSIONS

Thermal and thermal oxidative degradation of
polyvinylpyrrolidone sorbed on the pyrogenic silica
surface and of that occurring in the initial state differs
in the number of degradation stages and amount of the
volatile products appearing in these stages. In both
cases adsorption of polyvinylpyrrolidone shifts the
processes completing the polymer degradation toward
higher temperatures. The increased fraction of the
polymer units directly bound with the silanol groups
on the silica surface hinders release of pyrroli-
done in the low-temperature degradation stage and
depolymerization of polyvinylpyrrolidone at high
temperatures.
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Abstract-The influence of carborane-containing peroxides on the efficiency of grafting of methylenebutane-
dioic acid to low-density polyethylene in a single-screw extrusion reactor equipped with a static mixer was
studied.

Grafting of monomers containing chemically active
functional groups to polyolefin macromolecules is a
subject of active study in many research centers [136],
which is due to growing use of grafted products in
preparation of polymeric composites, mostly of poly-
mer blends and alloys. As a rule, grafting is performed
in a polyolefin melt; as continuous reactors are used
special extruders acting simultaneously as high-per-
formance mixers of the components and providing
controllable feeding of the components, removal of
by-products, accurate temperature control, control of
the velocity of the reaction mixture transport, etc.
[1, 6]. The yield of the grafted product and the course
of side processes are determined both by the extruder
design features and by the reaction mixture composi-
tion [1, 5, 6]. In particular, we showed in [5, 6] that
the course of grafting of methylenebutanedioic acid
(MA) to low-density polyethylene (LDPE), at identi-
cal apparatus design and process (thermal) parameters,
is largely influenced by the nature and concentration
of the peroxide initiator. Use for these purposes of
commercial peroxides [dicumyl peroxide (DCP), 2,5-
dimethyl-2,5-di-tert-butylperoxyhexane, etc.] results
in active chemical cross-linking of the macromole-
cules, occurring simultaneously with grafting of MA.
As a result, strongly cross-linked products are formed,
which limits their use for fabrication of composites.
Furthermore, the product obtained by grafting of MA
to LDPE (LDPE-graft-MA) with traditional peroxides
exhibits a poor resistance to thermal oxidative degra-
dation in air and in aqueous solution [7].

In [8310] we described the synthesis of unsaturated
carborane-containing peroxides. These peroxides can
be used for cross-linking of polyethylene [11], initiat-
ing high-temperature radical cross-linking reactions.
In contrast to cross-linked polyethylene prepared with
traditional peroxides, the product obtained with car-
borane peroxides exhibits enhanced resistance to ther-
mal oxidative degradation [11]. Presumably, the ther-
mostabilizing effect of carborane peroxides is due to
grafting of carborane-containing fragments formed by
thermolysis of the peroxide to macromolecules and
intermolecular cross-linking through boron atoms. The
possibility of grafting to polyolefin molecules of func-
tional groups of unsaturated peroxides is indicated,
e.g., by Assounet al. [12] who studied grafting of
carboxy groups to polypropylene macromolecules in
the melt under the action of peroxy acids.

It is interesting to evaluate the effect of carborane-
containing peroxides as initiators of grafting of func-
tional monomers to polyethylene macromolecules.
Here this problem is studied with grafting of MA to
LDPE as example.

EXPERIMENTAL

We used LDPE of 158033020 brand [GOST (State
Standard) 16337377, Polimir Production Association,
Novopolotsk; density 0.92 g cm33, mp 105oC] and
MA purchased from Chemical Division Pfizer, the
United States. The following carborane-containing
peroxides were chosen (Table 1): peroxy estersI and
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Table 1. Characteristics of peroxide initiators*
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Perox-
³

Name
³ Available oxygen content, %

³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
ide ³ ³ found ³ calculated

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
DCP ³Dicumyl peroxide ³ 3 ³ 5.92
I ³3-Methyl-3-(o-carboranoylperoxy)-1-butyne ³ 5.66 ³ 5.92
II ³3-Methyl-3-(m-carboranoylperoxy)-1-butyne ³ 5.62 ³ 5.92
III ³1,7-Bis(tert-butylperoxymethylvinylsilyl)-m-carborane ³ 6.32 ³ 6.95
IV ³Bis(3-methyl-3-tert-butylperoxy-1-butynyl)-1-m-carboranylmethanol ³ 3 ³ 6.63
V ³Bis(3-methyl-3-tert-butylperoxy-1-butynyl)-1-(7-isopropyl)-m-carboranyl- ³ 3 ³ 6.1

³methanol ³ ³
VI ³Bis(3-methyl-3-tert-pentylperoxy-1-butynyl)-1-o-carboranylmethanol ³ 3 ³ 6.44
VII ³Bis(3-methyl-3-tert-pentylperoxy-1-butynyl)-1-(2-isopropyl)-o-carboranyl- ³ 3 ³ 5.94

³methanol ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
*Structural formulas of peroxides:

1gC
gCHcOO

CH

DCP

3cC1
g
g

H C3

3 CH3

(CH3)2CCcccCHg
OOCggcCccCHhfO

O
I

B10H10

(CH3)2CCcccCHg
OOCgg

O

cCccCHhf
B10H10

O

II

cCcchfO CcSicCHccCH2
g
g
CH3

III

Si
g
g
CHcHCccCH2

3

B10H10OOCCOO(CH3)3 (CH3)3

IV

3)(CHCOOC(CH3)[ 23 C ]CccccCg2

OH

cCccCHhfO
B10H10

V

C] cCcchfOcCgCCH(CH3)3)(CH[ 2
cccC3)(CHCOOC3 2 2

B10H10OH

VI

]CccccCccCHhfOcCgC3)(CHCOOC3)2CHCH[ (CH3 2 2 2

B10H10OH
VII

]CcccC3)(CHCOOC3)2CHCH[ (CH3 2 2 2
cCccCHhfOcCg

B10H10OH
3)(CH 2

II [8], silylcarboraneIII [9], and mixtures of peroxy
alcohols with alkylperoxy groupsIV 3VII [10]. For
comparison, we also used DCP whose effect on graft-
ing of MA to LDPE, as well as the properties of the
resulting products, are relatively well studied [5, 6,
13]. Also we tested mixtures of carborane-containing
peroxides with DCP.

Grafting was performed in a single-screw extruder
additionally equipped with a static mixing head, under
the following conditions: nitrogen atmosphere; screw
rotation rate 35 rpm; temperatures,oC: zone I 160 and
zones II3IV and mixing head 185. The scheme of the
extrusion reactor is similar to that shown in [6] for the
Brabender plastograph equipped with a static mixer.
The process for preparing the reaction mixture is also
described in [6].

As parameter characterizing the progress of graft-
ing, we used the grafting efficiencya: the weight ratio
of the grafted acid to its total amount introduced into
the polymer [6]. The quantitya was calculated from
the content of MA in LDPE before and after extrac-
tion with ethanol at 70oC, determined by IR absorp-
tion spectroscopy [6, 14].

The viscosity of the polymer melt was evaluated
by the melt flow index (MFI), which was determined
at 190oC and a load of 10 kg with an IIRT-AM device
(Ekodatchik Private Company, Tula, Russia).

The thermal stability of peroxides was evaluated
with an MOM derivatograph (Hungary) under argon;
the sample weight was 100 mg, and the linear heating
rate, 7 deg min31. The reaction ordern of thermal
decomposition of peroxides was calculated by the
Kissinger method [15]. The apparent activation energy
Ea was determined from the exothermic peak in the
DTA curve in the temperature range where the linear
dependence was preserved (up to 130oC for I and II ,
160oC for III , and 1553160oC for IV 3VII ) [15]. The
thermal analysis of the polymeric samples was per-
formed with a derivatograph in air; the sample weight
was 500 mg, and the heating rate, 2.5 deg min31.

Tables 1 and 2 show that in peroxy estersI and II
the available oxygen content is similar to that in DCP,
but the thermal stability ofI and II (Tod denotes the
temperature of the onset of degradation) is lower:
Tod = 1163118oC; for ortho isomer I n = 1.89 and
Ea = 153 kJ mol31; for meta isomer II n = 1.63 and
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Table 2. Characteristics of thermal stability of carborane-containing peroxides
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Perox-

³

Process

³ DTG, oC ³

TG,

³ DTA
³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

ide
³

stages
³

Tonset

³
Tend

³
Tmaximum

³
Dm, %

³
mp, oC

³ exothermic peak,oC ³
n

³
Ea,³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³

³ ³ ³ ³ ³ ³ ³ Tonset ³ Tmaximum ³ ³ kJ mol31

ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
DCP ³ 1 ³ 127 ³ 177 ³ 162 ³ 43.0 ³ 43 ³ 127 ³ 163 ³ 1.16 ³ 154

³ 2 ³ 177 ³ 202 ³ 3 ³ 32.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³I ³ 1 ³ 118 ³ 150 ³ 134 ³ 55.0 ³ 95 ³ 118 ³ 136 ³ 1.89 ³ 153
³ 2 ³ 179 ³ 230 ³ 192 ³ 13.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³II ³ 1 ³ 116 ³ 158 ³ 140 ³ 20.0 ³ 85 ³ 115 ³ 142 ³ 1.63 ³ 112
³ 2 ³ 180 ³ 287 ³ 248 ³ 40.0 ³ ³ ³ ³ ³
³ 3 ³ 342 ³ 470 ³ 3 ³ 4.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³III ³ 1 ³ 135 ³ 192 ³ 164 ³ 25.0 ³ 3 ³ 136 ³ 167 ³ 1.68 ³ 179
³ ³ ³ ³ ³ ³ ³ ³ ³ ³IV ³ 1 ³ 125 ³ 186 ³ 171 ³ 47.0 ³ 80 ³ 123 ³ 173 ³ 1.45 ³ 132
³ 2 ³ 186 ³ 485 ³ 3 ³ 7.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³V ³ 1 ³ 127 ³ 192 ³ 166 ³ 30.5 ³ 99 ³ 126 ³ 168 ³ 1.60 ³ 153
³ 2 ³ 192 ³ 257 ³ 3 ³ 5.0 ³ ³ ³ ³ ³
³ 3 ³ 257 ³ 463 ³ 3 ³ 32.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³VI ³ 1 ³ 125 ³ 185 ³ 170 ³ 50.0 ³ 3 ³ 124 ³ 172 ³ 1.43 ³ 130
³ 2 ³ 185 ³ 480 ³ 3 ³ 14.0 ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³VII ³ 1 ³ 123 ³ 194 ³ 157 ³ 31.0 ³ 51 ³ 122 ³ 163 ³ 1.61 ³ 153
³ 2 ³ 194 ³ 272 ³ 3 ³ 8.0 ³ ³ ³ ³ ³
³ 3 ³ 272 ³ 470 ³ 3 ³ 41.0 ³ ³ ³ ³ ³

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Ea = 112 kJ mol31; at the same time, for DCPTod =
127oC, n = 1.16, andEa = 154 kJ mol31. PeroxidesI
and II initiate grafting of MA to LDPE under experi-
mental conditions (concentration 0.15 wt %) with an
efficiency of 23325% (with DCPa = 66.7%, Table 3).
In diperoxy alcoholsIV 3VII , the available oxygen
content is somewhat higher than in DCP (Table 1),
and their thermal stability is similar to that of DCP
(Tod = 1233127oC); however, the character of decom-
position of IV 3VII is different (n = 1.4331.61, Ea =
1303153 kJ mol31). The performance of diperoxy
alcohols in grafting MA to LDPE approaches that of
DCP. At concentrations of the mixturesIV + V and
VI + VII of 0.15 wt %,a = 37.5340.9% (Table 3,
entries 6 and 7). At a concentration of the mixture
VI + VII of 0.3 wt %, the grafting efficiency is
83.1%, being similar to the grafting efficiency attained
with DCP (84.4%) (Table 3, entries 6 and 7).

An important advantage of carborane-containing
peroxidesI , II , andIV 3VII over DCP is suppression,
to a large extent, of the concurrent cross-linking of
polyethylene macromolecules. The parameter sensitive
to cross-linking accompanying MA grafting is MFI

Table 3. Influence of peroxides on the MA grafting effi-
ciency and MFI of the polymer
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄ

Entry
³

Initial composition
³ MFI, ³ a,

³ ³g/10 min³ %
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄ

1 ³LDPE ³ 16.9 ³ 3

2 ³LDPE/MA + 0.15DCP ³ 10.2 ³ 66.7
3 ³LDPE/MA + 0.3DCP ³ 2.8 ³ 84.4
4 ³LDPE/MA + 0.15(I ) ³ 16.5 ³ 23.1
5 ³LDPE/MA + 0.15(II ) ³ 16.9 ³ 24.9
6 ³LDPE/MA + 0.15(IV +V) ³ 12.0 ³ 37.5
7 ³LDPE/MA + 0.15(VI +VII ) ³ 15.9 ³ 40.9
8 ³LDPE/MA + 0.15(III ) ³ 18.5 ³ 18.4
9 ³LDPE/MA + 0.3(VI +VII ) ³ 6.5 ³ 83.1

10 ³LDPE/MA + 0.3(III ) ³ 20.3 ³ 29.1
11 ³LDPE/MA + 0.15(DCP +I ) ³ 15.1 ³ 44.5
12 ³LDPE/MA + 0.3(DCP +I ) ³ 5.5 ³ 64.3
13 ³LDPE/MA + 0.15(DCP +II ) ³ 13.4 ³ 46.5
14 ³LDPE/MA + 0.3(DCP +II ) ³ 6.0 ³ 56.0
15 ³LDPE/MA + 0.15(DCP +IV +V) ³ 14.2 ³ 46.7
16 ³LDPE/MA + 0.3(DCP +IV +V) ³ 3.7 ³ 74.2

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄ
Note: Weight ratio of components in peroxide mixtures 1 : 1.
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[6]. A significant decrease in MFI on grafting of MA
to LDPE is one of the main drawbacks of the process
based on using DCP. For example, Table 3 shows that
MFI of the initial LDPE is 16.9 g/10 min. Grafting
of MA in the presence of 0.15 and 0.3 wt % DCP
yields a functionalized product with MFI of 10.2 and
2.8 g/10 min, respectively. Thus, with DCP it is im-
possible to graft MA to LDPE with a high (>80%)
yield and therewith avoid strong cross-linking.

In contrast to the product obtained with DCP, MFI
of polyethylene grafted with MA in the presence of
peroxy estersI and II (0.15 wt %) is similar to that
of the initial LDPE, which suggests practically no
cross-linking. The occurrence of concurrent cross-
linking of LDPE macromolecules with diperoxy alco-
hols IV + V and VI + VII depends on the structure
of the tert-alkyl group at the O3O bond. For example,
in the case of diperoxy alcoholsVI + VII with tert-
pentylperoxy groups (0.15 wt %) the cross-linking of
macromolecules is insignificant (MFI 15.9 g/10 min),
and with compoundsIV + V containingtert-butylper-
oxy groups MFI of LDPE-graft-MA is 12.0 g/10 min
(Table 3). It should be noted also that in the case of
grafting initiation with peroxides containingtert-
pentylperoxy groups grafting of MA to LDPE is more
efficient (a = 40.9%) as compared to peroxy alcohols
with tert-butylperoxy groups (a = 37.5%).

As seen from Table 3, addition of carborane-con-
taining peroxideI or II or of a mixture of diperoxides
IV + V to DCP allows significant reduction of the
yield of the cross-linked product with a sufficiently
high grafting efficiency. For example, the materials
obtained with a mixture of DCP withI , II , or IV + V
are characterized by MFI = 13.4315.1 g/10 min and
a = 44.5346.7% (Table 3, entries 11, 13, 15).

With a concentration of the peroxide mixtures of
0.3 wt %, MFI is lower, 3.735.5 g/10 min, ata =
56374.2%; with straight DCP MFI = 2.8 g/10 min
and a = 84.4% (Table 3, entries 3, 12, 14, 16).

Among the tested carborane-containing peroxides,
the most thermostable is silylcarboraneIII (Tod =
135oC), which can be simultaneously considered as
a peroxide monomer owing to the presence of two
vinyl groups; however, under the experimental condi-
tions (0.15 and 0.3 wt %) it is the least efficient initi-
ator of MA grafting to LDPE (Table 3, entries 8, 10;
a = 18.4 and 29.1%, respectively). This is probably
due to partial consumption of radicals generated by
decomposition ofIII for initiation of oligomerization
of the carborane-containing fragment via double bonds
and its grafting to polyethylene macromolecules. This
processes can be represented as follows [12, 13].

Thermal decomposition of peroxide:
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It should be noted that biradical
.A.

owing to steric
hindrance is low-mobile and should not exhibit appre-
ciable initiating power as compared to

.
OC(CH3)3 and.

CH3. Therefore, oligomerization of peroxideIII by
scheme (2) is improbable. Hence, grafting to LDPE of
oligomeric fragments ofIII [scheme (4)] is also im-
probable. The most probable pathway is formation of
products with monomolecular grafted fragments of
peroxide III [scheme (3)].

The noticeably higher MFI (18.5 and 20.3 g/10 min)
of the sample obtained with silylcarboraneIII , as
compared to the initial LDPE (MFI 16.9 g/10 min)
(Table 3, entries 1, 8, 10) indicates that a material
with new physical (rheological) characteristics is
formed. The higher MFI of LDPE-graft-MA obtained
in the presence of silylcarboraneIII may be due to
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Table 4. DTA data for the polymeric materials prepared
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Entry
³

Initial composition, wt %
³ Tod ³ T10 ³ T50 ³ Tox

³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ ³ oC

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
1 ³ LDPE ³ 360 ³ 390 ³ 445 ³ 170
2 ³ LDPE/MA + 0.3DCP ³ 360 ³ 385 ³ 440 ³ 160
3 ³ LDPE/MA + 0.3(DCP +I ) ³ 358 ³ 380 ³ 445 ³ 162
4 ³ LDPE/MA + 0.3(DCP +II ) ³ 351 ³ 380 ³ 455 ³ 162
5 ³ LDPE/MA + 0.3(DCP +IV + V) ³ 360 ³ 375 ³ 450 ³ 175
6 ³ LDPE/MA + 0.3(VI + VII ) ³ 362 ³ 397 ³ 442 ³ 180
7 ³ LDPE/MA + 0.3(III ) ³ 360 ³ 388 ³ 450 ³ 190

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Note: (Tod, T10, T50, Tox) temperatures of the onset of degradation, 10 and 50% weight loss, and onset of oxidation, respectively.

degradation of the macromolecules, which is hardly
probable [9], or to the lubricating effect of grafted
(and nongrafted) organosilicon fragments in the poly-
mer melt. It is known [16] that organosilicon com-
pounds are good lubricants. Therefore, the increase
in MFI on grafting in the presence ofIII should be
mainly due to the lubricating effect of the thermolysis
products of III .

The use of carborane-containing peroxides (straight
or mixed with dicumyl peroxide) noticeably enhances
the resistance of LDPE-graft-MA to thermal oxidative
degradation as compared to the material prepared in
the presence of DCP (Table 4). Thermal oxidation of
functionalized polyethylene prepared using a mixture
of diperoxy alcoholsVI + VII (0.3 wt %, Table 4,
entry 6) and a mixture ofIV + V with DCP (0.3 wt %,
entry 5) is accompanied by the weight gain in the TG
curve, with the onset at 180 and 175oC, which is 153
20oC higher compared to the material prepared with
DCP (Table 4, entry 2). The material prepared with
peroxide monomerIII exhibits the highest resistance
to thermal oxidative degradation: Its thermal oxidation
starts only at 190oC, which is 30oC higher than the
onset temperature of oxidation of the functionalized
polyethylene formed in the presence ofDCP. Pre-
sumably, the thermostabilizing effect of carborane-
containing peroxides is due to grafting of carborane-
containing fragments to polyethylene macromolecules.
This effect is especially characteristic ofIII .

CONCLUSIONS

(1) The performance of peroxides containing car-
borane fragments in initiation of grafting of methyl-
enebutanedioic acid to low-density polyethylene mac-
romolecules depends on the chemical structure of the
peroxides.

(2) Initiation of grafting with a mixture of diper-

oxy alcoholsVI + VII containing alkylperoxy groups
ensures formation of the functionalized polymer with
the grafting efficiency comparable to that attained
with dicumyl peroxide initiator, with the appreciably
reduced degree of cross-linking of the macromole-
cules.

(3) Peroxide silylcarborane monomerIII used as
initiator allows preparation of the material with the
melt flow index 10320% higher than that of the initial
LDPE.

(4) Functionalized low-density polyethylene pre-
pared in the presence of carborane-containing perox-
ides exhibits enhanced resistance to thermal oxidative
degradation as compared to the product obtained in
the presence of dicumyl peroxide.
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Abstract-Certain trends in chromatographic retention of benzimidazole derivatives on octadecyl silica gel
(mobile phase phosphate buffer3acetonitrile) are considered. Retention parameters of compounds being
separated are estimated and interpreted in terms of the reversed-phase HPLC theory.

Benzimidazole (BI) derivatives are widely used in
medical practice as spasmolytic (Dibasol), antihy-
poxanthic (Bemityl) [1], and antisecretory (Omepra-
zole) drugs. Some of BI derivatives are now studied as
potential drugs (Tomerzole, etc.). Therefore, develop-
ment of universal methods for detection of com-
pounds of this group in medical products and also in
biological fluids in studying pharmacokinetics of
these drug preparations is an urgent problem. Further-
more, it was demonstrated in [2, 3] that knowledge of
the retention parameters in reversed-phase chroma-
tography allows prediction of the lipophilicity of bio-
logically active compounds and, therefore, their
behavior in the body, which is particularly important
in developing novel drugs by structural modification
of known compounds.

In this work we studied the chromatographic char-
acteristics of BI derivatives under conditions of
reversed-phase HPLC.

EXPERIMENTAL

In the work we used the following BI derivatives:
Bemityl (2-ethylthiobenzimidazole hydrobromide),
Dibasol (2-benzylbenzimidazole hydrochloride),
Omeprazole (5-methoxy-2-{[(4-methoxy-3,5-dimeth-
yl-2-pyridyl)methyl]sulfonyl}benzimidazole), and
Tomerzole (2-ethylthio-5-ethoxybenzimidazole hydro-
chloride) with 99% content of the main component.
As a model compound we used 2-benzyl-5,6-dimeth-
ylbenzimidazole hydrochloride (BDB). The samples
were 1034 M aqueous solutions of the indicated
compounds.

Chromatographic study was carried out with a
Milikhrom-4 liquid chromatograph (Nauchpribor
Research and Production Association, Russia) (spec-

trophotometric detector; 640 2 mm steel column
packed with Separon-C18 sorbent, grain size 5mm).
Mobile phases were prepared by mixing acetonitrile
with aqueous KH2PO4 of a fixed concentration; pH of
the eluent was adjusted with KH2PO4, orthophos-
phoric acid, and KOH. The sample volume was 5ml.
Acetonitrile (Kriokhrom, Russia) of ultrapure grade
was distilled with a dephlegmator prior to use. Also
double-distilled water and potassium dihydrogen
phosphate of chemically pure grade were used. The
retention volume of an unsorbable component (sodi-
um nitrite) was 110ml. The analytical wavelengths
were 300 nm for Tomerzole and Bemityl, 274 nm for
Dibasol and BDB, and 214 nm for Omeprazole.

For separation of the BI derivatives we used re-
versed-phase HPLC, since these compounds differ
from each other by the structure of alkyl, alkoxy, and
other substituents in the BI system. When studying
sorption of the tested compounds on a nonpolar sor-
bent, their tendency to ionization with decreasing
pH should be taken into account as well as the contri-
bution of various substituents to the sorption equi-
librium constant.

The dependence of the chromatographic retention
on the eluent pH is given in Fig. 1. The observed
dependence is typical of weak organic bases. The de-
crease in the retention of the compounds in an acidic
medium is primarily due to protonation of the nitro-
gen atom of the benzimidazole ring and the decrease
in the lipophilicity of the molecule. The selectivity
coefficient a for the pair Tomerzole/Bemityl is in-
dependent of pH of the mobile phase, since these
compounds have, evidently, the same pKBH+. For the
pair Tomerzole/Dibasol, on the contrary, the selectiv-
ity coefficient depends on the eluent pH (pHopt 435),
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Fig. 1. Retention of (1) Tomerzole, (2) Dibasol, and
(3) Bemityl on the sorbent Separon C18 as a function
of pH of the mobile phase. Eluent 0.01 M KH2PO43MeCN
(60 : 40). (k`) Capacity coefficient.

Fig. 2. Capacity coefficientk` of (1) BDB, (2) Omeprazole,
(3) Bemityl, (4) Dibasol, and (5) Tomerzole as a function
of the MeCN concentrationN (mole fraction) in the mobile
phase.

log C [M]
Fig. 3. Capacity coefficientk` of (1) Bemityl, (2) Tomer-
zole, (3) Dibasol, (4) BDB, and (5) Omeprazole as a func-
tion of the MeCN concentrationC in the mobile phase.

which can be attributed to the difference in their struc-
ture and properties. In the Dibasol molecule there is
an electron-donor benzyl radical in the position2,
causing a higher electron density on the nitrogen atom
(according to [4], pKBH+ of Dibasol in water is 4.2).

With increasing the MeCN mole fraction the reten-
tion of the organic sorbates decreases under reversed-
phased HPLC conditions, which corresponds to the
displacement retention models (Figs. 2, 3). The ob-
served deviation from linearity of these dependences
is indicative, evidently, of association of molecules
of the organic modifier of the mobile phase [5]. The
results were treated by linear regression analysis [6, 7]
using Eqs. (1) and (2).

1/k` = aN + c, (1)

logk` = b 3 p logC, (2)

wherek` is the capacity coefficient,N is the mole frac-
tion of MeCN in the mobile phase,C is the MeCN
concentration in the eluent (M), anda, c, b, pare the
linear regression coefficients.

The results are summarized in Table 1 (equation
coefficients are given for the linear section of the
dependence).

The coefficient p of Eq. (2) corresponds to the
number of moles of MeCN displaced from the sorbent
surface in adsorption of 1 mol of the sorbate. Analysis
of this parameter allows certain conclusions about the
arrangement of the sorbate molecules on octadecyl
silica gel. It follows from Table 2 that benzyl radical
occupies nearly the same area as the ethylthio group.
Introduction of the ethoxy group in the BI ring con-
siderably increases the retention, so that Tomerzole
and Bemityl are satisfactorily separated over the
MeCN concentration range 20345 vol %. Introduction
of methyl substituents in the Dibasol or BDB mole-
cule does not practically change the sorption site area,
which can be attributed to the electron-acceptor effect
of the BI system.

Data presented inFig. 3 are not consistent with
those predicted by the theory [8], according to which
the dependences described by Eq. (2) must intersect in
the same point. This inconsistency can be attributed to
the fact that the BI derivatives are polar compounds.
Therefore, they tend to ionization, being capable of
specifically interacting with the mobile phase and
residual silanol groups. As a result, the hydrophobic
mechanism of chromatographic separation has certain
limitations in the investigated system. The chroma-
tographic data were described by Eq. 3 [8]

b = b0 + b1p/p1, (3)

where b1/p1 is the ratio of the capability of a com-
pound to be retained to its capacity of competing with
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Table 1. Coefficients of Eqs. (1) and (2) for BI derivatives (sorbent Separon C18)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbate
³ Eq. (1) ³ Eq. (2)
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ a ³ c ³ r2 ³ 3p ³ b ³ r2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Bemityl ³ 7.26 ³ 30.53 ³ 0.988 ³ 2.20 ³ 2.04 ³ 0.990
Tomerzole ³ 4.63 ³ 30.33 ³ 0.982 ³ 3.03 ³ 3.00 ³ 0.991
Dibasol ³ 5.94 ³ 30.38 ³ 0.990 ³ 2.28 ³ 2.19 ³ 0.985
BDB ³ 12.23 ³ 30.61 ³ 0.991 ³ 2.10 ³ 1.76 ³ 0.990
Omeprazole ³ 9.34 ³ 30.94 ³ 0.985 ³ 3.48 ³ 3.58 ³ 0.989
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

an organic modifier (MeCN) for the site on octadecyl
silica gel, and b0 is the coefficient reflecting the
degree of consistency of the retention mechanism to
the purely hydrophobic one.

Retention of the tested five BI derivatives is de-
scribed by the equationb = 30.703 1.23p (r2 0.992),
which is in a satisfactory agreement with the results
obtained in [8]. The coefficientb0 is somewhat lower
(by the absolute value) that that given in [8] for weak-
ly polar organic sorbates. However, this parameter is
close to the value given for 5-fluorouracil derivatives
(b0 = 30.635).

The capacity coefficients of BI derivatives with
water as a mobile phase (value proportional to the
Henry coefficient) were estimated by Eq. (4) [9]

logk` = logkw` 3 SF, (4)

where k`w is the capacity coefficient of a compound
with the use of water as a mobile phase,F is the
MeCN volume fraction, andS is the empirical con-
stant. The estimatedk`w are well consistent with the
coefficients p (Table 1). The results obtained allow
comparison of the hydrophobicity of the tested com-
pounds and also estimation of the relative contribu-
tions of the substituents to the sorption interaction of
the BI derivatives.

To select the optimal chromatographic systems for
separation of the BI derivatives, we estimated the
separation efficiency and selectivity, and also the ef-
fect of the MeCN concentration and eluent pH on
these characteristics. It appeared typical that the
curves of the dependence of the height of equivalent
theoretical plate (HETP) on the MeCN concentration
in the mobile phase pass through a minimum. The
minimal HETP for Bemityl, Tomerzole, and Dibasol
(0.0530.08 mm) is observed at 25335 vol % MeCN.
Increase and decrease in the MeCN concentration in
the mobile phase relative to this value decreased the
separation efficiency. For Omeprazole the optimal

MeCN concentration in the mobile phase was found
to be 25330%. Decreasing eluent pH from 7.5 to 3.53

4.5 somewhat increases the separation efficiency of
the BI derivatives by virtue of a less pronounced ero-
sion of the rear front of the bands. The latter can be
attributed to a decreased amount of ionized residual
silanol groups on the stationary phase surface [10].

The selectivity coefficienta for the pair Tomer-
zole/Bemityl decreases from 2.5 (20 vol % MeCN) to
1.5 (40345 vol % MeCN). At higher MeCN concen-
tration the selectivity coefficient changes only slightly
(a = 1.3 at 55 vol % MeCN). This trend can be in-
terpreted in terms of decreasing adsorption of the
ethoxy group on octadecyl silica gel with increasing
MeCN concentration. The coefficienta for the pair
Dibasol/BDB is practically independent of the MeCN
concentration in the eluent.

The pharmaco effect of a drug is determined by its
concentration in the vicinity of a target cell (receptor)
and also by the affinity for the receptor. In its turn, the
concentration of a biologically active compound
(BAC) at the receptor is determined by such phar-
macokinetic characteristics as the bioavailabilityf,
comparative distribution volumeVd, and distribution
constant [11]. All these parameters are controlled by
the ionization constant of a compound and its lipo-
philicity. As seen from Table 2, Tomerzole is charac-
terized by a higher lipophilicity than Bemityl, which
is well consistent with their bioavailability (7 and

Table 2. Coefficients of Eq. (4) for BI derivatives
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Sorbate ³ 3S ³ logk`w ³ r2 ³ k`w
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Bemityl ³ 0.03 ³ 1.16 ³ 0.987 ³ 14.45
Tomerzole ³ 0.03 ³ 1.74 ³ 0.991 ³ 54.95
Dibasol ³ 0.03 ³ 1.54 ³ 0.991 ³ 34.67
BDB ³ 0.03 ³ 1.11 ³ 0.992 ³ 12.88
Omeprazole ³ 0.04 ³ 1.93 ³ 0.995 ³ 85.11
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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20% for Bemityl and Tomerzole, respectively) andVd
(1.3 and 18.3 l kg31, respectively) [12, 13]. A good
correlation (r 0.97) is also observed betweenk`w and
data of [14], in which the antisecretory activity of BI
derivatives (Bemityl, Tomerzole, and Omeprazole)
was studied. The pharmaco effect of these compounds
on H+

3K+-ATP-ase was found to be 17.6, 38.0, and
78.1%, respectively. The affinity of a BAC for a
receptor is controlled not only by the presence of
functional groups, but also by the size of the hydro-
carbon fragment of the molecule, i.e., its lipophilicity.
Therefore, the chromatographic retention parameters
of BI derivatives can be used to predict the dissocia-
tion constants of the complex receptor3BAC [15].

CONCLUSIONS

(1) On the basis of experimental chromatographic
parameters a comparative analysis is made of the
adsorption properties of benzimidazole derivatives
on octadecyl silica gel.

(2) The estimated adsorption and chromatographic
parameters are in a satisfactory agreement with the
pharmacokinetic characteristics of drugs of the ben-
zimidazole group.
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Abstract-Isotherms of sorption of water and tetrachloromethane vapors on a silica gel formed from de-
cationized sol in the presence of calcium chloride are identified on the basis of theIUPAC classification.
The manner in which the structure and sorption properties of the samples studied vary with CaCl2 concentra-
tion and kind of adsorbate is analyzed.

When the silica gel structure is formed from decat-
ionized monodisperse silica sol, the presence of dense
SiO2 particles is ensured till the onset of gelation [1].
In an evolution of this method, silica gel was prepared
from a sol with elongate and lamellar shape of par-
ticles, acquired under the action of calcium salts [2] or
as a result of SiO2 flocculation with a quaternary am-
monium base [3]. Because of their uncommon struc-
ture and unique structural properties, laminated silica
gels are regarded as potential sensors, membranes,
binders, or coatings for obtaining inorganic fibers.
However, their microstructure, whose practical im-
portance is determined by their sorption properties and
the dependence of these on the kind of adsorbate, by
the molecular sieve action, and by the reversibility and
kinetics of adsorption has been little studied so far.

The aim of this study was to analyze the effect of
calcium chloride on how the silica gel structure is
formed from decationized sol, and the primary objec-
tive, to establish within the possible limits the rela-
tionship between such characteristics as pore size, size
distribution and specific surfacearea of pores, on
the one hand, and the sorption properties and depen-
dence of these on the kind of adsorbate, on the other.

A decationized silica sol with pH 3.5 and silicic
acid content of 4 wt % was obtained by passing an
aqueous solution of sodium metasilicate through a
column packed with KU-2 sulfonic acid cation-
exchange resin in the hydrogen form. The sol was
mixed with aqueous solutions of potassium chloride,
with Ca/Si molar ratios in the range 50103431 01031.
An NH3 .H2O solution was added to the mixture to
adjust pH 7.5, and a gel was precipitated with hydro-
chloric acid at constant pH 5.6. After syneresis and

aging for 16 h, the gel was thoroughly washed with
distilled water, with vigorous stirring to break down
clots, till complete absence of chloride ions in wash-
ing water, and then dried in air at room temperature
and in a drying box at 393 K for 4 h.

The adsorption3desorption isotherms of water and
tetrachloromethane vapors were measured gravimetri-
cally at 293 K after preliminary[evacuation] of sam-
ples at 413 K for 16 h. The specific surface areaA
was calculated from the monolayer capacity by the
linear BET equation at relative pressuresp/p0 =
0.0530.25, using landingarea of0.125 nm2 for water
molecule and 0.322 nm2 for CCl4 molecule [4]. The
limiting sorption pore volumeVp was calculated by
the Gurvich method [5] in the form of the amount
of vapor sorbed to saturation and expressed in terms
of water volumes. The distributionDV/Dr of the
volumes V of mesopores with respect to their radii
r was calculated from desorption curves by the Kelvin
equation, and the pore shapes were analyzed on the
basis of the form of the vapor adsorption3desorption
hysteresis loop [6]. The average pore radiusrp was
found for cylindrical and bottle-shaped pores, using
the formula

rp = 2Vp/A, (1)

and for slotlike pores as a slot halfwidth [6] by the
formula

rp = Vp/A. (2)

The refractive indexnD of the silica sols was deter-
mined using a Zeiss Abbe refractometer at 293 K;
the zero-charge point of the silica gels was found by
titration [7].
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Structural and sorption properties of silica gels formed in the presence of calcium cation contained in decationized sols
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Sample³ Ca/Si, ³ Type of ³ Shape of hysteresis³

V 0 103, m3 kg31 ³
A 0 1033, m2 g31 ³

r, nm
no. ³ mol/mol ³ isotherm ³ loop ³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Adsorbate H2O

1 ³ 3 ³ I ³ 3 ³ 0.29 ³ 434* ³ 1.34*
2 ³ 5 0 1034 ³ IV ³ H2 ³ 0.42 ³ 555 ³ 1.51
3 ³ 1 0 1033 ³ IV ³ H2 ³ 0.60 ³ 718 ³ 1.67
4 ³ 1 0 1032 ³ IV ³ H2 ³ 0.42 ³ 680 ³ 1.23
5 ³ 1 0 1031 ³ IV ³ H1 ³ 0.36 ³ 163 ³ 4.42

Adsorbate CCl4

1 ³ 3 ³ I ³ 3 ³ 0.28 ³ 1120* ³ 0.50*
2 ³ 5 0 1034 ³ IV ³ H4 ³ 0.40 ³ 1097 ³ 0.36
3 ³ 1 0 1033 ³ IV ³ H4 ³ 0.58 ³ 1600 ³ 0.36
4 ³ 1 0 1032 ³ IV ³ H4 ³ 0.34 ³ 800 ³ 0.42
5 ³ 1 0 1031 ³ IV ³ H2 ³ 0.30 ³ 209 ³ 2.87

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Apparent values.

The isotherms of sorption of water and tetrachloro-
methane vapors by the samples under study differ in
the type, presence, and shape of capillary-condensa-
tion hysteresis (see table,Fig. 1). The isotherms give
insight into stages of gradual modification of the
structure of silica gel with increasing content of cal-
cium chloride, with micropores transformed into mac-
ropores in the process. The isotherms indicate com-
plete pore filling by various adsorbates and satisfac-
tory observance of the Gurvich rule.

The reversible isotherm1 of H2O vapor sorption,
which is of type I characteristic of microporous ad-
sorbents, takes the form of an irreversible type IV
isotherm for mesoporous adsorbents on passing to
sample nos. 235 (Fig. 1) [6]. The hysteretic curve of
H2 shape in isotherm2, indicating the presence of
bottle-like mesopores, is transformed into H1 hystere-
sis in isotherm5, characteristic of cylindrical pores
formed by particle agglomerates or spheres [6]. The
shape of the narrow hysteresis in isotherms3 and 4
of water vapor sorption is difficult to determine.

The reversible type I isotherm of CCl4 vapor sorp-
tion, characterized by the presence of a nearly hori-
zontal plateau, indicates filling of narrow micropores
(Fig. 1). Isotherms235 of CCl4 vapor sorption are
irreversible at medium relative pressuresp/p0 > 0.23
0.3. The isotherms belong to type IV characteristic of
sorption on mesoporous adsorbents, their hysteresis
loops of H4 (isotherms234) and H2 shape (iso-
therm 5) confirm the presence in the structure of,
respectively, predominantly narrow slotlike or bottle-
shaped mesopores.

Isotherm3 of sorption of water and tetrachlometh-
ane vapors by a silica gel obtained at a molar ratio
Ca/Si = 10 1033 is characterized by the strongest
absorption in the entirep/p0 range (Fig. 1), with the
sample demonstrating the expected apparent increase
in the pore volume and specific surface area, com-
pared with the other samples (see table). Silica gel
no. 3 shows approximately the same saturation ad-
sorption for different adsorbates (0.6001033 m3 kg31),
but different specific surface areas (7180 103 and
16000103 m2 kg31) found from the monolayer capaci-
ties of, respectively, water and CCl4. The overesti-
mated A values in calculation from the CCl4 vapor
adsorption are due to the predominance of the disper-
sive interaction: the isotherm of tetrachloromethane
sorption is of type I for microporous sample and is
more concave with respect to thep/p0 axis in meso-
porous samples. The fact that the Gurvich rule is ob-
served for type I isotherms commonly indicates that
the pore size is equal to at least several molecular
diameters of the adsorbate to ensure packing of its
molecules with a density close to that of the normal
liquid [8]. An additional evidence in favor of the
overestimatedA value in calculation from the CCl4
adsorption is thatrp < 0.595 nm values are obtained,
smaller than the kinetic diameter of the CCl4 molecule
(see table). The fact that the adsorption portions of
isotherms234 of CCl4 vapor sorption are of type I
indicates the presence of a certain volume of micro-
pores in the structure.

Thus, sample no. 1 is characterized as microporous
on the basis of adsorption of both water and tetra-
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V 0 103, m3 kg31 (a)

(DV/Dr) 0 1034, m2 kg31

r, nm r, nm r, nm r, nm

(b)

Fig. 1. (a) Isotherms of adsorption3desorption of (I) H2O and (II ) CCl4 vapors and (b) distributions, calculated from the iso-
therms, of the adsorption volumes of (I) H2O and (II ) CCl4 with respect to mesopore radii in silica gels obtained (1) without and
(235) in the presence of calcium cations. (V) Amount of adsorbed vapor recalculated to the liquid state of the adsorbate,
( p/p0) relative pressure of adsorbate vapor, and (p0) saturated vapor pressure of the adsorbate (Pa). (DV/Dr) Density of mesopore
volume distribution with respect to mesopore radius and (r) mesopore radius found from the Kelvin equation. Ca/Si molar ratio:
(2) 5 01034, (3) 1 01033, (4) 1 01032, and (5) 1 01031.

chloromethane vapors. The pores in this sample are
cylindrical, formed by densely packed globules.
Numerous fine pores are formed in the silica gel in the
presence of calcium cations in amounts not exceeding
1 01033 M Ca2+, which is indicated by the increase
in the specific surface area (see table). The narrow
hysteresis in isotherms3 and4 of H2O vapor sorption
points to filling of these pores via polymolecular ad-
sorption. Judging from the shape of hysteresis in the
isotherms of CCl4 vapor sorption, the pores are deter-
mined as very narrow slotlike pores.

The specific features of adsorption and capillary
condensation of H2O and CCl4 vapors suggest that the
pore system is constituted in the obtained samples
by (i) spaces between agglomerates of SiO2 particles
elongated under the action of the calcium cation,
(ii) spaces between compact three-dimensional ag-
glomerates composed of densely packed interwoven
chains, and (iii) intra-agglomerate pores. The loop
appears at high relative pressures as a result of con-

densation of H2O and CCl4 vapors within secondary
mesopores, i.e., outside the intra-agglomerate pores.
It is not improbable that the most open structure is
formed by long chain segments and spaces between
these at molar ratios Ca/Si< 1 0 1033.

The reason for the above changes in the porous
structure of silica gel is that the silica gel inherits
the microstructure that existed in the hydrogel after
coagulation of the SiO2 hydrosol in the presence of
the calcium cation [9]. Changes in the structural and
sorption parameters under the action of different
amounts of calcium cations are due to the varied ex-
tent of neutralization by this cation of the charge of
SiO2 particles. This charge is a factor determining
the aggregative stability of the sol, preventing particle
agglomeration via condensation of surface (=SiOH)
and ionized (=SiO3) groups to form Si3O3Si bonds.
In the beginning of gelation, silica sol particles,
dispersed in solution and negatively charged, are held
together at points of the weakest electrostatic repul-
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Fig. 2. Effect of the calcium cation on the refractive index
nD of decationized silica gel. (Ca/Si) Molar ratio.

sion under the action of calcium cations. On adding an
NH3 .H2O solution, there proceeds a special type
of chain coagulation of globules, when their mutual
repulsion occurs with a force that can overcome inter-
globule bonds [3]. Agglomerates of SiO2 particles
grow mainly in chains because of the attachment of
particles to one another at the ends of the growing
chains. Chain-like agglomerates may include regions
several particles thick, with arbitrary distribution.
Possibly, precipitation of excess SiO2 on chain ag-
glomerates formed in the presence of calcium cations
leads to formation of dense fibers and development
of a partially fibrous gel structure [3].

The greater the amount of cations in a gel, to a
larger extent is disrupted the binding of the SiO2 sur-
face to water, and globule cohesion occurs at[hy-
drophobized] regions [10]. Since the zero-charge
point of liquid silica gel nos. 135 increases from
pH 5.7 for the initial sample to pH 7.0 in a sample
containing 10 1031 mol Ca2+, it is also possible that
calcium hydroxide nuclei are formed on the SiO2 sur-
face [11, 12]. Under conditions of strong attraction,
rather compact particle agglomerates are formed. In
the process, the specific surface area decreases,thin
capillaries gradually disappear, being transformed into
wider pores responsible for the H1 hysteresis in
sample no. 5 for H2O absorption or H2 hysteresis for
absorption of CCl4 (Fig. 1). This hysteresis can be
attributed either to open cylindrical pores with various
cavity shapes or to bottle-shaped pores with very wide
openings into cavities.

Although the distribution of the volume of bottle-
shaped pores with respect to pore size is difficult to
interpret, mention can be made, for comparison pur-

poses, of the absence of maxima in curves234 cal-
culated from the desorption of water and tetrachloro-
methane, in contrast to curve5 exhibiting maxima
corresponding to a predominant mesopore radius of
approximately 3.0 nm in the sample (Fig. 1).

Determining the specific surface area by BET gives
no way of distinguishing the external surface, formed
by globule agglomerates, and the internal surface
formed by intra-agglomerate pores. Therefore, the
agglomeration and changes in the agglomerate radius
with increasing Ca/Si ratio were judged from the
variation of the refractive indexnD of the correspond-
ing silica sols in Fig. 2.

The total numberN of colloid particles in clusters
with nonequilibrium structure formed as a result of
a random Brownian motion of colloid particles is
related to the cluster radiusR, particle radiusR0, and
density r by Eq. (3) [13]. With increasing size of
a cluster composed ofN particles, it density decreases
following the equation

N = r(R/R0)D, (3)

whereD is the fractal dimension of the cluster, quanti-
tatively characterizing the space filling by the cluster.

Since, according to Eq. (3), the cluster density in-
creases with decreasing cluster size, the refractive
index must also increase. Therefore, the hydrodynamic
radius of agglomerates of sol particles, formed on
introducing calcium cations in amounts equal to, or
less than 10 1033 M Ca2+, must be greater than that
in the initial SiO2 hydrosol and decrease with the
amount of Ca2+ cations increasing further. The drop
in nD is due to the formation of chain agglomerates of
particles on introducing calcium cation, and its sub-
sequent increase, to the decrease in the radii of sol
particle agglomerates with increasing Ca/Si ratio,
occurring because of their densification.

CONCLUSIONS

(1) The formation of the silica gel structure from a
decationized sol in the presence of calcium cations is
accompanied by the appearance of mesopores, sig-
nificant changes in the prehysteresis portion of vapor
sorption isotherms, and a decrease in the specific
surface area of the xerogel.

(2) Under the action of calcium cations, type I
isotherms are transformed into isotherms of type IV.
The type of isotherm and the sorption properties of
a silica gel depend on the kind of adsorbate and salt
concentration.
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(3) Chain agglomerates of particles formed at low
calcium concentrations are combined with increasing
calcium content into dense three-dimensional ag-
glomerates. The specific surface area decreases, with-
out any increase in the limiting adsorption volume of
pores in the process.
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Abstract-Single-component urethane sealing formulations with aldimines as cross-linking agents were
developed. The temperature dependence of the curing time of the sealants was examined. The influence of
the 3CH=N3/3NCO ratio and of fillers (industrial carbon and chalk) on their physicochemical properties was
studied.

Polyurethane elastomers are widely used in various
branches of industry. With progress of studies in the
field of development of single-component formula-
tions, their performance is improved and the applica-
tion field is expanded. The procedures used in indus-
try for curing of polyurethane sealants have significant
drawbacks. All sealants of this type are two-compo-
nent; they are not quite convenient in service and re-
quire performing certain manipulations directly before
use. Their curing is effected with diamines and gly-
cols. Curing of a single-component urethane sealant
based on an isocyanate-containing prepolymer results
in formation of defects (blisters, cavities) due to re-
lease of carbon dioxide on contact of isocyanate
groups with atmospheric moisture. The goal of this
work was to develop single-component urethane for-
mulations with aldimines as cross-linking agents.
Aldimines, when reacting with atmospheric moisture,
release active curing agents which react with isocya-
nate groups without releasing CO2, so that formation
of defects in the cured sealant can be avoided.

Urethane elastomers show considerable promise for
practice. Polyurethanes are prepared from compounds
containing highly reactive isocyanate groups. Their
transformations yield polymeric structures with di-
verse types of chemical bonds and allow preparation,
within the same class of polyurethanes, of materials of
widely varying properties.

An important factor determining the physicome-
chanical properties of polyurethanes, especially at
elevated temperatures, is the nature of cross-links in
the three-dimensional polymer network, depending on
the curing agent used.

Studies of the effect of diamines and water as
curing agents in single-component systems on the

properties of composites based on various diisocya-
nates showed [1] that strong intermolecular interaction
in polymers results in increased modulus of elasticity
and tensile strength. The rigid segments in the chain
(bulky aromatic diisocyanates and aromatic amines)
also enhance the cohesion strength. Flexible groups
(e.g., aliphatic amines) contribute to the elastic prop-
erties of the elastomers.

Thus, polyurethanes can be considered as block
copolymers [2] with flexible polyether or polyester
segments and rigid segments formed by urethane or
urea fragments. Flexible segments increase the elastic-
ity and relative elongation at break, whereas rigid
segments with enhanced intermolecular interactions
increase the hardness, tensile strength, melting point,
and glass transition point.

The structure of the three-dimensional polyurethane
network is determined by the synthesis conditions, in
particular, by the preparation procedure (single-stage
or two-stage). When the polymer is prepared by a
two-stage procedure via a prepolymer, formation of a
more regular network can be expected. Elastomers
prepared via prepolymer [3] exhibit higher cohesion
strength but lower values of the adhesion strength and
modulus of elasticity and are less elastic.

In a two-stage procedure for production of poly-
urethanes the prepolymers are usually highly viscous,
and special equipment is required for their mixing and
feeding to reaction vessels without air access. The
properties of the final product can largely depend on
the accuracy of temperature control and on the storage
time and stability of the prepolymer.

The advantage of the single-stage preparation of
polyurethanes is the stability of the reaction mixture.
With aromatic diamines, an additional advantage is
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the possibility of dosing these relatively high-melting
crystalline substances using standard dosing units.
The major problem, however, is to balance the reac-
tivities of the backbone polyol and curing agent to
attain the required degree of cross-linking. If both
components are diols, it is not difficult, but with
amine cross-linking agents it is necessary to add a
catalyst accelerating the reaction of the hydroxide
with the isocyanate. The advantages of the single-
stage procedure are also simpler process and wider
range of suitable raw materials.

Analysis of the present state of production of
single-component polyurethane elastomers [4] reveals
the following trends: improvement of the curing sys-
tem and development of optimal formulations.

The goal of this study was preparation of single-
component urethane formulations with azomethines
(Schiff bases) as cross-linking agents. These systems,
reacting with atmospheric moisture without release of
carbon dioxide, facilitate reaction of the polymer
backbone chain with isocyanate groups.

EXPERIMENTAL

In our study we used toluene 2,4-diisocyanate
[TDI, TU (Technical Specifications) 6.03331379),
Laprol-5003 polyether (TU 6-05-1513387), P-803
industrial carbon [GOST (State Standard) 7885377),
and chalk (GOST 842352). The deformation and
strength properties were determined according to
GOST 21751376, and the Shore hardness, according
to GOST 263375.

Aldimines were prepared by reaction of an alde-
hyde with a diimine in a 2 : 1 molar ratio (see table).

Schiff bases are prepared [5] by condensation of
aldehydes and ketonesI with various amino com-
poundsII , resulting in elimination of water and for-
mation of the corresponding azomethinesIII . The
kinetic data suggest a two-stage mechanism [Eq. (1)]
of formation (and reverse hydrolysis) of azomethines,
involving formation of a tetrahedral intermediate,
carbinolamineIV , which in some cases can be iso-
lated (e.g., reaction of chloral with hydroxylamine) or
detected in solution by1H NMR spectroscopy:
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Initial substances for synthesis of aldimines
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Diamine ³ Aldehyde ³ mp, oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Ethylenediamine ³Benzaldehyde ³ 42344
" ³Nitrobenzaldehyde³ 145
" ³Furfural ³ 51352
Hexamethylenediamine³Benzaldehyde ³ (l)
" ³Nitrobenzaldehyde³ 86388
" ³Furfural ³ 43
Phenylenediamine ³Benzaldehyde ³1103113
" ³Nitrobenzaldehyde³ 85390
" ³Furfural ³ (l)
Diaminodiphenylmethane³Benzaldehyde ³ 121
" ³Nitrobenzaldehyde³ 172
Diaminodiphenylmethane³Furfural ³ (l)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

where R1, R2 = H, Alk, Ar; R3 = Alk, Ar, OH, OR,
NHR, Hal.

Aldehydes and dialkyl ketones smoothly condense
with primary amines to give the corresponding Schiff
bases, whereas the reactivity of aryl ketones is rela-
tively low, and in this case longer reaction time and
Brønsted acid catalysis are required.

Hydrolysis of azomethines to the initial amines and
carbonyl compounds is an example of the nucleophilic
attack at the C=N bond. This two-stage process in-
volves addition of water molecules to the C=N bond
to form a carbinolamine intermediate which subse-
quently decomposes into the amine and carbonyl
compound. The rates of azomethine hydrolysis and
formation are pH-dependent.

Cycloaddition of Schiff bases to simple isocya-
natesVI is preceded by reversible formation of zwit-
ter-ionic intermediateVII [Eq. (2)] which in some
cases can be isolated. The further transformations are
determined by the stability of the zwitter-ionic inter-
mediate (i.e., mainly by the steric and electronic ef-
fects of substituents in the azomethine molecule) and
by the reaction conditions (kinetic or thermodynamic
control). On the whole, when the benzylidene moiety
of Schiff baseV contains electron-donorpara substit-
uents and the reaction is performed at low tempera-
tures (i.e., under conditions of kinetic control), direct
ring closure in the zwitter-ion to give [2+2]-cyclo-
adduct VIII is favored:
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T, oC

t, h

Fig. 1. Correlation between the temperatureT and timet
of sealant curing with aldimines based on (1) benzaldehyde
and (2) nitrobenzaldehyde and furfural.

E, % Gt, MPa H, arb. units

1b

2b

1c

2c

Fig. 2. Influence of the3CH=N3/3NCO ratio on the phys-
icomechanical properties of sealants containing 60 wt parts
of industrial carbon, cured with (1a31c) aromatic and
(2a32c) aliphatic imines: (1a, 2a) relative elongationE,
(1b, 2b) nominal tensile strengthGt, and (1c, 2c) Shore
hardnessH; the same for Fig. 3.

It was suggested to use Schiff bases for preparing
composites from polyisocyanate and aldimine for
coatings stable in storage [6, 7]; also, Schiff bases can
be used as latent hardeners for low-temperature curing
of epoxy oligomers [8].

However, studies by Arbizov and his disciples [9]
showed that Schiff bases react with isocyanates only
at 1003160oC. Therefore, preparation of cold-curable
sealants using the reactions of Schiff base formation is
practically impossible. We have studied the hydrolysis
of Schiff bases as sealant components.

It is known [10] that aldiminesIX in the presence
of atmospheric moisture are hydrolyzed to the initial
compounds: aldehydes and diamines. This reaction,

in particular, occurs on a support:

R`3CH=N3R"3N=CH3R` + H2O 6 2R̀3CHO

+ H2N3R"3NH2. (3)

The released diamine reacts with the OCN groups
of the prepolymer to give a three-dimensionally cross-
linked polymer.

Curing of sealants depends on several factors, in
particular, on the temperature and structure of substit-
uent R̀ in the aldehyde molecule (Fig. 1). With in-
creasing temperature, the time of sealant curing de-
creases. Curing is also accelerated when electron-
withdrawing substituents such as NO2, Br, I, or OCH3
are introduced into thepara position of benzaldehyde.
These substituents decrease the electron density on
the electrophilic center (3C+=N3 carbon atom) and
enhance its affinity for water, accelerating the hydrol-
ysis. The amino groups released in the course of
hydrolysis react with the isocyanate group even at
0325oC; as a result, the sealant curing accelerates.

Figure 2 shows the dependences of the physicome-
chanical properties of sealants on the ratio of the reac-
tive groups3NCO/3CH=N in the oligomeric system.
As this ratio is increased, the strength and hardness
of the urethane elastomers increase. This is due to the
increased degree of cross-linking. The increase in the
3NCO/3CH=N ratio to 0.5 has a weak effect on the
properties. However, at further increase the strength
of the sealants is enhanced, reaching a maximum at
the 3NCO/3CH=N ratio equal to 0.830.85. At the
3NCO/3CH=N ratio higher than unity the physico-
mechanical parameters start to decrease.

The deformation and strength characteristics of
sealants are influenced by the structure of the amine
moiety in aldimines. For example, the selanats cured
with aromatic imines considerably surpass in strength
those cured with aliphatic analogs, owing to incor-
poration of aromatic ring into the polymer structure.

Unfilled sealants are used seldom because of their
poor physicomechanical parameters and high cost.
To improve the properties and reduce the cost, various
fillers are added. In this work we used active (industri-
al carbon) and neutral (chalk) fillers. Figure 3b shows
the dependences of the main physicomechanical pa-
rameters of the sealants on the content of industrial
carbon and chalk. These data show that, irrespective
of the imine type and component ratio, the parameter
values as functions of the filler content pass through
maxima. The nominal tensile strength and the relative
elongation vary in parallel with varying filler content.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

SYNTHESIS OF SINGLE-COMPONENT URETHANE SEALANTS 863
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H, arb. unitsE, % Gt, MPa (a)
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Fig. 3. Influence of the content of (a) P-803 industrial carbonC1 and (b) chalkC2 on the properties of sealants cured with
(1a31c) aromatic and (2a32c) aliphatic imines.

The hardness of the composites increases monotoni-
cally. The physicomechanical properties of polyure-
thane sealants filled with industrial carbon are consid-
erably better than those of the sealants filled with
chalk. However, at high filling (more than 60 wt parts
of industrial carbon or more than 90 wt parts of chalk
per 100 wt parts of oligomer) the curing becomes
complicated because of hindered diffusion. Highly ac-
tive industrial carbon should be introduced in smaller
amounts than chalk; the optimal dosage is 40 wt parts.
This filler strongly affects the efficiency of macro-
molecule binding and formation of the physical net-
work comprising from 60 to 80% of the total content
of bonds in the polymer. Replacement of industrial
carbon by neutral chalk at the same filler content
(60 wt parts per 100 wt parts of prepolymer) decreases
the physicomechanical properties of sealants.

CONCLUSIONS

(1) Single-component urethane sealants with ald-
imines as cross-linking agents were developed.

(2) The effect of temperature on the curing time
of sealants was studied. With increasing temperature
from 20 to 80oC, the curing time decreases from
12315 to 234 h.

(3) The ratio of the3CH=N3 and 3NCO groups
affects the physicomechanical properties of the seal-
ants, with its optimal value being 0.830.85.

(4) The properties of sealants were studied in rela-
tion to the filler content. The strength parameters pass

through maxima at the following filler content: indus-
trial carbon 60 wt parts and chalk 90 wt parts.

REFERENCES

1. Lipatov, Yu.S., Kercha, Yu.Yu., and Sergeeva, L.M.,
Struktura i svoistva poliuretanov(Structure and Prop-
erties of Polyurethanes), Kiev: Naukova Dumka, 1970.

2. Saunders, J.H.,J. IRI, 1968, vol. 2, pp. 21322.
3. Rausch, R. and Sayigh, A.,Ing. Eng. Chem., 1965,

vol. 57, pp. 92394.
4. Tematicheskii obzor TsNIITEneftekhim. Seriya:[Pro-

myshlennost’ sinteticheskogo kauchuka. Proizvodstvo
uretanovykh elastomerov v SShA] (Topical Review of
the Central Research Inst. of Technical and Economi-
cal Studies in Petrochemical Industry, Ser.: Chemical
Rubber Industry. Production of Urethane Elastomers
in the United States), 1979.

5. Comprehensive Organic Chemistry. The Synthesis and
Reactions of Organic Compounds, Barton, D. and Ol-
lis, W.D., Eds., vol. 2:Nitrogen Compounds, Oxford:
Pergamon, 1979.

6. US Patent 5 569 706.
7. US Patent 5 523 376.
8. Blagonravova, A.A. and Nepomnyashchii, A.I.,Lako-

vye epoksidnye smoly(Varnish Epoxy Resins), Mos-
cow: Khimiya, 1970.

9. Zobova, N.N., Rusanov, G.N., and Arbuzov, B.A.,
Izv. Akad. Nauk SSSR, Ser. Khim., 1972, no. 2,
pp. 201632020.

10. Sorokin, M.F., Onosova, L.A., and Tarasov, A.V.,
Zh. Prikl. Khim., 1986, vol. 2, no. 8, pp. 17321.



1070-4272/01/7405-0864$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 5, 2001, pp. 8643869. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 5,
2001, pp. 8383842.
Original Russian Text CopyrightC 2001 by Gaile, Zalishchevskii, Varshavskii, Semenov, Erzhenkov, Koldobskaya, Kaifadzhyan.

CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

OF FOSSIL FUEL

Production of Environmentally Friendly Diesel Fuel
and Petroleum Aromatic Solvents by Extraction Combined

with Azeotropic Distillation

A. A. Gaile, G. D. Zalishchevskii, O. M. Varshavskii, L. V. Semenov, A. S. Erzhenkov,
L. L. Koldobskaya, and E. A. Kaifadzhyan

St. Petersburg State Technological Institute, St. Petersburg, Russia
Kirishinefteorgsintez Production Association, Limited Liability Company, Kirishi, Leningrad oblast, Russia

Received December 26, 2000

Abstract-A method is proposed for production of environmentally friendly diesel fuel, including five-step
countercurrent extraction of aromatic hydrocarbons from the hydrofined diesel fraction with dimethylfor-
mamide or dimethylacetamide containing 335 wt % H2O and pentane followed by regeneration of the ex-
tractants from the extract phase by azeotropic distillation. The process allows production of diesel fuel with
the content of aromatic hydrocarbons below 10 wt %. Another product is a petroleum aromatic solvent like
Nefras AR-150/330.

In the previous works we demonstrated that en-
vironmentally friendly diesel fuel with a content of
aromatic hydrocarbons below 15 wt % and sulfur
content below 0.003 wt % can be produced by five-
step countercurrent extraction of the hydrofined diesel
fraction with acetonitrile containing pentane [133].
Acetonitrile was selected as a polar solvent, since it
does not form azeotropic mixtures with components
of the feed and can be readily regenerated by distilla-
tion. However, even with additions of water and pen-
tane, increasing the selectivity of separation, the arene
concentration in the extract is at a level of 90 wt %.

One of the most promising lines in using extracts
of mid oils is production of petroleum aromatic sol-
vents like Nefras AR-120/200 and AR-150/330 [4, 5].
These solvents find use in varnish-and-paint industry
and photography, in preparation of cleansing reagents,
extraction of precious metals, and flotation of min-
erals. Petroleum aromatic solvents are produced by
catalytic reforming of hydrofined oil fractions fol-
lowed by extraction of arenes or pyrolysis with sul-
furic acid refining of the condensate to remove un-
saturated hydrocarbons. Nefras AR-120/200 can be
also produced more simply by extraction of arenes
from the hydrofined kerosene fraction with aceto-
nitrile containing pentane. In regeneration of aceto-
nitrile, forming azeotropic mixtures with saturated
hydrocarbons C93C10, from the extract phase, the
arene content increases from 85 to 98399 wt %, which

meets the requirements for Nefras AR-120/220 [6].
The hydrofined diesel fraction can be a source of
Nefras AR-150/330 without using such power-con-
suming processes as catalytic reforming or pyrolysis.

The goal of this work is to develop a combined
extraction3azeotropic distillation process providing
simultaneous production of both environmentally
friendly diesel fuel with an arene content below
10 wt % and Nefras AR-150/330 from the diesel
fraction.

The criterion for selection of an extractant is that
it should not form azeotropic mixtures with arenes
C10+ and also with saturated hydrocarbons over the
range of at least C103C14. The diesel fraction contains
even higher-boiling saturated hydrocarbons C153C20,
but their content in the extract phase is insignificant
by virtue of a lower solubility in polar solvents. Thus,
the critical temperature of solution ofn-hexadecane,
n-decane, andtrans-decalin in dimethylformamide
(DMF) is 112 [7], 84.6, and 64.9oC, respectively [8].

In [9] DMF and also dimethylacetamide (DMAA)
and acetonitrile were proposed to be used as azeotro-
pizers for separation of alkylbenzenes C93C10 from
the catalytic reforming fraction containing also about
20 wt % of saturated hydrocarbons C103C11.

DMF and DMAA can form azeotropic mixtures
with higher-boiling saturated hydrocarbons also.
In formation of azeotropic mixtures the condition



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001

PRODUCTION OF ENVIRONMENTALLY FRIENDLY DIESEL FUEL 865

Table 1. Limiting activity coefficients of hydrocarbons in DMF and DMF to hydrocarbon saturated pressure ratio
at 140oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Hydrocarbon ³ g0
i ³ bp, oC ³ P0

i , kPa [11] ³ P0
DMF /P0

i
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
n-Decane ³ 13.1 [12] ³ 174.1 ³ 38.92 ³ 1.99
n-Dodecane ³ 17.3 ³ 216.3 ³ 10.70 ³ 7.24
n-Tridecane ³ 20.0 ³ 235.4 ³ 5.72 ³ 13.5
n-Tetradecane ³ 23.3 ³ 253.5 ³ 3.06 ³ 25.3
2-Methyltridecane ³ ~23 ³ 247.9 ³ 3.92 ³ 19.8
trans-Decalin ³ 11.55 [12] ³ 187.3 ³ 29.53 ³ 2.62
p-Cymene ³ 1.91 [12] ³ 177.2 ³ 35.42 ³ 2.19
Durene ³ 2.37 ³ 196.8 ³ 20.26 ³ 3.82
DMF ³ 3 ³ 153 ³ 77.43 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Limiting activity coefficients of hydrocarbons and solvent selectivity
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Solvent
³

T, oC
³ gi

0 [14, 15] ³
g0
h /g0

b

³
1/g0

b

³
g0
hp/g0

h³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³ ³
³ ³ hexane ³ heptane ³ benzene ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Acetonitrile ³ 25 ³ 25.5 ³ 41.41 ³ 2.7 ³ 9.44 ³ 0.370 ³ 1.62
DMF ³ 25 ³ 17.0 ³ 22.7 ³ 1.4 ³ 12.1 ³ 0.714 ³ 1.34
DMAA ³ 30 ³ 9.767 ³ 11.60 ³ 1.143 ³ 8.55 ³ 0.875 ³ 1.19

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

g0
i > P0

s/P0
i should be met, i.e., the limiting activity co-

efficient of theith component in thesolvents is higher
than the solvent to component saturated pressure ratio
[10]. The experimentalg0 of n-decane,trans-decalin,
and p-cymene at 140oC (temperature close to the
expected boiling point of azeotropic mixtures of DMF
with the hydrocarbons) is given in Table 1. The limit-
ing activity coefficients of the higher-boiling alkanes
were estimated by extrapolation of data for heptane,
octane, and decane using the linear relationship
logg0

i = a + bnC, wherenC is the number of carbon
atoms in then-alkanes. Similarlyg0

i of durene was
estimated by extrapolation of data on the activity coef-
ficients of toluene ando-xylene.

It follows from Table 1 that DMF should form
azeotropic mixtures with alkanes C103C13 and
branched alkanes C14. At the same time the systems
DMF3arenes C10+ are zeotropic, except for mixtures
with the lowest-boiling alkylbenzenes C10 like
p-cymene, which goes not to the diesel but to the
kerosene fraction. The saturated vapor pressure of
DMAA, estimated by the Antoine equation [13], at
140oC is 47.6 kPa, which is lower than that of DMF
by a factor of 1.6. However, the nonideality of sys-
tems DMAA3saturated hydrocarbons is also lower
than that of the corresponding systems with DMF by
about the same factor. For example,g0 of octane at

50oC in DMF and DMAA is 21.2 and 13.0, respec-
tively [14]. Therefore, the probability of formation of
azeotropic mixtures of hydrocarbons with DMAA is
nearly the same as with DMF. Another requirement to
extractants is that they should demonstrate high group
selectivity toward components to be separated. This
property can be characterized, for example, by the
ratio of the limiting activity coefficients of hexane to
benzeneg0

h/g0
b. Additionally the effective extractant

should be characterized by high solvency 1/g0
b and

low molecular-weight selectivity expressed as the
ratio of the limiting activity coefficients of homolog-
ous hydrocarbons, for example, of heptane and hexane
(g0

hp/g0
h). DMF surpasses acetonitrile in all these

parameters (Table 2). DMAA, having nearly the same
group selectivity toward arenes as acetonitrile, is con-
siderably more efficient by the solvency and molecu-
lar-weight selectivity, i.e., by the characteristics which
are particularly important in extraction of arenes from
relatively high-boiling fractions with a wide boil-off
range, with which the diesel fractions are classified.

As a feed we used the hydrofined diesel fraction
(Kirishinefteorgsintez Production Association, Limited
Liability Company) having the following characteris-
tics: boil-off range (standard distillation) 2233330oC,
refractive indexnD

20 = 1.4684, densityr4
20 = 0.836,

and content of aromatic hydrocarbons 24.8 wt %.
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Table 3. Parameters of single-stage extraction of aromatic hydrocarbons at 25oC estimated by UNIQUAC method [feed
composition (wt %): n-dodecane 37.5,n-hexadecane 37.5,n-hexylbenzene 20.0, and 1-methylnaphthalene 5.0]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Experiment no.
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4 ³ 5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Weight ratio: ³ ³ ³ ³ ³

DMF : feed ³ 3 : 1 ³ 3 : 1 ³ 5 : 1 ³ 5 : 1 ³ 5 : 1
pentane : feed ³ 3 ³ 1 : 1 ³ 0.5 : 1 ³ 1 : 1 ³ 1.5 : 1

³ ³ ³ ³ ³Yield of extract phase, wt %: ³ 83.72 ³ 73.85 ³ 88.48 ³ 85.44 ³ 81.98
³ ³ ³ ³ ³Composition of extract phase, wt %: ³ ³ ³ ³ ³

n-dodecane ³ 3.05 ³ 1.42 ³ 2.16 ³ 1.61 ³ 1.22
n-hexadecane ³ 1.47 ³ 0.59 ³ 1.06 ³ 0.74 ³ 0.52
n-hexylbenzene ³ 4.65 ³ 3.25 ³ 2.87 ³ 2.56 ³ 2.28
1-methylnaphthalene ³ 1.41 ³ 1.19 ³ 0.83 ³ 0.79 ³ 0.75
pentane ³ 3 ³ 12.64 ³ 6.25 ³ 10.85 ³ 14.11
DMF ³ 89.42 ³ 80.91 ³ 86.83 ³ 83.45 ³ 81.12

³ ³ ³ ³ ³Composition of raffinate phase, wt %: ³ ³ ³ ³ ³
n-dodecane ³ 41.92 ³ 24.68 ³ 33.51 ³ 27.33 ³ 22.21
n-hexadecane ³ 50.03 ³ 27.01 ³ 41.96 ³ 32.48 ³ 25.36
n-hexylbenzene ³ 6.81 ³ 6.13 ³ 4.65 ³ 4.60 ³ 4.44
1-methylnaphthalene ³ 0.45 ³ 0.47 ³ 0.28 ³ 0.29 ³ 0.30
pentane ³ 3 ³ 40.78 ³ 18.81 ³ 34.43 ³ 46.76
DMF ³ 0.79 ³ 0.93 ³ 0.79 ³ 0.87 ³ 0.93

³ ³ ³ ³ ³Composition of extract, wt %: ³ ³ ³ ³ ³
n-dodecane ³ 28.82 ³ 22.00 ³ 31.19 ³ 28.32 ³ 25.53
n-hexadecane ³ 13.93 ³ 9.19 ³ 15.31 ³ 12.91 ³ 10.99
n-hexylbenzene ³ 43.96 ³ 50.38 ³ 41.48 ³ 44.97 ³ 47.79
1-methylnaphthalene ³ 13.29 ³ 18.43 ³ 12.02 ³ 13.80 ³ 15.69

³ ³ ³ ³ ³Yield of extract, wt % ³ 35.41 ³ 23.81 ³ 39.82 ³ 34.05 ³ 29.28
³ ³ ³ ³ ³Separation coefficients: ³ ³ ³ ³ ³

b3/1 ³ 9.4 ³ 9.3 ³ 9.6 ³ 9.5 ³ 9.4
b3/2 ³ 23.6 ³ 24.3 ³ 24.4 ³ 24.4 ³ 25.1
b4/1 ³ 42.9 ³ 44.4 ³ 46.0 ³ 46.3 ³ 45.5
b4/2 ³ 108.0 ³ 116.2 ³ 117.2 ³ 119.6 ³ 122.0

³ ³ ³ ³ ³Degree of recovery, %: ³ ³ ³ ³ ³
n-hexylbenzene ³ 77.8 ³ 60.0 ³ 82.6 ³ 76.6 ³ 70.0
1-methylnaphthalene ³ 94.1 ³ 87.8 ³ 95.8 ³ 94.0 ³ 91.9

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Using the UNIQUAC procedure, we estimated
parameters of single-step extraction of aromatic hy-
drocarbons from the model system dodecane3hexa-
decane3n-hexylbenzene31-methylnaphthalene at 25oC
with straight DMF and DMF containing pentane
(Table 3).

The theoretical results suggest that (1) at the same
concentrations of dodecane and hexadecane in the
initial mixture the dodecane content in the extracts is
higher than that of hexadecane by a factor of 232.3;
(2) separation coefficientsb, estimated as the ratio of
the distribution coefficients of the arenes and alkanes,

are higher in the presence of pentane as compared to
straight DMF; (3) arene content in the extract is higher
in extraction with DMF3pentane also (see experiment
nos. 1, 2); (4) to increase the degree of recovery of
aromatic hydrocarbons in extraction with DMF3

pentane, it is necessary to use an increased DMF to
feed ratio (experiment nos. 1, 3); and (5) at weight
ratios of DMF to feed and pentane to feed of 5 : 1 and
1 : 1, respectively (experiment no. 4), the same degree
of recovery of 1-methylnaphthalene as in experiment
no. 1 is realized at higher arene concentration in the
extract andb, and also at a lower loss of the raffinate.
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Table 4. Conditions of extractive purification of diesel
fraction (number of theoretical plates 5; temperature 25oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Experiment no.
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
Extractant ³DMAA ³ DMAA ³ DMAA ³ DMF
Moisture content ³ 5 ³ 5 ³ 5 ³ 3
in extractant, wt %³ ³ ³ ³
Mass ratio: ³ ³ ³ ³

extractant : feed³ 3 : 1 ³ 4 : 1 ³ 5 : 1 ³ 4 : 1
pentane : feed ³ 1 : 1 ³ 1 : 1 ³ 1.5 : 1 ³ 1 : 1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

The advantages of extraction of arenes with a mix-
ture of the polar (DMF) and nonpolar (pentane) sol-
vents over extraction with straight DMF, which are
not clearly distinct in the case of single-step extrac-
tion, should be more pronounced in multistep coun-
tercurrent extraction. The parameters of five-step
countercurrent extractive purification of the diesel
fraction are given in Table 4. As a result of higher
selectivity and lower solvency of DMF as compared
to DMAA, the moisture content in the extractants was
3 and 5 wt %, respectively.

Data on extraction of the arenes are given in
Table 5. Pentane and the polar extractant were re-

Table 5. Parameters of countercurrent extraction of arenes from hydrofined diesel fraction
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Experiment no.
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 1 ³ 2 ³ 3 ³ 4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Raffinate

Yield, wt % ³ 85.5 ³ 82.1 ³ 83.3 ³ 82.5
Arene content, wt % ³ 12.85 ³ 9.9 ³ 10.7 ³ 10.0
Sulfur content, wt % ³ 0.020 ³ 0.014 ³ 0.016 ³ 0.014
Refractive indexnD

20 ³ 1.4600 ³ 1.4579 ³ 1.4585 ³ 1.4580
Density r4

20 ³ 0.822 ³ 0.819 ³ 0.930 ³ 0.937

Extract

Yield, wt % ³ 14.5 ³ 17.9 ³ 16.7 ³ 17.5
Arene content, wt % ³ 95.2 ³ 93.1 ³ 95.1 ³ 94.6

Concentrate of aromatic hydrocarbons

Yield, wt % ³ 14.0 ³ 17.0 ³ 16.0 ³ 16.9
Arene content, wt % ³ 98.4 ³ 98.0 ³ 99.0 ³ 98.0
Sulfur content, wt % ³ 0.20 ³ 0.197 ³ 0.198 ³ 0.197
Degree of recovery of arenes, % ³ 55.7 ³ 67.2 ³ 64.1 ³ 66.7
Refractive indexnD

20 ³ 1.5367 ³ 1.5360 ³ 1.5380 ³ 1.5362
Density r4

20 ³ 0.930 ³ 0.928 ³ 0.937 ³ 0.930
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

moved from the raffinate phase by fractional distilla-
tion. The yield of the extract and thearene content in
it were estimated from the material balance equations.
Regeneration of the solvents from the extract phase
was performed also by distillation with a 20 TP
column. As a result of formation of azeotropic mix-
tures of DMAA or DMF with saturated hydrocarbons
of the extract phase, the arene content in the extract
increases from 93395 wt % in the extract to 983
99 wt % in the concentrate of aromatic hydrocarbons.

Simultaneous increase in the DMAA : feed and
pentane : feed ratios (experiment nos. 1, 3) improves
all the parameters of the extraction/azeotropic distilla-
tion process, including the degree of recovery of
arenes, their content in the concentrate of aromatic
hydrocarbons, and raffinate quality.

The arene contents in the resulting diesel fuel and
concentrate of aromatic hydrocarbons, meeting the
requirements for environmentally friendly diesel
fuel and Nefras AR-150/330 (<10 wt % [16] and
>98 wt %, respectively [17]), are realized in experi-
ment nos. 2 and 4, i.e., under similar conditions for
DMAA and DMF. The latter is due to similar values
of the selectivity and solvency of DMAA and DMF
with a 5 and 3 wt % moisture content, respectively.

Note that, in contrast to DMAA, commercial DMF
is available in Russia. DMF finds industrial use
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Table 6. Parameters of chromatographic distillation of
feed, raffinate, and concentrate of aromatic hydrocarbons
(experiment no. 2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Parameter
³

Feed
³

Raffi-
³ Concentrate

³ ³
nate

³ of aromatic
³ ³ ³hydrocarbons

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Fraction composition,oC:³ ³ ³

initial boiling point ³ 203 ³ 202 ³ 220
10% ³ 233 ³ 236 ³ 236
30% ³ 259 ³ 260 ³ 263
50% ³ 281 ³ 281 ³ 283
70% ³ 302 ³ 302 ³ 304
90% ³ 322 ³ 322 ³ 331
dry point ³ 352 ³ 346 ³ 357

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

for recovery and purification of isoprene by extractive
distillation; the same process is used also for recovery
of benzene from the benzene fractions of reformer
naphtha or pyrolysis condensate. Commercial produc-
tion of DMAA by condensation of acetic acid with
dimethylamine was formerly realized at the Salavat
Petroleum Chemical Combine [18], but now it is not
manufactured in Russia.

Samples of the feed and concentrate of aromatic
hydrocarbons separated in experiment no. 2 were
characterized by13C and1H NMR spectra on a Bruker
AM-500 instrument. The spectra were analyzed by the
procedure described in [19]. The results demonstrated
that the aromaticity factor characterizing the relative
amount of aromatic carbon atoms in a molecular-
weight-average molecule increases from 0.111 in
the feed to 0.506 in the concentrate, the number of
aromatic carbon atoms, from 1.74 to 7.49, and the
number of hydrogen atoms bound to aromatic carbon
atoms, from 1.03 to 4.3.

Table 6 demonstrates the results of chromato-
graphic distillation, corresponding to the TBP (true
boiling point) curve, of samples of the feed, raffinate,
and concentrate of aromatic hydrocarbons, obtained
in experiment no. 2. TBP curves of the raffinate and
feed differ only slightly (raffinate dry point somewhat
decreases). The initial boiling and dry points of the
concentrate increase as compared to the feed. Never-
theless, practically the whole concentrate can be used
as a component of Nefras AR-150/330.The concen-
trate of aromatic hydrocarbons separated from the
diesel fraction can be combined with the component
of Nefras 150/330 separated from the jet engine fuel
fraction [6].

CONCLUSIONS

(1) In the process including extractive purification
of the diesel fraction with dimethylformamide or
dimethylacetamide in pentane and regeneration of
polar extractants from the extract phase by azeotropic
distillation, providing removal of azeotropic mixtures
of amides with saturated hydrocarbons C103C14, the
arene content in the concentrate of aromatic hydrocar-
bons increases to 98399 wt % against 93395% in
the extract.

(2) The proposed extraction3azeotropic distillation
method allows production of environmentally friendly
diesel fuel with an arene content below 10 wt %.
Another product is a petroleum aromatic solvent like
Nefras AR-150/330.
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Abstract-A mechanism of deasphalting and fractionation of Ashal’chinsk natural bitumen with acetone was
studied by pulse NMR. The features of distribution of components of the initial material in acetone solutions
in deasphalting and also structural variations in the colloidal system resulting in separation of fractions when
water is added in portions to the solution were studied. The structural-group composition of the separation
products was characterized on the basis of NMR and IR data.

Previously [1, 2] we suggested a procedure of
solvation deasphalting and fractionation of natural
bitumens (NBs). This separation procedure is of large
applied significance and calls for further investigation
aimed at studying the mechanism of complicated mul-
tistage extraction of components from NB at discrete
variation of the solvency of the polar solvent. How-
ever, the mechanism of separation of NB, which is
a complex colloidal system, by a polar solvent is not
adequately studied. The procedures widely used for
studying petroleum dispersion systems (PDSs) with
preseparation of these systems by distillation, extrac-
tion, adsorption, and other methods with subsequent
use of chromatography, IR spectroscopy, and polarog-
raphy allow determination of the elemental, chemi-
cal, and structural-group compositions of the separa-
tion products [3]. However, all these methods destroy
the colloidal system during analysis and do not allow
sudying structural variations in PDSs under the action
of various factors. These methods should be replaced
by noncontact methods which do not destroy the
colloidal system and furnish information on the com-
position and structure of the system components but
also on the parameters of molecular motion, structural
ordering, and phase transitions of the[living] col-
loidal system. At present, among these methods, pulse
NMR spectroscopy finds expanding application [4, 5].

EXPERIMENTAL

For measurements of NMR relaxation parameters
we used an 08RS/BK pulse relaxometer, which is a
modification of previously developed pulse relaxom-
eters [6]. The unit is based on the Hahn and Carr3

Purcell3Meiboom3Gill methods [5]. We measured the
spin3spin relaxation timesT2i (ms) of the components
of phases found in NB, its solutions in acetone, and
also in the products of deasphalting and fractionation.
The number of phases characterized by certainT2i
values and proton population densityPi was deter-
mined by expansion of envelope of spin3echo signals
to individual components with subsequent separation
of linear portions [7, 8]. In studying acetone solutions
in NB and solution of the deasphalting product in
hydrated acetone, the possibility of finding more than
three phases in the system arised owing to using two
steps of measurements at various regimes of relaxom-
eter operation. First, the envelope of spin echo was
divided in two portions at the fracture point, and then
the resulting portions were individually expanded into
components whose number did not exceed three. As-
sociated and free acetone molecules and also their
associates with the most mobile molecules of oils
with long relaxation times (approximately 1000 ms)
make the main contribution into the approximately
linear portion of the curve at the end of the envelope.
The initial portion of the envelope corresponds to less
mobile components of the solution.

To study the effect of the solvent amount on re-
structurization proceeding in deasphalting, we pre-
pared the solution of NBs in acetone in the range of
solvent to NB ratio from 0.25 to 1. At the ratio higher
than 1 the solution separated in two phases, i.e., de-
asphalting proceeded; therefore, at the ratio of 335 the
solutions of asphalt (lower layer) and deasphalting
product (upper layer) were studied individually. To
study the effect of temperature on the parameters of
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molecular motion, the resulting solutions were pre-
pared and analyzed at 20 and 35oC.

To study the mechanism of solvation fractionation,
we carried out deasphalting of Ashal’chinsk NB with
acetone (ratio of 5) at 20oC. Then, the solution of
deasphalting product was fractionated by separation of
fractions on adding water in portions in the amounts
of 4, 8, 12, and 16 wt %, respectively. The process
was carried out similarly at 30 and 40oC. Then, the
compositions of the upper (the solution of deasphalt-
ing product in wet acetone) and the lower (solutions
of asphalt and fractions) phases were studied in-
dividually by pulse NMR. The spectrometer was
equipped with a temperature-controlled unit for meas-
urement of the spin3spin relaxation time at the same
temperature at which the fractionation was carried out.

The initial materials and also asphalt and the frac-
tions produced by the same scheme but at 55oC were
also studied by pulse NMR in the temperature range
203100oC.

To study the structural-group composition of solu-
tions of asphalt and deasphalting product obtained at
20oC and also solutions of asphalt and fractions ob-
tained at 55oC, we registered high-resolution1H NMR
spectra on a Tesla-567A spectrometer operating at
100 MHz. In addition, the fractionation products were
studied by IR spectroscopy [3] using a Specord M-85
spectrophotometer.

The spin3spin relaxation timeT2i and proton popu-
lations Pi of NB components, products of its separa-
tion, and their solutions in acetone were the main
characteristics used for studying this colloidal system
by pulse NMR.

The temperature dependences of the spin3spin
relaxation time of NB components are presented in
Fig. 1. It is seen from Fig. 1 that this colloidal system
exists in the form of three phases with different
molecular mobilities. Curve1 can be assigned to the
most mobile phase whose molecules most likely form
the dispersion medium and enter into the composition
of the outer solvation shell of a complex structural
unit (CSU) being in direct contact with the dispersion
medium. Oil molecules and long, fairly mobile ali-
phatic fragments of resin molecules can be among
these components of the system. Curve2 can be as-
signed to resin molecules that form the inner solvation
shell being in direct contact with the CSE nuclei,
asphaltenes. The asphaltene phase is represented by
curve 3 characterizing the components of the initial
material with the lowest molecular mobility. In this
case, asphaltenes as the third phase of the system

103/T, K31

T2i, ms

Fig. 1. Relaxation timeT2i of components of Ashal’chinsk
NB as a function of temperatureT. (1) Oils, (2) resins,
and (3) asphaltenes.

begin to be detected by the device only at a tempera-
ture above 50oC, since at lower temperatures the
structured asphaltene components have too short
relaxation time.

As seen from Fig. 1, there are abrupt stepvaria-
tions of the spin3spin relaxation time for the phase
corresponding to asphaltenes. These variations charac-
terize the restructurization proceeding in each of the
three suggested phases. Thus, each jump in the tem-
perature dependence is apparently caused by variation
of the structure of CSU and associates of NB com-
ponents. Naturally, this restructurization for oils is
less pronounced than that for asphaltenes having a
stack structure close to the graphite-like structure.
Resins have an intermediate structure.

It is of great scientific interest to study by pulse
NMR the structural variations occurring in NB in its
mixing with acetone. With this purpose we studied the
NMR spectra of acetone3NB solutions at 20 and
35oC. In the absence of acetone two phases are re-
vealed by the dependence ofT2i of NB components
on the solvent ratio (Fig. 2) at these temperatures,
similarly to data in Fig. 1. It should be noted that all
the curves corresponding to 35oC lie above the curves
characterizing the solution at 20oC, which is due to
increase in the molecular mobility with increasing
temperature. In addition of acetone to the colloidal
system in hand at the acetone : NB ratio of 0.25, these
two phases can be observed but theT21 and T22
values characterizing their molecular mobilities are
significantly higher. In this case a new phase with the
relaxation timeT23 appears in the solution; in its for-
mation acetone plays a dominant role. Polar molecules
of acetone have formed presumably associates pri-
marily with heteroatomic and aromatic components
previously incorporated into the outer solvation shell
of CSU. Addition of the next portion ofacetone to the
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T2i, ms

Fig. 2. Relaxation timeT2i of NB components as a function
of the degree of dilution of NB with acetone. (N) Ratio of
acetone to NB. Temperature,oC: (1) 20 and (2) 35.

, K31

T2i, ms

Fig. 3. Temperature dependence of relaxation timeT2i
for components of (1, 2) asphalt and (3, 4) deasphalting
product. (1, 3) T1, (2, 4) T2, and (3) T3.

system (the acetone : NB ratio of 0.5) results in an in-
crease in the molecular mobility of the initially co-
existing phases1 and 2. Phase3 formed on addition
of the first portion of acetone does not change the
molecular mobility, and a new phase4 with a longer
relaxation timeT24 appears. It can be assumed that in
this case not only the outer solvate layer but also the
layer directly adjacent to asphaltenes, CSU nucleus,
starts to destroy. This assumption is based on the
fact that addition of the next portion of acetone (ace-
tone : NB ratio of 0.75) results in CSU restructuriza-
tion accompanied by significant decrease in the
molecular mobility of asphaltene phase1 and appear-

ance of new phases5 and 6 enriched with acetone.
From our data in neat acetone, there are two phases
with different molecular mobilities,free and asso-
ciated molecules with relaxation timesT2a = 2800
and T2b = 1000 ms at 20oC, respectively. Hence, it
can be concluded that the relaxation timeT25 is close
to the relaxation time of the associated phase andT26
is close to that of the free phase of neat acetone. Thus,
at this ratio of acetone to NB in the system, asphal-
tenes start to separate as individual microphase, in
which the resin and oil molecules in the solvate shell
are replaced by acetone molecules.

Further addition of acetone to the system under
consideration does not result in formation of new
phases, and the initial colloidal system separates in
layers forming two coexisting thermodynamically
equilibrium colloidal systems: asphalt solution in
which asphaltene and heavy resinous components of
the initial materials with lower molecular mobility are
concentrated and solution of deasphalting product
containing molecules of oils and resins and small
amount of finely dispersed solvated asphaltenes.
When analyzing the dependences of NMR parameters
separately for solutions of asphalt and deasphalting
product it should be noted that phases1 and2 refer to
solutions of both asphalt and deasphalting product.
The phases having the relaxation timesT23, T24, and
T26 are present only in the solution of deasphalting
product, and the phase with the relaxation timeT25 is
distributed between phases4 and6 at the ratio of ace-
tone to NB higher than 3. The fact that components
of NB dissolved in acetone are separated with respect
to their molecular mobility is confirmed by the tem-
perature dependence of the relaxation time of asphalt
and deasphalting product components, produced by
deasphalting of NB at 55oC and acetone ratio equal to
3 (Fig. 3). In this dependence there are two phases
of asphalt whose relaxation times correspond toT21
andT22 presented in Fig. 1. These two phases are also
present in the deasphalting product; however, their
components have considerably higher molecular
mobility owing to breakdown of the three-dimensional
graphitic structure of asphaltenes which most likely
retained only the platelike two-dimensional structure.
The most mobile phase in deasphalting product (the
upper line in the plot) corresponds to oils.

It is well known that it is the oil fraction of NB,
consisting of paraffin naphthene hydrocarbons form-
ing the major fraction of the dispersion medium and
the outer solvate shell of CSU, that passes primarily
into the deasphalting product. The analysis of the
high-resolution NMR spectrum showed that polycon-
densed aromatic components with short aliphatic
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chains also pass predominantly into the deasphalting
product solution, while at the same degree of aroma-
ticity and condensation molecules with longer ali-
phatic substituents remain in the asphalt solution.
Association of polar molecules of acetone with poly-
condensed aromatic components with short aliphatic
chains is less hindered sterically and therefore these
components predominantly pass into the deasphalting
product solution. This suggestion is confirmed in [9],
according to which aromatic hydrocarbons with the
largest average molecular polarization have the high-
est solubility in a polar solvent.

The mechanism of solvation fractionation (SF) was
studied on the basis of data on distribution of com-
ponents with various molecular mobilities in solutions
of deasphalting product and fractions at portional
addition of water. Figure 4 shows the dependence of
T2i on the amount of water added for components of
solutions of fractions (lower layer) and deasphalting
product (upper layer). It is evident that with increasing
amount of water the number of phases in the system
increases; however, asphaltene phase1 is the same
in the solutions of all fractions, and its relaxation
time T21 increases with increasing temperature of the
process. The presence of asphaltenes in all fractions is
confirmed by the data obtained in studying physico-
chemical characteristics of products of the fractiona-
tion carried out at the same solvent ratio but different
temperature [2].

Phase2, corresponding mainly to the resins incor-
porated into CSU shells partially retained in deas-
phalting, is not registered in NMR experiments at
20oC. During SF at 30oC and 40oC this phase is not
registered in this colloidal system at water content no
more than 8% when the first two fractions are precipi-
tated. Phase3 with the relaxation timeT23 can be
observed only at 20oC at a water content of up to
12%. After isolation of the first three fractions the
concentration of acetone molecules (free molecules
with the relaxation timeT25 and also self-associated
molecules and molecules associated with water and
deasphalting product components with the relaxation
time T24) increases to such an extent that the relaxa-
tion time of the other components of the system can-
not be detected.

Thus, the pulse NMR technique reveals some dif-
ferences between the mechanisms of deasphalting and
fractionation. Thus, in deasphalting an increase in
the concentration of acetone is accompanied by ap-
pearance of new phases involving deasphaling product
and acetone molecules with a higher molecular mobil-
ity, whereas in SF with increasing water content the

, wt %

T2i, ms

Fig. 4. Relaxation timeT2i of components of solution
of fractions and deasphalting product as a function of water
content C. Temperature,oC: (1) 20, (2) 30, and (3) 40.

number of phases in the system decreases owing to
separation of components with the lower molecular
mobility. Addition of a new portion of water results
in abrupt changes in the structure of the colloidal sys-
tem, owing to which in precipitation of each fraction
the corresponding phase with the relaxation timeT2i
is redistributed and disappears. For fraction 2 this is
phase2; separation of fraction 3 is accompanied by
redistribution and disappearance of phase3.

Using pulse NMR spectroscopy, we determined the
parameters of molecular mobility of the components
of fractions obtained at a fractionation temperature of
55oC and the acetone : initial material ratio of 5 after
separation of these fractions from acetone and water.
With this purpose we studied the temperature depen-
dences of the spin3spin relaxation time of these com-
ponents, presented in Fig. 5. We determined the phys-
icochemical and structural-group characteristics of
the separation products (from the evidence of high-
resolution NMR), presented in Table 1.

Analysis of the temperature dependences obtained
for the fractions showed that in these fractions, similar
to the initial material (Fig. 1), there are three phases
corresponding to oils, resins, and asphaltenes. In this
case, the relaxation time of the asphaltene phase varies
insignificantly for all the fractions, while the relaxa-
tion time of the resinous and oil components of the
separation products increases with increasing amount
of water required for their recovery from the solution
of the deasphalting product. Insignificant variations of
T2i values of asphaltenes in the temperature depen-
dence for the fractions may be due to the fact that in
the deasphalting product solution to be fractionated
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Table 1. Physicochemical characteristics of fractions of Ashal’chinsk NB. Solvent : initial material ratio 5, temperature
of deasphalting and fractionation 55oC
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Fraction
³ Yield based ³

M*
³

r4
20, g cm33 ³

Cs, wt %
³

Carom
³

CH2/CH3
³

nD
20

³ on NB, wt % ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Asphalt ³ 36.6 ³ 593 ³ 1.0407 ³ 4.2 ³ 6.1 ³ 2.78 ³ 3

1 ³ 14.2 ³ 446 ³ 0.9615 ³ 3.0 ³ 5.4 ³ 3.29 ³ 3

2 ³ 21.0 ³ 354 ³ 0.9618 ³ 3.1 ³ 4.8 ³ 2.55 ³ 1.5296
3 ³ 10.2 ³ 333 ³ 0.9619 ³ 3.1 ³ 5.7 ³ 1.89 ³ 1.5320
4 ³ 6.9 ³ 251 ³ 0.9705 ³ 3.5 ³ 6.6 ³ 1.56 ³ 1.5384
5 ³ 7.2 ³ 210 ³ 1.0486 ³ 4.9 ³ 11.3 ³ 1.4 ³ 1.5600

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Molecular weight.

only finely dispersed asphaltenes are retained, having
no complicated three-dimensional structure similar to
NB and solvated mainly by acetone and water mole-
cules. These associates still remain in the solution
with increasing its polarity by adding water, since, as
mentioned above, asphaltenes have the highest values
of the average molecular polarization in this system

(a)

(b)

(c)

103
/T, K31

T2i, ms

Fig. 5. Relaxation timeT2i of (a) oils, (b) resins, and
(c) asphaltenes in fractions 135 as a function of tempera-
ture T. Fractions: (1) 1, (2) 2, (3) 3, (4) 4, and (5) 5.

and are most strongly retained in a solution of the
polar solvent. With increasing water content, coarse
less polar components having long aliphatic radicals
adjacent to condensed aromatic structures are mainly
separated from the deasphalting product. As a result,
the most polar, most polarizable, and smallest-size
components of the initial material, such as low-
molecular-weight heteroatomic and aromatic com-
pounds, are accumulated in the last fraction. This is
confirmed by the NMR and IR spectra. In high-resolu-
tion NMR spectra of asphalt and all fractions (frac-
tionation temperature 55oC) there are signals with the
chemical shifts identified on the basis of published
data [10, 11].

From the ratio of the integral intensities of the
signals corresponding to aromatic structures and the
total aliphatics in the NMR spectra of separation
products and also the ratio of the intensities of the
signals of methylene and methyl protons, we obtained
the averaged molecular characteristics of the fraction
components, such as aromaticityCarom and the length
of aliphatic substituents [3, 11] (Table 1, Fig. 6).

Based on the IR data, we determined the param-
eters described in [12] and characterizing the structure
of averaged molecule of separation products: (1) aro-
maticity C1, (2) degree of branching of aliphatic frag-
ments C2, (3) content of sulfoxide groups in aromatic
fragments S1, (4) content of sulfoxide groups in ali-
phatic fragments S2, and (5) total content of unsubsti-
tuted hydrogen atoms in aromatic fragments B1.

Presumably, the increase in the relaxation time of
the phases corresponding to resinous and oil com-
ponents of fractions with increasing water content is
due to a decrease in the degree of condensation of
molecules in fractions 134. The increase in aromatic-
ity of fraction 5 (Fig. 6) is due to accumulation of
mono- and bicyclic aromatic compounds.
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Variation in the degree of branching of aliphatic
fragments C2 in fractions is also characterized by the
presence of a maximum. Low degree of branching in
asphalt is due to the presence of highly condensed
components low-substituted with short aliphatic
radicals, which is suggested by the high value of the
coefficient B1 and low value of the CH2/CH3 ratio.
The increase in the coefficient C2 in passing to frac-
tions 134 is due to an increase in the solvent polarity,
which results in retention of components with a higher
polarizability in the solution, namely, of components
with shorter carbon chains at the same number of
carbon atoms and hence with a greater degree of
branching of aliphatic substituents at aromatic rings
and a greater number of substituents (Table 2, coef-
ficient B1).

The features of distribution of heteroatomic com-
pounds can be followed for distribution of sulfur-con-
taining compounds among fractions as an example.
The character of variation of coefficients S1 and S2 is
similar and shows the increase in the amount of sul-
foxide groups in passing from asphalt to the last frac-
tion owing to their high polarity and ability to form
hydrogen bonds with proton-donor compounds. This
results in retention of sulfoxide-containing compounds
in aqueous solution of acetone.

An increase in the water content in the deasphalting
product solution results in increased role of dipole3

dipole interactions and formation of new hydrogen
bonds, which facilitates separation of molecules of oil
components with the paraffin3naphthene structure,
having no tendency to participate in these interactions,
from the solution. The presence of more polar water
in the solution apparently results in formation of more
compact associates with polarizable oil and resinous
components with certain molar volume, having short
aliphatic substituents at the aromatic ring. In this case,
the deasphalting product components having shorter
aliphatic fragments and lower degree of condensation
as compared to the above components are separated
from the solution, which is manifested in longer spin3

spin relaxation time of oils and resins in fractions.
This assumption is confirmed by data on variation of
the molecular weight, aromaticity, and the length of
aliphatic chains of fractionation products (Tables 1, 2).

The characteristic feature of the obtained tempera-
ture dependences is the presence of an inflection in
the curves corresponding to phases of oils and resins
(Fig. 5), while for the phase of asphaltenes the jump-
wise variations of the molecular mobility, similar to
those in the initial material but less pronounced, can
be observed (Fig. 2). These jumpwise variations for

(a)

(b)

Fig. 6. Structural-group composition of fractions as a func-
tion of their yield based on the initial materials: (C1) aro-
maticity, (C2) degree of branching of aliphatic fragments,
(CH2/CH3) length of aliphatic chain, and (B) total yield
of fraction (wt %). Data: (a) NMR and (b) IR spectroscopy.

the asphaltene phase will be studied in the future. The
temperature corresponding to the inflection point in
the plots for the phases with the lower molecular
mobility decreases from 81 to 74oC with increasing
water content in the deasphalting product solution,
required for separation of the corresponding fraction.
The inflection in the curve can originate from the fact
that the major part of structural variations in the corre-
sponding phases proceeds up to a certain tempera-
ture and further increase in temperature affects insig-
nificantly the molecular mobility of the components.

Table 2. Coefficients characterizing structural-group
composition of fractionation products
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Frac-
³ Coefficient
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄtion ³ C1 ³ C2 ³ S1 ³ S2 ³ B1

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
Asphalt³ 0.234 ³ 5.158 ³ 0.424 ³ 0.100 ³ 3.674

1 ³ 0.120 ³ 6.075 ³ 0.667 ³ 0.080 ³ 2.123
2 ³ 0.126 ³ 6.776 ³ 0.708 ³ 0.089 ³ 2.417
3 ³ 0.133 ³ 7.230 ³ 0.649 ³ 0.086 ³ 2.579
4 ³ 0.155 ³ 7.532 ³ 0.774 ³ 0.122 ³ 2.935
5 ³ 0.220 ³ 3.08 ³ 0.688 ³ 0.147 ³ 3.811

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
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CONCLUSIONS

(1) The mechanism of distribution of components
of Ashal’chinsk natural bitumen in its deasphalting
and fractionation with acetone was studied by pulse
NMR. The restructurization processes occurring in
acetone solutions in natural bitumens were studied
at various temperatures and solvent ratios and at addi-
tion of water in portions.

(2) In the products of deasphalting and fractiona-
tion there are three fractions with different molecular
mobilities. In deasphalting, the asphaltene phase is
concentrated in asphalt. With increasing water amount
required for separation of the corresponding fraction
the molecular mobility of its oil and resinous com-
ponents increases.
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Abstract-Formation of asphalt3resin oligomers by reaction of petroleum vacuum residues and bitumens with
the oligoisoprene fraction from the dimethylformamide distillation bottoms (isoprene production waste) was
studied by thermomechanical and thermogravimetric analyses. The number-average molecular weights of the
final product and initial components were determined.

Utilization of industrial wastes and by-products,
along with solution of environmental problems, will
decrease the cost of commercial products and extend
the range of raw materials. Among the largest-tonnage
wastes of oil-refining and petrochemical industries
are pyrolysis tars and bottoms [1], in particular, pet-
roleum asphalts and bitumens. Their condensation
with dimethylformamide distillation bottoms (KORD
resin, isoprene production waste) containing the oli-
goisoprene fraction yields asphalt3resin oligomers
(ASMOL) [2].

Both ASMOL and formulations thereof are widely
used as high-performance corrosion-resistant and
waterproofing materials and coatings [3]. In the main
service parameters (plasticity, corrosion-resistance
power, adhesion) ASMOL surpasses the protective
formulations based on petroleum bitumens and high-
molecular-weight elastomers [4].

In this work we attempted to reveal factors respon-
sible for the unique properties of this product and,
primarily, to find whether ASMOL is merely a mix-
ture of sulfonated products of condensation (or poly-
merization) of the initial components (bitumen and
oligomeric fraction of isoprene) or its formation in-
volves chemical reactions between the components.
This is necessary for optimizing the process of AS-
MOL production and important from the scientific
viewpoint, as study of the reactivity of oil cracking
residues is one of the major research lines in petro-
chemistry.

As seen from the table, ASMO contains high-
molecular-weight fractions whose molecular weightM
exceeds several times that of the initial components,
KORD resin and bitumen.

Since ASMOL is produced in the presence of con-
centrated sulfuric acid, formation of the high-molecu-
lar-weight fraction can be associated with condensa-
tion of bitumen resins (on heating or acid treatment,
neutral resins as components of petroleum bitumens
undergo condensation to give asphaltenes, the highest-
molecular-weight components of oil [5]). High-molec-
ular-weight compounds can also form by condensation
of KORD resin and bitumen, since both the initial and
intermediate substances of ASMOL production con-
tain reactive functional groups such as3COOH,3OH,
3HSO4, and3NH2. To take into account the contribu-
tion of these reactions to the increase in the molecular
weight of the final product, we performed separate
sulfonation of ASMOL components (bitumen and
KORD resin).

As seen from Fig. 1, the thermomechanical curves
of ASMOL, KORD resin, bitumen (sulfonated and
nonsulfonated), and their mechanical mixtures have
a shape characteristic of oligomeric products, with
one temperature transition corresponding to the flow
point Tf. The resin (low-molecular-weight fraction of
isoprene oligomers) and bitumen have the lowest flow
points. Introduction into bitumen of 10 wt % resin
increasesTf of the mixture, which suggests formation
of products with a higher molecular weight. Probably,
in the course of ASMOL formation the chemical inter-
action between the components starts even in the stage
of mixing and homogenization. Comparison of the
thermomechanical curves of the initial (and separately
sulfonated) bitumens and resin shows that sulfonation
in both cases increasesTf, with the shift of the total
flow branch along the temperature axis for the resin
being by a factor of 3 larger than for the bitumen.
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Number-average molecular weightsMn of ASMOL and initial components
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Mn
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ before sulfonation³ after sulfonation ³ fraction 2 ³ fraction 1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
ASMOL: ³ ³ ³ ³

laboratory sample ³ 3 ³ 1000 ³ 2200 ³ 815
batch 2 ³ 3 ³ 700 ³ 6000 ³ 690
batch 3 ³ 3 ³ 760 ³ 9450 ³ 740

Bitumen: ³ ³ ³ ³
no. 1 ³ 580 ³ 860 ³ 3 ³ 3

no. 2 ³ 470 ³ 3 ³ 3 ³ 3

no. 3, batch 1 ³ 620 ³ 790 ³ 3 ³ 3

no. 3, batch 2 ³ 3 ³ 770 ³ 3 ³ 3

Resin: ³ ³ ³ ³
no. 1 ³ 270 ³ 3 ³ 3 ³ 3

no. 2 ³ 350 ³ 1250 ³ 3 ³ 3

no. 3 ³ 140 ³ 990 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The flow of the sulfonated resin is characterized by
slow gworth of the deformation in the course of heat-
ing. The polydispersity of the sample (presence of
fractions with differentM) can be indirectly judged
from the shape of the initial section of the thermo-
mechanical curve [6] (sharp or gradual inflection), and
the shift of the branch characterizing the flow of the
sample is primarily determined by its molecular
weight. In view of these facts, our results suggest that
in the course of joint sulfonation of the resin and
bitumen (as it is done in production of ASMOL) the
growth of the molecular weight of the final product
is mainly due to cationic polymerization of oligoiso-
prene catalyzed with sulfuric acid, rather than to con-
densation processes involving bitumen. The resulting
sulfooligoisoprene apparently has a wide molecular-
weight distribution, as indicated by a slow growth of

T, oC

A, arb. units

Fig. 1. Thermomechanical curves of (1) resin, (2) bitumen,
(3) bitumen3resin mixture, (4) sulfonated bitumen, (5) sul-
fonated resin, (6) ASMOL, and (7) mixture of sulfonated
bitumen with sulfonated resin: (A) deformation and (T) tem-
perature.

the deformation in the thermomechanical curve. At the
same time, the fact that the flow point of a mechanical
mixture of sulfonated initial components differs from
that of ASMOL is an indirect evidence of interaction
of the bitumen and resin components.

This assumption is confirmed by direct determina-
tion of the molecular weight of the initial and final
products (sulfonated and nonsulfonated). As seen from
the table, sulfonation of KORD resin appreciably
increases its number-average molecular weight. Sulfo-
nation of oligoisoprenes at double bonds cannot cause
such an increase in the molecular weight of the reac-
tion products. Calculations show that addition of two
sulfo groups to the initial dimeric isoprene molecule
increases its molecular weight by 160 units, whereas
actually it increases by 880 units. Such an increase
in Mn may be due both to further polymerization of
oligoisoprene catalyzed with sulfuric acid and to con-
densation involving sulfo groups of the oligoisoprene
and amino groups of dimethylformamide, always
present in a certain amount in the bottoms.

The molecular weights of the bitumen sulfonation
products also increase the initialMn values, but not
so significantly. Apparently, with respect to bitumens
sulfuric acid mainly acts as a sulfonating agent.

By extraction with heptane (procedure for deas-
phalting of petroleum bitumens), we separated AS-
MOL into two fractions: soluble (fraction 1) and in-
soluble (fraction 2) in toluene and determined their
number-average molecular weights in toluene by
measuring the thermal effects of condensation; theMn
values obtained are listed in the table. As expected,
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Dm, %
0

T, oC

Fig. 2. TG curves of (1) commercial and (2) laboratory
samples ofASMOL in air: (Dm) weight loss and (T) tem-
perature; the same for Figs. 4 and 5.

Dm, %

T, oC

Fig. 4. TG curves of (1) sulfonated bitumen, (2) ASMOL,
(3) sulfonated resin, (4) resin, and (5) bitumen in air.

Mn of the heptane-insoluble fraction is considerably
higher than that of the heptane-soluble product.

Owing to the presence in ASMOL of components
of different molecular weights and different chemical
structures, thermal and thermal oxidative degradation
of ASMOL is multistage.

According to dynamic TGA data, ASMOL decom-
poses in air in several stages. In the integral TG
curves of laboratory and commercial samples (Fig. 2),
we can distinguish three stages, with the correspond-
ing DTG peaks at 280, 420, and 550oC (Fig. 3). To
assign these peaks, we performed thermogravimetric
analysis of the bitumen and resin (nonsulfonated and
separately sulfonated samples) and of two mechanical
mixtures prepared, respectively, from the nonsulfo-
nated and sulfonated components. Figures 3 and 4
show that in the TG curves of the sulfonated resin and
bitumen a low-temperature decomposition stage ap-
pears, and the second decomposition stage shifts
toward higher temperatures. Comparison of the TG

T, oC

dW/dt, arb. units

Fig. 3. DTG curves (dW/dt, rate of weight loss) of (1) sul-
fonated bitumen, (2) ASMOL, and (3) sulfonated resin in
air: (T) temperature; the same for Fig. 6.

Dm, %

T, oC

Fig. 5. TG curves of (1) ASMOL and (2) mixture of sulfo-
nated bitumen and sulfonated resin in argon.

(Fig. 4) and DTG (Fig. 3) curves of ASMOL and
sulfonated initial components suggests that the first
decomposition stage and the corresponding DTG peak
are due to decomposition of the sulfo groups. Since
the weight loss in this stage for the resin is greater
than for the bitumen, the extent of sulfonation of the
isoprene oligomers is apparently greater as compared
to the bitumen. The second degradation stage (about
400oC), apparently, involves decomposition of the
bitumen component: The weight loss in this stage is
proportional to the bitumen content. Finally, in the
range 5003600oC the cross-linked carbon residue is
burned out.

Thermogravimetric analysis in an inert atmosphere
gave results indirectly suggesting occurrence of con-
densation of oligoisoprene with bitumene. The TG
curves (Figs. 5, 6) show that the course of degradation
of ASMOL differs from that of a mechanical mixture
of the separately sulfonated bitumen and resin. Where-
as with ASMOL there is a sharp step at 280oC, the
weight of the mixture sample gradually decreases in
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dW/dt, arb. units

T, oC

Fig. 6. DTG curves of (1) mixture of sulfonated bitumen
and sulfonated resin and (2) ASMOL in argon.

a wide temperature range. Sharp steps are typical of
selective decomposition of specific functional groups
and cleavage of specific bonds (with subsequent elim-
ination of low-molecular-weight decomposition prod-
ucts) within relatively high-molecular-weight macro-
molecules, whereas gradual weight loss, as a rule,
suggests gradual evaporation of volatile oligomeric
products.

EXPERIMENTAL

Under both industrial and laboratory conditions,
ASMOL was prepared in three stages: (1) the initial
components (resin and bitumen) were mixed at 90oC;
(2) concentrated sulfuric acid was slowly added drop-
wise, so as to avoid boiling and rise of the reaction
temperature (due to exothermic reaction) above 125oC;
and (3) the final product was stabilized by heating at
1503160oC for 4 h.

Separate sulfonation of the bitumen and resin and
preparation of the mixtures of the initial components
(sulfonated and nonsulfonated) were performed simi-
larly.

The flow point was determined on a thermome-
chanical installation at a load of 3.5 g mm32 and a
heating rate of 3 deg min31.

Dynamic thermogravimetric analysis was per-
formed with an MOM Q-1000 derivatograph in air or
argon; the heating rate was 5 deg min31, and the sam-
ple weight, 100 mg.

The number-average molecular weightsMn were
determined by measuring the thermal effects of con-

densation [7]. The device was calibrated using poly-
ethylene glycol samples of various molecular weights
as references; the concentrations of solutions of the
reference and test samples in benzene was 0.05+

0.01 g ml31. The measurements were performed at
40+0.01oC. For each sample, five parallel measure-
ments were performed, and the meanMn value was
taken.

CONCLUSION

Our results suggest that formation of asphalt3resin
oligomers involves both separate sulfonation and con-
densation of the initial components and their reaction
with each other to give the higher-molecular-weight
product. Sulfuric acid plays a dual role: firstly, it cata-
lyzes further polymerization of the initial oligoiso-
prenes and their condensation with petroleum bitumen
components (and also condensation of neutral bitumen
resins), and, secondly, it participates in sulfonation of
these products.
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Abstract-Certified and substandard paving bituments of Kirishi Petroleum Processing Plant were studied
by 1H and 13C NMR spectroscopy and X-ray diffraction. The differences in the aromaticity degree of
asphaltenes and malthenes of these bitumens were revealed. The parameters of layered-block stacks of the
asphaltenes were measured.

Previously we studied [1] certified and substandard
BDUS 70/100 and BDUS 100/130 bitumens by a
number of chemical and physicochemical methods. It
was found than these bitumens have close chemical
compositions of the organic constituents and different
content of ash, sulfur, oxygen, alkaline-earth metals
(Mg, Ca, Sr, and Ba), 3d metals (Cu, Co, and Zn),
aluminum, boron, lead and arsenic. During aging of
bitumens, their composition and structure, first of all
at the associative level, change.

The aim of this work was to determine quantitative
parameters of association of bitumen alsphaltenes and
differences in the aromaticity degree of malthenes and
asphaltenes of certified and substandard bitumens
produced at the Kirishinefteorgsintez Joint-Stock
Production Association.

EXPERIMENTAL

We used the certified and substandard bitumens
characterized in our previous work [1]. Asphaltenes
were recovered from the bitumens by exhaustive pre-
cipitation with hot pentane in a Soxhlet apparatus.
The NMR spectra of certified and substandard bi-
tumens were recorded in CDCl3 solutions at 22oC on
a Bruker AM-500 spectrometer (500 MHz,1H and
125 MHz, 13C) with a 5-mm proton3carbon detector.
The 13C NMR spectra were recorded at inverse
strobe proton decoupling. The X-ray diffraction analy-
sis of the asphaltenes was performed on a DRON-2
diffractometer in the range 2q = 3o360o (CuKa radia-
tion). The samples were powdered and placed in a cell
25 mm in diameter and 2 mm thick.

The 1H signal of the residual protons of the CDCl3
solvent appears as a sharp signal with a low integral
intensity at 7.25 ppm against a background of the
broad and strong signal of the bitumen aromatic
protons. In the13C NMR spectra the solvent is mani-
fested as a triplet at 77 ppm (Figs. 1, 2). As seen from
Figs. 1 and 2, the bitumen spectra contain two groups
of signals: (1) aromatic signals centered at about 7.5
and 135 ppm in the1H and13C spectra, respectively,
and (2) aliphatic signals with the strongest peaks at
1.3 and 300 ppm in the1H and 13C spectra, respec-
tively. The aliphatic region of the carbon spectrum
consists of five signals at 32.0, 29.8, 29.5, 22.8, and
14.2 ppm. The Har/Hal and Car/Cal ratios in the tested
samples, determined by1H and 13C NMR spectros-
copy, are presented in Table 1.

Table 1. Comparative results of1H and 13C NMR study
of certified and substandard bitumens
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Bitumen
³ Har/Hal ³ Car/Cal
³ (1H NMR)³(13C NMR)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
BDUS 100/130: ³ ³

certified, produced 5/15/2000,³ 0.066 ³ 0.441
certificate no. 24 ³ ³

³ ³substandard bitumen, ³ 0.0616 ³ 0.420
produced 5/10/2000 ³ ³

³ ³BDUS 70/100: ³ ³
certified, produced 5/6/2000,³ 0.0595 ³ 0.425
certificate no. 14 ³ ³

³ ³substandard bitumen, ³ 0.052 ³ 0.365
produced 5/10/2000 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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d, ppm

d, ppm
Fig. 1. 1H NMR spectra of certifiedBDUS 100/130 bitumen. (d) Chemical shift; the same for Fig. 2.

d, ppm

d, ppm

Fig. 2. 13C NMR spectra of certifiedBDUS 100/130 bitumen.

As seen from Table 1, the Har/Hal and Car/Cal
ratios in the both certified bitumens are higher than in
the substandard samples (as a whole, these parameters
for BDUS 100/130 bitumens are higher than those for
BDUS 70/100 bitumens). For example, the Har/Hal
ratio in the certified and substandard BDUS 100/130
bitumen is 0.066 and 0.0616, respectively (Table 1).

The Har/Hal ratio in the certified and substandard
BDUS 70/100 bitumen is 0.0595 and 0.052, respec-
tively. The Car/Cal ratio in the certified and substand-
ard BDUS 100/130 bitumen is 0.441 and 0.42, re-
spectively (Table 1). In the certified BDUS 70/100
bitumen this ratio is 0.425, whereas in the substandard
sample it is 0.365. Thus, the NMR spectroscopic
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Table 2. Calculated structural parameters of the asphaltenes
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄ

Bitumen
³ dm, ³ A10 ³A002 ³ Ag ³

A10/S(A002+Ag)
³B1/2(10)³B1/2(002)³

La

³
Lc

³
M

³
far³ ÃÄÄÄÄÁÄÄÄÄÁÄÄÄÄ´ ÃÄÄÄÄÄÁÄÄÄÄÄÄ´ ³ ³ ³

³ A ³ cm2 ³ ³ deg ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄ
BDUS 100/130: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
certified, certificate no. 24³ 3.71³ 3.5 ³28.8 ³ 31.3³ 0.035 ³ 3.5 ³ 3.2 ³ 23.6³ 12.5³ 4.37³0.48

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³substandard bitumen, ³ 4.15³10.5 ³38.5 ³ 44 ³ 0.130 ³ 7.0 ³ 4.0 ³ 11.8³ 10 ³ 3.4 ³0.45
produced 5/10/2000 ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³BDUS 70/100: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
certified, certificate no. 14³ 3.89³ 7.2 ³28.7 ³ 33.6³ 0.123 ³ 4.5 ³ 3.8 ³ 18.4³ 10.5³ 3.7 ³0.46

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³substandard bitumen, ³ 3.94³11.05³40.75³ 50 ³ 0.119 ³ 6.5 ³ 4.5 ³ 12.6³ 9 ³ 3.3 ³0.45
produced 5/10/2000 ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄ

study, as well as ICP-MS and HPLC [1], reveals dif-
ferences between BDUS 100/130 and BDUS 70/100
certified and substandard bitumens.

Asphaltene powders recovered from certified and
substandard bitumens of the both types were studied
by X-ray diffraction at room temperature without
using solvent, i.e., under conditions providing maxi-
mal degree of association of their molecules in supra-
molecular structures.

The X-ray pattern of sample no. 1 contains the fol-
lowing reflections. Theg reflection with the maxi-
mum at 2qg = 18o is due to diffraction on randomly
distributed carbon atoms and heteroatoms (the reflec-
tion of amorphous carbon). The stack associates are
manifested as a weak reflection from the (10) plane at
2q10 = 42o and a reflection form the (002) plane of
the stacks with a maximum at 2q002 = 24o. In the
X-ray patterns of sample nos. 2, 3, and 4 the (002)
reflection appears at 2q002 = 22o, 21.5, and 22.5o,
respectively.

The first step of the treatment of X-ray patterns is
subtraction of the background (Fig. 3). To separate
the (002) andg reflections, they were assumed [2]
to be symmetrical relative toq = q002 and q = qg
axis and to be described by the Gaussian distribution
function. The interlayer spacings in the stacksdm =
0.5l /sinq002 and the repeated spacings between the
saturated molecular fragmentsdg = 0.625l /sinql
(wherel is the wavelength of the radiation used,A)
were calculated fromq002 andqg angles after normali-
zation. The average diameter of flat molecular frag-
ments in the stacksLa = 0.92/B1/2(10) and the average
stack thicknessLc = 0.45/B1/2(002) were calculated
by the Scherrer equation form the halfwidths of the
(10) and (002) reflectionsB1/2(10) and B1/2(002)
measured in the sinq /l units. The average number of

layers in a stack was calculated by the equation

M = (Lc /dm) + 1.

In addition, the areas of the separated peaks (002)
and g (A002 and Ag, respectively) were measured and
the aromaticity factorfar was calculated as the quoti-
ent of division of thearea of the (002) reflection by
the sum of the areas of (002) andg reflections:

far = A002/(A002 + Ag).

The results of these calculations are presented
in Table 2.

The structural parameters of the asphaltene stacks
in all samples differ considerably. The most ordered
are sample nos. 1 and 2. They have the maximal
cohesion which is manifested during the ductility
measurement.

It should be noted that the aromaticity degree
determined by X-ray diffraction agree well with the
results of NMR spectroscopy. The higher the struc-
tural ordering of bitumens (the most ordered the

2q, deg
Fig. 3. Scheme for transformation of the normalized X-ray
diffraction pattern and measurement of the reflection
parameters. (2q) Bragg angle.
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a

Fig. 4. Schematic structure of asphaltenes in layered-block
stacks: (dm) distance between aromatic layers, (dg) intra-
chain distance (dg ~ 4A), (Lc) diameter of bunch of con-
densed layers, and (La) the diameter of the condensed
aromatic planes. (1) Alkyl chains or free naphthene rings
and (2) section of plates of condensed aromatic rings.

dispersed asphaltene phase), the denser is the packing
of malthenes around asphaltene stacks. This affects
the service parameters of bitumens (ductility).

Based on the results of the X-ray diffraction study,
we suggest that asphaltene molecules are associated in

the layered-block stacks (Fig. 4). Thus, X-ray diffrac-
tion, along with ICP-MS, HPLC [1], and NMR spec-
troscopy, can be used to determine meaningful dif-
ferences between certified and substandard paving
bitumens.

CONCLUSION

As compared to substandard bitumens, the layered-
block stacks of asphaltene molecules of more struc-
turally ordered (certified) bitumens are denser, and the
packing of malthenes around the asphaltene nuclei is
more ordered owing to their higher aromaticity. This
results in higher thermal stability and, as a conse-
quence, higher ductility of certified paving bitumens.
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Abstract-Homogeneous pyrolysis of asphaltenes of G6 coal semicoking tar at 7503900oC was studied.

Optimization of destructive hydrogenation, high-
rate pyrolysis, and high-temperature coking requires
primarily detailed information on the chemical com-
position of the organic matter of coals (OMC), frac-
tional, group, and structural-group compositions of
the liquid products of[mild] thermal degradation of
OMC, and directions and types of high-temperature
transformations of[primary] products. Such data can
be obtained by studying various coal extracts and sep-
arate groups of compounds of semicoking tars under
conditions minimizing high-temperature transforma-
tions of primary products, which in this case can be
considered with confidence as corresponding to native
fragments of the coal macromolecule, and also by
revealing the features of high-temperature pyrolysis
of these products.

In this work we studied the high-temperature pyrol-
ysis of asphaltenes of the semicoking tar of G6 coal
(Kuznetsk Coal Fields).

The content of asphaltenes in the coal semicoking
tar reaches 30 wt %; therefore, their contribution to
formation of high-temperature liquid products and
coke structure will be significant.

The combination of elemental, quantitative func-
tional, structural-group, and emission spectrum anal-
yses, cryoscopy, IR, UV, and1H NMR spectroscopy,
and adsorption liquid, capillary gas3liquid, and pre-
parative thin-layer chromatography showed that the
asphaltenes of G6 coal semicoking tar are a complex
mixture of high-molecular-weight polycyclic com-
pounds of the alicyclic, hydroaromatic, aromatic, and
heterocyclic nature, substituted with various function-
al groups and alkyl chains [1].

Pyrolysis of asphaltenes was performed in a setup
consisting of a quartz pyrolyzer (d = 20 mm, l =
500 mm), a three-sectional oven, and systems for

feeding the initial substance and condensing and trap-
ping the pyrolysis products [2]. The vapor3emulsion
mixture of asphaltenes fed to the pyrolyzer was di-
luted with argon in a ratio (1 : 25 by volume) close to
that of dilution of resin vapor with coke oven gas in
the course of high-temperature coking. Also, dilution
with argon allowed accurate measurement and fine
control of the residence time of the vapor in the pyrol-
ysis zone.

To determine the contribution of asphaltenes to
formation of other classes of compounds, we per-
formed the chemical group analysis of the tars [3]
followed by study of the qualitative and quantitative
composition of separate groups of components by
elemental, functional, and structural-group analyses,
cryoscopy, capillary gas3liquid chromatography, and
IR and UV spectroscopy.

Pyrolysis of coal asphaltenes was performed at
750, 800, and 900oC; the residence time of the vapor
in the heated zone was 0.5, 1.5, 3.0, and 6.0 s.

The material balance data for asphaltene pyrolysis
and the results of chemical group analysis of the
liquid products are listed in Table 1.

It is seen that asphaltenes of G6 coal semicoking
tar undergo extensive transformations whose extent is
determined by temperature and residence time of the
asphaltene vapor in the pyrolyzer.

Within the first 0.5 s at 750, 800, and 900oC the
yield of pyrocarbon (a highly condensed product of
the carbon black type) was 11.2, 13.4, and 16.5 wt %,
the yield of liquid products, 81.3, 70.1, and 61.3 wt %,
and the yield of gaseous products, 7.5, 16.5, and
22.2 wt %, respectively. The rate of asphaltene degra-
dation in the next second at 750oC is somewhat lower,
as suggested by small changes in the yields of pyro-
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Table 1. Material balance of pyrolysis of G6 coal asphaltenes
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Pyrolysis product

³ Yield of pyrolysis products, wt % based on initial asphaltenes, at indicated contact time, h
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
³ 0.5 ³ 1.5 ³ 3.0 ³ 6.0 ³ 0.5 ³ 1.5 ³ 3.0 ³ 6.0 ³ 0.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
³ 750oC ³ 800oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
Pyrocarbon ³ 11.20³ 19.10³ 31.80³ 53.70³ 13.40³ 29.00³ 50.00³ 61.70³ 16.50³ 48.00³70.00

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³Liquid products, wt % of³ 81.30³ 73.00³ 57.00³ 26.60³ 70.10³ 52.10³ 26.60³ 17.85³ 61.30³ 25.20³15.00
dry tar including: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
organic bases ³ 2.37³ 3.28³ 3.82³ 7.86³ 3.20³ 3.83³ 5.62³ 5.95³ 3.00³ 3.93³ 3.27
carboxylic acids ³ 0.20³ 0.30³ 0.41³ 0.77³ 0.30³ 0.47³ 0.33³ 0.26³ 0.48³ 0.25³ 0.20
phenols ³ 1.69³ 2.33³ 4.13³ 0.90³ 3.00³ 2.22³ 0.95³ 0.52³ 1.51³ 2.00³ 0.60
hydrocarbons ³ 6.37³ 7.90³ 8.52³ 12.25³ 9.80³ 11.75³ 13.85³ 16.10³ 12.20³ 16.35³20.00
neutral oxygen compounds³ 4.15³ 5.70³ 3.93³ 3.23³ 4.40³ 5.70³ 6.28³ 5.15³ 4.88³ 5.20³ 4.26
[secondary] asphaltenes³ 49.80³ 53.20³ 59.80³ 72.30³ 60.10³ 53.90³ 64.00³ 50.30³ 49.50³ 52.00³53.50

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³Gas ³ 7.50³ 8.90³ 11.20³ 19.70³ 16.50³ 18.90³ 23.40³ 20.45³ 22.20³ 26.80³15.00
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ

carbon, tar, and gaseous products (Table 1). However,
at 800 and 900oC the decomposition rate in this peri-
od is high: The yield of pyrocarbon increases by
15.6 and 31.5 wt %, and that of the tar decreases by
18.0 and 36.1 wt %, respectively. Thus, at higher
temperatures the thermal degradation of asphaltenes is
intensified.

As the pyrolysis conditions are made more rigor-
ous, the yield of products varies differently. For ex-
ample, in the period between 1.5 and 3.0 s additional
amounts of pyrocarbon are formed (12.7, 21.0, and
22.0 wt % at 750, 800, and 900oC, respectively), and
the yield of the tars sharply decreases. In the subse-
quent 3 s (between 3.0 and 6.0 s) at 750 and 800oC
pyrolysis decelerates, which may be due to intermedi-
ate formation of thermally stable highly aromatized
polycyclic products. The high yield of pyrocarbon
suggests predominant occurrence of condensation in
the course of asphaltene pyrolysis; it also suggests
that asphaltenes are not responsible for formation of
liquid products.

The course of asphaltene pyrolysis with several
extrema reflects the features of their chemical compo-
sition. Subject to degradation is a complex mixture of
compounds differing in the thermal stability, with the
stability increasing as the degrees of aromaticity and
condensation increase. The least stable structures
decompose first, after which the degradation rate
decreases. Then, as the heat is supplied, other struc-
tures of asphaltenes start to degrade. At a sufficiently
long reaction time, pyrolysis can occur in steps, as
the products of thermochemical transformations of the
initial asphaltenes, exhibiting higher aromaticity and

higher thermal stability, undergo further degradation
but under more rigorous conditions; as a result, a new
maximum appears in formation of pyrocarbon and a
minimum, in formation of liquid products. It should
be noted that in almost all cases the increase in the
yield of pyrocarbon is accompanied by a decrease in
the yield of the liquid products, with no appreciable
changes in the yield of the gaseous products.

The results of chemical group analysis of liquid
products show that, as the conditions of asphaltene
pyrolysis are made more rigorous, the content of
organic bases, hydrocarbons, and neutral oxygen com-
pounds in the tars grows, whereas the content of
phenols decreases. The yield of secondary asphaltenes
changes significantly; in the first 0.5 s of pyrolysis
these compounds rapidly decompose, which is fol-
lowed by their accumulation as compared to the other
groups of compounds. The yield of secondary asphal-
tenes correlates with formation of pyrocarbon, which
is fully consistent with the concept [4, 5] that pyro-
carbon is formed via asphaltenes.

The content of organic bases in liquid products at
the pyrolysis time of 3.0 s increases from 3.83 wt %
at 750oC to 5.62 wt % at 800oC but then decreases to
3.27 wt % at 900oC. The organic bases are formed
most actively in the first 0.5 s; their yield at 750, 800,
and 900oC is 2.37, 3.20, and 3.00 wt %, respectively.

The influence of pyrolysis time is different at dif-
ferent temperatures. For example, the yield of organic
bases in the first 3.0 s is 3.83 and 5.62 wt % at 750
and 800oC, respectively, whereas in the period from
3.0 to 6.0 s their amount increases by 4.0 (750oC) and
0.33 wt % (800oC) (Table 1).
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The highest yield of phenols is observed in the first
0.5 s at 800oC. As the pyrolysis conditions are made
more rigorous, the yield of phenols decreases, which
may be due to prevalence of degradation and conden-
sation of phenols over their formation in thermal
degradation of asphaltenes [639].

The amount of hydrocarbons in liquid pyrolysis
products of asphaltenes increases with time and espe-
cially with temperature. For example, as the tempera-
ture is increased from 800 to 900oC at a time of 3.0 s,
the content of hydrocarbons increases by 6.15 wt %,
and as the time is increased from 3.0 to 6.0 s at a
temperature of 800oC, their content increases by
2.25 wt %. Similar to organic bases and phenols,
accumulation of hydrocarbons is the most significant
in the first 0.5 s: 6.37, 9.80, and 12.20 wt % at 750,
800, and 900oC, respectively. The low content of hy-
drocarbons in liquid pyrolysis products suggests that
asphaltenes are not the major source of hydrocarbons
in high-temperature tars formed by cracking of vapor3

gas products in coke ovens (Table 1).

The content of neutral oxygen compounds consid-
erably exceeds that of phenols (Table 1). For example,
at 800oC (6.0 s) the content of phenols is 0.52 wt %,
and that of neutral oxygen compounds, 5.15 wt %.
Whereas the yield of phenols drastically decreases as
the pyrolysis conditions are made more rigorous, the
content of neutral oxygen compounds grows. This
may be due to features of oxygen incorporation in the
initial asphaltene structures, with the thermally stable
furan heterocycles prevailing, and to condensation of
phenols with formation of furan rings between aro-
matic rings.

The results of capillary gas3liquid chromatographic
analysis of organic bases, phenols, and hydrocarbons
isolated from liquid products of asphaltene pyrolysis
are listed in Table 2.

It is seen that in the course of pyrolysis the compo-
sitions of the considered groups of compounds change
significantly. Among organic bases, the content of
quinoline, methylquinolines, and quinaldine appreci-
ably increases. For example, at 800oC the yields of
quinoline and quinaldine are 0.48 and 0.21 wt % in
the first 0.5 s, increasing to 8.52 and 2.68 wt %, re-
spectively, in 3.0 s.

Table 2 shows that under any pyrolysis conditions
except 750oC/0.5 s the content of phenol and isomeric
cresols among phenols is higher than that of xylenols.
This can be readily explained by the higher thermal
stability of the former compounds and by hydrodeal-

kylation of the intermediate xylenols and polyalkyl-
phenols. At 750oC and 0.5 s, the phenolic fraction
contains 2.29 wt % phenol, 5.84 wt % cresols, and
13.81 wt % xylenols. As the reaction time is increased
from 0.5 to 3.0 s, the content of phenol and cresols
appreciably grows, with simultaneous decrease in the
content of xylenols. Further increase in the pyrolysis
time from 3.0 to 6.0 s (at 750oC) favors accumulation
in the liquid products of phenol,m-cresol, 3,5-xylenol,
and also higher-molecular-weight components: naph-
thols, anthrols, phenanthrols, pyrenols, and chrysen-
ols. The yield of phenol is maximal in 3.0 s at 800oC
and in 0.5 s at 900oC.

The phenolic fractions of pyrolysis tars at 800 and
900oC are enriched in phenol,m-cresol, and 2,4- and
3,5-xylenols, but the total content of low-boiling
products tends to decrease as the pyrolysis conditions
are made more rigorous.

Table 2 shows that, as the pyrolysis of asphaltenes
is intensified, the hydrocarbon fraction becomes richer
in naphthalene, its methyl and dimethyl homologs,
and polycyclic aromatics: fluorene, phenanthrene,
fluoranthene, pyrene, and chrysene. The content of
polycyclic aromatics increases especially significantly
at 900oC. As the reaction time is increased from 3.0
to 6.0 s, the developing dealkylation reactions de-
crease the content of alkylnaphthalenes.

The yield of naphthalene as the major component
of high-temperature tars strongly depends on the
pyrolysis temperature. For example, at 750, 800, and
900oC the yield of naphthalene in 1.5 s is 8.75, 12.30,
and 27.10 wt %, respectively. As the residence time
of asphaltene vapor in the heated zone (750oC) is in-
creased from 0.5 to 6.0 s, the content of naphthalene
increases from 4.92 to 30.20 wt %. It should be noted
that the influence of reaction time on formation of
naphthalenes is different depending on temperature.
For example, whereas at 750oC the yield of naphthal-
ene is higher at longer reaction times, with increasing
time to 6.0 s at 800oC and to 3.0 s at 900oC the
yield of naphthalene drastically decreases, with simul-
taneous increase in the yields of phenanthrene, anthra-
cene, pyrene, chrysene, and other highly condensed
aromatic hydrocarbons [10]. For example, at 750, 800,
and 900oC the yield of phenanthrene is, respectively,
1.35, 2.20, and 3.10 wt % in 0.5 s and 4.20, 6.70, and
11.60 wt % in 3.0 s. The respective yields of chrysene
are 0.19, 0.60, and 1.07 wt % in 0.5 s and 0.94, 1.94,
and 1.07 wt % in 3.0 s (Table 2). This fact suggests
that, as the temperature and time of pyrolysis are
increased, condensations of low-molecular-weight hy-
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Table 2. Component composition of organic bases, phenols, and hydrocarbons
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Pyrolysis product

³ Yield, wt % of fraction, at indicated contact time, s
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
³ 0.5 ³ 1.5 ³ 3.0 ³ 6.0 ³ 0.5 ³ 1.5 ³ 3.0 ³ 6.0 ³ 0.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
³ 750oC ³ 800oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
Organic bases

2,4,6-Collidine ³ 0.45 ³ 0.85 ³ 2.05 ³ 2.86 ³ 0.60 ³ 1.04 ³ 0.85 ³ 0.42 ³ 0.50 ³ 1.00 ³ 0.66
4-Ethylpyridine ³ 0.30 ³ 0.60 ³ 1.20 ³ 1.63 ³ 0.45 ³ 0.80 ³ 0.65 ³ 0.20 ³ 0.80 ³ 1.60 ³ 0.45
Quinoline ³ 0.40 ³ 1.14 ³ 2.46 ³ 5.78 ³ 0.48 ³ 3.51 ³ 8.52 ³ 5.68 ³ 2.16 ³ 6.45 ³ 4.82
Isoquinoline ³ 0.20 ³ 0.39 ³ 1.20 ³ 2.10 ³ 0.21 ³ 1.30 ³ 2.68 ³ 1.77 ³ 0.68 ³ 2.19 ³ 1.70
Quinaldine ³ 0.70 ³ 0.94 ³ 1.47 ³ 2.53 ³ 0.94 ³ 1.81 ³ 1.96 ³ 1.06 ³ 1.20 ³ 1.66 ³ 1.45
6-Methylquinoline ³ 0.50 ³ 0.70 ³ 1.40 ³ 2.24 ³ 0.74 ³ 1.50 ³ 1.81 ³ 0.90 ³ 0.80 ³ 1.50 ³ 0.40
4-Methylquinoline ³ 0.40 ³ 0.70 ³ 1.39 ³ 1.90 ³ 0.55 ³ 1.13 ³ 1.53 ³ 0.40 ³ 0.60 ³ 0.37 ³ 0.20
2,4-Dimethylquinoline ³ 0.60 ³ 0.77 ³ 1.10 ³ 1.50 ³ 0.77 ³ 0.82 ³ 0.60 ³ 0.50 ³ 0.90 ³ 1.30 ³ 2.52
Sum of components ³ 3.55 ³ 6.09 ³ 12.26³ 20.24³ 4.70 ³ 11.91³ 18.60³ 10.93³ 7.64 ³ 16.07³12.20

Phenols

Phenol ³ 2.29 ³ 3.32 ³ 7.22 ³ 10.10³ ³ 3.80 ³ 4.64 ³ 2.80 ³ 4.84 ³ 2.95 ³ 0.40
o-Cresol ³ 2.06 ³ 2.43 ³ 6.59 ³ 4.10 ³ ³ 1.82 ³ 1.55 ³ 0.32 ³ 3.49 ³ 1.93 ³ 0.33
2,6-Xylenol ³ 1.43 ³ 0.66 ³ 0.50 ³ 0.30 ³ ³ 0.35 ³ 0.25 ³ 0.10 ³ 0.88 ³ 0.33 ³ 0.06
p-Cresol ³ 2.06 ³ 2.48 ³ 4.66 ³ 4.36 ³ ³ 2.57 ³ 1.68 ³ 0.93 ³ 3.76 ³ 2.32 ³ 0.44
m-Cresol ³ 1.72 ³ 2.13 ³ 4.01 ³ 5.60 ³ ³ 2.51 ³ 3.03 ³ 1.40 ³ 2.54 ³ 2.00 ³ 1.05
2,4-Xylenol +o-ethylphenol³ 6.04 ³ 3.10 ³ 1.74 ³ 1.31 ³ ³ 4.09 ³ 2.09 ³ 0.80 ³ 5.80 ³ 2.13 ³ 0.51
2,5-Xylenol ³ 1.87 ³ 1.26 ³ 1.17 ³ 0.53 ³ ³ 1.46 ³ 0.76 ³ 0.36 ³ 1.31 ³ 0.71 ³ 0.26
2,3-Xylenol +p-ethylphenol³ 2.24 ³ 1.20 ³ 0.42 ³ 0.20 ³ ³ 3.62 ³ 0.79 ³ 0.20 ³ 1.93 ³ 0.60 ³ 0.24
3,5-Xylenol +m-ethyl- ³ 0.92 ³ 1.21 ³ 1.91 ³ 3.67 ³ ³ 1.48 ³ 2.40 ³ 3.10 ³ 2.03 ³ 1.11 ³ 0.20
phenol ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
3,4-Xylenol ³ 1.31 ³ 1.45 ³ 0.63 ³ 0.48 ³ ³ 1.03 ³ 0.83 ³ 0.20 ³ 1.58 ³ 0.40 ³ 0.37
m-Propylphenol ³ 1.61 ³ 0.40 ³ 0.20 ³ 0.05 ³ ³ 0.45 ³ 0.20 ³ 0.03 ³ 0.54 ³ 0.10 ³ 0.06
p-Propylphenol ³ 2.99 ³ 1.95 ³ 0.98 ³ 0.60 ³ ³ 1.70 ³ 1.00 ³ 0.85 ³ 2.10 ³ 0.54 ³ 0.27

Hydrocarbons

Naphthalene ³ 4.92 ³ 8.75 ³ 11.70³ 30.20³ 5.33 ³ 12.30³ 16.55³ 11.40³ 14.10³ 27.10³13.20
b-Methylnaphthalene ³ 0.71 ³ 1.86 ³ 2.02 ³ 1.86 ³ 1.85 ³ 1.95 ³ 2.33 ³ 2.21 ³ 1.31 ³ 3.13 ³ 0.86
a-Methylnaphthalene ³ 0.44 ³ 1.47 ³ 1.62 ³ 1.22 ³ 0.92 ³ 1.70 ³ 1.79 ³ 1.22 ³ 0.79 ³ 1.54 ³ 0.43
Diphenyl ³ 0.22 ³ 0.48 ³ 0.71 ³ 0.40 ³ 0.91 ³ 0.65 ³ 1.01 ³ 0.56 ³ 0.55 ³ 1.05 ³ 0.54
2,6-Dimethylnaphthalene³ 0.13 ³ 0.76 ³ 0.59 ³ 0.19 ³ 0.21 ³ 0.45 ³ 0.21 ³ 0.16 ³ 0.15 ³ 0.19 ³ 0.13
2,7-, 1,3-, 1,7-Dimethyl-³ 0.50 ³ 2.11 ³ 1.72 ³ 0.68 ³ 0.61 ³ 1.60 ³ 0.60 ³ 0.60 ³ 0.50 ³ 0.85 ³ 0.52
naphthalenes ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
1,2-, 1,4-Dimethylnaphtha-³ 0.17 ³ 0.36 ³ 0.41 ³ 0.48 ³ 0.30 ³ 0.40 ³ 0.85 ³ 0.51 ³ 0.18 ³ 0.16 ³ 0.10
lenes ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
Acenaphthene ³ 0.17 ³ 0.27 ³ 0.41 ³ 0.22 ³ 0.30 ³ 0.40 ³ 0.85 ³ 0.30 ³ 0.16 ³ 0.20 ³ 0.25
Fluorene ³ 0.49 ³ 1.42 ³ 1.82 ³ 2.38 ³ 1.10 ³ 1.60 ³ 2.17 ³ 2.30 ³ 1.28 ³ 1.91 ³ 2.29
Phenanthrene ³ 1.35 ³ 3.54 ³ 4.20 ³ 6.92 ³ 2.20 ³ 4.40 ³ 6.90 ³ 7.55 ³ 3.10 ³ 8.90 ³11.60
Anthracene ³ 1.28 ³ 2.92 ³ 3.44 ³ 2.83 ³ 1.60 ³ 3.60 ³ 3.03 ³ 2.54 ³ 1.87 ³ 4.10 ³ 4.78
Fluoranthene ³ 1.33 ³ 1.92 ³ 2.00 ³ 2.19 ³ 1.70 ³ 2.30 ³ 2.60 ³ 3.50 ³ 2.55 ³ 3.90 ³ 5.17
Pyrene ³ 0.42 ³ 0.86 ³ 1.40 ³ 2.15 ³ 0.90 ³ 1.70 ³ 2.36 ³ 3.00 ³ 1.22 ³ 2.22 ³ 3.38
Chrysene ³ 0.19 ³ 0.64 ³ 0.94 ³ 1.67 ³ 0.60 ³ 1.30 ³ 1.94 ³ 3.20 ³ 1.07 ³ 1.60 ³ 3.08
2,3-, 1,5-Dimethylnaphtha-³ 0.46 ³ 1.36 ³ 1.66 ³ 2.13 ³ 0.80 ³ 1.40 ³ 1.77 ³ 0.87 ³ 1.67 ³ 2.89 ³ 2.49
lenes ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
Sum of components ³ 12.78 ³ 28.72 ³ 34.64 ³ 55.52 ³ 19.33 ³ 35.75 ³ 44.82 ³ 39.92 ³ 30.50 ³ 59.74 ³48.82
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
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drocarbons are intensified, yielding polycyclic aromat-
ic hydrocarbons with prevalence of angular structures
(phenanthrene, pyrene, chrysene).

The total content of hydrocarbons lower-boiling
than chrysene in 0.5 s at 750, 800, and 900oC is
12.78, 19.33, and 30.50 wt %. In the subsequent 2.5 s
at these temperatures their content increases, respec-
tively, to 34.64, 44.62, and 48.82 wt %. With the
pyrolysis time of asphaltenes increasing further, the
content of these hydrocarbons decreases (Table 2).

The high content in tars of naphthalene, phenanth-
rene, anthracene, pyrene, fluoranthene, and chrysene
and the low content of methyl- and dimethylnaphtha-
lenes apparently reflects the structural features of
the initial coal asphaltenes.

CONCLUSION

Study of high-temperature pyrolysis of asphaltenes
of G6 coal semicoking tar showed that asphaltenes
show a strong tendency to condensation with forma-
tion of large amounts of pyrocarbon and are not re-
sponsible for the yield of liquid products which are
enriched in secondary asphaltenes and hydrocarbons.
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Abstract-Conditions for the coprecipitation of hydroxides of aluminum and rare-earth elements from
the Al(NO3)33Ln(NO3)33NH4OH3H2O system (Ln = La, Sm) by NH3 .H2O solutions at 25oC were studied.
The resulting precipitates were investigated by thermal analysis, IR spectroscopy, and X-ray phase analysis.

A wide application of aluminum garnets of rare-
earth elements (REE) to quantum electronics promoted
the synthesis and study of garnet-structure com-
pounds. Yttrium aluminum garnet, which is one of
the best solid-state laser materials, has been the most
studied.

The garnet-structure compounds can be obtained by
solid-phase synthesis from a mixture of oxides and
also by coprecipitation of hydroxides from salt solu-
tions. One of the shortcomings of the solid-phase
synthesis is high temperature (higher than 1600oC).
The coprecipitation technique makes it possible to
obtain compounds with required structures as well
crystallized and finely dispersed products even at
100031200oC. The data on this technique are con-
tradictory and few in number [1], thus its application
to the synthesis of REE aluminum garnets requires its
further more extended study.

The aim of this work was to study the dehydration
and interaction of hydroxides of aluminum and lan-
thanides, coprecipitated from aqueous solutions of
their salts by an ammonia aqueous solution, and to
demonstrate a possibility of obtaining lanthanum and
samarium garnets by calcination of coprecipitated
hydroxides at 96531050oC. The experimental methods
in use were differential thermal analysis (DTA), IR
spectroscopy, and X-ray analysis.

EXPERIMENTAL

The hydroxides were precipitated from the
Al(NO3)33Ln(NO3)33NH4OH3H2O system by a 4%
solution of NH3 .H2O with permanent stirring of
the suspension. The concentrations of aluminum and
rare-earth nitrates were kept constant (1.66 and 1.00 N,
respectively), and pH was maintained at 9.5310. The
thermal analysis of precipitates was carried out on

a D derivatograph at a heating rate of 10 deg min31.
The IR spectra were recorded on a Specord 75-IR
spectrometer in the range 40034000 cm31 at room
temperature from Nujol mulls. Phase compositions
was analyzed on a DRON-1 diffractometer (FeKa

radiation).

As the NH3 .H2O content in the starting mixtures
increased, the following reaction stages occurred
sequentially: the formation of poorly filterable col-
loidal precipitates, quantitative precipitation of alu-
minum and REE hydroxides with an impurity of basic
salts, and, finally, the coprecipitation of aluminum
and REE hydroxides. The resulting precipitates were
washed with distilled water until nitrate ions dis-
appeared and dried at 25oC for 12 h [2].

A number of endo- and exothermic effects were
observed upon heating (Fig. 1). The endothermic ef-

T, oC

Fig. 1. DTA curves of coprecipitated aluminum and
REE hydroxides. (T) Temperature. (1) La(OH)3 and
(2) Sm(OH)3.
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T

n, cm31

Fig. 2. IR absorption spectra of (1) aluminum and REE hy-
droxides coprecipitated at 25oC and (234) products of their
thermolysis: (T) transmission and (n) wave number. Heat-
ing temperature (oC): (2) 250, (3) 500, and (4) 1100.

fects in the range 903400oC correspond to the re-
moval of adsorbed and structural water, which was
proved by the IR spectra.

The IR spectra of coprecipitated hydroxides dried
at 25 and 90oC are essentially similar (Fig. 2). Broad
bands in the range 310033800 cm31 corresponding
to the OH stretching vibrations are observed in the
both spectra, a wide range of absorption frequencies
being typical for bridging OH groups coordinated by
metal atoms [3]. Additional bands at 300032800 and
146031380 cm31 originate from Nujol. A broad strong
band caused by the vibrations of3O3M3O3 groups in
the range 4003850 cm31 is present in the IR spectra
of all the precipitates [3]. Thus, all the precipitates
have a polymeric structure.

Figure 2 shows that appreciable changes occur in
the solid phase in the range 25031000oC. At 250oC
structural water is partially removed (the band of H2O
stretching vibrations decreases) and OH groups are
partially lost (a sharp decrease in the intensity of the
band in the range 1600 cm31. Correspondingly, the
intensity of the bands of3O3M3O3 groups increases,

as compared with the IR spectra of the solid phase
obtained at 25390oC. Structural water is almost com-
pletely removed at 500oC (Fig. 2), since the bending
band at 1630 cm31 practically disappears and the
weak band of vibrations of hydroxide groups at
1500 cm31 remains. After heating the precipitates
at 100031100oC, two bands at 620 and 680 cm31

typical for Ln3Al5O12 (Ln = La, Sm) garnets are ob-
served in the IR spectrum (Fig. 2), which correspond
to the Ln3O stretching vibrations in a tetrahedron [3].
According to X-ray diffraction data, the samples cal-
cined at 95031050oC have the garnet structure and are
free of other phases.

The spectral data agree with the DTA data. For
example, the DTA curves contain two exothermic
peaks at 1020 and 965oC corresponding to the crystal-
lization and reaction of, respectively, Sm2O3 and
La2O3 with Al2O3 [4].

CONCLUSION

Polymeric hydroxo compounds were coprecipitated
from solutions of salts of aluminum and rare-earth
elements. Their thermal analysis was carried out, and
their IR spectra were studied. The calcination at
1050oC of the coprecipitated aluminum and REE hy-
droxides (5 : 3) results in the crystallization of garnet-
structure compounds.
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Abstract-The applicability of the model for prediction of the kinetics of stabilizer migration from poly-
olefins to air and water was analyzed.

Simulation of the kinetics of stabilizer migration
from polyolefins is the urgent problem caused by the
dependence of polymer properties on THE initial com-
position [1] and by toxicity of many ingredients [2].

Analysis revealed that the model [1] developed
further in [336] is advantageous for calculation of the
migration kinetics of various low-molecular-weight
ingredients [336]. The rate of stabilizer migration
from polyolefins to air and water is mainly con-
trolled by diffusion of the ingredients in the polymer
[4, 7]. The calculation equation in this case has the
form

ti = ai l
2/D, (1)

where ti is the migration time of a given amount
of stabilizer,l is the parameter relating the conditions
of contact of a material with environment to its thick-
nesst (l = d/2 for a two-side contact andl = d for
a one-side contact),D is the coefficient of stabilizer
diffusion in polymer, andai is the coefficient calcu-
lated from Eq. (1).

Mi 2L2exp (3b2
nT)

ÄÄÄ = 1 3 S ÄÄÄÄÄÄÄÄÄÄÄÄ, (2)
M0 b2

n(b2
n + L2 + L)

Mt is the amount of the ingredient migrating from the
polymer in time t, M0 is the initial content of the
ingredient in the polymer,L is dimensionless param-
eter reflecting the ratio of the fluxes of the ingredients
in the bulk of a polymer and from its surface as in-
fluenced by the aggregate state of the environment,
andb is the positive root of the equationbn tanbn =
L; T = Dt /l2.

The solution of Eq. (2) at anMt /M0 ratio from
0 to 1 is obtained in the form of the dependence

logL = f (log T). The dependence has three regions,
one of which describes the kinetics of ingredient
migration from polymers in the diffusion-controlled
stage [1]. The region itself is described by the equa-
tion logT = Ai. The Ai value is determined by the
given ratio Mt /M0. The solution of the equation
logT = Ai leads to expression (1) and allows deter-
mination of the numerical value ofai in this equation.

The values of the other variables in Eq. (2), as well
as the possible methods of its solution, are presented
in [1, 5]. Note that theai coefficient, which only im-
plicitly enters Eq. (2), is determined by theMt /M0
ratio specified in solving this equation.

The goal of the work is to analyze the applicability
of the model [1] for prediction of the kinetics of
stabilizer desorption from polyolefins to air and
water.

The model [1] was used for prediction of the mig-
ration kinetics of stabilizers based on benzophenone
derivatives [4] from isotactic polypropylene to air at
25oC and of various polyethylene stabilizers from
polyethylenes of different brands to water at 25oC and
within 45370oC [7]. The D values were taken from
tables or derived from their dependences on the
molecular weight in the homologous series of the in-
gredients [8]. The compositions of polymer materials
and the migration conditions essentially differed
from those accepted in development of model [1] and
analyzed in [436]. The model was corrected at the
expense of theai coefficient after comparing the cal-
culated and experimental data for the kinetics of
stabilizer migration (table).

The table shows that the correctness of the calcula-
tion increases in passing to contact with water instead
of air and this increase is even more pronounced at
increased water temperature.
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The necessity for increasing the migration rate,
especially significant in the initial stage, arises from
the nonuniform distribution of the ingredient in the
bulk of real polymeric materials.

Introduction of stabilizers into polyolefins results
in their preferable distribution in the amorphous
regions [8]. The stabilizer amounts used in this work
are far above their equilibrium solubility in poly-
olefins [2, 3]. As a result, the stabilizer concentrates
on the polymer surface and within its surface layer.

Apparently, owing to accumulation of the stabilizer
on the polymer surface, the migration rate in the ini-
tial stage is controlled by the flux of the ingredient to
environment, which exceeds the mass transfer in its
bulk. As the stabilizer is removed from the surface
of a polymer and its surface layer, the migration proc-
ess becomes controlled by flux in the bulk of a poly-
mer. In this stage, the time of which is determined
by the phase state and nature of the environment in
contact, calculated and experimental data on the mig-
ration kinetics are in good agreement (see table).

The proposed mechanism of the ingredient migra-
tion is characteristic of contact between polymer and
air, when the flux from the surface of a material is
limited by the stabilizer volatility. Owing to the low
vapor pressure of stabilizers [8], the removal of in-
gredients from the polymer surface is extended in time
compared to the case of contact between polymer and
water. At higher water temperatures the model even
better predicts real migration process, which is
reflected in the value of the correctional coefficientai.
The necessity for correctingai over the entire mig-
ration time at 25oC arises from elimination of the
another assumption accepted in development of model
[1], namely, that ingredients are removed from the
polymer surface into the environment immediately.
This assumption is fulfilled to a higher degree at
higher water temperatures.

The complex mechanism of the stabilizer migration
in the case of contact between polymer and air neces-
sitates correction ofL used to determine the limiting
stage of the process [1, 436]. TheL values are derived
from the equation

L = IV /(SD), (3)

where V is the stabilizer volatility andS, the equi-
librium solubility of the ingredient in the polymer.

At L > 10 the limiting stage of the migration of
ingredients from a polymer is controlled by their flux
in the bulk of a material, and Eq. (1) is used for cal-

Calculated and corrected values of the coefficientai
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

M
t
/M0

³

ai
cal

³ ai
cor for migration at indicated

³ ³ temperature,oC
³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ ³ 25, air ³ 25, H2O ³ 45370, H2O

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
0.1 ³ 0.004 ³ 0.12 ³ 0.006 ³ 0.005
0.2 ³ 0.015 ³ 0.15 ³ 0.023 ³ 0.020
0.3 ³ 0.038 ³ 0.38 ³ 0.055 ³ 0.045
0.4 ³ 0.063 ³ 0.42 ³ 0.10 ³ 0.070
0.5 ³ 0.15 ³ 0.63 ³ 0.24 ³ 0.16
0.6 ³ 0.30 ³ 0.70 ³ 0.45 ³ +
0.7 ³ 0.80 ³ + ³ 1.2 ³ +
0.8 ³ 0.95 ³ + ³ 1.5 ³ +
0.9 ³ 1.2 ³ + ³ 1.8 ³ +

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
Note: The plus sign denotes cases when the experimental and

calculated data coincide and no correction coefficientai
is required.

culating the process kinetics. AtL < 0.6 migration is
limited by the flux from the polymer surface to the
environment in contact, and another equation is used
for calculating the kinetics [1]. For 10 >L > 0.6 no
equations exists for calculating the kinetics of the
ingredient migration.

The analysis of Eq. (3) shows that the complexity
of the determination of the limiting stage of migration
is due to the fact that in calculation ofL the real
distribution of ingredient in the bulk of a polymer is
not taken into account under equal other conditions.

CONCLUSIONS

(1) The model considered predicts correctly the
migration of ingredients in the case of contact bet-
ween the polymer and water at temperatures from 45
to 70oC. In the case of contact between polyolefins
and air it is reasonable to apply the model to predic-
tion of the migration kinetics in the final stages (at
M
t /M0 > 0.7).

(2) Under equal other conditions, the accuracy of
the model is determined by the stabilizer concentra-
tion and by the rate of its transfer from the surface to
the environment in contact.
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Abstract-Products of condensation of aromatic hydroxy aldehydes with barbituric acid were tested as
coinhibitors in inhibiting systems for thermal polymerization of styrene, based onp-quinone dioxime.

Modern production of styrene is impossible with-
out using inhibitors [1]. In practice, the majority of
Russian plants use as the main inhibitor in distillation
of styrene p-quinone dioxime (QDO) which is the
most effective [2]. However, QDO is insoluble in
hydrocarbons and should therefore be used as a fine
suspension. As a result, QDO is often deposited in
pipelines and dead zones of the process equipment.
Attempts were made to use both a soluble derivative
of QDO [3] and cosolvents for QDO (e.g., dimethyl
sulfoxide [4]). One of the main ways to improve the
inhibition is search for QDO-based systems that
would be more effective than straight QDO or devel-
opment of formulations with a decreased consumption
of QDO. For example, an inhibiting system consisting
of QDO andp-nitrophenol (PNP) is widely used in
production [5]. Recently an inhibiting system coinsist-
ing of a p-phenylenediamine derivative and eugenol
(4-allylguaiacol) was suggested for distillation of
ethylene compounds [6]. Experiments showed that
an effective alternative to this inhibitor system can be
a mixture of QDO with barbiturates of aromatic hy-
droxy aldehydes:p-hydroxybenzaldehyde, vanillin [7],
or syringaldehyde. The synthesis procedure and prop-
erties of vanillin barbiturate (VB) are described else-
where [8, 9].

The inhibiting power of the known and newly sug-
gested systems was evaluated by determining the yield
of polymerized styrene at heating of the monomer at
120oC for 237 h with sampling every hour and distil-
lation of the unchanged monomer on a boiling water
bath at a residual pressure of 20 mm Hg.

The table shows that addition of PNP as coinhib-
itor somewhat decreases formation of the polymer on
heating of styrene (run nos. 1, 2, 335), with addition

of the coinhibitor 2 h after the start of the process
being more efficient than its addition simultaneously
with the main inhibitor. At a lower amount of the
inhibitor the yield of the polymer somewhat increases
(run nos. 134). The use of eugenol (suggested in [6])
instead of PNP, with the same amount of QDO (run
nos. 5, 6) decreases formation of the polymer by an
order of magnitude, demonstrating the advantages of
methoxylated phenols. Replacement of eugenol, which
is in a short supply, by more readily available vanillin
(run no. 7) shows that vanillin as coinhibitor is some-
what inferior to eugenol but is considerably more
effective thanPNP. With vanillin barbiturate, which
is prepared by condensation of vanillin with a known
methylene-active compound, barbituric acid, at the
same amount of the coinhibitor with respect to meth-
oxyphenol (run no. 8), we attained almost the same
inhibiting effect as with QDO + eugenol. Experiments
with various orders of adding the coinhibitor (run
nos. 8311) showed that addition of VB 2 h after the
start of the process is the best. Among derivatives
of isomeric vanillins (o-, m-, and p-, run nos. 8, 12,
13), the derivative of the most abundantp-vanillin
showed the highest performance. Experiments with
varied amount of the VB added (run nos. 8, 14, 15)
showed that the greatest inhibiting effect is attained
at an inhibitor content of 0.017 wt % based on styrene.
A blank experiment (run no. 16) showed that, when
taken separately (without QDO), VB is not effective
as inhibitor. The thio derivative, vanillin thiobarbitu-
rate (VTB, run no. 17), shows poor performance under
equal other conditions, which is consistent wiht the
known fact that thiobarbituric acid initiates polymeri-
zation of styrene [10]. Comparison of the perform-
ances of barbiturates of vanillin homologs (nonmeth-
oxylatedp-hydroxybenzaldehyde, run no. 18; vanillin,
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Influence of the inhibiting system composition on the polymer yield on heating of styrene (120oC)
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ Component of inhibiting system,*³ Polymer yield, %, in indicated³

Order of adding components
³ wt % based on styrene ³ time, h, after adding inhibitor³
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´no.
³ QDO ³ PNP ³ AHAB ³ 2 ³ 7 ³

ÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 0.03 ³ 3 ³ 3 ³ 0.31 ³ 14.6 ³
2 ³ 0.03 ³ 0.03 ³ 3 ³ 0.27 ³ 12.1 ³Simultaneously
3 ³ 0.017 ³ 3 ³ 3 ³ 0.42 ³ 19.9 ³
4 ³ 0.017 ³ 0.017 ³ 3 ³ 0.35 ³ 18.7 ³Simultaneously
5 ³ 0.017 ³ 0.017 ³ 3 ³ 0.42 ³ 17.1 ³PNP 2 h after QDO
6 ³ 0.017 ³ 3 ³Eugenol, 0.009 ³ 0.42 ³ 1.02 ³Eugenol 2 h after QDO
7 ³ 0.017 ³ 3 ³Vanillin, 0.009 ³ 0.42 ³ 4.54 ³Vanillin 2 h after QDO
8 ³ 0.017 ³ 3 ³p-VB, 0.017 ³ 0.42 ³ 1.56 ³VB 2 h after QDO
9 ³ 0.017 ³ 3 ³p-VB, 0.017 ³ 0.32 ³ 8.36 ³Simultaneously

10 ³ 0.017 ³ 3 ³p-VB, 0.017 ³ 0.38 ³ 9.60 ³VB 1 h after QDO
11 ³ 0.017 ³ 3 ³p-VB, 0.017 ³ 0.61 ³ 17.1 ³VB 3 h after QDO
12 ³ 0.017 ³ 3 ³o-VB, 0.017 ³ 0.42 ³ 6.92 ³o-VB 2 h after QDO
13 ³ 0.017 ³ 3 ³m-VB, 0.017 ³ 0.42 ³ 5.23 ³m-VB 2 h after QDO
14 ³ 0.017 ³ 3 ³p-VB, 0.034 ³ 0.42 ³ 2.60 ³VB 2 h after QDO
15 ³ 0.017 ³ 3 ³p-VB, 0.009 ³ 0.42 ³ 2.27 ³"
16 ³ 3 ³ 3 ³p-VB, 0.017 ³ 17.4 ³ 3 ³
17 ³ 0.017 ³ 3 ³p-VTB, 0.017 ³ 0.42 ³ 30.51 ³VTB 2 h after QDO
18 ³ 0.017 ³ 3 ³pHBAB, 0.017 ³ 0.42 ³ 5.00 ³pHBAB 2 h after QDO
19 ³ 0.017 ³ 3 ³SAB, 0.017 ³ 0.42 ³ 1.27 ³SAB 2 h after QDO
ÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (AHAB) Aromatic hydroxy aldehyde barbiturates, (VB) vanillin barbiturate, (pHBAB)p-hydroxybenzaldehyde barbiturate, and

(SAB) syringaldehyde barbiturate.

run no. 8; dimethoxy derivative, syringaldehyde, run
no. 19) showed that methoxylation of the aromatic
ring enhances the inhibiting power of the coinhibitor.
The mechanism of interaction of barbiturates of aro-
matic hydroxybenzaldehydes with QDO responsible
for prolongation of the inhibiting power of the main
inhibitor apparently coincides with the previously
described [11] mechanism of interaction of QDO with
sterically hindered phenols.

Thus, we have found a new class of coinhibitors
of quinone dioxime effective in inhibition of thermal
polymerization of styrene and studied the inhibiting
properties of barbiturates of hydroxybenzaldehydes.
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Abstract-Glucoamylase was immobilized on super-cross-linked nonionic sorbent Styrosorb by the sorption
procedure. The features of native and immobilized glucoamylase are compared.

Glucoamylase catalyzes hydrolytic cleavage of
starch. This enzymatic reaction is widely used in
alcohol industry and in glucose production. Immobi-
lized enzymes are characterized by several advantages
as compared to native enzymes: possibility of repeated
and continuous use, stability to denaturing agents, and
simplicity of preparation of high-purity product [1].

In this work was studied the possibility of sorption
immobilization of glucoamylase on super-cross-linked
nonionic sorbent Styrosorb used as the efficient sor-
bent of large biomolecules [234].

EXPERIMENTAL

In our experiments we used the enzymic prepara-
tion of glucoamylase precipitated with ethanol from
an extract of the surface cultureAspergillus awamori.
Two samples of Styrosorb (Styrosorb-1 with a specific
surface area of 440 m2 g31 and Styrosorb-2 with a
specific surface area of 260 m2 g31) were used as the
supports. These sorbents containing no ion-exchange
groups were prepared from super-cross-linked poly-
styrene. Their structure contains certain amount of
hydrophobic pockets capable of binding large organic
molecules [5]. Glucoamylase was immobilized by
sorption from its solution in a 0.1 M acetate buffer
under static conditions at 18320oC for 24 h. The en-
zyme amount associated with the support was deter-
mined as the difference between the protein amount in
the solution before and after sorption. The concentra-
tion of immobilized protein was expressed as mg of
protein per 1 g of the support. The protein concentra-
tion in solution was determined by the Lowry method
[6], and the glucoamylase activity, by the glucoseoxi-
dase method [7]. The enzyme amount producing
1 mmol of glucose per minute in catalytic hydrolysis

of starch at 30oC was accepted as the unit of the
enzyme activity.

Glucoamylase molecule consists of the amino acid
units which, depending on pH, form various ionic
species. Therefore, the hydrogen ion concentration
in the enzyme solution can significantly affect the
enzyme sorption. We found that the maximal amount
of the protein is sorbed at pH 4.735.0, i.e., at the iso-
electric point of glucoamylase in the solution (Fig. 1).

Figure 2 shows that the curves of glucoamylase
sorption on Styrosorb-1 and Styrosorb-2 within the
pH range of the maximal sorption rate differ in shape.
In passing from Styrosorb-2 to Styrosorb-1 having a
larger specific surface area the sorption curve becomes
S-shaped, indicating the change in the sorption mech-
anism. In the first stage of sorption the monomolecu-
lar layer of glucoamylase is formed owing to the
sorbent3sorbate interactions. Further sorption of en-
zyme occurs by the mechanism of the sorbate3sorbate
interactions. Due to intermolecular association of the
enzyme molecules, a polymolecular layers on the sor-

q, mg g31

Fig. 1. Dependence of glucoamylase sorptionq on pH
of the equilibrium solution. (1) Styrosorb-1 and (2) Styro-
sorb-2; the same for Figs. 2 and 3.
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C, mg ml31

q, mg g31

Fig. 2. Curve of glucoamylase sorption at pH 4.7: (q) en-
zyme amount sorbed; (C) initial content in solution.

C, mg ml31

WH2O, mmol g31

Fig. 3. Variation of the water content in Styrosorb in the
course of glucoamylase sorption: (WH2O) water content
in the sorbent; (C) initial glucoamylase content in solution.

A, arb. units

Fig. 4. Enzyme activityA of (1) native and (2) immobilized
glucoamylase as influenced by pH of substarte solution.

A, arb. units

T, oC

Fig. 5. Thermal stability of (1) native and (2) immobilized
glucoamylase: (A) Residual enzymic activity of glucoamy-
lase after incubation at pH 4.7 for 1 h; (T) temperature.

bent surface are formed. Completion of the monolyer
formation is manifested as the inflection point in the
sorption curve. Thus, the first sorption layer is formed
owing to interactions of hydrophobic fragments of
glucoamylase molecule with hydrophobic walls of the
sorbent pores. It is known [8] that glucoamylase
molecule contains numerous amino acid units with
alkyl side chains (Ala, Val, Met, Ile) playing the im-
portant role in protein stabilization. Styrosorb contains
also several amount of unpolymerized carbonyl and
chloromethyl groups capable of forming hydrogen
bonds between the enzyme and support. After comple-
tion of formation of the monomolecular enzyme layer
the sorbent modified by enzyme molecules is formed.
Further sorption of the enzyme occurs by the mech-
anism of interaction between hydrophilic and hydro-
phobic parts of glucoamylase molecules. The shape of
the curve of glucoamylase sorption on Styrosorb-2 is
typical for the monolayer sorption.

Our assumption about the mechanism of gluco-
amylase interaction with Styrosorb was confirmed by
gravimetric monitoring of water content within the
sorbent (Fig. 3). Removal of the water from the sor-
bent increases the amount of sorption sites. Figure 3
shows that at small degree of the sorbent exhaustion
the water content in the sorbent decreases more sharp-
ly than in the range of prevalence of the enzyme3
enzyme interactions. It is possible that these processes
occur by the mechanism of the interfacial lubrication
suggested in [2].

In further experiments we studied several features
of the biocatalyst prepared by us. It is known that pH
of a substrate significantly affects the enzymic activity
since variation of the hydrogen ion content changes
the conformational state of protein and, therefore, can
affect both the local and the general structure of poly-
peptide chains. To find the optimal conditions for the
enzyme functioning, the activity of both the native
and immobilized glucoamylase was studied as in-
fluenced by pH of a substarte (Fig. 4). These studies
showed that the immobilized and native enzymes
exhibit the maximal activity within pH ranges 4.736.2
and 4.735.0, respectively. Thus, immobilized gluco-
amylase is characterized by the more extended range
of high activity.

One of the main consequences of enzyme immobi-
lization is increase in their stability to the denaturing
effect of medium and, as a result, manifold increase in
performance of enzymic transformation of a substrate.
Figure 5 shows the temperature dependence of the
enzimic activity of glucoamylase in incubation for
1 h. It was found that the immobilized glucoamylase
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exhibits higher thermal stability than its native form.
For example, on heating at 70oC for 20 min native
glucoamylase is completely inactivated. At the same
time, under the similar conditions the immobilized
enzymes do not loss enzymic activity for 2 h. The
immobilized enzyme acquires more rigid conforma-
tion providing higher stability to changes and inac-
tivation.

CONCLUSIONS

(1) Styrosorb with a specific surface area of
440 m2 g31 exhibits the highest sorption capacity for
glucoamylase.

(2) Immoblized glucoamylase, as compared to the
native enzyme, is characterized by the more extended
pH range of the highest enzymic activity and en-
hanced thermal stability.

(3) Styrosorb is a suitable support for immobiliza-
tion of glucoamylase.
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REVIEWS

Denisov, V.M., Belousova, N.V., Moiseev, G.K., Bakhvalov, S.G.,
Istomin, S.A., and Pastukhov, E.A., Vismutsoderzhashchie
materialy: stroenie i fiziko-khimicheskie svoistva(Bismuth-

Containing Materials: Structure and Physicochemical Properties),
Yekaterinburg: Ural’sk. Otd. Ross. Akad. Nauk, 2000

This original monograph analyzing and generaliz-
ing experimental data on the structure and properties
of metallic and oxide bismuth-containing materials in
liquid and crystalline states has been published by the
initiative of the Institute of Metallurgy, Ural Division,
Russian Academy of Sciences, with participation of
a number of leading staff members of the institute.
The book gives much attention to the structure and
properties of liquid bismuth alloys and also considers
bismuth-containing oxide systems.

The monograph comprises an introduction and six
chapters. The comprehensive and informative bibliog-
raphy of the book gives references to 769 works.

The brief introduction (pp. 336) substantiates the
expediency and utility of generalizing the information
about the structure and physicochemical properties of
bismuth-containing materials and indicates fields of
their application.

The first chapter (pp. 7378) considers the structure
of bismuth-based melts. In fact, investigations of liq-
uid metallic bismuth alloys by means of diffraction
experiments are dealt with in the chapter and the
results obtained are interpreted. Atomic radial distri-
bution functions, structural factors, and the relation-
ship between the structural features of melts and their
physicochemical properties are analyzed.

The second chapter (pp. 793177) describes the ther-
modynamic properties of bismuth alloys. The analysis
is made rather thoroughly with sufficiently complete
coverage of the relevant literature, with emphasis
placed on works of Russian authors. Some publica-
tions in foreign journals remained unnoticed by the
authors, which is not surprising in view of the extent
to which libraries are presently provided with foreign
publications.

The third chapter (pp. 1783228) discusses the sur-
face and bulk properties ofliquid bismuth alloys.
Theoretical questions arising in calculating and analyt-
ically expressing the surface tension isotherms of

binary alloys are considered and ample body of refer-
ence data for both metallic and oxide systems is
provided. Wetting phenomena are discussed.

The spacious fourth chapter (pp. 2513381) is
mainly concerned with the electrical properties (elec-
trical conductivity, charge transport, thermoelectric
power, electron work function) of bismuth-containing
systems. Also given are data on the speed of sound,
viscosity, and diffusion.

The fifth chapter (pp. 3813416) is concerned with
oxidation of bismuth-based liquid alloys.

The final, sixth chapter (pp. 4173483) makes a
thermodynamic analysis of the bismuth3oxygen sys-
tem and considers bismuth oxides and their thermo-
chemical characteristics. The systems SrO3Bi2O3 and
CuO3Bi2O3 are discussed.

In assessing the monograph as a whole, mention
should be made of the high value of the work done by
the authors in systematization of published data on the
physicochemical properties of metallic and oxide
bismuth-containing systems. However, no impression
is created that the joint consideration of such dissimi-
lar objects as metallic and oxide systems offers some
advantages. It seems that, if the monograph were
divided, with its total volume preserved, into two
parts concerned separately with metallic and oxide
systems, the book would be simpler in use and more
logically consistent. In the first five chapters, the data
on oxide systems[dissolve] in a vaster information
concerning metallic systems. And only the sixth
chapter, dealing exclusively with oxides and oxide
systems, occupies a particular position.

The book is of interest to a wide audience of spe-
cialists in inorganic materials science and can serve
as reference for masters and post-graduate students
specialized in chemical technology and metallurgy.

A. G. Morachevskii
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Abstract-High-temperature mass-spectrometry was applied to study the vapor phase composition and
dynamics of its variation in evaporation of oxide materials of the system TiO23Nb2O5. The incongruent
nature of evaporation processes is established.

Thin films based on titanium and niobium oxides
have rather long been used as optical interference
coatings [1]. The main technique used to deposit such
coatings is vacuum evaporation of an oxide material
of appropriate composition with subsequent oxidizing
annealing of the obtained film. However, the actual
molecular composition of the vapor phase and the dy-
namics of its variation in the course of evaporation
have not been studied until recently. In the only study
concerned with this subject [2], an attempt was made
to prognosticate theoretically the vapor composition
over a hypothetical two-phase mixture of titanium and
niobium oxides with account of dissociative evapora-
tion. Having assumed that the oxygen pressure over
the system is determined by the dissociation pres-
sure of Nb2O5, the authors calculated forT = 2200 K
the following partial pressures of the components
(mm Hg):p(O2) = 3.450 1032, p(NbO2) = 1.660 1031,
p(TiO2) = 4.80 1033. According to their estimate, the
NbO and TiO vapor pressure must be no less than
three orders of magnitude lower than the vapor pres-
sures of the corresponding dioxides.

The phase diagram of the system TiO23Nb2O5 has
been studied repeatedly [336]. Existence of at least two
congruently melting compounds with Nb2O5 : TiO2
ratios of 5 : 2 and 1 : 1 has been reliably established.
At T > 2100 K all the compositions of the system will
be molten. A mass-spectrometric study of the vapor
phase composition over titanium and niobium oxides
demonstrated that only NbO2.00 and TiO0.67 (Ti3O5) are
congruently sublimating [7]. When heated in a vacu-
um, the compounds Nb2O5 and TiO2 dissociate, even
before the onset of evaporation, into NbO2 +x and
TiO23 y (with x ; 0.1 andy ; 0.13). The presence of

NbO2, NbO, TiO2, TiO, and oxygen molecules in the
vapor phase over individual oxides was established.
The relative content of these molecular species varies,
depending on temperature and evaporation time, as
the condensed phasecompositions approach the above-
mentioned congruently melting compositions. Solu-
tions with isomorphic substitution are formed in the
oxide system NbO23TiO2 [8, 9]. It has also been
noted that the formal oxidation state partly increases
from +4 to +5 upon calcination of compacted mix-
tures of dioxides at 1400oC in a neutral atmosphere
[10]. All the aforesaid suggests that, because of the
thermal dissociation in a vacuum, the evaporation of
systems based on TiO2 and Nb2O5 oxides will become
incongruent with the composition of the condensed
phase approaching NbO2 +x3TiO23 y, in which the in-
dices will depend on temperature and oxygen pres-
sure over the system.

The aim of this study was to confirm experimental-
ly the above assumptions by analyzing how the mo-
lecular composition of the vapor changes in the course
of evaporation of samples with varied initial relative
content of titanium and niobium oxides.

EXPERIMENTAL

High-temperature thermodynamic studies were per-
formed using an MS-1301 mass spectrometer [11].
Samples (mixtures of TiO2 and Nb2O5 containing 10,
40, 50, 67, 75, and 90 mol % TiO2, calcined in air)
were evaporated from electron beam3heated twin mo-
lybdenum effusion chambers [12]; the chamber tem-
perature was measured with an EOP-66 optical py-
rometer. The pyrometer readings were periodically
corrected for radiation absorption by the glass win-
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Table 1. Mass spectrum of vapor over NbO2 and Ti3O5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

NbO2 º Ti3O5
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ion current (rel. units) º ³ ³ ion current (rel. units)

ion ³ AE, eV ³ at indicated E, eV º ion ³ AE, eV ³ at indicated E, eV
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ¶ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ ³ 25 ³ AE + 3 º ³ ³ 25 ³ AE + 3

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
NbO2

+ ³ 8.2+ 0.3 ³ 1.0 ³ 1.0 º TiO2
+ ³ 10.3+ 0.4 ³ 0.32+ 0.02 ³ 0.15+ 0.01

NbO+ ³ 7.4+ 0.3 ³ 0.18+ 0.02 ³ 0.12+ 0.01 º TiO+ ³ 7.0+ 0.3 ³ 1.0 ³ 1.0
³ 14 + 1 ³ ³ º ³ 14.5+ 1 ³ ³

Nb+ ³ 18 + 1 ³ 0.02+ 0.01 ³ 3 º Ti+ ³ 15 + 1 ³ 0.03+ 0.01 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

dow, using an SI-10-300 temperature lamp. To cali-
brate the apparatus, the vapor pressure of gold was
measured by the method of complete thermal evapora-
tion of a sample [11, 13]. The obtained data were, on
the average, different from published data [14] by no
more than+15%, which corresponds to a temperature
measurement error of+8 K at 1580 K. The ions in the
mass spectrum were identified by their mass number,
isotope composition, and appearance energy (AE)
measured by the method of disappearance of the ion
current. The energy scale of ionizing electrons was
calibrated with AE(Au+) = 9.226 eV [15]. The partial
pressures of vapor components were measured by dif-
ferential mass spectrometry [11, 13], with the sample
and pressure standard placed in separate compartments
of the twin effusion chamber. The measured ion cur-
rents are related to the partial pressures of a substance
under study (i) and the standard (s) by

pi = a77777 ,
I sTssi gi

psI i Ti ssgs (1)

wherep is the partial pressure,I the ion current inten-
sity, T temperature (K),s the effective cross-section
of electron-impact ionization, andg the sensitivity
coefficient of the secondary-electron multiplier.

The factor a (conductivity ratio of effusion aper-
tures) can be determined experimentally by evaporat-
ing the standard substance from both compartments
of the effusion chamber simultaneously. Implicitly,
the factora also accounts for the possible temperature
gradient between separate parts of the effusion unit.
The identical conditions of evaporation from both
the compartments are achieved by carefully machining
the effusion apertures and selecting the diameter and
position of the annular cathodes of the evaporator.

As pressure standard [ps in formula (1)] can, in
principle, serve any suitable simple substance or

chemical compound with vapor pressure measured
with sufficient accuracy. In this case, the relative ion-
ization cross-sectionssi, s are found from the atomic
element ionization cross-sections [16], with the use
of the additivity rule [11, 13] in calculating the mol-
ecule ionization cross-sections. The error appearing
in this case may be substantial. The accuracy of pres-
sure measurements can be markedly improved if the
vapor pressures of the pure components of the system
are used as standards. In this case, the coefficientss

andg in formula (1) are cancelled and there is no need
to make corrections to the ion current intensitiesIi, s
for the mass spectrum coefficients and the isotope
composition of ions. As standardswere chosen con-
gruently sublimating oxides, NbO2 and Ti3O5. In pre-
liminary experiments, the NbO2 vapor pressure was
again measured by the method of complete isothermal
evaporation over a sample of composition NbO2.008.
The obtained results virtually coincided with the data
of Matsiu and Naito [7] for the composition NbO2.011.
Further, the standard NbO2 vapor pressuresps (mm Hg)
were calculated using the equation

log p = 328 640/T + 11.15 (201232155 K). (2)

The sample fraction evaporated in the form of NbO
was calculated from the ratioI(NbO2

+)/I(NbO+) in
mass spectra obtained at electron energyE = (AE +
3) eV on the assumption of a negligible fragmentation
of molecular ions in this operation mode of the ion
source. Table 1 presents a mass spectrum of a vapor
over NbO2 at 2200 K and two electron energies.

Previously, some fundamentally important recent
observations have been discussed [12, 13], concerning
the ionization cross-sections of MO2 and MO mole-
cules for which the postulate of additivity of the cross-
sections of the constituent atoms is seemingly not
observed. Experimental data, although being rather
diverse, indicate that the ionization cross-section ratio
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s(MO2)/s(MO) ; 0.3530.45 for Ti, V, Th, and U ox-
ides. The same result was obtained in an earlier study
[17]: thes(NbO2)/s(NbO) ratio was found to be close
to 0.5 at 11 eV. If this concept is adopted, the partial
pressure of NbO in a saturated pressure over NbO2
must be not higher than 536% of the NbO2 pressure.
Similar reasoning was done when analyzing the results
obtained in studying the evaporation of Ti3O5. Table 1
presents a typical mass spectrum of the vapor over
Ti3O5 at 2200 K and ion appearance energy of 25 eV
and (AE + 3) eV.

AE measurements show that TiO2
+ ions have mo-

lecular, TiO+ partially [fragmentary,] and Ti+ com-
pletely fragmentary origin. At electron energy (AE +
3) eV, only molecular ions are recorded; however,
the ratio of their intensities apparently does not cor-
respond to the ratio of partial pressures (the inten-
sity of the TiO2

+ current is strongly underestimated,
probably because of the different slopes of the ioniza-
tion efficiency curves for the TiO+ and TiO2

+ ions. If
the difference in the mass spectra obtained at 25 and
(AE + 3) eV were accounted for solely by fragmenta-
tion under electron impact, then, the content of TiO2

+

ions in the mass spectrum should have been higher
in the second case in the absence of fragmentation
than that at 25 eV, which is not the case. As a result,
it was accepted, as before [12], in calculating the par-
tial pressures of TiO2 and TiO that the content of ions-
fragments at 25 eV does not exceed 5% of the content
of molecular ions, and no correction for fragmentation
was introduced. The method of complete isothermal
evaporation of samples was applied to measure the
effective Ti3O5 vapor pressure and the result was
compared with similar data of Wahlbeck and Gilles
[18], obtained by the effusion Knudsen method (in
both studies the pressure was calculated without tak-
ing into account the real vapor composition forM =
223.7, i.e., for the molecular weight of Ti3O5). Tak-
ing Tm(Ti3O5) = 2050 K and enthalpy of melting
DmH 0(Ti3O5) = 1669 kJ mol31, the straight line de-
scribing the dependence logpeff(Ti3O5) = f(1/T) was
extrapolated to the temperature range analyzed in the
present study (Fig. 1). It can be seen that the obtained
data lie somewhat higher than this extrapolated line,
at good reproducibility. The reliability of the measure-
ments performed was confirmed by satisfactory results
of a calibration against the international standard3

gold, as discussed above. Therefore, a decision was
made to use these data in calculating the TiO2 and
TiO vapor pressures over Ti3O5 standard. The ioniza-
tion cross-section ratios(TiO2)/s(TiO) = 0.5 and tem-
perature dependences of the TiO+ and TiO2

+ ion cur-

Fig. 1. Ti3O5 vapor pressurepeff vs. temperatureT.
Data: (1) [18] and (2) present study.

rents [12] were used to find the equilibrium TiO and
TiO2 vapor pressures (mm Hg, 250032300 K):

log p(TiO) = 325 450/T + 9.008, (3)

log p(TiO2) = 325 120 /T + 8.681. (4)

The evaporation of all compositions of the system
under consideration was studied in the isothermal
mode at a temperature close to 2200 K. Figure 2 pres-
ents a typical time dependence of the main ion cur-
rents in the mass spectrum of vapor over a composi-
tion containing 50 mol % TiO2 (standard Ti3O5).

The mass spectrum shows the same ions as the
mass spectra of vapors over individual oxides-com-
ponents of the system; NbO2

+ and TiO2
+ ions are mo-

lecular, the NbO+ and TiO+ ion currents contain 536%
fragmentary ions. A thorough search for more com-
plex ions, which could be formed in the intermolecular
interaction (e.g., of the TiNbO3

+ type), has been un-
successful: their detection limit can be estimated at
less than 0.01% of the NbO2

+ intensity. It can be
clearly seen that the evaporation process has incon-
gruent nature: (a) a more volatile oxide NbO2 is evap-
orated and (b) the TiO2

+/TiO+ ion current ratio, i.e.
the ratio of partial pressures of TiO2 and TiO, varies
continuously.

At the chosen temperature of 2200+ 30 K, no
azeotrope formation was observed for any composi-
tions, including those TiO2-rich. The TiO2

+/TiO+ ra-
tio at the end of an experiment virtually coincides
with that for the Ti3O5 standard (as seen from Fig. 2).
The incongruent nature of evaporation gives rise to
well-defined difficulties in calculating the partial pres-
sures of vapor components, since the condensed phase
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Fig. 2. Ion current intensitiesI+ vs. time t for a sam-
ple containing 50 mol % TiO2. (1) NbO2

+, (2) TiO+,
(3) TiO2

+, (4) TiO+ (standard), and (5) TiO2
+ (standard).

Fig. 3. Diagram partial pressurepi 3condensed phase com-
position. (1) NbO2, (2) TiO, and (3) TiO2.

composition is not invariable, with the loss of oxy-
gen occurring to a substantial extent even before the
onset of oxide evaporation in the range of temperature
rise to the working temperature of 2200 K. The ef-
fusion chamber temperature was rapidly raised from
approximately 1700 K (temperature of preliminary
keeping at which no evaporation is observed) to the
working temperature in order to preclude any sub-
stantial distillation of the system by the beginning
of measurements; the Ti : Nb ratio in the melt at this
instant of time was taken to be equal to that in the
sample of the initial composition. However, dissocia-
tion of oxides with oxygen loss did occur and the true
index by oxygen could not be established. Neverthe-
less, an attempt was made to characterize quantita-
tively the evaporation processes in the oxide system
under study by constructing a partial pressure3con-
densed phase composition diagram, with the follow-
ing conditions introduced.

(1) As a result of thermal dissociation in a vac-
uum and loss of oxygen with preserved Nb : Ti ra-
tio, all the compositions of the starting system TiO23

Nb2O5 can be interpreted within the new system
TiO1.67(Ti3O5)3NbO2, in which the pure components
are dissociation products-congruently sublimable
niobium and titanium oxides. Then, to the starting
samples correspond compositions with 5.6, 25.0, 33.3,
50.0, 60.0, and 82 mol % Ti3O5 in the new system.
The experimental points in the diagram (Fig. 3) reflect
the partial pressures of NbO2, TiO, and TiO2 over
the above compositions. Since the temperature was
somewhat different (within 30 K) from 2200 K in
some experiments, the experimental partial pressures
were recalculated to 2200 K using the equations de-
scribing the temperature dependence of the vapor
pressure for pure oxides [Eqs. (2)3(4)].

(2) Since the samples were evaporated from ef-
fusion chambers in which the thermodynamic equi-
librium vapor3condensed phase was maintained dur-
ing the experiment, it was considered possible to plot
in the diagram (Fig. 3) straight lines representing the
dependence of the partial pressures on the composi-
tion of the condensed phase in accordance with the
Raoult law and to analyze the position of the experi-
mental points relative to these straight lines (lines133).
Despite the assumptions made, the diagram yields
quantitative information about the order of magnitude
and relative values of the partial pressures of the vapor
components over the system under study. It can be
seen that the NbO2 vapor pressure is only slightly
underestimated, and the TiO2 vapor pressures coin-
cide, to within data scatter, with the values correspond-
ing to evaporation by the Raoult law, which points to
a weak interaction of niobium and titanium oxides in
the melt. By contrast, the TiO vapor pressure (mea-
sured in the initial stage of an experiment, when the
O2 vapor pressure over the system being evaporated
is higher than that over TiO23 y, at least for NbO2-
rich compositions) is strongly underestimated and in-
creases only after a pronounced evaporation of NbO2
(Fig. 2). The dashed lines and in Fig. 3 represent
the real averaged positions of points for the par-
tial pressures of NbO2 and TiO. The experimentally
measured NbO2 and TiO2 pressures over system are
much lower (538-fold) than the estimates by Yudin
et al. [2], whereas the pressures of NbO, and especial-
ly TiO, exceed the estimated values by more than
an order of magnitude.

Several samples of the system were studied on
a UELI3MASS laboratory mass-spectrometric instal-
lation with an electron-beam evaporator [20], operat-
ing in a mode reproducing the technological condi-
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Table 2. Mass spectrum of vapor over a composition 50 mol %TiO2350 mol %Nb2O3
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ion
³ Intensity, rel. units º

Ion
³ Intensity, rel. units º

Ion
³ Intensity, rel. units

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ a* ³ b* º ³ a* ³ b* º ³ a* ³ b*

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
NbO2

+ ³ 1.0 ³ 1.0 º Nb+ ³ 0.015 ³ 0.016 º TiO2
+ ³ 0.07 ³ 0.24³ ³ º ³ ³ º ³ ³

NbO+ ³ 0.16 ³ 0.21 º TiO+ ³ 0.38 ³ 0.05 º Ti+ ³ 0.03 ³ 0.015
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Evaporation: (a) fron Knudsen chamber and (b) by electron beam.

tions of film deposition by evaporation. Table 2 pres-
ents a mass spectrum of vapor over a sample contain-
ing 50 mol % TiO2, with the mass spectrum obtained
in evaporation of a sample of the same composition
from a Knudsen effusion chamber given for compar-
ison. The spectra are normalized to the highest ion
current of NbO2

+. Differences in the vapor composition
are well seen: in the case of electron-beam evapora-
tion the vapor phase is strongly enriched in TiO2.
Probably, in evaporation from the crater surface, the
degree of dissociation of the oxides is lower than in
the case of evaporation from the effusion chamber
because of the greater sample mass, convection agita-
tion of the melt, and arrival of fresh portions of the
material from the boundary between the crater and
the unmelted bulk of the sample. Nevertheless, even
under conditions of intensive evaporation of the ma-
terial by the electron beam, the more volatile oxide
NbO2 continues to evaporate. Thus, the results ob-
tained in direct mass-spectrometric studies of the real
molecular composition of the vapor over the TiO23

Nb2O5 system demonstrate that the incongruent na-
ture of evaporation must lead to a nonuniformity
of the TiO2/Nb2O5 ratio across the layer thickness,
smoothed out only in the course of thermal annealing
of the film.

CONCLUSIONS

(1) The assumption of the vapor phase composi-
tion and incongruent nature of vacuum evaporation of
oxides of the system TiO23Nb2O5 was confirmed ex-
perimentally.

(2) The partial vapor pressures of titanium and
niobium oxides were measured and vapor pressure3

condensed phase composition diagrams at 2200 K
were constructed.

(3) The vapor composition isqualitatively the same
in thermal and electron-beam evaporation of the sys-
tem under study, with the TiO2 content somewhat
higher in the latter case.

REFERENCES

1. Physics of Thin Films. Advances in Research and
Development, Hass, G. and Thun, R.E., Eds., New
York: Academic, 1973.

2. Yudin, B.F., Konopel’ko, M.V., Fedotova, G.V., and
Vvedenskii, V.D.,Izv. Vyssh. Uchebn. Zaved., Khim.
Khim. Tekhnol., 1983, vol. 25, no. 8, pp. 9383941.

3. Diagrammy sostoyaniya sistem tugoplavkikh oksidov,
issue 5, part 2,Dvoinye sistemy: Spravochnik(Phase
Diagrams of Systems with High-Melting Oxides,
Binary Systems: Reference Book), Galakhov, F.Ya.,
Ed., Leningrad: Nauka, 1986.

4. Babich, E.G., Zagorodnyk, A.V., Teterin, G.A.,et al.,
Zh. Neorg. Khim., 1988, vol. 33, no. 4, pp. 99631000.

5. Khodos, M.Ya., Belysheva, G.M., and Krivoshe-
ev, N.V., Zh. Prikl. Khim., 1988, vol. 33, no. 4,
pp. 106631067.

6. Fedorov, N.F., Maslennikova, O.V., Saltykova, V.A.,
et al., Zh. Neorg. Khim., 1989, vol. 34, no. 5,
pp. 131631319.

7. Kazenas, E.K. and Tsvetkov, Yu.V.,Isparenie oksidov
(Evaporation of Oxides), Moscow: Nauka, 1997.

8. Goldschmidt, H.J.,Metallurgia, 1960, vol. 62, no. 373,
pp. 2113218.

9. Rudorff, W. and Luginsland, H.-H.,Z. Anorg. Allgem.
Chem., 1964, vol. 334, no. 334, pp. 1253129.

10. Antonio, M.R., Inho Song, and Yamada, H.,J. Solid
State Chem., 1991, vol. 93, no. 1, pp. 1833192.

11. Semenov, G.A., Nikolaev, E.N., and Frantseva, K.E.,
Primenenie mass-spektrometrii v neorganicheskoi
khimii (Application of Mass Spectrometry in Inorganic
Chemistry), Leningrad: Khimiya, 1976.

12. Semenov, G.A., Lopatin, S.I., and Kuligina, L.A.,
Vestn. SPb. Gos. Univ., Ser. 4, Fiz. Khim., 1994,
issue 1, pp. 46354.

13. Semenov, G.A. and Stolyarova, V.L.,Mass-spektro-
metricheskoe issledovanie ispareniya oksidnykh sistem
(A Mass-Spectrometric Study of the Evaporation of
Oxide Systems), Leningrad: Nauka, 1990.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

906 SEMENOV, LOPATIN

14. Paule, R.C. and Mandel, J.,Pure Appl. Chem., 1972,
vol. 31, no. 3, pp. 3713394.

15. Energii razryva khimicheskikh svyazei: Potentsialy
ionizatsii i srodstvo k elektronu: Spravochnik(Chem-
ical Bond Rupture Energies: Ionization Potentials and
Electron Affinity: Reference Book), Kondrat’ev, V.N.,
Ed., Moscow: Nauka, 1974.

16. Mann, J.B.,Recent Developments inMass Spectro-
scopy, Ogata, K. and Hayakawa, T., Eds., Baltimore:
University Park, 1970, pp. 8143819.

17. Frantseva, K.E., A Thermodynamic Study of the Evap-
oration of Vanadium and Niobium Oxides,Cand. Sci.
Dissertation, Leningrad, 1968.

18. Wahlbeck, P.G. and Gilles, P.W.,J. Chem. Phys.,
1967, vol. 46, no. 7, pp. 246532473.

19. Termodinamicheskie svoistva individual’nykh ve-
shchestv: Spravochnik(Thermodynamic Properties
of Individual Substances: Reference Book), Glush-
ko, V.P., Ed., Moscow: Nauka, 1982, vol. 4, book 2.

20. Semenov, G.A., Lopatin, S.I., and Misharev, A.D.,
Prib. Tekh. Eksp., 1993, no. 3, pp. 2193223.



1070-4272/01/7406-0907 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 6,2001, pp. 9073911. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 6,2001,
pp. 8863890.
Original Russian Text CopyrightC 2001 by Titova, Nikol’skaya, Buyanov, Suprun.

INORGANIC SYNTHESIS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND INDUSTRIAL INORGANIC CHEMISTRY

A Study of Stability of Potassium Fluoride Peroxosolvates
KF . nH2O2 (n = 1, 2) in Solid State and in Aqueous Solutions

K. V. Titova, V. P. Nikol’skaya, V. V. Buyanov, and I. P. Suprun

Institute for Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, Russia

GosNII Biologicheskogo Priborostroeniya State Scientific Center, Moscow, Russia

Received July 10, 2000

Abstract-The results obtained in a study of the stability of potassium fluoride peroxosolvates KF. nH2O2
(n = 1, 2), including that in prolonged storage, are presented. The kinetics of KF.nH2O2 decomposition in
solid state and in aqueous solutions was analyzed. The obtained results characterize potassium fluoride per-
oxosolvates as the most stable solid carriers of hydrogen peroxide, promising for practical use.

It was shown in [1, 2] that the peroxosolvates
KF . nH2O2 (n = 1, 2) show a wide spectrum of anti-
microbial activity. These compounds have been used
to create disinfectants possessing a number of essen-
tial advantages over other presently used disinfectants,
especially those containing chlorine. The developed
preparations are ecologically safe in manufacture and
use, corrosion-inactive, nontoxic, have no odor, and
cause no allergic reactions.

Among important operation characteristics of any
disinfectant are such parameters as stability in storage
in solid state and in aqueous solutions.

The present communication summarizes results of
investigations of the stability of potassium fluoride
peroxosolvates. The kinetics of KF. nH2O2 decom-
position in solid state and in aqueous solutions was
studied and the stability of the solvates in prolonged
storage was determined.

Potassium fluoride peroxosolvates were synthe-
sized as described in [3]. Samples of composition
KF . H2O2 and KF. 2H2O2 were used, and also an
equimolar mixture of these, with bulk chemical com-
position KF. 1.5H2O2.

The content of hydrogen peroxide in the samples,
found by permanganatometric titration, corresponded
to that calculated for KF. H2O2 and KF. 2H2O2. The
content of H2O2 in equimolar mixtures of these sol-
vates was in the range from 40 to 44 wt % (41.6 wt %
calculated for KF. 1.5H2O2).

The stability of solid samples and aqueous solu-
tions of the solvates in prolonged storage was stud-
ied at 20+ 4oC in closed glass and polymer vessels.
The degree of decomposition of hydrogen peroxide
was judged from changes in its content with time. The
stability was calculated in the form of a coefficientb

equal to percentage of decomposition in unit time. In
comparing the stabilities of different objects under
study, theb values were taken for equal exposures.

The kinetics of decomposition of solid KF. H2O2
samples was studied under isothermal conditions in
the temperature range 903125oC. A device for de-
composition comprised a gas burette and a thermo-
stated 15-cm3 glass vessel, in which a 0.1530.25-g
portion of a sample was placed. The liberated water
was absorbed by a layer of anhydrone in the upper
part of the vessel. The volume of evolved oxygen
was measured using a gas burette with an accuracy
of 0.05 cm3. The degree of decomposition was de-
termined as the volume ratio of oxygen evolved by
instant of timet to oxygen contained in the weighed
portion of a sample.

Solutions prepared in studying the kinetics of sol-
vate decomposition in aqueous solutions contained ap-
proximately 7 wt % H2O2. The solutions were placed
in a device comprising a vessel (Pyrex glass) equipped
with a reflux condenser, control thermometer, and ap-
erture for agitation and sampling in order to make
analysis for the content of hydrogen peroxide. The so-
lution volume was 40 ml. The device was placed in
a furnace thermostated to within+0.5oC. The study
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Table 1. Stability of KF . 1.5H2O2 solvate at different
temperatures
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC ³ b, % day31 ³ Annual loss of H2O2, %
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

318 ³ 0.0039 ³ 1.4
20 ³ 0.0052 ³ 1.9
37 ³ 0.0217 ³ 7.8

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

was performed in the temperature range 75395oC.
Prior to the beginning of the main set of experiments,
the assembled device was filled with a solvate solu-
tion and kept at 75oC for 637 h. Reproducible kinetic
data were obtained after performing several prelimi-
nary passivating operations of this kind. Special ex-
periments demonstrated that the water loss associated
with incomplete condensation was less than 1% in the
temperature range 75390oC and as high as 3% at 95oC.

Mono- and diperoxosolvates are rather stable in
solid state. The results obtained in studying the de-
composition kinetics were used to find, by extrapola-
ting the degrees of decomposition to low tempera-
tures, that KF. H2O2 loses 40 1032% H2O2 per year at
25oC [4]. Under real conditions, KF. H2O2 obtained
under laboratory conditions from high-grade com-
ponents and stored in a polymer vessel at 20+2oC for
five years retains the initial content of H2O2. However,
the stability of peroxosolvates strongly depends on
the presence of microimpurities of foreign substances
brought into the solvate together with the starting re-
agents and also impurities present on the reaction
vessel surface or washed out of it. Therefore, the
averaged results obtained for many syntheses give real
data characterizing the stability of the solvates. At
a storage time of 6 months theb values are as follows

Solvate b, % day31 Annual loss of H2O2, %

KF . H2O2 0.0031 1.10
KF . 1.5H2O2 0.0066 2.40
KF . 2H2O2 0.0057 2.05

The dependence of the stability of peroxosolvates
on their storage temperature is demonstrated for the

example of KF. 1.5H2O2 (Table 1). It can be seen
that the annual loss of H2O2 is 1.4% at318oC and
as high as 7.8% at 37oC. Thus, even in the case
when the solvate is stored at 37oC, the annual loss
of H2O2 does not exceed 10%.

The kinetics of thermal decomposition of potas-
sium fluoride peroxosolvates was studied for the ex-
ample of KF. H2O2. The KF. H2O2 decomposition
curves processed using the Kolmogorov3Erofeev equa-
tion

[3log(1 3 h)]1/3 = k(t 3 t0)

give two rectilinear portions with deceleration in
the second stage. The duration of the initial por-
tion with high rates grows with increasing tempera-
ture from h = 0.01 at 90oC to h = 0.12 at 125oC.
The decomposition rate constants take the following
values

T, oC 90.0 95.2 100.2 105.2
k1 0 103, min31 0.33 0.39 0.46 0.67
k2 0 103, min31 0.21 0.26 0.37 0.42

T, oC 110.2 115.2 120.2 125.2
k1 0 103, min31 0.78 1.20 1.40 2.07
k2 0 103, min31 0.50 0.76 0.80 1.05

Comparison of the kinetic parameters of KF. H2O2
and other investigated peroxosolvates of salts of in-
organic acids (Table 2) shows that potassium fluoride
peroxosolvates exhibits the highest thermal stability.

The main reason for the high stability of solid
KF . H2O2 and KF. 2H2O2 is that no compounds
forming strongly alkaline or acid solutions are pres-
ent among the products of solvate interaction with
moisture.

All the known peroxosolvates are hygroscopic.
Moisture absorption by peroxosolvates or their insuf-
ficient dehydration results in that a solution whose na-
ture depends on the nature of a salt being solvated is
formed on the surface of, or within crystallites consti-

Table 2. Kinetic parameters of selected peroxosolvates [5]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvate
³

Initial stage, h
³ k1 0 103, min31, ³

E1, kJ mol31 ³ k2 0 103, min31, ³
E2, kJ mol31

³ ³ 115oC ³ ³ 115oC ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
KF . H2O2 ³ 0.0130.12 ³ 1.2 ³ 69.9 ³ 0.8 ³ 52.7
Na2CO3 . 1.5H2O2 ³ 0.0730.8 ³ 8.2 ³ 125.1 ³ 9.8 ³ 133.9
NH4F . H2O2 ³ 0.0430.4 ³ 3 ³ 56.1 ³ 3 ³ 16.7
BaF2 . 2H2O2 ³ 0.0430.6 ³ 3 ³ 34.3 ³ 3 ³ 47.3
Na2HPO4 . 2H2O2 ³ 0.130.5 ³ 12.0 ³ 121.3 ³ 8.3 ³ 56.9
Na4P2O7 . 3H2O2 ³ 0.0430.06 ³ 4.0 ³ 123.0 ³ 1.1 ³ 112.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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tuting the film or the local zone. For example, so-
dium carbonate peroxosolvate forms a solution with
high pH value, which favors catalytic decomposi-
tion of coordinated hydrogen peroxide. The stability
of Na2CO3 . 1.5H2O2 is much lower than that of
KF . H2O2. For example, in the initial stage,k1 for
Na2CO3 . 1.5H2O2 is 6.8 timesk1 for KF . H2O2; and
in the second stage,k2 is 12 times higher.

In the case of phosphate peroxosolvates, the stabil-
ity of the peroxosolvates is affected in opposite direc-
tions by the following two factors: a certain stabiliz-
ing effect of phosphate ions on hydrogen peroxide and
the alkaline medium of the solution. The predominant
influence is exerted in this case by the alkalinity of
the solution formed in hydrolysis, with the result that
the stability of phosphate peroxosolvates is also lower
than that of KF. H2O2.

Neutrality orweak alkalinity of the products formed
in reaction of KF with water is the key factor deter-
mining the stability of KF. nH2O2 both in solid state
and in aqueous solutions.

The stabilities of aqueous solutions of some per-
oxosolvates and hydrogen peroxide at exposure of
40 h are compared in Table 3.

It can be seen that the stability of potassium fluo-
ride peroxosolvate in an aqueous solution is two or-
ders of magnitude higher than that of the industrial hy-
drogen peroxide and nearly five orders of magnitude
higher than that of sodium carbonate peroxosolvate.

KF . H2O2 solutions are also stable at elevated
temperatures. For example, when heated at a rate of
about 10 deg min31, solutions virtually retain the ini-
tial content of hydrogen peroxide on reaching a pre-
scribed temperature in the range from 30 to 100oC
at intervals of 10oC.

Kinetic curves describing the decomposition of
aqueous solutions of KF. H2O2, measured at 20oC
within the time range extending to 960 h andprocessed
using the equation logC0/C = k(t 3 t0), exhibit two
linear portions with acceleration in the later stage. The
time t of changeover is 380 h (see the figure, curve1).
In the initial stage,k1 = 2.50 1036 min31, and in the
second,k2 = 9.30 1036 min31. The average degree of
KF . H2O2 decomposition during a storage time of
960 h (40 days) is 0.0017 % h31, or 1.2 % month31.
Thus, potassium fluoride monoperoxosolvate solu-
tions can be stored at room temperature and used dur-
ing no less than 1 month without virtually any loss
of H2O2.

It seemed important to characterize quantitatively
the stability of KF. H2O2 solutions at as high temper-

Table 3. Stability of aqueous solutions of selected peroxo-
solvates 20oC, 10 wt %, t = 40 h
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvate
³ Average decomposition
³ coefficient, % h31 (in glass)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
KF . H2O2 ³ 0.00008+ 0.00001
Na2CO3 . 1.5H2O2 ³ 2.4170+ 0.011
(NH2)2CO . H2O2 ³ 0.0278+ 0.0002
H2O2 ³ 0.0048+ 0.0004
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

atures as possible, enabling their use for disinfecting.
It is known for the example of hydrogen peroxide and
other disinfectants that elevating the temperature by
30oC (from 20 to 50oC) raises tenfold the extinction
rate of microorganisms.

The kinetics of decomposition of aqueous solutions
of KF . H2O2 was studied at the highest possible tem-
peratures (75395oC) at intervals of 5oC. The typical
dependence of logC0/C on t is presented in the figure
(curves236). Table 4 lists the average decomposition
rate constants calculated on the basis of 537 parallel
runs.

As in the case of 20oC, the curves obtained in
the range 75395oC show a bend. The shape of curves
with a bend is characteristic of the thermal decompo-
sition of all the presently studied solid peroxides:
Na2CO3 . 1.5H2O2, K2CO3 . 3H2O2, NH4F . H2O2,
KF . H2O2, BaF2 . 2H2O2, Na2HPO4 . 2H2O2, and
Na4P2O7 . 3H2O2 [5]. However, only in a single case
Na2CO3 . 1.5H2O2 the process is accelerated in the

Kinetic curves of KF. H2O2 decomposition in aqueous
solution. (C0, C) Initial and current concentrations and
(t1, t2) time. Temperature (oC): (1) 20, (2) 75, (3) 80,
(4, 7310) 85, (5) 90, and (6) 95. Decomposition conditions:
(136) in glass, (7) in polyethylene, (8) in polyethylene
and 1 g of ground glass, (9) in polyethylene and 1 g of
Fe2O3, and (10) in polyethylene and 1 g of MnO2.
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Table 4. Kinetic parameters of KF. H2O2 decomposition in aqueous solutions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material, T, oC ³ t range ³ k1, min31 ³ t range ³ k2, min31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Glass: ³ ³ ³ ³

20 ³ 03385 h ³ 2.50 1036 ³ 3853960 h ³ 9.30 1036

75 ³ 03310 min ³ (1.7+ 0.8)0 1034 ³ 3103700 min ³ (5.0+ 0.7)0 1034

80 ³ 03160 min ³ (4.8+ 0.4)0 1034 ³ 1603460 min ³ (5.5+ 0.4)0 1034

85 ³ 03170 min ³ (6.1+ 0.7)0 1034 ³ 1703400 min ³ (11.4+ 1.1)0 1034

90 ³ 03180 min ³ (7.7+ 0.6)0 1034 ³ 1803400 min ³ (12.1+ 0.7)0 1034

95 ³ 03170 min ³ (11.8+ 0.1)0 1034 ³ 1703400 min ³ (14.5+ 3.4)0 1034

Polyethylene, 85 ³ 3 ³ 1.00 1034 ³ 3 ³ 3

Polyethylene + ³ 3 ³ ³ 3 ³ 3

ground glass, 85³ ³ 2.80 1034 ³ ³
Polyethylene + ³ 3 ³ ³ 3 ³ 3

Fe2O3, 85 ³ ³ 5.10 1034 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ E1 = 72.8 kJ mol31 ³ E2 = 60.4 kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

second range. In all other cases, the second stage pro-
ceeds with deceleration.

The decelerated decomposition of solid peroxo-
solvates can be attributed to disrupted contact between
the solvate and the catalytically acting surface of
the reaction vessel as a result of formation of a solid
shell composed of reaction products. Explaining the
acceleration of Na2CO3 . 1.5H2O2 decomposition in
the later stage without additional studies is difficult.

The similarity of KF. H2O2 decomposition pro-
cesses in solid state and in aqueous solution consists,
in addition todouble-stage nature, also in that the tem-
perature dependence of the rate is stronger in the ini-
tial stage, compared with the second one. For example,
E1 = 69.9 andE2 = 52.7 kJ mol31 for KF . H2O2, and
E1 = 72.8 andE2 = 60.4 kJ mol31 for solution. How-
ever, decomposition proceeds in the second stage with
deceleration for the solid solvate, and is accelerated
in aqueous solution.

The acceleration of KF. H2O2 decomposition in
solution at a certaint value is possibly related to the
involvement of an additional homogeneous decom-
position of H2O2 in the solution bulk, catalyzed by
products coming into the solution from the decom-
posing glass surface, in the process of heterogeneous
catalytic decomposition of H2O2.

The extent of the catalytic influence exerted by
the glass surface on H2O2 decomposition in aqueous
solutions of KF. H2O2 is seen from a comparison of
the rates of the process in a glass device and in the
same device, but with the surface insulated by a thin

polymer pocket inserted into the device. The solution
was isolated from the glass surface completely, but
part of hydrogen peroxide could be decomposed cat-
alytically on the uninsulated members of the device.
With account of the low concentration of the solutions
under study, this part seems to be insignificant.

At 85oC, decomposition of KF. H2O2 solutions in
a polymer vessel proceeds in the entire time range
without acceleration (see the figure, curve7). The rate
constantk = 1.00 1034 min31 is more than an order
of magnitude lower thank2 = 11.40 1034 min31 for
the same temperature and 6 times lower thank1 =
6.10 1034 min31. On adding catalysts to the solution,
the rate markedly increases immediately after their in-
troduction, and nocharacteristic process acceleration is
observed, either (curves8310). k = 2.80 1034 min31

for ground glass (1 g) and 5.10 1034 min31 for Fe2O3,
in the presence of MnO2 the decomposition process
is complete in 10315 min.

The obtained data are in agreement with the as-
sumption that a homogeneous bulk reaction catalyzed
by glass disintegration products is additionally in-
cluded in the heterogeneous process of hydrogen
peroxide decomposition catalyzed by the reaction
vessel surface. In the given case, this process is mani-
fested most clearly, since fluoride ions are hydrolyzed
in water to give HF and HF2

3. Both of these species
exert destructive influence on the glass.

This assumption is supported by the enhanced sta-
bility of aqueous solutions of peroxosolvates in glass
at lower content of KF. For example, in the case
of storage for 120 h at 20oC, b = 0.0012 % h31 for



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

A STUDY OF STABILITY OF POTASSIUM FLUORIDE PEROXOSOLVATES 911

KF . H2O2 (63.1% KF), 0.0009 % h31 for KF . 1.5H2O2
(58.4% KF), and 0.0007 % h31 for KF . 2H2O2
(46.1% KF).

CONCLUSION

The results obtained in studying the kinetics of
decomposition and the stability in prolonged stor-
age of KF. nH2O2 solvates in solid state and in aque-
ous solutions demonstrate that potassium fluoride per-
oxosolvates belong to the most stable solid carriers
of hydrogen peroxide. A strong influence of the mate-
rial of which the vessels used in experiment are made
on the stability of KF. nH2O2 in aqueous solutions
is established.

REFERENCES

1. Nikol’skaya, V.P., Titova, K.V., and Korolev, N.I.,
Abstracts of Papers,1-aya Vsesoyuznaya konferentsiya
po khimii peroksokompleksov i peroksosol’vatov(1st
All-Union Conf. on Chemistry of Peroxocomplexes and
Peroxosolvates), Chernogolovka, 1991, p. 22.

2. Pudova, O.B., Nikol’skaya, V.P., Buyanov, V.V., and
Titova, K.V., Dezinf. Delo, 1999, no. 3, pp. 19.

3. Titova, K.V., Gelyuk, I.P., and Rosolovskii, V.Ya.,
Zh. Neorg. Khim., 1987, vol. 32, no. 11, pp. 261232615.

4. Titova, K.V., Kolmakova, E.I., and Rosolovskii, V.Ya.,
Zh. Neorg. Khim., 1989, vol. 34, no. 12, pp.301633020.

5. Titova, K.V., Zh. Neorg. Khim., 1999, vol. 44, no. 6,
pp. 9253930.



1070-4272/01/7406-0912 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 6,2001, pp. 9123915. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 6,2001,
pp. 8903893.
Original Russian Text CopyrightC 2001 by Lesnyak, Stratiichuk, Slobodyanik, Sudavtsova.

INORGANIC SYNTHESIS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND INDUSTRIAL INORGANIC CHEMISTRY

Synthesis of Lower Oxides of Transition Metals
from Chloride Melts

V. V. Lesnyak, D. A. Stratiichuk, N. S. Slobodyanik, and V. S. Sudavtsova

Shevchenko National University, Kiev, Ukraine

Received November 13, 2000; in final form, March 8, 2001

Abstract-Synthesis of transition metal oxides MO2 (MIV = Mo, W, or Nb) and V6O13 in alkali chloride
melts and their crystallographic characteristics are described. The advantages of the proposed technology are
demonstrated. The thermodynamic parameters of the proposed reactions are calculated.

Basic and applied studies aimed to develop new
energy-saving methods for obtaining oxide mate-
rials allow synthesis of materials for electronics, cat-
alysis, automatics, and radio engineering in consid-
erably shorter time at a fundamentally new level.
Dioxides of polyvalent metals, e.g., molybdenum and
tungsten dioxides, which have found wide application
as multifunctional heterogeneous catalysts for oxida-
tion of NO and CO and for selective oxidation ofn-
butane and other hydrocarbons [1, 2], are widely used
in solving both industrial and ecological problems.
Some metal oxides, e.g., niobium and vanadium ox-
ides, are semiconductors.

Since the known methods for synthesizing poly-
crystalline compounds involve gross consumption of
energy and employ high-cost equipment [3], we de-
veloped in this study a method for synthesizing ox-
ides of transition metals (Mo, W, Nb, and V) from
fluxes-alkali chloride melts. The method makes it
possible to perform the reaction at comparatively low
temperature in a short time without use of expensive
equipment.

EXPERIMENTAL

The experiment was carried out using mixtures of
higherd-element oxides and finely dispersed powders
of the respective metals, in amounts corresponding to
the stoichiometry of the following reactions.

2MoO3 + Mo 6 3MoO2, (1)

2WO3 + W 6 3WO2, (2)

2Nb2O5 + Nb 6 5NbO2, (3)

(4)13V2O5 + 4V 6 5V6O13.

As the reaction medium served a flux of a eu-
tectic composition of the system LiCl3KCl (40 mol %
KCl), chosen because of its being readily available
and having a low melting point. The eutectic composi-
tion of the LiCl3KCl system (Tmel = 352oC) is inferior
in temperature characteristics solely to the composi-
tion LiCl3RbCl (44.5 mol % RbCl;Tmel = 312oC).

Thoroughly ground metal oxides, powdered metals,
and the eutectic mixture LiCl3KCl (Table 1) were
used to prepare formulations in the initial stage of
the experiment. Then, the formulations were placed
in porcelain crucibles and heated to 400oC. The sys-
tem was kept under these conditions for 30340 min
until residual oxygen was removed and two separate
fractions were obtained: lower layer containing a mix-
ture of oxide and a metal and upper layer composed of
the eutectic melt LiCl3KCl and occupying 20330%
of the working volume of the crucible. Then, the tem-
perature was raised to 7503780oC at a rate of 303
40 deg h31. After being kept at 780oC for 30340 min,
the system was cooled at a rate of 30340 deg h31.
The melt cooled to approximately 400oC was de-
canted, with the obtained solid residue washed with
hot distilled water and dried at 120oC.

Table 1. Synthesis conditions of polyvalent metal oxides
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction
³

T, oC
³
t, h

³ Amount of LiCl3KCl,
³ ³ ³ g per 10 g of mixture

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
(1) ³ 750 ³ 5 ³ 35
(2) ³ 650 ³ 3 ³ 40
(3) ³ 750 ³ 5 ³ 35
(4) ³ 750 ³ 5 ³ 35

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 1. X-ray powder diffraction patterns of the prepared oxides. (I/Im) Relative intensity and (2q) Bragg angle.

The reactions proceeding in these systems yielded
finely dispersed brown powders of molybdenum
and tungsten dioxides (rX-ray = 6.47 and rexp =
5.44 g cm33). Vanadium and niobium form dark blue
oxides (rX-ray = 3.91 andrexp = 5.98 g cm33). It
should be noted that, in synthesizing tungsten dioxide
WO2, a 10315%-excess of metallic tungsten and
a temperature not higher than 650oC are the optimal
phase formation conditions. This can be attributed
to high oxidizability of tungsten and formation of
bronzes of variable composition.

Analysis of spent fluxes revealed that thed-element
compounds are not dissolved in salt melts even in
trace amounts, which, in fact, indicates that the pro-
cess cannot occur via the solvent3solute stage. Most
likely, the scheme of the given reaction is as follows:
(1) thermal dissociation of an oxide with the forma-
tion of MOx

+ cations, (2) formation of a transition
complex with the melted flux, (3) its transfer to the
metal surface, and (4) interaction of the complex

with the metal to give a lower oxide. This reaction
scheme formally occurs in many heterogeneous pro-
cesses in temperature-reducing fluxes. In addition,
the chloride melts strongly activate the metal surface,
with oxide films removed and the number of defects
increased. It should be noted that, in the case when
a direct reaction metal3oxide or oxide3oxide (sinter-
ing) is used, the process rate is limited in early stages
by the rate of reagent transfer to the reaction region,
and later, by reagent diffusion through a layer of the
formed products [4].

The phase composition of the reaction products
was studied by X-ray phase analysis (XPA). The ob-
tained results are shown in Fig. 1 and listed in Ta-
ble 2. According to the ASTM Powder Diffraction
Data File, the obtained oxides are the monoclinic
V6O13, WO2, MoO2 and rhombica-NbO2 (Table 2).
The amount of metal in the samples,M (wt %), was
determined by X-ray fluorescence analysis on a Phi-
lips-1500 apparatus (Table 3).

Table 2. Calculated XPA data for the obtained compounds
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

Sp. gr.
³ a ³ b ³ c ³

b, deg
³

V, A3
³
rX-ray, g cm33³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³ ³

³ ³ A ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
MoO2 ³ P21/c ³ 5.61 ³ 4.84 ³ 5.52 ³ 119.26 ³ 121.0 ³ 6.47
WO2 ³ P21 ³ 5.65 ³ 4.89 ³ 5.55 ³ 120.42 ³ 133.0 ³ 5.44
a-NbO2 ³ I41/a ³ 13.68 ³ 5.97 ³ 5.97 ³ 3 ³ 1118.0 ³ 5.98
V6O13 ³ C2/m ³ 11.92 ³ 3.68 ³ 10.13 ³ 100.87 ³ 436.0 ³ 3.91
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 3. Data on X-ray fluorescence analysis for the prepared compounds
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ M, wt % º

Compound
³ M, wt %

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ calculated ³ experimental º ³ calculated ³ experimental

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
MoO2 ³ 75.0 ³ 74.3 º a-NbO2 ³ 74.4 ³ 72.1
WO2 ³ 85.32 ³ 83.1 º V6O13 ³ 66.6 ³ 67.3
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. 3DG0 values for reactions (1)3(4)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction
³ 3DG0 (kJ mol31) at indicated temperature, K
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 298 ³ 400 ³ 600 ³ 800 ³ 1000 ³ 1200 ³ 1400

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
(1) ³ 129.0 ³ 142.4 ³ 151.6 ³ 161.3 ³ 168.4 ³ 3 ³ 3
(2) ³ 38.3 ³ 42.5 ³ 32.9 ³ 28.4 ³ 23.2 ³ 3 ³ 3
(3) ³ 168.0 ³ 168.5 ³ 165.5 ³ 154.0 ³ 147.0 ³ 3 ³ 3
(4) ³ 449.5 ³ 449.5 ³ 450.0 ³ 462.5 ³ 463.0 ³ 432.0 ³ 421.8

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

To predict the course of the reactions studied, we
calculated the standard change in the Gibbs energy
of the reactions,DG0, at 29831000 K from the data
reported in [5]. The obtained results are presented in
Table 4 and Fig. 2.

To predict the possibility of reactions of metals be-
longing to subgroups V-B and VI-B with their higher
oxides in an oxygen-free atmosphere at 29831000 K,
the change in the Gibbs energy of the reactions

2CrO3 + Cr 6 3CrO2, (5)

2V2O5 + V 6 2.5V2O4 (6)

was calculated on the basis of the standard thermo-
dynamic functions of the starting and final substances

Fig. 2. DG0 vs. temperatureT for reactions (1)3(5).
(1) MoO2, (2) WO2, (3) NbO2, (4) V6O13, and (5) CrO2.

[5]. For reaction (1), the dependence ofDG0 on tem-
perature is a nearly linear within 29831000 K, which
indicates that the reaction rate grows with increasing
temperature.

The experimentally selected conditions of molyb-
denum dioxide synthesis in chloride melts are the op-
timal and agree well with the thermodynamic data.
The dependenceDG0 = f(T) for reaction (1) is nearly
linear within 29831000 K. The conditions of MoO2
synthesis in the range 82331053 K correspond to the
maximum absolute value ofDG0. This means that
such a temperature interval is necessary for reaction
(1) to occur, in which the diffusion coefficients of
the reagents are high enough and the reagent surfaces
are sufficiently active. In this case, the rate of the
presented reaction will be high [6].

Reaction (2) is characterized by low Gibbs energy
and, according to theDG0 values, its optimal tem-
perature is 600 K. The temperature of interaction in
chloride melts approaches 923 K, which is due to
the necessity for a higher rate of back diffusion of
components. According to the thermodynamic data,
reaction (3) must occur at 800 K, which is in agree-
ment with the experimental results. To compare the
DG0 values for reactions (4) and (6), we performed
a thermodynamic calculation of the interaction for
1 mol of vanadium(V) oxide.DG0 is 3135.6 and
389.9 kJ mol31 for, respectively, reactions (4) and (6).
Thus, it is evident that reaction (4) is more probable
from the standpoint of thermodynamics and will occur
in the first place.
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A calculation ofDG0 for reaction (5) showed that
the tendency toward interaction decreases with in-
creasing temperature (Fig. 2). At the same time,DG0

of this process is rather high (in absolute value).
The fact that chromium dioxide cannot be obtained is
mainly related to the very high thermodynamic sta-
bility of chromium(III) oxide Cr2O3 in comparison
with other oxides.

CONCLUSIONS

(1) Based on the thermodynamic calculations and
experimental results, the optimal conditions were de-
termined for the interaction of higher oxides ofd-met-
als (V, Nb, Mo, and W) with the respective metals
in alkali chloride melts.

(2) A method for industrial manufacture of lower
oxides of d-metals was developed.
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Abstract-The conditions under which a titanium3aluminum tanning agent is obtained from sulfuric acid
solutions were studied. The composition was established and the properties were studied of the forming phases.

Recently, the manufacture and use of multicompo-
nent tanning agents making it possible to do with-
out toxic chromium(III) compounds at tanneries have
been studied intensively[134]. A combination of pos-
itive properties inherent in the components of such
a tanning agent enables its use in tanning of supple
and stiff leather.

The technology for manufacture of tanning agents
of this kind is based on the so-called salting-out of
a crystalline salt from a mono- or polycomponent sul-
fate solution. Mainly technological aspects of synthe-
sis of tanning materials have been described in the
literature [5, 6].

The aim of the present study was to analyze
the influence exerted by the salting-out conditions in
the system TiO2(Al2O3)3H2SO43(NH4)2SO43H2O on
the composition and properties of the forming solid
phases. Data of this kind are necessary for substanti-
ating a new technology for manufacture of a complex
titanium3aluminum tanning agent possessing versatile
properties [7].

EXPERIMENTAL

The salting-out was done from a sulfate titanium3
aluminum solution containing (g l31): TiO2 92.6, Al2O3
25.9, and H2SO4 175, prepared by dissolving oxo-
titanium monohydrate in water with subsequent ad-
dition of a necessary amount of aluminum sulfate.

The crystallization was performed by introducing
crystalline ammonium sulfate and concentrated sul-
furic acid into this solution, with their excess(free)
concentration in the reaction mass varied between
50 and 500 g l31.

The experimental procedure was as follows. A ti-
tanium3aluminum solution with prescribed concentra-
tion of free sulfuric acid was introduced into a sus-
pension of ammonium sulfate [100031200 g l31

(NH4)2SO4] in the course of 1 h at a temperature not
exceeding 25oC. The mixture was kept with stirring
for 2 h and then allowed to stand without stirring for
1 h for crystals to be formed. The precipitate was sep-
arated from the liquid phase, washed with an ammoni-
um sulfate solution [450 g l31 (NH4)2SO4] with s : l =
1 : 0.5, dried in air, and analyzed for the content of
salt components. The phase composition of the precip-
itates was determined by the crystal-optical method.
In doing so, the basicity of a salt (ratio of titanium
and aluminum ions bound to OH3 groups to the total
amount of titanium and aluminum ions in the tanning
agent, expressed in percent), characterizing the quality
of a tanning agent, was calculated.

The choice of the end points with respect to salt
mass components is due to technological features of
the process. At a content of free sulfuric acid ex-
ceeding 500 g l31, Al2(SO4)3 . 18H2O precipitates, in
agreement with the solubility data for the system
H2SO43Al2(SO4)33H2O at 25oC [8]. It is known that
ammonium sulfate is a weaker salting-out agent than
H2SO4, and making its concentration higher than
500 g l31 is unpractical, since it will exert no essential
influence of the degree of salting-out of the tanning
salt.

In the concentration range studied there occurs crys-
tallization of the monohydrate salt (NH4)2TiO(SO4)2 .H2O
[titanium(IV) ammonium sulfate, TAS], NH4Al(SO4)2
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(ammonium aluminum alum, AAA), titanium3alumi-
num salt, and, at some points of the system, anhydrous
TAS as impurity phase. The degree of salting-out
and the dispersity of the titanium salt depend on
the concentration in solution of free sulfuric acid and
ammonium sulfate. At H2SO4exc content of up to
100 g l31 the degree of TAS precipitation does not
exceed 40% over the entire range of (NH4)2SO4exc
concentrations. The crystallizing titanium salt is fine-
ly disperse, with particle size of 132 mm.

With increasing concentration of salting-out agents,
the extent of TAS precipitation grows, and, at a total
concentration of free H2SO4 and (NH4)2SO4 exceed-
ing 550 g l31, more than 95% of the titanium salt
is precipitated at 1 : (0.831) mass ratio of free H2SO4
to (NH4)2SO4. In this case, TAS crystals grow in
size to 739 mm.

Substantially raising the ammonium sulfate concen-
tration at low content of H2SO4exc leads to a minor
change in the solubility of the double salt. Raising
the content of ammonium sulfate at high free sulfuric
acid concentrations causes a more dramatic decrease
in the solubility of TAS and thecorresponding increase
in the degree of its precipitation.

At H2SO4exc concentration exceeding 400 g l31, an
anhydrous product impairing the quality of the tan-
ning agent is formed together with TAS monohydrate.
Under these conditions, a finely crystalline salt with
particle size of 235 mm is formed, with a large amount
of the mother liquor in inclusions.

The degree of AAA precipitation under the chosen
conditions depends only slightly on the concentration
of salting-out agents and constitutes 94398%. The al-
um is in the form of coarse crystals 15330 mm in size.

A comparison of the obtained data with those for
the quaternary system TiO23H2SO43(NH4)2SO43H2O
[9] demonstrated that, at low concentrations of salt-
ing-out agents, aluminum(III) has little effect on the
TAS solubility, whereas at a total concentration of
free H2SO4 and (NH4)2SO4 exceeding 300 g l31 the
solubility of the titanium salt increases in the presence
of aluminum(III).

The obtained experimental data were used to con-
struct composition3property diagrams in the Cartesian
coordinate system in relation to the content of free
sulfuric acid and ammonium sulfate not bound to ti-
tanium(IV) in the form of a salt. For convenience of
technological use of the diagrams, the concentrations
of salting-out components are given in grams per liter.
The presented curves are horizontal projections of
the basicity and solubility surfaces.

Fig. 1. (a) Basicity of titanium3aluminum product obtained
along the section of the system TiO2(Al2O3)3H2SO43

(NH4)2SO43H2O (TiO2 92.3, Al2O3 26.5 g l31) and
(b) TiO2 content of the mother liquor after salting-out of
the titanium3aluminum product.[(NH4)2SO4exc, H2SO4exc]
Content. Isolines: (a) basicity (%) and (b) TiO2 concen-
tration (g l31).

Figure 1a shows the surface formed by basicity
isolines. With this method of presentation, the surface
is stretched in the direction toward the ordinate axis.
This means that the H2SO4exc concentration affects
the basicity of the tanning agent to a greater extent
than that of (NH4)2SO4exc. Low basicity (28%) cor-
responds to a tanning agent obtained at a total concen-
tration of salting-out agents of 1003200 g l31. In such
a product, the mass ratio TiO2 : Al2O3 = (0.831) : 1.
Low content of Ti(IV) in the tanning agent gives no
way of using it in the main process and it can only
serve as a pre- or post-tanning agent.

With the concentration of salting-out agents increas-
ing to their total content of 400 g l31, the basicity of
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Fig. 2. IR spectrum of the titanium3aluminum product.
(n) Wave number.

the tanning agent grows from 30 to 38%, with the
change in basicity to a greater extent depending on
the H2SO4exc concentration. The tanning salts contain
9314 TiO2 and 734.5% Al2O3 and can be used as
tanning agents for supple leather.

Products with basicity of 40341% were obtained at
H2SO4exc and (NH4)2SO4exc concentrations of 2003
400 and 1603500 g l31, respectively. Tests with the
Ti3Al tanning agent demonstrated that the highest
temperature of leather cooking is achieved with tan-
ning agents having a basicity of about 41%. Salts
with the required basicity were obtained at a total
concentration of H2SO4exc and (NH4)2SO4exc of 5403
860 g l31 and mass ration H2SO4exc : (NH4)2SO4exc =
1 : (0.831).

One of characteristics of the crystallization process
is the degree of precipitation of tanning components,
which should be no less than 90%. To determine the
optimal range of the salting-out agent concentration
for obtaining a high-quality tanning agent, lines of
TiO2 content (g l31) in the mother liquor after salt-
ing-out, which are horizontal projections of the con-
ventional solubility surface in the three-dimensional
coordinate system, were plotted (Fig. 1b).

The surface is gently inclined toward the increas-
ing content of the salting-out agents. At a content
of free sulfuric acid higher than 300 g l31, the residual
content of TAS in the mother liquor does not exceed
5 g l31 in terms of TiO2.

By superimposing the projections of the surfaces
of basicity and TiO2 content in the mother liquor,
the region in which high-quality product is obtained
was determined, limited to concentrations of 2503
300 g l31 for free sulfuric acid and 2803400 g l31 for
free ammonium sulfate at a total content of salting-out
agents of 5503700 g l31 and H2SO4exc : (NH4)2SO4exc =
1 : (130.8).

Four characteristic zones can be distinguished in
the diagrams, differing in the concentration of salting-
out agents, dispersity of the forming solid phase, and,
correspondingly, its basicity. In zoneI, a finely dis-
perse salt is formed in salting-out from solutions, the
tanning agent has low basicity, and up to 40 g l31 of
TiO2 remains in the mother liquor. The unsatisfactory
technological characteristics indicate that high-quality
products cannot be obtained in this region.

In zone II , where the content of free ammonium
sulfate much exceeds that of free sulfuric acid, the
degree of salting-out and the basicity of the tanning
agent approach the required values with increasing to-
tal content of salting-out components, but the product
is finely disperse, which affects adversely the techno-
logical regime of the process.

In zoneIII , a product is formed with varied basicity
depending on the concentration of salting-out agents,
with an increase in the content of free sulfuric acid
affecting the basicity and degree of TAS salting-out
to a greater extent than that in the content of free
ammonium sulfate.

In zone IV, where the content of free sulfuric acid
in solution exceeds 400 g l31, anhydrous TAS crystal-
lizes in the solid phase together with TAS monohy-
drate. The higher the content of H2SO4exc, the greater
amount of anhydrous TAS, inapplicable as tanning
agent, is formed.

The composition and properties of titanium3alu-
minum phases obtained in studying the system
TiO2(Al2O3)3H2SO43(NH4)2SO43H2O were investi-
gated by means of X-ray phase analysis (XPA) and
IR spectroscopy. For this purpose, precipitates were
washed with alcohol to remove the mother liquor
and dried in air for 2 h. It was found that, at high
(NH4)2SO4exc concentrations and low acidity, crystal-
line ammonium sulfate is present in the product to-
gether with TAS and AAA.

According to XPA, the precipitates contain, to-
gether with TAS and AAA, a phase characterized as
individual (see the table). Significant changes in the
X-ray diffraction patterns of the synthesized titanium3
aluminum phase, compared with TAS and AAA,
may point to a distortion of the crystal lattice of TAS
through incorporation of aluminum. According to crys-
tal-optical data, the content of this phase fluctuates
between 5 and 15% over the volume.

IR spectra of the precipitate are complex (Fig. 2).
They reflect the presence of H2O, and SO4

23, NH4
+,

O3M3O, and M3OH groups.
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Comparison of X-ray diffraction patterns of TAS, AAA, and Ti3Al product
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

TAS ³ AAA ³ Ti3Al product º TAS ³ AAA ³ Ti3Al product
ÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ×ÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

d, A ³ Irel ³ d, A ³ Irel ³ d, A ³ Irel º d, A ³ Irel ³ d, A ³ Irel ³ d, A ³ Irel
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
10.50 ³ 23 ³ 3 ³ 3 ³ 3 ³ 3 º 3.59 ³ 31 ³ 3 ³ 3 ³ 3.57 ³ 22
9.65 ³ 100 ³ 3 ³ 3 ³ 9.70 ³ 6.7 º 3 ³ 3 ³ 3 ³ 3 ³ 3.50 ³ 17
9.15 ³ 46 ³ 3 ³ 3 ³ 9.30 ³ 30 º 3.40 ³ 59 ³ 3 ³ 3 ³ 3.42 ³ 24
8.20 ³ 10 ³ 3 ³ 3 ³ 3 ³ 3 º 3 ³ 3 ³ 3.39 ³ 6 ³ 3.38 ³ 39
7.90 ³ 14 ³ 3 ³ 3 ³ 3 ³ 3 º 3.32 ³ 56 ³ 3 ³ 3 ³ 3 ³ 3

7.65 ³ 27 ³ 3 ³ 3 ³ 7.60 ³ 18 º 3.30 ³ 39 ³ 3 ³ 3 ³ 3 ³ 3

7.05 ³ 8 ³ 7.10 ³ 55 ³ 7.01 ³ 27 º 3.27 ³ 37 ³ 3.27 ³ 75 ³ 3.27 ³ 100
6.30 ³ 14 ³ 3 ³ 3 ³ 3 ³ 3 º 3.16 ³ 29 ³ 3 ³ 3 ³ 3.14 ³ 44
3 ³ 3 ³ 6.05 ³ 13 ³ 6.10 ³ 12 º 3.06 ³ 31 ³ 3.06 ³ 30 ³ 3.06 ³ 78

5.50 ³ 20 ³ 5.50 ³ 55 ³ 5.50 ³ 50 º 3 ³ 3 ³ 3 ³ 3 ³ 3.0 ³ 36
3 ³ 3 ³ 3 ³ 3 ³ 5.20 ³ 16 º 3 ³ 3 ³ 2.97 ³ 20 ³ 3 ³ 3

3 ³ 3 ³ 5.0 ³ 35 ³ 3 ³ 3 º 3 ³ 3 ³ 2.88 ³ 11 ³ 2.89 ³ 17
4.96 ³ 40 ³ 3 ³ 3 ³ 4.99 ³ 43 º 2.80 ³ 19 ³ 2.82 ³ 30 ³ 2.81 ³ 35
4.91 ³ 43 ³ 3 ³ 3 ³ 3 ³ 3 º 3 ³ 3 ³ 2.67 ³ 1.4 ³ 2.67 ³ 24
3 ³ 3 ³ 3 ³ 3 ³ 4.87 ³ 34 º 3 ³ 3 ³ 2.61 ³ 12 ³ 2.61 ³ 22
3 ³ 3 ³ 3 ³ 3 ³ 4.75 ³ 23 º 3 ³ 3 ³ 3 ³ 3 ³ 2.48 ³ 15

4.65 ³ 23 ³ 3 ³ 3 ³ 4.62 ³ 16 º 3 ³ 3 ³ 3 ³ 3 ³ 2.32 ³ 15
4.59 ³ 30 ³ 3 ³ 3 ³ 3 ³ 3 º 3 ³ 3 ³ 3 ³ 3 ³ 2.17 ³ 15
3 ³ 3 ³ 4.33 ³ 100 ³ 4.36 ³ 100 º 3 ³ 3 ³ 2.04 ³ 10 ³ 2.04 ³ 7

4.10 ³ 23 ³ 4.08 ³ 80 ³ 4.09 ³ 53 º 3 ³ 3 ³ 1.98 ³ 16 ³ 1.98 ³ 10
3.91 ³ 26 ³ 3 ³ 3 ³ 3.90 ³ 39 º 3 ³ 3 ³ 1.93 ³ 13 ³ 1.94 ³ 20
3 ³ 3 ³ 3.70 ³ 40 ³ 3.69 ³ 35 º ³ ³ ³ ³ ³

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Crystal water manifests itself at 370033200 (sym-
metric stretching vibrations of O3H) and 16303
1600 cm31 (deformation vibrations of H3O3H). The
absorption band at 1440 cm31 is associated withd-NH
[10].

It is known that the sulfate group gives rise to a
great number of absorption bands in an IR spectrum
at 5003700 and 100031250 cm31, corresponding to
stretching, deformation, and other vibrations of this
group [10].

The spectra of the precipitate indicate that its struc-
ture is characterized by two types of symmetry of SO4

23

groups. Noteworthy is the strong splitting of then3
and n4 bands of SO4

23, which is due to the presence
of bi- and polydentate groups. Compared with those
in the spectrum of TAS [11], these bands are narrower
and have lower intensity, which can be attributed to
a change in the bond strength under the influence of
the aluminum ion. The presence ofn1 and n2 bands
of medium intensity confirms the symmetry lowering
to C2n and the presence of a bidentate complex. The
absorption band at 800 cm31 is associated with stretch-
ing vibrations of bound Al3OH [12].

The IR spectral data confirmed that the precipitates
under study are composed of a mixture of compounds,
including TAS, AAA, and a titanium3aluminum phase
in which titanium(IV) is bound to aluminum(III) via
an OH3 group.

CONCLUSIONS

(1) The results obtained in studying the system
TiO2(Al2O3)3H2SO43(NH4)2SO43H2O were used to
construct composition3property diagrams. The em-
ployed presentation technique can be conveniently
used for technological purposes.

(2) In studying the salting-out process along a sec-
tion of the system TiO2(Al2O3)3H2SO43(NH4)2SO43
H2O, the solution concentration range was established,
in which the degrees of titanium(IV) and alumi-
num(II) precipitation are, respectively, 94396 and
97398%.

(3) A region with the optimal concentrations of
free ammonium sulfate (2803400 g l31) and sulfuric
acid (2503300 g l31) was chosen in the system un-
der study, in which the technological process yields
a tanning agent of required quality.
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(4) Salting-out from sulfuric acid titanium3alumi-
num solutions yields, in addition to (NH4)2TiO(SO4)20
H2O and ammonium aluminum alum, a complex tita-
nium3aluminum compound whose existence is con-
firmed by IR spectral and XPA data.
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Abstract-Photochemical behavior of platinum(II) sulfoxide-containing complexes in methyl chloride was
studied by polarimetry and1H NMR spectroscopy.

Effective catalysts for hydrosilylation of unsatu-
rated compounds [1, 2] and antitumor preparations [3]
were found among platinum(II) aminosulfoxide com-
pounds [Pt(RR̀SOAmCl2] (Am is amine; R and R̀
are Alk or Ar). Their catalytic properties and biolog-
ical activity depend on the arrangement of ligands in
the inner coordination spheres of Pt(II) square-planar
complexes. For example, diamino derivatives are bio-
logicaly active if they havecis-arrangement of neutral
ligands, whereas in the case of [Pt(RR`SO)AmCl2] the
trans-isomer is the most active [3].

cis-Aminosulfoxide complexes appeared to be
more active in catalytic hydrosilylation, and diamino
coordination compounds were completely catalytically
inactive in this reaction.

In this work, we made an attempt to study photoin-
duced isomerization of the complex [Pt(RR`SOAmCl2].
The photoinduced effect is known [438] to change in
some cases the geometry of certain coordination com-
pounds, which may be useful for photoactivated cat-
alytic hydrosilylation.

As subjects for this study we chose geometrical
isomers of (3)[Pt(Me-p-TolSO)(Py)Cl2], investigated
earlier [9, 10] by X-ray diffraction analysis,1H and
13C NMR and IR spectroscopy, and the method of
optical rotation dispersion (ORD), enabled by the
presence of a chiral sulfoxide. Along with NMR spec-
troscopy, the ORD method provides valuable informa-
tion, for example, in analyzing the ligand exchange
in platinum(II) coordination compounds [2, 11313]
or for determining kinetic and thermodynamic param-
eters of changes in the inner coordination sphere of
complexes in solution [11].

Chiral sulfoxides in the complex compounds under
consideration are coordinated via a sulfur atom
{specific rotation of (3)trans-[Pt(Me-p-TolSO)(Py)Cl2]
measured in methyl chloride is322o in contrast to
3117o for the cis-isomer}, which makes it possible
to readily monitor any processes involving a sulfoxide
ligand in both the resulting geometrical isomers by
means of polarimetry. In this case, the isolation of
a free sulfoxide [specific rotation (+)Me-p-TolSO is
+142o] results in a sharp change in the observed angle
of rotation for the reaction mixture, to the point of
a full inversion of the sign of rotation.

A kinetic ORD monitoring by the change in the ob-
served rotation angle of the chiral farmulation de-

Rotation anglea of the chiral composition in methyl
chloride vs. time t. (1) Photolysis of (3)cis-[Pt(Me-p-
TolSO)PyCl2] (20oC, c0 = 1.701034 M, irradiation time
166 min); (2) irradiation of (3)cis-[Pt(Me-p-TolSO)2Cl2]
(25oC, c0 = 1.10 1034 M, irradiation time 41 min);
(3) dark relaxation of (3)cis-[Pt(Me-p-TolSO)2Cl2] after
irradiation (25oC, c0 = 1.10 1034 M).
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monstrated that platinum(II)trans-pyridinesulfoxide
complexes are inert when irradiated with near UV
light, whereas cis-compounds rather easily trans-
form to trans-products (Figure, curve1). Prolonged
photolysis of a solution of (3)cis-dichloropyridine-
(methyl-para-tolylsulfoxide)platinum(II) in methylene
chloride gives solely the chiral complex (3)trans-
[Pt(Me-p-TolSO)(Py)Cl2]. When the solvent is grad-
ually removed, 100% conversion into the desired
product is reached in 1.5 h.

Reverse slow dark isomerization of thetrans-
compound occurs in a toluene solution at higher tem-
perature (boiling water bath, yield of thecis-complex
in several days 15%). Thus, the quantitative photo-
isomerization is attributable in this case to the absence
of a fast spontaneous interconversion of such com-
pounds in uncoordinated solvents, in contrast to solu-
tions in dimethyl sulfoxide [14], where isomerization
is catalyzed by sulfoxide:

cis-[Pt(Me-p-TolSO)PyCl2].6c

4c

D

hn

cis-[Pt(Me-p-TolSO)PyCl2]

cis-[Pt(Me-p-TolSO)PyCl2].6c

4c

D

hn

cis-[Pt(Me-p-TolSO)PyCl2]

Additional monitoring by the intensity of the1H
NMR signal of the methyl group incis- (CDCl3; d,
ppm: 3.59 t, JPt3H 23 Hz) and trans-complexes
(CDCl3; d, ppm: 3.47 t,JPt3H 20 Hz) demonstrated
that, along with both the geometrical isomers, up
to 1% uncoordinated (+)methyl-para-tolylsulfoxide
(CDCl3; d, ppm: 2.70 s) is present in the reaction so-
lution; the signal from this compound disappears upon
complete conversion of the starting compound. The
photolysis of suchcis-complexes seems to give rise to
dissociation of sulfoxide, leading to a coordinatively
unsaturated intermediate, stabilized via formation of
a thermodynamically unstable chiraltrans-product,
which is not photoactivated:

The photolysis of bissulfoxide complexes is known
[8] to result also in cis- 6 trans-isomerizations;
however, attempts to isolate thetrans-product in pure
state were unsuccessful. A study of the photochemical
behavior of (3)cis-dichlorobis(methylpara-tolylsulfox-
ide)platinum(II) in methylene chloride {the specific
rotation of (3)cis-[Pt(Me-p-TolSO)2Cl2] measured
in acetone is3220oC [12]} demonstrated that side

processes occur along with photoisomerization (figure,
curve 2). These are fast reverse dark isomerization
(curve 3), and, on prolonged photolysis (60 min and
more), formation of colloidal platinum, which is not
characteristic of pyridine-sulfoxide compounds.

This phenomenon can be explained on the basis
of X-ray data [9, 10, 12]. For example, the length of
the Pt3S bond is 2.214A in (3)cis-[Pt(Me-p-TolSO)-
(Py)Cl2] and 2.249A in (3)cis-[Pt(Me-p-TolSO)2Cl2]
(length of the Pt3N bond in the pyridine-sulfoxide
complex is 2.032A), which makes the isomerization
and destruction of the metal complex easier and, there-
fore, is responsible for the high mobility of sulfoxide
in platinum(II) bissulfoxide complexes.

The aforementioned researches show that plati-
num(II) pyridine-coordination compounds, catalyzing
hydrosilylation, can be further photoactivated with
the homogeneous metal-complex center preserved.

It is necessary to note in conclusion that the pho-
tolysis of optically active geometrical isomers of
(3)[Pt(Me-p-TolSO)(Py)Cl2] does not result in loss
of chirality of both the complexes themselves and the
coordinated sulfoxide, as opposed to the data of [15],
indicating that free (+)Me-p-TolSO undergoes pho-
toracemization. However, this process requires high-
energy irradiation for several hours, whereas in our
case the reaction occurs under mild conditions in
the course of 1.532 h.

The whole set of the obtained data allows pho-
toirradiation to be recommended as a method for
synthesizing thermodynamically unstable Pt(II) sulf-
oxide trans-compounds, which at the same time do
not isomerize spontaneously.

EXPERIMENTAL

The 1H NMR spectra were recorded in CDCl3 on
a Bruker AC-200 instrument with spectrum accumula-
tion, operating at 200 MHz.

Optical rotation dispersion was measured on a Per-
kin Elmer 241MC polarimeter in methyl chloride in
temperature-controlled quartz cells of length 10 cm in
the range 4503610 nm. The concentration of the com-
plex was varied in the range 10 103431 0 1035 M.

The IR spectra were taken on a Perkin Elmer Spek-
trum-1000 spectrometer (40003400 cm31) in chloro-
form, l = 0.135 mm, 1% solution; the FIR spectrum
was recorded on a Hitachi FIS-3 spectrometer (4003
100 cm31) in KBr pellets.
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Photolysis of metal complexes was carried out in a
polarimeter cell in methylene chloride solution under
the action of broadband UV light (DRL-400 lamp,
quartz or pyrex filter) passing through a water layer
of 40 mm thickness.

Methylene chloride of[Merk] production was used
in the experiments. (3)cis-Dichlorobis(methyl-para-
tolylsulfoxide)platinum(II), potassium (3)trichloro-
(methyl-para-tolylsulfoxide)platinite(II), and (+)meth-
yl-para-tolylsulfoxide were obtained as described in,
respectively, [12], [16], and [17].

(3)cis-Dichloropyridine(methyl- para-tolylsulfox-
ide)platinum(II). Potassium (3)trichloropyridineplat-
inite(II) (79.6 mg, i.e., 0.190 mmol) was dissolved in
4 ml of water in a beaker. Then 29.3 mg (0.190 mmol)
of (+)methyl-para-tolylsulfoxide was added slowly
with stirring. The reaction mixture was kept at room
temperature for 1 day, then the resulting white floc-
culent precipitate was filtered off and dried in a
thermostat at 50oC to give 85.6 mg (0.171 mmol,
yield 90.4%) of (3)cis-[Pt(Me-p-TolSO)PyCl2].
[a]589 = 3117oC (5 g in 100 ml of CH2Cl2).

1H NMR
spectrum (d, ppm): 2.46 s (3H, Ph3CH3); 3.59 t
(JPt3H 23 Hz, 3H, S3CH3); 7.30 t (JPt3H 6 Hz, 2H, Py);
7.37 d (JH3H 8 Hz, 2H, Ph); 7.82 t (JPt3H 15 Hz, 1H,
Py); 7.96 d (JH3H 8 Hz, 2H, Ph); 8.61 t (JPt3H 41 Hz,
1H, Py); 8.64 t (JPt3H 40 Hz, 1H, Py). IR spectrum
(cm31): n(Py) 1612;d (CH, Me) 1454;n(S=O) 1150,
1116; d(CH, Py) 1075, 1059;t(Me) 970; d(CH, Ph)
810. FIR spectrum (cm31): g(CSO) 391;n(Pt3Cl) 339,
324, 318; n(Pt3Py) 277.

(3)trans-Dichloropyridine(methyl- para-tolylsulf-
oxide)platinum(II). Potassium (3)trichloro(methyl-
para-tolylsulfoxide)platinite(II) (81.3 mg, i.e.,
0.164 mmol) was dissolved in 3 ml of water in a
beaker. Then 1 ml of 0.163 M aqueous solution of
pyridine was added slowly with stirring at 15oC,
which immediately resulted in the formation of a
finely dispersed precipitate. The reaction mixture
was stirred for 20 min more, then the precipitate was
filtered off and dried in a thermostat at 50oC to give
72.7 mg (0.145 mmol, yield 88.6%) of the light yel-
low precipitate of (3)trans-[Pt(Me-p-TolSO)PyCl2].
[a]589 = 322oC (5 g in 100 mls CH2Cl2).

1H NMR
spectrum (d, ppm): 2.48 s (3H, Ph3CH3), 3.47 t (JPt3H
20 Hz, 3H, S3CH3), 7.40 d (JH3H 8 Hz, 2H, Ph),
7.43 t (JPt3H 18 Hz, 2H, Py), 7.88 t (JPt3H 16 Hz,
1H, Py); 7.97 d (JH3H 8 Hz, 2H, Ph); 8.78 t (JPt3H
33 Hz, 1H, Py), 8.81 t (JPt3H 32 Hz, 1H, Py). IR spec-
trum (cm31): n(Py) 1612; d(CH, Me) 1455;n(S=O)

1145, d(CH, Py) 1077;t(Me) 969; d(CH, Ph) 813.
FIR spectrum (cm31): n(Pt3Cl) 353.

CONCLUSION

Irradiation of a solution of (3)cis-[Pt(Me-p-
TolSO)PyCl2] with broadband light results in the iso-
merization of the complex into thetrans-complex,
which is photochemically inert. Platinum(II)cis-bis-
sulfoxide coordination compounds are more sensitive
to irradiation, decomposing to colloidal platinum.
Coordinated chiral sulfoxides in the systems under
study are not racemated under the action of light.
Thermal activation of (3)trans-[Pt(Me-p-TolSO)PyCl2]
leads to its conversion to thecis-form.
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Abstract-The solubility of carbon in iron-nickel sulfide melts at 1673 K was studied in the entire range
of compositions of the Fe3FeS3Ni3S23Ni tetragon. The boundaries of the stratification area were determined
in this system upon its being saturated with carbon. Lines of carbon isosolubility are plotted in the tetragon
field outside the stratification area.

To reduce oxides of non-ferrous metals, various
carbon-containing materials are added to blends when
nickel and cooper-nickel raw materials are smelted
to produce a matte (an alloy of iron, copper, nickel
and cobalt sulfides), with slag depleted of these non-
ferrous metals. These manufacturing processes were
described in detail in [137].

Carbon dissolves in the sulfide phase formed upon
smelting. Its concentration is determined not only by
the amount of a reducing agent added to a blend, but
also by the content of sulfur in the matte, relative con-
tent of metal components in it, and temperature.

The available published data on the solubility of
carbon in matte melts are extremely scarce and mainly
concern the Fe3S system [8, 9].

The scantiness of the published data is related, on
the one hand, to the absence, until recently, of reliable
procedures for determining the carbon content in sul-
fide products with sufficiently high content of sulfur,
and, on the other, to the conventional opinion that ad-
mixtures (of which the main are oxygen and carbon)
insignificantly affect both the distribution of metals
in a matte3slag system and the physicochemical proc-
esses occurring in further processing of the matte.
However, a trend has appeared recently toward smelt-
ing to obtain mattes with greater metal content, which
is known to make lower the loss of non-ferrous metals
with slag [10].

It is natural to assume that the carbon content in
such mattes will be higher, and, therefore, its effect
will be stronger. Furthermore, data on carbon solubil-
ity can be also useful for gaining deeper insight into
the structure of sulfide melts.

The initial object of our research was the system
Fe3S3C [11]. It is known from the literature that it
is characterized by separation into the sulfide and me-
tallic phases [8, 9]. We confirmed this once more,
our data on the carbon solubility in both phases be-
ing in good agreement with the data of [8]. This fact
proved the correctness of the selected experimental
technique, which was as follows.1

A 30-g portion of powdered iron, nickel, and sul-
fides of these metals was placed in a graphite crucible,
and 5 g of graphite powder was poured above. The
crucible with the blend was placed in an alundum
reactor mounted in a furnace with a graphite heater.
The reactor was heated to 1673 K in an argon atmo-
sphere, and the melt was kept at this temperature for
a specified time (this time was 5 h for stratifying com-
positions and 2 h for homogeneous melts). On com-
pletion of experiment, the crucible was taken out of
the furnace and cooled in an argon flow. The thus
cooled sample was analyzed for the content of iron,
nickel, sulfur, and carbon.

The content of metals and sulfur in the sulfide
phase was determined by chemical methods, that of
sulfur and carbon in the metallic phase-on a CS-444
analyzer ([LECO] production), and that of carbon in
the sulfide phase-on an analyzer of the same make
but upgraded for determining the carbon content at
high sulfur content. The inaccuracy of carbon deter-
mination in the sulfide phase was as follows (wt %):
+0.014 for concentrations 0.0530.10, +0.018 for
0.1030.20,+0.025 for 0.2030.50,+0.09 for 0.5031.00,

ÄÄÄÄÄÄÄÄÄÄ
1 The experimental technique is described in more detail in [11].



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

926 TSYMBULOV, TSEMEKHMAN

Fig. 1. Solubility of carbon in Fe3Ni melts according to
the data of various authors. (C, Ni) Contents. Data: (1) [14],
(2) [12], (3) [13], (4) [15]; (5) present work. Tempera-
ture (K): (1) 1680, (234) 1623, and (5) 1673.

Fig. 2. Diagram of carbon isosolubility in the Fe3FeS3
Ni3S23Ni system at 1673 K.Numbers at conodes in the
stratification area correspond to the numbers of experi-
ments in the table.Numbers at isosolubility curvesdenote
carbon concentration.

and +0.11 for 1.033.0. The inaccuracy of carbon de-
termination in the metallic phase was+0.015% for
concentrations of 1.035.0 wt %.

The following stage of our work was to study the
carbon solubility in the system Fe3Ni. The solubility
of carbon in this system, both in the solid and in
the molten states, has been repeatedly studied. Among
the publications dedicated to the carbon solubility
in Fe3Ni at temperatures close to our experimental
temperature of 1673 K, [12315] are noteworthy.

Figure 1 presents the results of various authors to-
gether with the data of the present work, which are in
good agreement with [14]. The smaller solubility of
carbon, reported in other publications, seems to result
from a lower (by 50 K) temperature of the experiment.

Therefore, our data on the carbon solubility may
well be considered reliable. Furthermore, they ad-

ditionally confirm the reliability of the chosen ex-
perimental technique.

It is evident from Fig. 1 that all the authorshave
found that carbon is the least soluble in melts contain-
ing about 80 wt % nickel.

This phenomenon, which is abnormal at first sight,
is also observed in studying the solubility of other
components in Fe3Ni melts. For example, H.A. Wriedt
and J. Chipman observed a minimum in the oxygen
solubility at nickel content of about 90 wt % [13].
They attributed this minimum to an increase in the
oxygen potential of the slag, enriched with nickel
oxide when the nickel content in the alloy in contact
with the slag is greater than 90 wt %,i.e., these
authors were not inclined to see any anomalies in
Fe3Ni alloys.

However, the reasoning on this problem in [15]
seems to be the most convincing. The authors of this
work studied the carbon solubility in Fe3Ni melts
(Fig. 1) and came to a conclusion that the minimum in
the solubility at nickel content of about 80 wt % is
attributable to the existence of short-range order in
the melts of FeNi3 composition.

We started studying the carbon solubility in sulfide
melts of the system Fe3Ni3S from the stratification
area by adding various amounts of nickel to melts of
the system Fe3FeS.

As a result, we determined the boundaries of the
stratification area, shown in the Fe3FeS3Ni3S23Ni
diagram (Fig. 2). Compositions of the stratified phases
are given in the table.

As already noted, melts of the system Fe3S sep-
arate into sulfide and metallic phases on addition of
carbon. It is necessary to note that the separation takes
place if the initial content of sulfide sulfur is in the
range from 1.94 to 28.7 wt %.

The stratification results from positive deviations
from ideality in the Fe3S system [16, 17]. The devia-
tions increase upon addition of carbon, which points
to mutual repulsion of carbon and sulfur atoms in
the melt [18].

The following takes place upon addition of nick-
el to the system Fe3S. The increase in the nickel
content in the metallic phase lowers the solubility
of carbon in it and increases the solubility of sulfur.
The content of sulfur in the sulfide phase is lowered
correspondingly, i.e., it becomes more metallized,
and, therefore, the solubility of carbon in it increases.
Gradually, with increasing amount of added nickel,
the metallized phase becomes more and more sul-
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fidized, and the sulfide phase-more metallized. The
contents of sulfur in these phases approach each other,
and the melt becomes homogeneous at nickel concen-
trations greater than 25%.

To confirm the boundary of the stratification area
at nickel content of about 25%, we replicated exper-
iments nos. 9 and 11 with fast quenching of a melt. In
these experiments, a melt was poured out onto a cop-
per disk rotated at a speed of 25000 rpm, which en-
sured a quenching rate of approximately 1000 deg s31.
The quenched samples were studied by scanning elec-
tron microscopy and X-ray fluorescence microanalysis
(Fig. 3).

The morphology of microstructures (Fig. 3) indi-
cates beyond any doubt that the melt with the compo-
sition of experiment no. 11 is homogeneous (Fig. 3a),
and the melt with the composition of experiment no. 9
consists of two phases arranged in layers on pour-
ing the melt onto the disk. The boundary between the
layers is well pronounced (Fig. 3b).

After determining the boundaries of the stratifi-
cation area, we studied the solubility of carbon
throughout the remaining range of compositions of the
system Fe3FeS3Ni3S23Ni. Using the obtained data,
we plotted isosolubility lines of carbon (Fig. 2) on the
phase diagram. The arrangement of these lines points
to a rather complicated nature of the variation of the
carbon concentration in this metal3sulfide system.

The minimum carbon solubility in metallic melts,
at nickel concentration of about 80%, also takes place
in strongly metallized mattes containing up to 15%
sulfur (Fig. 2). It is necessary to note that the min-
imum is somewhat shifted to greater Ni : Fe ratios
with increasing content of sulfur. This fact agrees well
with the data of Vaisburd [16] on the system Fe3Ni3S.
Examining the activity of components in melts of

Compositions of carbon-saturated sulfide and metallic
phases in the stratification area
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Exper-
³ Content, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

iment³ in metallic phase ³ in sulfide phase
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄno.
³ Ni ³ S ³ C ³ Ni ³ S ³ C

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
1 ³ 3 ³ 1.94 ³ 4.25 ³ 3 ³ 28.7 ³ 0.17
2 ³ 3.5 ³ 1.63 ³ 4.06 ³ 4.4 ³ 27.5 ³ 0.20
3 ³ 7.3 ³ 1.80 ³ 3.88 ³ 8.7 ³ 26.3 ³ 0.21
4 ³ 11.5 ³ 2.16 ³ 3.54 ³ 13.0 ³ 24.6 ³ 0.31
5 ³ 17.2 ³ 3.48 ³ 3.08 ³ 17.6 ³ 22.6 ³ 0.37
6 ³ 18.5 ³ 3.67 ³ 3.06 ³ 20.2 ³ 21.7 ³ 0.46
7 ³ 21.4 ³ 3.60 ³ 2.95 ³ 22.0 ³ 21.0 ³ 0.52
8 ³ 24.4 ³ 4.41 ³ 2.93 ³ 24.2 ³ 19.6 ³ 0.64
9 ³ 24.5 ³ 4.27 ³ 2.81 ³ 24.9 ³ 19.0 ³ 0.69

10 ³ No stratification ³ 25.1 ³ 12.9 ³ 1.21
11 ³ " ³ 26.3 ³ 13.5 ³ 1.11

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
Note: Iron content was determined as difference.

the system Fe3Ni3S, Vaisburd concluded that, in the
melt, the bonds of nickel with sulfur are stronger than
those of iron. It follows from his theory of micro-
heterogeneous structure of sulfide melts that nickel
in a melt is predominantly surrounded by sulfur, and
iron is concentrated in more metallized areas. There-
fore, if sulfur is added to a metal alloy with Ni : Fe
ratio of 80 : 20, this ratio will be less than 80 : 20 in
metallized microareas of the sulfide melt (where,
most likely, the main body of carbon dissolves). Such
a ratio of metal contents will also take place in melts
lying to the right of the line connecting the 80 : 20
Ni3Fe alloy with the vertex corresponding to pure
sulfur (Fig. 2).

The next feature of the solubility of carbon in met-
al-sulfide melts of the system Fe3FeS3Ni3S23Ni is

Fig. 3. Microstructures of (a) homogeneous sulfide melt saturated with carbon and (b) melt separated into sulfide and metallic
phases. Quenching on a fast-rotating copper disk. (1) Sulfide phase, (2) metallic phase, and (3) carbon precipitated upon crystal-
lization.
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Fig. 4. Solubility of carbon C vs. the content of sulfur in
a melt, S, at 1673 K. Fe : Ni ratio: (1) 50 : 50, (2) 40 : 60,
(3) 10 : 90, and (4) 0 : 100.

its nonlinear change upon addition of sulfur to the me-
tallic melt (Fig. 4). It is evident from the plots that
the solubility of carbon sharply decreases upon addi-
tion of minor amounts of sulfur, with its decrease
becoming insignificant further.

The irregular change in the solubility of carbon
is attributable to the change in the nature of bonds
in the melt from metallic to ionic-covalent on addition
of sulfur to the metallic melt [19, 20].

The authors of [20] came to a conclusion that sul-
fur atoms form multicenter ionic-covalent bonds with
metals. Therefore, addition of even minor amounts of
sulfur results in a rather sharp decrease in the number
of metal3metal bonds, which seems to be responsible
for the dependences given in Fig. 4.

We point out that the initial decrease in the solu-
bility is sharper for melts with large content of iron.
This is attributable to the difference in electronic con-
figuration between iron and nickel atoms. Iron has
two electrons less than nickel on itsd-level, and,
therefore, it involves a greater number of centers par-
ticipating in the formation of multicentered metal3

sulfur bonds [20].

It is also necessary to pay attention to a number of
carbon solubility maxima at high concentrations of
sulfur and Fe : Ni = 70 : 30 (Fig. 2).

The increase in the carbon concentration with grow-
ing content of iron in a melt (at constant content of
sulfur) in the region of compositions to the right from

the maxima is quite natural, since the metal3metal
groups are also enriched in iron dissolving a greater
amount of carbon than nickel does.

At the same time, with the content of iron in a melt
increasing at constant content of sulfur, the number
of multicentered ion-covalent bonds between metal
and sulfur grows, because iron forms a greater number
of such bonds, compared with nickel. Certainly, this
should result in decreasing solubility of carbon.

The presence of two opposite tendencies seems
to be the reason for the occurrence of maxima in
the isosolubility lines.
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Abstract-The results obtained in studying experimentally the thermodynamic properties of liquid alloys
in the system magnesium3tin are analyzed. The concentration dependences of the excess molar Gibbs energy
and the enthalpy of mixing of the magnesium3tin system in the liquid state are described in terms of the ideal
and regular solution models, using modified software.

The phase diagram of the system magnesium3tin
is characterized by the formation of only a single
congruently melting compound Mg2Sn (mp 1043.7 K)
forming eutectic mixtures both with magnesium
(mp 834.4 K,xSn = 0.107,xSn is the mole fraction of
tin in the alloy) and tin (mp 505.0 K,xSn = 0.904)
[1, 2].

The thermodynamic properties of liquid alloys
of the system Mg3Sn have been repeatedly studied
by various methods [3313]. These include measuring
the saturated vapor pressure under isopiestic condi-
tions [3, 6] and the emf in concentration cells with
liquid electrolyte [4, 7, 10313], the emf method with
CaF2 solid electrolyte [9], quantitative thermography
[8], high-temperature calorimetry of mixing [10], and
calculations based on the phase diagram [5]. The iso-
therms of component activity in the system show
significant negative deviations from the ideal be-
havior, the enthalpy of mixing is negative, with its
minimum value close to a composition correspond-
ing to Mg2Sn. The agreement between the data ob-
tained in different studies can be assessed by consid-
ering a number of examples. According to the first
systematic study of thermodynamic properties of the
Mg3Sn liquid alloys (77331123 K, 0.10< xMg < 0.90,
xMg is the mole fraction of magnesium in the alloy),
the maximum enthalpy of mixing, as obtained by
the emf method, is314.06 kJ mol31 over the given
temperature range [4]. In the same range of compo-
sitions, calorimetric measurements [11] yield the fol-
lowing DH values (kJ mol31): 314.8 (1073 K),314.3
(1133 K), and313.4 (1213 K), in sufficiently good
agreement with the results of [4]. According to the

data of [7], the minimum value ofDH in the tempera-
ture range 97331173 K is 314.31 kJ mol31.

Mozer et al. [13] pointed to a good agreement
between the partial molar Gibbs energies of magne-
sium, DGMg, obtained in [4, 6, 7, 9313] at compar-
able temperatures. Only the activity coefficients of
magnesium and tin obtained in [8] are markedly dif-
ferent from the results of other researchers. All these
circumstances make the system Mg3Sn a convenient
object for verifying the reliability of various models or
polynomial expressions for describing the dependence
of the thermodynamic functions on concentration.

The interaction in liquid alloys of the system Mg3Sn
was analyzed in detail in terms of the associated solu-
tion models in [14325]. The model of the ideal asso-
ciated solution requires taking into account both the
compound Mg2Sn and the product of its partial dis-
sociation, MgSn. With the model of the regular asso-
ciated solution, it suffices to take into account only
the compound Mg2Sn.

Eckert et al. [17] proposed a somewhat different
approach to determining the composition of asso-
ciates in liquid alloys of magnesium with tin. Based
on the similarity of properties of the systems Mg3Sn
and Ca3Sn, the authors postulated for liquid mag-
nesium3tin alloys the existence of three associates
(Mg2Sn, MgSn, and MgSn3), for which the following
constants: 306.4, 41.3, and 84.7, respectively, were
found at 1073 K. In this approach, too, Mg2Sn re-
mains the dominating associate. Only the compound
Mg2Sn is revealed in the curve describing the depen-
dence of the structural factor on composition for mag-
nesium3tin liquid alloys [14].
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Integral molar excess Gibbs energies and enthalpies of mixing in the system magnesium3tin at 1073 K
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

xMg, ³ 3DGexc, kJ mol31 ³ 3DH, kJ mol31

ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄmole ³ ³
fraction ³ [12] ³ IAS ³ RAS ³ [18] ³ IAS ³ RAS ³ [11] ³ IAS ³ RAS ³ [18] ³ IAS ³ RAS

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
0.10 ³ 4.09 ³ 3.98³ 3.98³ 3.57 ³ 3.52³ 3.54³ 2.30 ³ 2.32³ 2.22³ 3.31 ³ 3.26³ 3.27
0.20 ³ 7.53 ³ 7.57³ 7.57³ 7.00 ³ 6.98³ 7.01³ 4.80 ³ 4.88³ 4.73³ 6.61 ³ 6.55³ 6.59
0.30 ³ 10.2 ³ 10.2 ³ 10.3 ³ 10.1 ³ 9.99³ 10.1 ³ 8.00 ³ 8.02³ 7.94³ 9.67 ³ 9.59³ 9.59
0.40 ³ 12.2 ³ 12.3 ³ 12.2 ³ 12.6 ³ 12.6 ³ 12.6 ³ 11.1 ³ 10.6 ³ 10.8 ³ 12.2 ³ 12.3 ³ 12.2
0.50 ³ 13.6 ³ 13.7 ³ 13.7 ³ 14.2 ³ 14.2 ³ 14.2 ³ 13.3 ³ 13.1 ³ 13.2 ³ 13.9 ³ 13.9 ³ 13.9
0.60 ³ 14.2 ³ 14.2 ³ 14.2 ³ 14.7 ³ 14.7 ³ 14.7 ³ 14.8 ³ 14.7 ³ 14.7 ³ 14.5 ³ 14.5 ³ 14.5
0.70 ³ 13.0 ³ 12.9 ³ 12.9 ³ 13.8 ³ 13.7 ³ 13.8 ³ 14.0 ³ 13.8 ³ 14.1 ³ 13.6 ³ 13.6 ³ 13.6
0.80 ³ 9.50 ³ 9.45³ 9.42³ 11.2 ³ 11.2 ³ 11.2 ³ 9.90 ³ 9.84³ 9.94³ 11.1 ³ 11.0 ³ 11.1
0.90 ³ 5.05 ³ 5.00³ 5.00³ 6.72 ³ 6.65³ 6.68³ 4.85 ³ 4.89³ 4.91³ 6.69 ³ 6.73³ 6.68

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
Note: [11], [12], and [18] are references from which experimental data were taken. IAS and RAS stand for the results of approxima-

tion in terms of ideal and regular associated solution models, respectively.

The dissociation of the complex via the pathway
Mg2Sn 64 2Mg + Sn at 1073 K was described in
terms of the regular associated solution model in [18].
The Kdis value is 0.0854, and the characteristic pa-
rameters of the model,w12, w13, andw23, are equal to
(kJ mol31): 335.33, 353.44, and363.61, respectively.
The enthalpy of complex formation is322.76 kJ mol31.

Sommer [19, 20] described, using the equations of
the regular associated solution model, the excess heat
capacity and the enthalpy of mixing of the magne-
sium3tin liquid alloys as functions of temperature.
As follows from theDH0 andDS0 values reported by
the author for the associate Mg2Sn at 1073 K, the equi-
librium constant of compound formation from pure
components is 329.8. It should be noted that in [19,
20] the energies of interaction of pure components
with the associate were assumed to be zero.

In [21], the possibility of extrapolating the ther-
modynamic data on liquid alloys to lower temperature

Fig. 1. Integral molar excess Gibbs energyDGexc vs.
compositionxMg for the magnesium3tin system at 1073 K.
Reference: (1) [12] and (2) [18].

was discussed and a new model of chemical interac-
tion between the components was proposed. Accord-
ing to the data obtained by the authors, the degree
of association near the composition Mg2Sn is higher
than that reported in earlier studies. In [26], the de-
pendences of the enthalpy of mixing on temperature
and composition were described in terms of algebraic
polynomials.

Analysis of the literature suggests that, despite
the fact that the polynomial dependences based on
associated solution models describe experimental data
satisfactorily in all the works cited, the sets of con-
stants playing the role of fitting parameters are dif-
ferent. To determine the parameters of the associate
models used to describe the concentration dependence
of the thermodynamic functions of liquid metal sys-
tems with strong interaction between the components,
thermodynamic properties of a model system, magne-
sium3tin, at 1073 K are described here, using the
most reliable experimental data. For this purpose we

Fig. 2. Integral molar enthalpy of mixingDH, vs. com-
positionxMg for the system magnesium3tin at 1073 K. Ref-
erence: (1) [11] and (2) [18].
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used modified software whose main parameters were
described previously in [27]. The calculations were
done using theDGexc value obtained by the emf meth-
od in [12], DH obtained calorimetrically in [11], and
DGexc and DH taken in modeling the Mg3Sn system
in [18]. The input data and the results of approxima-
tion are given in the table. The maximum in the con-
centration dependences ofDGexc and DH at 1073 K
(Figs. 1, 2) is shifted somewhat from the composition
Mg2Sn (xMg = 0.667) toward the tin-richer region
(xMg of about 0.60).

In applying the model of an ideal associated solu-
tion in this study, the formation of the Mg2Sn and
MgSn groups in liquid alloys was taken into account.
To compare the calculation results for the depen-
dencesDGexc = f(xMg) andDH = f(xMg), we used the
formation constants of both the associates. In the case
of the model of a regular associated solution, the for-
mation of only a single compound, Mg2Sn, was taken
into account. The following values of the formation
constants at 1073 K were obtained by processing the
above data in terms of both the models:

Input Ideal solution Regular solution
data model model

KMg2Sn KMgSn KMg2Sn

DGexc [12] 261.0 65.3 237.0
DGexc [18] 252.8 53.9 249.7
DH [11] 263.0 55.2 239.0
DH [18] 254.0 55.6 250.3

The associate formation constants determined with
different input data agree sufficiently well with one
another and with the results of other authors [11, 12,
14, 22]. This confirms the applicability of the asso-
ciated solution models for describing the concentra-
tion dependence of thermodynamic functions in the
Mg3Sn system, the objectivity of the assessment of
the complexation processes in it, and the reliability
of the employed software.

REFERENCES

1. Nayeb-Hashemi, A.A. and Clark, J.B.,Bull. Alloy
Phase Diagrams, 1984, vol. 5, no. 5, pp. 4863489.

2. Diagrammy sostoyaniya dvoinykh metallicheskikh
sistem: Spravochnik(Phase Diagrams of Binary Metal
Systems: Reference Book), Lyakishev, N.P., Ed.,
Moscow: Mashinostroenie, 1999, vol. 3, book 1.

3. Ashtakala, S. and Pidgeon, L.M.,Canad. J. Chem.,
1962, vol. 40, pp. 7183728.

4. Eremenko, V.N. and Lukashenko, G.M.,Fiziko-
khimicheskie osnovy metallurgicheskikh protsessov
(Physicochemical Foundations of Metallurgical Pro-
cesses), Moscow: Metallurgiya, 1964, pp. 1793189.

5. Steiner, A., Miller, E., andKomarek, K.L.,Trans. Met.
Soc. AIME, 1964, vol. 230, October, pp. 136131367.

6. Eldridge, J.M., Miller, E., and Komarek, K.L.,Trans.
Met. Soc. AIME, 1966, vol. 236, January, pp. 1143127.

7. Sharma, R.A.,J. Chem. Thermodyn., 1970, vol. 2.
pp. 3733389.

8. Nayak, A.K. and Oelsen, W.,Trans. Indian Inst.
Metals, 1971, June, pp. 22328, 66373.

9. Egan, J.J.,J. Nucl. Mater., 1974, vol. 51, no 1,
pp. 30335.

10. Mozer, Z. and Fitzner, K.,Thermodynamics of
Nuclear Materials, Vienna: Int. Atomic Energy
Agency, 1975, vol. 2, pp. 3793391.

11. Sommer, F., Lee, J.-J., and Predel, B.,Z. Metall-
kunde, 1980, vol. 71, no. 12, pp. 8183821.

12. Eckert, C.A., Irwin, R.B., and Smith, J.S.,Met.
Trans. B., 1983, vol. 14B, September, pp. 4513458.

13. Mozer, Z., Zakulski, W., Panek Z.,et al., Met.
Trans B., 1990, vol. 21B, August, pp. 7073714.

14. Glazov, V.M., Metallurgiya i materialovedenie
tsvetnykh splavov(Metallurgy and Materials Science
of Non-Ferrous Alloys), Moscow: Nauka, 1982,
pp. 24331.

15. Morachevskii, A.G. and Kozin, L.F.,Termodinamika
i materialovedenie poluprovodnikov(Thermodynam-
ics and Materials Science of Semiconductors), Gla-
zov, V.M., Ed., Moscow: Metallurgiya, 1992,
pp. 53375.

16. Glazov, V.M., and Pavlova, L.P.,Khimicheskaya
termodinamika i fazovye ravnovesiya(Chemical
Thermodynamics and Phase Equilibria), Moscow:
Metallurgiya, 1988.

17. Eckert, C.A., Smith, J.S., Irwin R.B., and Cox, K.P.,
Am. Inst. Chem. Eng. J., 1982, vol. 28, no. 2,
pp. 3253333.

18. Lele, S. and Ramachandrarao, P.,Met. Trans. B.,
1981, vol. 12B, December, pp. 6593666.

19. Sommer, F.,Ber. Bunsengesell. Phys. Chem., 1983,
vol. 87, no. 9, pp. 7493756.

20. Sommer, F.,Diagrammy faz v splavakh(Phase Dia-
grams of Alloys), Moscow: Mir, 1986, pp. 1283141.

21. Jonsson, B. and Agren J.,Met. Trans. A., 1986,
vol. 17A, April, pp. 6073615.

22. Kaschin, V.I., Katsnelson, A.M., and Krylov A.S.,
Z. Metallkunde, 1990, vol. 81, no. 7, pp. 5163520.

23. Qin, J., Lin, R., Schaefers, K., and Frohberg M.G.,
Z. Metallkunde, 1993, vol. 84, no. 10, pp. 6753681.

24. Singh, R.N., Jha, I.S., and Pandey, D.K.,Condens.
Matter, 1993, vol. 5, pp. 246932478.

25. Fries, S.G. and Lukas, H.L.,J. Chem. Phys., 1993,
vol. 90, pp. 1813187.

26. Tomiska, J., Luck, R., and Predel, B.,Z. Metallkunde,
1991, vol. 82, no. 12, pp. 9353943.

27. Morachevskii, A.G. and Erofeev, K.B.,Zh. Prikl.
Khim., 1999, vol. 72, no. 11, pp. 191331914.



1070-4272/01/7406-0933 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 6,2001, pp. 9333938. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 6,2001,
pp. 9083913.
Original Russian Text CopyrightC 2001 by Toikka, Aksenova, Kuznetsov.

PHYSICOCHEMICAL STUDIES
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

OF SYSTEMS AND PROCESSES

Comparative Analysis of Open Evaporation and Pervaporation
in the Ternary System Water3Ethanol3Isopropanol

A. M. Toikka, E. L. Aksenova, and Yu. P. Kuznetsov

St. Petersburg State University, St. Petersburg, Russia

Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg, Russia

Received April 24, 2000; in final form, February 2001

Abstract-A comparative analysis is made of pervaporation and equilibrium open evaporation. The possi-
bilities are considered of using data on the liquid3vapor equilibrium for analyzing the pervaporation process.
Some specific features of the structure of diagrams for pervaporation and open evaporation of a ternary system
are discussed for the example of the water3ethanol3isopropanol system.

The interest in membrane separation processes is
largely associated with technological issues. In par-
ticular, the efficiency of pervaporation3evaporation
through a membrane, compared with distillation, ini-
tiated quite a number of studies aimed to search for
highly selective high-throughput membranes. Theo-
retical investigations in this field include analysis of
the mechanisms of the process and its modeling [136].
At the same time, such traditional problem of thermo-
dynamics as the topology of diagrams has been little
studied. The present communication discusses some
aspects of the thermodynamic approach and makes
a comparative analysis of pervaporation and distilla-
tion in a ternary system.

Let us compare of the equilibrium open evapora-
tion and the evaporation through a membrane. As in
the case of equilibrium evaporation, the pervaporation
process is described by balance equations of the type

777 = x(2) 3 x(1) (i = 1, 2, ..., n),i id ln m(1)
c

dx(1)
i (1)

where xi
(1) and xi

(2) are the concentrations (mole or
weight fraction) of i-th substance in the feed liq-
uid mixture and in the permeate (vapor);m(1) is
the amount of liquid phase (moles or kg); andn is
the number of substances.

Equations (1) allow calculation of the permeate
composition or verification of the relation between
the solution and permeate compositions and the
amount of evaporated solution.

The use of Eqs. (1) is limited to the following:
in most of experiments the solution composition is
maintained constant by means of the flow of the feed
mixture, and the system as a whole is in a steady state.
At constant composition, it is convenient to determine
the separation or enrichment factor and the flux at
a given solution concentration. At the same time, in
solving practical problems, e.g., substance purification
by pervaporation, information is necessary on com-
position changes in the retentate (liquid outflowing
from the membrane unit). A typical process of this
kind is the dehydration of organic solvents [2], which,
in contrast to conventional rectification, enables sep-
aration of azeotropic mixtures. According to [7], at
manufacture rates not exceeding 5000 l h31, perva-
poration is undoubtedly preferable in economical re-
gard, too. In laboratory practice, changes in composi-
tion are possible when installations are used operat-
ing in a nonstationary mode, in the absence of feed
flow. To a shift of composition corresponds a trajec-
tory in an (n 3 1)-dimensional concentration space
described by equations of the type

ccc

dxn

�
�

�
�

idx (1)

= 77777 (i = 1, 2, ..., n 3 1).i i

n n

x(2)
3 x(1)
c

x(2)
3 x(1)

(2)

It should be noted that relations (1) and (2) are
merely mass balance equations and, strictly speaking,
are not thermodynamic.

Even though the theory of pervaporation relies
upon notions closely related to the theory of liquid3
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vapor equilibrium (e.g., that of the separation factora

analogous to the relative volatility), the thermodynam-
ics of pervaporation cannot be constructed on the ba-
sis of the equilibrium theory. For example, the per-
vaporation diagrams may have points corresponding
to the conditionxi

(1) = xi
(2), or a = 1 ([permazeotropic

point]), but this circumstance is not related to pressure
or temperature extremum conditions, as in the case
of equilibrium phases. At the same time, data on
the liquid3vapor equilibrium are necessary for deter-
mining the thermodynamic characteristics of the feed
mixture and permeate, in particular, the chemical po-
tentials.

Commonly, it is mentioned that the chemical po-
tential gradientsBmi are the driving force of the trans-
fer across a membrane [134]. This corresponds to the
notions of flows and forces in nonequilibrium ther-
modynamics (diffusion vectorsJi and gradients of
chemical potentials). However, the theory of perva-
poration is based, as also the majority of diffusion
studies, not on the phenomenological Onsager equa-
tions, but on Fick laws relating the mass flux to con-
centration gradientsBci, rather than toBmi. This leads
to analysis of problems concerning the dependence of
the diffusion coefficients on composition along the
membrane profile. In the case of pervaporation, this
dependence can be calculated, e.g., in terms of the
known Rautenbach3Albrecht model [8].

When written correctly, thephenomenological equa-
tions of thermodynamics must include as forcesBmi,
rather thanBci. Then the relation between the fluxes
and forces is represented as the dependence of the
component transfer rates on the gradients of chemical
potentials and pressure:

Ji = J(Bm1, Bm2, ..., BP).

The corresponding phenomenological equations
make it possible to obtain the relations for fluxes
across the membrane in terms of linear nonequilib-
rium thermodynamics, with the ratios of the transfer
rates of different components directly characterizing
the selectivity. At the same time, it should be noted
that these quantities-fluxes and selectivity, are the
parameters commonly determined in experiment.
Therefore, an alternative (recursion) form of the equa-
tions, defining the thermodynamic forces as functions
of fluxes, can also be effective in describing the perva-
poration. In both cases, data on the liquid3vapor equi-
librium can be used for verification and correlation.

Data on the liquid3vapor equilibrium allow calcula-
tion of the component activitiesai (and alsomi) in

the feed mixture. However, determining theai values
in the permeate requires refining of the very notion
[permeate.] Since separation occurs in the case of
pervaporation only within the membrane (dissolution3

diffusion) and on its surfaces (sorption3desorption),
the aggregative state of substances cannot be unam-
biguously determined even in the final stage (desorp-
tion). However, it is for this stage (for already sepa-
rated substances) that the activities should be deter-
mined in calculating the driving force. It is notewor-
thy that vaporization is in fact only permeate sampl-
ing.

If the following conditions are met in the final
stage: (a) the aggregative state corresponds to a liquid,
(b) the entire amount of liquid is vaporized, and
(c) the interaction with the membrane surface has no
effect on the activity coefficients, then the activities
can be calculated from data on the liquid3vapor equi-
librium. On the assumption of vapor ideality and pos-
sibility of neglecting the effect of pressureP on mi in
the liquid, the ai and mi values are calculated by

ai = 77 , m(1) = m0(T, P) + RT ln ai ,
Px(2)

i

P0
i

i i
(3)

wherexi
(2) andP are determined from data on the equi-

librium with the solution whose compositionxi
(1) is

the same as that of the permeate,Pi
0 is the vapor pres-

sure ofi-th pure component at a given temperatureT,
and mi

0(T, P) is the standard chemical potential.

If, however, the separated substance is in the va-
por state at the membrane surface, then themi

0 values
in the permeate are to be found using the formula

mi
(2) = mi

0(T) + RTln pi , (4)

where pi = Pxi
(2) is the partial pressure ofi-th com-

ponent.

In this case, the driving force of the transmembrane
transfer of a component is determined not only by
the composition of the solution and permeate, but also
by pressure, with its value not corresponding to the
condensation pressure, as in the case of formula (3).
The P value may correspond to the permeate pres-
sure, as indicated indirectly by data on the pressure
dependence of selectivity [4]. At the same time, such
an interpretation of formula (4) seems to be ambigu-
ous if, as already mentioned, the created rarefaction
serves for permeate sampling-this must have no
effect on its composition A similar situation occurs
in equilibrium evaporation: the rate of the process
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has no effect on the vapor composition. The evapo-
ration rate may exceed by hundreds of times the rate
of diffusion of the forming vapor through the gas lay-
er adjacent to the surface [9]. Therefore, diffusion is
the rate-determining stage of the process. In the case
of vapor removal (rarefaction, flux), the evaporation
rate grows, but this does not affect the composition.

Relations (1) and (2) can serve as a basis for a
thermodynamic-topological analysis of the pervapora-
tion diagrams, as also equations describing the open
evaporation curves can be used for analyzing the liq-
uid3vapor equilibrium diagrams. Let us consider the
results obtained in an experimental study of perva-
poration in the water3ethanol3isopropanol ternary sys-
tem at 303.15 K. The method used for experimental
study of pervaporation in ternary and binary systems
was described in [10]. It is noteworthy that the type
of membrane was chosen so that the experimental con-
ditions should be reproducible, which is, in the first
place, determined by the insignificant change in the
properties of the membrane in the course of experi-
ments. The selectivity was unimportant for the present
investigation; in studying the entire range of composi-
tions in the concentration triangle, one could expect
occurrence of not only a quantitative, but also a fun-
damental change in how the enrichment factor de-
pends on concentration. The composite membrane
made of SILAR-M polymer (polyacrylatesiloxane on
polysulfoneamide/phenylone substrate), used in the
study, shows organophilic behavior in ethanol3water
solutions up to ethanol concentration of 0.65 (molfrac-
tion). With increasing content of ethanol, the mem-
brane mainly passes water,i.e., exhibits organophobic
properties (Table 1). It should also be noted that no
direct experimental study of pervaporation in the eth-
anol3isopropanol system was performed in the present
investigation because of the high hygroscopicity of
ethanol, requiring special experimental conditions. In
data processing and discussion,[ternary] data were
extrapolated to zero water concentration; the obtained
results were used as[binary] data in analyzing the
pervaporation diagrams.

Table 2 lists the differences (gradients) of the chem-
ical potentials of the components, calculated using
formula (3) for 36 compositions of ternary feed solu-
tions and permeate and also the fluxesJ across the
membrane.

Despite the quite natural correlation between the
differences of the component concentrations in the
permeate and feed mixture, on the one hand, and dif-
ferences of the chemical potential,Bmi (having the
same sign in most cases), the quantitiesBmi cannot be

Table 1. Experimental data on pervaporation in the etha-
nol3water and isopropanol3water systems (Feed solution
temperature 303.15 K, permeate pressure 15 mm Hg)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ethanol, mol % º Isopropanol, mol %
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

feed ³
permeate

º feed ³
permeate

mixture ³ º mixture ³
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

2.0 ³ 14.2 º 10.0 ³ 30.8
7.0 ³ 31.5 º 20.0 ³ 39.5

10.0 ³ 33.0 º 30.0 ³ 43.2
20.0 ³ 47.0 º 40.0 ³ 47.9
25.0 ³ 49.3 º 50.0 ³ 58.4
30.0 ³ 52.4 º 60.0 ³ 62.0
40.0 ³ 57.6 º 70.0 ³ 65.2
50.0 ³ 61.4 º 80.0 ³ 72.7
60.0 ³ 67.0 º 90.0 ³ 87.1
70.0 ³ 70.1 º ³
80.0 ³ 80.0 º ³
89.4 ³ 87.8 º ³

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

substituted in the linear relations (phenomenological
equations of nonequilibrium thermodynamics) as ther-
modynamic forces related to substance fluxes. This
would lead to a fundamentally erroneous result: the
direction of the flow across the membrane would cor-
respond to permeate transfer into the feed solution.

If, however, the thermodynamic forces are defined
on the basis of the component activities in the per-
meate, with account of the pressure at the back side
of the membrane (0320 mm Hg), then, by virtue of
the low P values,m i

p
6 3i. In this case the corre-

sponding differences of the chemical potentials are
approximately the same. This gives no way of evalu-
ating even the relative fluxes of different substances
across the membrane. At the same time, data onBmi
(Table 2) enable characterization of the departure of
the system from the equilibrium liquid3vapor state
(Bmi = 0). The J values (Table 2) indicate that the
fluxes grow somewhat with increasing total content
of alcohols in water.

The positions of the points representing the com-
positions of the starting solutions and the correspond-
ing permeate compositions are shown in the concen-
tration triangle in Fig. 1. Thearrow-heads of the lines
connecting these compositions are directed toward the
points representing the feed solution compositions.
Also presented are some solution3permeate tie lines
for binary systems. The arrangement of the tie lines
(feed mixture3permeate) corresponds to the direction
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Table 2. Experimental data on pervaporation in the system water(1)3ethanol(2)3isopropanol(3) (Feed solution tem-
perature 303.15 K, pressure 20 mm Hg)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Compo-³ Solution (L), mol % ³ Permeate (P), mol %³ Difference Bmi = mi

P 3 mi
L, 1 0 103 J mol31 ³ J,ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´sition ³ ³ ³ ³

no. ³ x1 ³ x2 ³ x3 ³ x1 ³ x2 ³ x3 ³ Bm1 ³ Bm2 ³ Bm3 ³kg m32 h31

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ 10.0 ³ 10.0 ³ 80.0 ³ 17.1 ³ 10.0 ³ 72.9 ³ 1.036 ³ 0.013 ³ 30.179 ³ 3.2
2 ³ 20.0 ³ 10.0 ³ 70.0 ³ 25.5 ³ 10.4 ³ 63.9 ³ 1.787 ³ 31.441 ³ 30.110 ³ 4.9
3 ³ 30.0 ³ 10.0 ³ 60.0 ³ 39.8 ³ 9.0 ³ 51.2 ³ 2.413 ³ 32.801 ³ 0.012 ³ 3.8
4 ³ 40.0 ³ 10.0 ³ 50.0 ³ 42.2 ³ 10.6 ³ 47.2 ³ 2.529 ³ 33.000 ³ 0.322 ³ 3.4
5 ³ 50.0 ³ 10.0 ³ 40.0 ³ 47.7 ³ 12.0 ³ 40.3 ³ 2.727 ³ 33.241 ³ 0.669 ³ 2.8
6 ³ 60.0 ³ 10.0 ³ 30.0 ³ 48.9 ³ 13.4 ³ 37.7 ³ 2.828 ³ 33.488 ³ 1.297 ³ 2.1
7 ³ 70.0 ³ 10.0 ³ 20.0 ³ 55.6 ³ 14.3 ³ 30.1 ³ 3.009 ³ 33.522 ³ 2.029 ³ 2.0
8 ³ 80.0 ³ 10.0 ³ 10.0 ³ 57.8 ³ 21.5 ³ 20.7 ³ 3.070 ³ 32.644 ³ 2.969 ³ 1.7
9 ³ 70.0 ³ 20.0 ³ 10.0 ³ 65.0 ³ 22.7 ³ 12.3 ³ 1.228 ³ 3.009 ³ 32.724 ³ 1.8

10 ³ 60.0 ³ 20.0 ³ 20.0 ³ 56.3 ³ 22.7 ³ 21.0 ³ 1.203 ³ 0.921 ³ 31.542 ³ 2.0
11 ³ 50.0 ³ 20.0 ³ 30.0 ³ 46.9 ³ 22.4 ³ 30.7 ³ 1.156 ³ 30.459 ³ 30.563 ³ 2.3
12 ³ 40.0 ³ 20.0 ³ 40.0 ³ 42.5 ³ 20.7 ³ 36.8 ³ 1.166 ³ 31.391 ³ 0.193 ³ 4.7
13 ³ 30.0 ³ 20.0 ³ 50.0 ³ 38.5 ³ 19.5 ³ 42.0 ³ 1.165 ³ 32.159 ³ 1.083 ³ 3.9
14 ³ 20.0 ³ 20.0 ³ 60.0 ³ 31.5 ³ 19.1 ³ 49.4 ³ 1.038 ³ 32.856 ³ 2.342 ³ 4.8
15 ³ 10.0 ³ 20.0 ³ 70.0 ³ 18.4 ³ 19.5 ³ 62.1 ³ 0.249 ³ 33.234 ³ 4.428 ³ 6.0
16 ³ 10.0 ³ 30.0 ³ 60.0 ³ 18.0 ³ 30.5 ³ 51.5 ³ 30.932 ³ 2.756 ³ 30.534 ³ *
17 ³ 20.0 ³ 30.0 ³ 50.0 ³ 28.0 ³ 29.9 ³ 42.1 ³ 30.165 ³ 1.006 ³ 30.436 ³ 4.6
18 ³ 30.0 ³ 30.0 ³ 40.0 ³ 37.1 ³ 29.6 ³ 33.3 ³ 0.254 ³ 0.087 ³ 30.303 ³ 3.7
19 ³ 40.0 ³ 30.0 ³ 30.0 ³ 41.9 ³ 29.4 ³ 28.7 ³ 0.472 ³ 30.662 ³ 0.200 ³ 3.4
20 ³ 50.0 ³ 30.0 ³ 20.0 ³ 48.6 ³ 31.1 ³ 20.3 ³ 0.677 ³ 30.919 ³ 0.542 ³ 2.9
21 ³ 60.0 ³ 30.0 ³ 10.0 ³ 51.6 ³ 35.9 ³ 12.5 ³ 0.775 ³ 30.919 ³ 1.164 ³ 2.8
22 ³ 50.0 ³ 40.0 ³ 10.0 ³ 43.4 ³ 44.4 ³ 12.2 ³ 30.193 ³ 3.849 ³ 33.012 ³ *
23 ³ 40.0 ³ 40.0 ³ 20.0 ³ 41.1 ³ 40.0 ³ 18.9 ³ 30.135 ³ 1.818 ³ 31.687 ³ 4.0
24 ³ 30.0 ³ 40.0 ³ 30.0 ³ 35.4 ³ 37.9 ³ 26.7 ³ 30.200 ³ 0.537 ³ 30.376 ³ *
25 ³ 20.0 ³ 40.0 ³ 40.0 ³ 27.1 ³ 39.2 ³ 33.7 ³ 30.464 ³ 30.235 ³ 0.931 ³ 4.5
26 ³ 10.0 ³ 40.0 ³ 50.0 ³ 23.9 ³ 34.4 ³ 41.7 ³ 30.507 ³ 31.241 ³ 3.061 ³ 7.2
27 ³ 10.0 ³ 50.0 ³ 40.0 ³ 23.3 ³ 44.1 ³ 32.6 ³ 31.175 ³ 3.369 ³ 31.032 ³ 8.0
28 ³ 20.0 ³ 50.0 ³ 30.0 ³ 27.2 ³ 46.0 ³ 26.8 ³ 30.884 ³ 1.781 ³ 30.821 ³ 7.8
29 ³ 30.0 ³ 50.0 ³ 20.0 ³ 35.5 ³ 45.8 ³ 18.7 ³ 30.442 ³ 0.846 ³ 30.682 ³ 7.0
30 ³ 40.0 ³ 50.0 ³ 10.0 ³ 49.5 ³ 36.7 ³ 13.8 ³ 0.296 ³ 30.205 ³ 0.229 ³ 5.9
31 ³ 30.0 ³ 60.0 ³ 10.0 ³ 36.2 ³ 53.8 ³ 10.0 ³ 30.772 ³ 3.770 ³ 33.213 ³ 6.5
32 ³ 20.0 ³ 60.0 ³ 20.0 ³ 28.3 ³ 53.9 ³ 17.8 ³ 31.023 ³ 1.917 ³ 31.278 ³ 6.8
33 ³ 10.0 ³ 60.0 ³ 30.0 ³ 18.6 ³ 54.0 ³ 27.4 ³ 31.546 ³ 0.737 ³ 1.104 ³ 7.9
34 ³ 10.0 ³ 70.0 ³ 20.0 ³ 20.2 ³ 59.8 ³ 20.0 ³ 31.745 ³ 3.485 ³ 31.676 ³ 9.3
35 ³ 20.0 ³ 70.0 ³ 10.0 ³ 20.0 ³ 67.8 ³ 12.2 ³ 31.752 ³ 1.995 ³ 31.446 ³ 7.4
36 ³ 10.0 ³ 80.0 ³ 10.0 ³ 19.2 ³ 69.0 ³ 11.8 ³ 31.941 ³ 3.240 ³ 32.202 ³ 8.4

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Flux not determined for a given composition.

of run of the curves for pervaporation in the ternary
system, describing the shift of the solution composi-
tion in the course of pervaporation. The direction of
the process is shown schematically in Fig. 2.

One of characteristic features of the structure of
the pervaporation diagram is the presence of a triple
point at which the permeate and the feed mixture have
the same composition. This is indicated by the ar-
rangement and direction of the solution3permeate tie
lines. Such a phenomenon has been observed previ-
ously in experimental studies of pervaporation in bi-

nary systems [11] in which this point was named
permazeotropic (by analogy with azeotrope). An anal-
ysis of the literature demonstrated that a diagram
with a triple permazeotropic point was obtained for
the first time in the present study.

The curves in question are similar to those of open
evaporation, with the direction of the process indicat-
ed by the arrangement of liquid3vapor nodes. Since
no direct experimental data on the liquid3vapor equi-
librium can be found in the literature for the given
system at 303.15 K, the equilibrium was calculated
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Fig. 1. Points corresponding to the compositions of (1) feed
solutions and (2) permeate, and also permeate3solution
tie lines (231), in the system water3ethanol3isopropanol at
303.15 K. Dashed circle: denotes triple permazeotropic
point. Lines231 outside the concentration triangle indicate
the direction of pervaporation lines in binary systems.

Fig. 3. Projections of the isotherms-isobars of the solution
in the system water3ethanol3isopropanol at 303.15 K (cal-
culation by theNRTL equation). Vapor pressures are given
in mm Hg.

Fig. 2. Qualitative diagram of pervaporation curves in the
system water3ethanol3isopropanol at 303.15 K.Circles:
two double and one triple points.

Fig. 4. Liquid3vapor nodes in the ternary system water3

ethanol3isopropanol at 303.15 K (calculation by theNRTL
equation). Points: (1) liquid compositions (lying at nodes
of the coordinate grid of the composition triangle), (2) vapor
compositions.

in the present study by means of the NRTL equation
which, as a rule, adequately describes systems of this
kind. The equilibrium in the system ethanol3isopro-
panol was calculated on the assumption that the given
binary system exhibits ideal behavior. The isotherms-
isobars of the solution, nodes, and a schematic dia-
gram of open evaporation are presented in Figs. 335.
At 303.15 K the ternary system has only a single
(binary) azeotropic point (water3isopropanol); ac-
cording to a reference book [12], there is no azeo-
trope in the water3ethanol system at the given tem-
perature. The arrangement of liquid3vapor nodes is
strongly different from the corresponding tie lines
in the case of the pervaporation diagram.

Comparison of the diagrams in Figs. 2 and 5 shows
that they belong to fundamentally different topologi-

cal types. The pervaporation diagram includes two
double and one triple singular points. The diagram
of open evaporation includes only one double singular
point and belongs toclass 3.1.0, type 2 by Serafimov’s
classification.

To conclude, it should be noted that the behavior
of the pervaporation curves in the vicinity of singular
points requires additional theoretical analysis, which
may be complicated (compared with the case of equi-
librium open evaporation) by the lack of equilibrium
between the solution and permeate. Correspondingly,
the existence is possible of topological types of dia-
grams thermodynamically forbidden in the case of
a liquid3vapor equilibrium. These problems invite
separate investigation with the use of methods of
nonequilibrium thermodynamics.
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Fig. 5. Qualitative diagram of open evaporation curves in
the system water3ethanol3isopropanol at 303.15 K.Circle:
bynary azeotropic point.

CONCLUSION

Experimental data are presented on the process
of pervaporation in the ternary system water3ethanol3
isopropanol at 303.15 K. The possibilities are consid-
ered of using data on the liquid3vapor equilibrium in
studying the pervaporation. Comparative analysis of
the diagrams of open evaporation and pervaporation
shows the existence of a triple permazeotropic point.
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Abstract-A thermodynamic analysis of the burning temperatures and products formed in combustion of
formulations containing zinc or lead was made in relation to the elemental composition and total enthalpy
of formation of the starting mixture in order to develop programs searching in the existing database for such
formulations whose combustion will produce a prescribed fraction of a metal in gaseous state.

A study of the thermodynamics of combustion of
metal-containing solid rocket propellants and blasting
powders demonstrated that, under certain conditions,
the combustion products contain much more than trace
amounts of gaseous metals even in the case of alu-
minum-an element with high affinity for oxygen.
When the energetics of blasting powders and rocket
propellants is discussed, presence of gaseous metals in
products of their combustion is highly undesirable,
but this phenomenon may prove rather useful in a to-
tally different field-in developing special fast-burn-
ing formulations aimed to deposit metal coatings or
create surface layers doped with specially selected
metals. This way to create a gas flow of metal could
find application for resolving a number of technolog-
ical problems, similarly to the known technique in
which the reaction of acetylene combustion in oxygen
is the source of energy and the concurrent gas flow,
and a wire or plate, the source of metal [1].

In developing metal-containing combustible for-
mulations-sources of a high-temperature flow of
metal vapor, it is necessary to achieve a combustion
temperature sufficient for the metal to be in the gas
phase and the equilibria

MxOy + CO 6
4 M + CO2, (a)

MxOy + H2
6
4 M + H2O (b)

to be shifted to the right. In addition, the share of
oxygen (or, more precisely, the ratio of the amount of
oxygen to the total amount of carbon and hydrogen)
in a formulation should not be too high in order that
the equilibrium of the reaction CO2 + H2O 6

4 H2 +

CO + O2 and, consequently, that of reactions (a) and
(b) be strongly shifted to the right. At the same time,
the share of oxygen should be sufficient for achieving
a combustion heat that is necessary for combustion
products to be heated to temperatures ensuring a high
fraction of evaporated metal. Therefore, it is apparent
that it is immeasurably easier to solve the given prob-
lem for metals with high volatility and low chemical
activity, e.g., cadmium, compared with more active
and higher-boiling metals, e.g., aluminum and chro-
mium. To achieve a relatively high share of gaseous
aluminum, it is necessary to use rather specific com-
ponents, as discussed below, whereas the share of gas-
eous cadmium (relative to its total content) in com-
bustion products of even the simplest combustible
mixture containing 23% cadmium oxide + 8% poly-
ethylene + ammonium nitrate is close to 100%, de-
spite that metal oxide, rather than free metal, is con-
tained in the formulation. In the combustion of a mix-
ture of the above composition (here, a mixture of am-
monium nitrate and saturated hydrocarbons is meant)
with zinc or lead, the temperature sufficient for lead
evaporation is not reached and lead is liberated in
liquid state. The combustion temperature reached in
the case of zinc is sufficient for its complete evap-
oration, but insufficient for shifting the equilibria
Zn + CO2

6
4 ZnO + CO, Zn + H2O 6

4 ZnO + H2,
and even Zn + CO64 ZnO + C to the left because of
the higher activity of zinc, with mainly zinc oxide
formed as a result.

The present study was devoted to a detailed anal-
ysis of formulations with zinc and lead, i.e., metals
whose physical and chemical properties conform to
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the greatest extent to the purposes of development
of combustible formulations-sources of a high-tem-
perature flow of metal vapor.

EXPERIMENTAL

As model compositions were considered metal
(20 wt %) + C + H + N + O system with widely var-
ied overall enthalpy of formation and relative contents
of C, H, N, and O in the organic part of formulations.
To determine the chemical composition of a formula-
tion, the following parameters were introduced:R1 =
(O 3 C)/(C + 0.5H) andR2 = 2C/(2C + 0.5H), where
O, C, and H are the atomic compositions in a formu-
lation, and Np is the mass fraction of nitrogen.

The R2 value determines the share of carbon in
the sum of carbon and hydrogen (g-equiv). Of inter-
est in the context of the formulated problem are only
those formulations in which the content of oxygen is
not lower than that necessary to oxidize the entire
amount of carbon to CO and not higher than that
necessary for complete oxidation of carbon and hy-
drogen to CO2 and water (makingR1 higher than uni-
ty does not lead to any increase in the combustion
heat of the components C, H, N, and O, with the
probability of oxidation of free metal by excess oxy-
gen increasing dramatically). In this connection, com-
positions with R1 equal to 0, 0.2, 0.4, 0.6, and 0.8
were studied, with the lowest value corresponding to
an amount of oxygen strictly equivalent to that of
carbon, and the highest is somewhat lower than the
amount of oxygen necessary for complete oxidation of
carbon and hydrogen. TheR2 values were 0, 0.5, 0.67,
0.8, 0.89, 0.95, and 1.0 (which approximatelycorre-
sponds to C : H atomic ratios of 0 : 1, 1 : 4, 1 : 2,
1 : 1, 2 : 1, 4 : 1, 1 : 0). TheNp value was in the range
from 0 to 0.4 with a step of 0.1 (i.e., from 0 to
40 wt % in a composition). At known metal content,
these three quantities (R1, R2, and Np) uniquely de-
termine the elemental composition of a formulation.

Calculation requires setting additionally the enthal-
py of formulation formation,DHf

0. This parameter was
varied between3750 and +750 kcal kg31 with a step
of 250 kcal kg31. Thus, the chosen interval covers
virtually any conceivable formulations with preset
limitations on theR1 value. All thermodynamic stu-
dies for calculating the temperaturesTc (K) in the
combustion chamber andTa (K) at the nozzle exit
and the product composition were done on Pentium-
133 PC with standard software Astra-4 [2] at preset
pressures in the chamber and at the nozzle exit of, re-
spectively, 1 MPa (10 atm) and 0.1 MPa (atmospher-

ic). The process of combustion product expansion
through the nozzle was considered to be isoentropic.

For each of the metals under study, a thermody-
namic calculation of an array of more than 1200 com-
positions (7DHf

0 values, 7R2 values, 5R1 values,
and 5Np values) gave the temperatures and shares of
gaseous metal in the chamber and at the nozzle exit.
The difference of temperatures and product concentra-
tions in the chamber and at the nozzle exit depends
on the nozzle shape, being the largest for the so-
called Laval nozzle in which the maximum fraction
of the energy of the chemical reaction is converted
into mechanical work. With account of a practical
application of the present study (possibility of surface
coating with metal present in gaseous state in com-
bustion products of a combustible formulation and
condensed from the gas phase directly on a surface
being treated), a case is deliberately considered, which
is the least favorable as regards the content of gaseous
metal at the nozzle exit, namely, the expansion of
combustion products in the Laval nozzle, i.e., iso-
entropic expansion. Mainly the dependence of the
fraction of gaseous metal at the nozzle exit, rather
than in the combustion chamber, is analyzed.

It should be noted that in the case of zinc the main
metal-containing combustion products are condensed
zinc oxide and gaseous zinc and other gaseous com-
pounds, e.g., ZnH. Gaseous zinc oxides are present
in trace amounts, and condensed (liquid) zinc, only
at a very low temperature at the nozzle exit. In the
case of lead, a condensed metal is present, together
with gaseous Pb and Pb2 (the fraction of Pb2 does
not exceed 1% of Pb), condensed and gaseous PbO,
and gaseous Pb2O2, PbO2, and PbH (the fraction of
the last three is very low).

Thus, a practical task is to be set, concerning the
development of compositions with a combustion tem-
perature sufficiently high for a free metal to be pres-
ent in the gas phase having such a composition that
the overwhelming fraction of the metal be ejected in
the form of a gas (Zn, Pbx), producing the minimum
amount of condensed compounds. The obtained data
were analyzed as a dependence ofTc, Ta, and [Me(g)]
on DHf

0, R1, R2, andNp, characterizing a combustible
formulation. [Me(g)]c and [Me(g)]a are the atomic frac-
tions of gaseous free metal in the combustion prod-
ucts, related to, respectively, the total initial amount
of metal in the combustion chamber and at the nozzle
exit.

The main relationships were analyzed for the
example of zinc-containing formulations. Naturally,
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an increase inDHf
0 (Figs. 1a and 1b) or decrease in

Np leads to higherTc andTa. In this case, the§Tc/§DHf
0

value is negative because of the progressively deep
extent of H2O and CO2 dissociation with increasing
Tc and Ta. An increase in the oxygen balanceR1
within the interval studied leads to higher combustion
heat and, consequently, higherTc andTa (Fig. 2). The
§Tc/§R1 value is also negative for the same reason
as §Tc/§Hf

0. Variation of R2 affects theTc value to
a much lesser extent (Fig. 3). It should be noted that
raising R2 from 0 to 1 (transition from a composi-
tion with predominance of hydrogen to that with pre-
valence of carbon) at smallR1 (0.2) leads to a pro-
nounced rise inTc (by approximately 700 K), whereas
at R1 = 1 an increase inR2 has virtually no effect
on Tc. This is a consequence of the physical meaning
of R1-at low R1 only a minor part of hydrogen is
oxidized and, with bothR2 and R1 approaching zero,
the amount of oxygen in a formulation tends to zero,
i.e., there is no energyrelease via oxidation and
energy can be only liberated owing to the contribution
from DHf

0 in the case of its being positive.

In developing applied software for performing a
search for formulations ensuring a share of gaseous
zinc at the nozzle exit that would not be lower than
a prescribed value, it is necessary to obtain empirical
relations between the share of gaseous zinc [Zn(g)]a
and the parameters characterizing the starting com-
bustible mixture. Studying the dependence of [Zn(g)]a
on Tc (Fig. 4a) proved useful for this purpose. It can
be seen that the curve describing the dependence
[Zn(g)]a = f (Tc) shows a steep rise in [Zn(g)]a from
0 to 1 in a rather narrow temperature range (15003

1900 K), with the curves with a certainR1 value
appearing separately. At higherR1 values, the pre-
scribed [Zn(g)]a values are achieved at higher tem-
peratures. This a consequence of the fact that a de-
crease in the share of reducing gases (CO, H2) in
the combustion products shifts to the right the equi-
librium of the reactions Zn + CO2 64 ZnO + CO and
Zn + H2O 6

4 ZnO + H2. At the same time, The dif-
ference inR2 andNp values between the compositions
affects the dependence [Zn(g)]a = f (Tc) only slightly
(R2, Np directly affect Tc, similarly to DHf

0 and R1),
and an approximate empirical formula can be found
for the dependence of the minimum admissibleTc
for reaching the prescribed [Zn(g)]a value:

Tc = A + BR1. (1)

Thus, an estimate was made thatA = 1827 and
B = 302 for [Zn(g)]a = 0.8 andA = 1725 andB = 322

Fig. 1. TemperatureTc in the combustion chamber vs.
enthalpy of formation of the formulation,DHf

0. Compo-
sition with 20% zinc,Np = 20%, R1 = 0.6 (a), R2 =
0.8 (b). (a) R2: (1) 0, (2) 0.5, (3) 0.8, (4) 0.95, and
(5) 1.0. (b) R1: (1) 0, (2) 0.2, (3) 0.4, (4) 0.6, and (5) 0.8.

Fig. 2. Tc and Ta vs. R1 for formulations with 20% zinc.
R2 = 0.8, Np = 20%, DHf

0 = 3250 kcal kg31.

Fig. 3. Tc vs. R2 for formulations with 20% zinc.DHf
0 =

3250 kcal kg31, Np = 20%. R1: (1) 0, (2) 0.2, (3) 0.4,
(4) 0.6, and (5) 0.8.
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Fig. 4. (a) [Zn(g)]a and (b) [Pb(g)]a vs. temperatureT for formulations with 20% (a) zinc and (b) lead.R2 = 0.531.0, Np =
0340%, DHf

0 = 3750_+750 kcal kg31. R1: (1) 0 and (2) 0.6.

for [Zn(g)]a = 0.7. As for theTc value as a function
of chemical composition and enthalpy of formation
of the starting formulation, it was possible to relate it,
with much poorer accuracy, by an empirical formula
to R1, R2, DHf

0, andNp. For this purpose, it was nec-
essary to make the interval under study somewhat
narrower: only formulations withTc in the range from
1000 to 3000 K were considered, with the formula-
tions with zero R1 and R2 values excluded. How-
ever, even after imposing this restriction the array
remained rather huge, including more than 350 out
of the 1200 calculated compositions. The following
empirical formula relating the system parameters was
chosen:

DHf
0 = p0 + p1Np + p2Np

2 + p3R1 + p4R1
2

(2)+ p5R2 + p6R2
2 + p7Tc + p8Tc

2,

whereDHf
0 is the enthalpy of formation of the over-

all formulation (kcal kg31) andNp is the mass fraction
of nitrogen in the formulation.

Parameters of the empirical equation (2) for formulations
containing zinc and lead and the average error ofDHf

0

calculation by Eq. (2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Parameter value
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ Zn ³ Pb

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Tc, K ³ 150032400 ³ 150033000
p0 ³ 31120 ³ 3511
p1 ³ 1003 ³ 1060
p2 ³ 471.6 ³ 270.4
p3 ³ 31595 ³ 31829
p4 ³ 720 ³ 934
p5 ³ 3413 ³ 3513
p6 ³ 185.2 ³ 208
p7 ³ 0.717 ³ 0.219
p8 ³ 36.840 1035 ³ 3.750 1035

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Average error in V,³ 60 ³ 50
DHf

0, kcal kg31 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

At the above limitations (1000 <Tc < 3000 K,
0.2 < R1 < 0.8, 0.5 <R2 < 1), the parameters of Eq. (2)
are presented in the table, with the mean deviation for
DHf

0 constituting about 60 kcal kg31, which is equiv-
alent to an error inTc of ~130 K in the Tc range
150032400 K.

A similar calculation performed forTa, i.e.,

DHf
0 = P0 + P1Np + P2Np

2 + P3R1 + P4R1
2

(3)+ P5R2 + P6R2
2 + P7Ta + P8Ta

2,

gives the following parameters of Eq. (3):P0 = 31877,
P1 = 925,P2 = 829,P3 = 31652,P4 = 635,P5 = 3565,
P6 = 260,P7 = 2.11, andP8 = 30.0005 with virtually
the same deviation.

The obtained parameters of Eq. (2) and the fact
that, in a search for compositions with prescribed
[Zn(g)]a, Tc can be replaced by the expressionA +
BR1 { A andB are functions of the sought-for quantity
[Zn(g)]a} were used to develop a program execut-
ing a computer search for suitable compositions on
the basis of the available components. On setting by
the user of a required [Zn(g)]a value, e.g., 0.8, it
only remains to bring into operation the system of
cyclic pairwise sorting of components present in the
database and solve an equation with a single unknown
x-the content of the first component, with all the
parameters of Eqs. (1) and (2) either already known
(p03p8, A, B) or being functions ofx and characteris-
tics (chemical composition,DHf

0) of a considered pair
of components. If the obtained analytical solutionx
lies in the interval 0380% andR1 is less than unity,
then the solution has physical meaning and is ac-
ceptable. In this case, the solution is delivered to the
output and the program proceeds to considering a next
pair of components. The program covers compositions
containing not only a free metal, but also its oxide
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(provided that the total content of metal is 20%); a
correction for the knownDHf

0 of the oxide and addi-
tional amount of oxygen contained in the oxide is
made for this purpose.

The program allows for introduction into a formu-
lation of a preset number of components necessary
for ensuring various operation properties, with the
search for a formulation composition remaining virtu-
ally unchanged. The program can be modified to en-
able a search for a composition with contents of three
components varied. In this case, if a solution exists,
it may be multiple since there is a single equation for
two unknowns, but in some cases this may be useful
for preliminary analysis. In addition, various restric-
tions can be introduced into the program. It is to be
specified that the use of the described application
software should only be a first step for preliminary
search, and it is necessary to further finally refine
the composition of the formulation by means of a stan-
dard program for thermodynamic calculations and to
test real formulations.

As an example, a search for compositions with
[Zn(g)]a of 80% was performed among formulations
containing 20% free zinc. The numerous output for-
mulations included the following formulations con-
taining (%): (a) 14.5317 polyethylene + ammonium
salt of dinitramide (ADNA, a new oxidant for solid
propellants [3], (b) 7319 acetylene + ammonium
nitrate (AN), (c) 17.5 carbon + ADNA, (d) 30 tri-
nitrocellulose (TNC) + 50 mononitrocellulose (MNC),
(e) 30 TNC + 11 water + 39 dinitrocellulose (DNC),
(f) 30 TNC + 47 NA + 3 polyethylene, (g) 48 TNC +
32 trinitrotoluene (TNT), and (h) 67 DNC + 13 TNT.

A calculation by the standard technique gives
the following content of components in the com-
positions studied (%): (a) 14 polyethylene, (b) 5 or
12 acetylene at acetylene content between 5 and 12%,
[Zn(g)]a exceeds 80%}, (c) 17 carbon, (d) 31.5 TNC +
48.5 MNC, (e) 14.5 water + 35.5 DNC + 30 TNC,
(f) 7 polyethylene + 43 AN + 30 TNC, (g) 50 TNC +
30 TNT, and (h) 69 DNC + 11 TNT, i.e., the devel-
oped algorithm of the program gives quite satisfactory
results as a basis for tentative choice of the most
acceptable target compositions.

A search gave no compositions containing 25%
ZnO (amount corresponding to 20% Zn) and ammo-
nium nitrate for any of the combustibles present
in the database. Indeed, in a formulation with free zinc
and ammonium nitrate, only introduction of such a
high-enthalpy combustible as acetylene allows crea-
tion of the desired formulation; at the same time, on
lowering the initial enthalpy of formation of a for-

mulation (by approximately 250 kcal kg31) by replac-
ing zinc with its oxide, even use of acetylene as com-
bustible has no positive effect. The engineering
problem of practical use of a gaseous product as
a component of formulation is not considered in
the present study; it should only be mentioned that
this is quite technically possible. A special-purpose
calculation confirmed that the maximum achievable
[Zn(g)]a value in the formulation containing 25%
ZnO + AN + acetylene is at the level of 0.5530.60
at acetylene content of 839%. However, if such wide-
ly used compounds as nitrocellulose or trinitrotoluene
are allowed as combustibles in the case of AN, then
the program gives a wide variety of compositions, e.g.,
25% MNC + 15% AN + 35% TNC, or 25% MNC +
3% water + 47% TNC, or 21% TNT + 54% TNC,
even though nitro compounds, rather than AN, form
the basis of such formulations, with AN only diluting
somewhat the main formulation.

A study of a similar system with lead demonstrated
the only basic difference between the systems with
zinc and lead. In a system with zinc, with the com-
bustion temperature increasing at any of the studied
R1 and R2 values, the [Zn(g)]a value reaches unity
an then remains virtually unchanged (Fig. 4a). At the
same time, when a [Pb(g)]a value of~1 is reached in
a system with lead, further increase inTc (at R1 > 0.2)
leads to a decrease in [Pb(g)]a because of the growing
share of gaseous PbO at the output. In this case, the
higher R1, the more pronounced this effect (Fig. 4b).
S-shaped portions of the curve describing the depen-
dence [Me(g)]a = f (Tc) are qualitatively the same for
both the metals, with the quantitative difference con-
sisting only in theTc of the onset and completion of
a rise in [Me(g)]a-in the case of zinc,Tc is approx-
imately 250oC lower. It should be noted that this val-
ue (250oC) is much smaller than the difference be-
tween the boiling points of the two metals (1186 and
2025 K). This is due to the fact that, as a result of
the higher (compared with lead) affinity of zinc to
oxygen, compositions with zinc require higher over-
heating to achieve the equal shares of gaseous metal
at the output. The parameters of Eq. (2) were found
for 1500 < Tc < 3000 K, 0.2 <R1 < 0.8, and 0.5 <
R2 < 1 (see the table).

The same method as in the case of zinc-containing
compositions gave the following results: the [Pb(g)]a
value is as high as 0.8 atTc = 2417 3 247R1 and
0.7 at Tc = 2330 3 165R1. It is noteworthy that, in
zinc-containing compositions, the coefficientB at R1
[Eq. (1)] is positive, whereas in the case of lead it
is negative. The positive sign of the coefficientB
in the case of zinc is readily accounted for by the fact
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that, in contrast to a temperature rise, an increase in
R1 shifts to the right the equilibria of the reactions
2CO + O2

6
4 2CO2, 2H2 + O2

6
4 2H2O, Zn(g) +

CO2
6
4 ZnO(cond) + CO, and Zn(g) + H2O 6

4

ZnO(cond) + H2, and, therefore, at higherR1 in zinc-
containing compositions it is necessary to raise the
temperature to preserve the high share of zinc vapor.
In the case of lead, however, gaseous PbO is formed,
by contrast, just at elevated temperatures and higher
R1 values, i.e., the equilibria of the reactions Pb(g) +
CO2

6
4 PbO(g) + CO and Pb(g) + H2O 6

4 PbO(g) +
H2 are shifted to the right with increasing tempera-
ture or R1. At 170032400 K {S-shaped portion of
the curve describing the dependence [Pb(g)]a = f (Tc)},
virtually no oxide is formed yet and nearly the entire
amount of lead is present in free state in equilibrium
between the liquid and gas phases.

Replacing in the above-described program search-
ing for compositions with 20% zinc the parameters of
Eqs. (1) and (2) for the respective parameters obtained
for compositions with lead allows a search for suitable
compositions in the same way as it was described for
the case of zinc.

A similar analysis can be performed for many other
metals: theoretically, a formulation can always be
obtained with extremely highDHf

0 value to raise the
combustion temperature at lowR1. For example, even
if a combustible formulation with elemental composi-
tion CxH2xNxO2x or CxH2xNxO3x with extremely high
(DHf

0 = +3000 kcal kg31, which is absolutely unreal-
istic) enthalpy of formation could be created in a mix-
ture with aluminum, this would give a content of gas-
eous metal not exceeding 30%. However, if high-en-
thalpy compositions with extremely low, or even zero
content of oxygen are used, e.g., dicyanoacetylene
{N=C3C=C3C=N, DHf

0
(l) = +119.6 kcal mol31 =

1574 kcal kg31 [4]}, for which the nozzle exit tem-
perature of about 3000 K is achieved, the share of
gaseous aluminum may exceed 60370%.

In addition to the considered zinc and lead, the de-
scribed scheme can well be used for bismuth. This
was done in the same volume as in the case of zinc
and lead to give the results close to those for lead.
There is no need to consider these results in more
detail since, in our opinion, the case of bismuth is
of no practical value. Solving the problem for copper
is a somewhat more complicated task since, because
of the lower volatility of copper, higher combustion
temperatures are necessary to make higher the yield of
gaseous metal. A composition containing 10% metal-

lic copper mixed with TNC gives in combustion under
the above-described conditions 67% of the metal in
the form of gas. Introduction of MNC, DNC, octo-
gen, or even acetylene into the composition fails to
raise the output of gaseous metal. However, use of
a more powerful oxidant-ADNA, with acetylene as
combustible, raises to 95% the content of gaseous
copper. If liquid acetylene-containing compounds with
empirical formula CnHn with DHf

0
; +1000 kcal kg31

(quite a number of such compounds are known) are
used as a combustible in combination with ADNA,
then yields of gaseous copper of up to 76% are
achieved. As for compositions with iron, nickel, and
especially chromium, i.e., metals less volatile than
copper and having higher oxygen affinity, the problem
of creating such formulations is rather difficult to
solve.

CONCLUSIONS

(1) Combustible formulations can be composed on
the basis of readily available components, ensuring
nearly 100% content of gaseous cadmium, zinc, lead,
or bismuth in combustion products.

(2) An analysis of how the yield of gaseous metal
(Zn, Pb, Bi) in isoentropic burning of a combustible
formulation depends on its elemental composition and
enthalpy of formation gave: (a) empirical equations
relating the chemical composition of a starting com-
bustible formulation, its enthalpy of formation, tem-
peratures in the chamber and the nozzle exit, and
the yield of gaseous metal; and (b) programs for find-
ing satisfactory combustible formulations, with their
components chosen from the available component
database.

(3) A thermodynamic calculation established that
a combustible formulation containing 10% copper and
trinitrocellulose can be created, whose combustion
gives about 67% of the metal in the gaseous form.
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Abstract-Extractive recovery withn-octanol of tantalum(V) and niobium(V) from hydrofluoric acid solu-
tions containing large amounts of titanium (up to 233 M) was studied. The conditions were found for separa-
tion of tantalum(V) and niobium(V) from titanium(IV), allowing recovery of 95.7 and 84.1% of tantalum and
niobium fluoride complexes, respectively, in one extraction cycle, with 2.6% recovery of titanium.

Extractive recovery of tantalum(V) and niobium(V)
is performed under industrial conditions with methyl
isobutyl ketone and, more seldom, with tributyl phos-
phate [1]. These extractants have several substantial
drawbacks: methyl isobutyl ketone is dangerously ex-
plosive and is highly soluble in the aqueous phase;
tributyl phosphate is toxic and is readily converted to
other phosphorus-containing compounds contaminat-
ing the final product. Alcohols are characterized by
extraction features close to those of methyl isobutyl
ketone. Extraction of tantalum(V) and niobium(V)
with alcohols has been studied insufficiently [1]. Sev-
eral reports concerning extraction processing of rel-
atively pure niobium-tantalum raw material with
the use of octanol as extractant have been published
recently [234]. No data on extractive recovery of tan-
talum(V) and niobium(V) from solutions containing
large amounts of foreign metals are known.

In this work, tantalum(V) and niobium(V) were ex-
tracted withn-octyl alcohol (OCL). This extractant is
free of the above-noted drawbacks of methyl isobutyl
ketone and tributyl phosphate and is commercially
produced in Russia. Tantalum(V) and niobium(V)
were recovered from titanium fluoride solutions in
hydrofluoric acid containing no other mineral acids.
These solutions are formed in processing loparite with
hydrofluoric acid [5, 6]. They contain small amounts
of tantalum(V) and niobium(V),~0.0045 and~0.11 M,
respectively, and a large amount of titanium (up to
233 M). It has been reported previously [7-11] that the
effect of fluorotitanic acid on the extraction of tanta-
lum(V) fluoride is close to that of sulfuric acid.

The aim of this work was to study the possibility
of preparing pure compounds of tantalum(V) and
niobium(V) by their extraction from solutions contain-
ing large amounts of titanium(IV) without introduc-
tion of additional mineral acids hindering HF recovery
from spent process solutions [5, 6]. Extraction of
tantalum(V) and niobium(V) from hydrofluoric-sul-
furic acid solutions was reported in [234].

Procedures for preparing solutions, performing ex-
periments, analysing target metals, and safely handl-
ing chemically aggressive hydrofluoric acid solutions
have been reported in detail previously [1]. Character-
istics of octyl alcohol used in our experiments were as
follows: main substance content about 98% (content
of 3-octanol as an impurity was less then 0.5%), sol-
ubility in water 0.05 wt %, density 0.824 g cm33,
mp 15316oC, bp 195oC, and flash point 81oC. The ex-
traction was performed in the course of 5 min. Prelim-
inary experiments showed that the extraction equilibri-
um is attained at a contact time of no more than 3 min.

The data on the effect exerted by the solution com-
position and ratio of the organic and aqueous phases
Vo : Va on the distribution of the main components are
listed in the table, where HFfree is the HF concentra-
tion calculated as the difference between the total HF
concentration and the HF amount in the main com-
plexes HTa(Nb)F6, H2TiOF4, and H2SiF6 formed in
the systems [1, 11313].

Since the degree of tantalum(V) recovery exceeds
90% throughout its concentration range, the main
goal was to search for conditions for extraction
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Extraction of tantalum(V), niobium(V) and titanium(IV) from hydrofluoric acid aqueous solutions
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run ³ HFfree,
³ ³ Concentration, M ³ Recovery, %

³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ³ ³ Vo : Va ³ ³
no. ³ M ³ ³ Ti(IV) ³ Ta(V) ³ Nb(V) ³ Si(IV) ³ Ta(V) ³ Nb(V) ³ Ti(IV)

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1 ³ 4.5 ³ 1 : 1 ³ 1.88 ³ 0.0068 ³ 0.15 ³ 0.20 ³ 95.8 ³ 36.5 ³ 0.23
2 ³ 4.5 ³ 1 : 1 ³ 3.12 ³ 0.0034 ³ 0.075 ³ 0.10 ³ >93 ³ 50.7 ³ 12.8
3 ³ 4.5 ³ 2 : 1 ³ 1.88 ³ 0.0034 ³ 0.075 ³ 0.10 ³ >93 ³ 49.3 ³ 0.46
4 ³ 4.5 ³ 2 : 1 ³ 3.12 ³ 0.0068 ³ 0.15 ³ 0.20 ³ >97 ³ 71.3 ³ 23.8
5 ³ 4.0 ³ 1.6 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ >90 ³ 57.5 ³ 9.11
6 ³ 4.0 ³ 2 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ >90 ³ 61.7 ³ 10.6
7 ³ 4.5 ³ 2 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ >90 ³ 66.1 ³ 3

8 ³ 5.0 ³ 1.8 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ >90 ³ 73.0 ³ 8.95
10 ³ 6.0 ³ 2 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ >90 ³ 83.5 ³ 7.13
11 ³ 9.0 ³ 1 : 1 ³ 2.50 ³ 0.0045 ³ 0.11 ³ 0.15 ³ 97.3 ³ 81.8 ³ 3.05

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

of niobium(V), with minimum amount of titanium(IV)
passing into the organic phase. This is particularly im-
portant because of a high molar ratio of titanium(IV)
and niobium(V) in the aqueous phase (up to 40 : 1).

At low HFfree content (run nos. 134), the extraction
of niobium(V) and especially titanium(IV) is most
strongly influenced by the concentration of titani-
um(IV), occurring in the form of fluorotitanic acid,
as a source of protons. With the titanium(IV) content

Fig. 1. Effect of (a) volume ratio of the organic and
aqueous phases (Vo/Va) and (b) titanium(IV) concentration
C on distribution of (1) tantalum(V), (2) niobium(V), and
(3) titanium(IV). Ordinate: recovery of indicated elements.

increasing from 1.88 to 3.12 M, the extraction of
niobium(V) (depending on the ratioVo : Va) grows
from 36.5349.3 to 50.7371.3%, and that of titani-
um(IV), from 0.2330.46 to 12.8323.8%. Introduction
into the system of additional HF (run nos. 5310) im-
proves the recovery of niobium(V) to the acceptable
level of about 80%. Such conditions also ensure lower
recovery of titanium(IV). Variation of the HF con-
centration affects the niobium(V) distribution to a
greater extent than does the variation of theVo:Va
ratio. Under the optimal conditions (run no. 11),
exhaustive extraction of tantalum(V) and niobium(V)
is readily reached in continuous countercurrent ex-
traction at relatively low recovery of titanium(IV)
(about 3%).

Figure 1a shows the effect of variation of the
Vo : Va ratio on the distribution of the main metals.
The extraction was performed from aqueous solutions
of the following composition (M): Ta(V) 0.0047,
Nb(V) 0.11, Ti(IV) 2.34, Si(IV) 0.14, and HFfree 8.
With decreasingVo : Va, the recovery of Ta(V), Nb(V),
and Ti(IV) decreases. The recovery of these metals
varies in direct proportion toVo : Va. The slopes of
the straight lines increase in the order tantalum(V) <
niobium(V) < titanium(IV), which correlates with
the order of increasing extractability of fluoride com-
plexes of the elements in question: tantalum(V) > ni-
obium(V) > titanium(IV) [1].

Figure 1 shows that, with theVo : Va ratio decreas-
ing by a factor of two, the amount of titanium passing
into the organic phase decreases to the same extent,
and only a minor amount of niobium(V) passes into
the organic phase. However, owing to the high titani-
um(IV) concentration in the initial solution, the molar
ratio Ti(IV) : Nb(V) in the organic phase in exhaustive
recovery of niobium(V) by means of continuous coun-
tercurrent extraction is considerable: about 0.67 : 1
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even atVo : Va = 0.8. This ratio is lower than that in
the initial solution (21 : 1) by a factor of approximate-
ly 30, but, nevertheless, this indicates that the organic
phase should be washed effectively to remove titani-
um(IV) impurities.

The trends in extraction of metals (Fig. 1a) suggest
that theVo : Va ratio can be decreased further, which
must make lower the coextraction of titanium(IV) with
niobium(V) and tantalum(V).

The distribution of the target metals is shown in
Fig. 1b as influenced by the titanium concentration. In
these experiments, the composition of the initial solu-
tion was the same as in Fig. 1a. It should be noted
that lowering the titanium(IV) concentration to less
than 2.3 M results in a sharp decrease in extraction
of both titanium(IV) (positive effect) and niobium(V).
At titanium(IV) concentrations lower than 1.6 M, the
distribution of titanium(IV) and niobium(V) fluoride
complexes weakly depends on the titanium(IV) amount
because the extraction of the metals is apparently con-
trolled by the HF content under these conditions.

In our extraction system, both niobium(V) and ti-
tanium(IV) are extracted in the form of fluorometallic
acids by the hydrate-solvate mechanism [1, 14]. If no
additional mineral acids are introduced into the sys-
tem, then fluorotitanic acid, predominantly H2TiOF4,
becomes the main source of protons. Therefore, with
decreasing titanium(IV) content in the system, the re-
covery of niobium(V) and tantalum(V) diminishes. It
is evident that the above-noted critical titanium(IV)
concentration, equal to 2.3 M, is virtually the concen-
tration of dibasic H2TiOF4 acid present in this solu-
tion, which is equivalent, in terms of proton content in
the system, to 2.3 M H2SO4 (approximately 230 g l31).
According to the data reported in [1] for approximate-
ly the same concentration, the dependence of niobi-
um(V) recovery with oxygen-containing organic ex-
tractants on the H2SO4 concentration, as a rule, starts
to change. This fact shows that both titanium(IV) and
H2SO4 affect the distribution of niobium(V) fluoride
complexes by the identical mechanisms.

Our experimental results show also that, with in-
creasing HF concentration facilitating the formation of
the readily extractable complex HNbF6 [1, 14], the re-
covery of niobium(V) grows. The dependence of the
extraction of titanium(IV) on the HF content, or, more
precisely, on the ratio HF : Ti(IV), is more complicat-
ed. Titanium(IV) forms fluorotitanic complexes of var-
ious compositions exhibiting different extractability.
According to the data reported in [1, 14], the recov-
ery of titanium(IV) increases in the order H2TiOF4 <

Fig. 2. Extraction isotherm of niobium(V) at HFfree con-
centration of 8.2 M andVo/Va = 1 : 1. (Co, Ca) niobium(V)
concentration in the organic and aqueous phases, respec-
tively. (136) For comments, see text.

H2TiF6 < HTiF5. It was noted above that the complex
H2TiOF4 is predominantly formed in the system under
consideration. Therefore, the fraction of titanium pass-
ing into the organic phase is relatively low and its
variations are mainly caused by variations in the con-
tributions of H2TiF6 and HTiF5 complexes to the total
content of the fluorotitanic acids in the aqueous phase.
Therefore, with increasing HF concentration, first the
recovery of titanium can be expected to grow owing
to the formation of a readily extractable monobasic
acid HTiF5 and then to decrease through an increase in
the concentration of the less extractable acid H2TiF6.
This complicated extraction system deserves separate
study.

Figure 2 shows an extraction isotherm of niobi-
um(V) obtained by the[exhaustion] technique. Ac-
cording to this technique, the metals were successively
extracted four times from aqueous solution with the
initial composition close to that given in Fig. 2. In
the first extraction, the recovery was 95.7% for tan-
talum(V), 84.1% for niobium(V), and 2.6% for tita-
nium(IV). In each subsequent extraction with OCL,
the recovery of niobium falls owing to a decrease in
the titanium(IV) and HFfree concentrations. This is one
of the main drawbacks of the exhaustion technique.

The plot in Fig. 2 shows that, for the working line
corresponding toVa : Vw = 1 : 0.7 (slope of the work-
ing line) and a residual niobium(V) concentration
of 0.00058 M [99.5% recovery of niobium(V)], six
successive equilibrium stages are necessary for con-
tinuous countercurrent extraction. Since the recovery
of niobium(V) is deteriorated in the course of the
[exhaustion] extraction, the actual number of the ex-
traction stages should be lower. A calculation by
the well-known Kremers equation [15] showed that
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General flowsheet for preparation of pure niobium(V) and tantalum(V) compounds by extraction from hydrofluoric acid
solutions with OCL.
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at a constant degree of niobium(V) recovery equal to
84% (in the first extraction stage) the niobium(V) re-
covery by 99.9% is reached with only four stages of
continuous countercurrent extraction.

We also performed preliminary studies of scrub-
bing of the organic phase containing tantalum(V) and
niobium(V) to remove titanium(IV) impurities. It was
found that, with 25 M HF (Va : Vo = 0.088 : 1), 72%
of titanium and approximately 10% of niobium(V) and
tantalum(V) pass from the organic phase in a single
scrubbing into the hydrofluoric acid solution contain-
ing 0.0046 M Ta(V), 0.095 M Nb(V) and 0.062 M
Ti(IV). With increasing volume of the scrubbing so-
lution (Va : Vo = 0.17 : 1), the amount of titanium(IV)
passing into the aqueous phase slightly increases
(to 77%). However, under these conditions, the
amount of titanium(IV) and niobium(V) passing into
the scrubbing solution grows, too.

Further processing of washed extract can be done
by successive backwashing of niobium(V) and tan-
talum(V) with water, similarly to processing of the
loparite solutions with methyl isobutyl ketone as ex-
tractant with basicity close to that of OCL [1, 2].

In this paper, we present a general flowsheet for
treatment of solutions formed in hydrofluoric acid
processing of loparite [5, 6]. This flowsheet is based
both on our experimental results and on published data
[1, 234, 14]. Processing of dilute niobium3tantalum
solutions containing up to 233 M titanium by this
technique allows preparation of pure niobium(V) and
tantalum(V) compounds.

CONCLUSIONS

(1) The influence exerted by the composition of
aqueous solutions and ratio of the organic and aqueous
phasesVo : Va on the distribution of tantalum(V) and
titanium(IV) in their extraction from hydrofluoric acid
aqueous solutions containing large amounts of titani-
um(IV) with n-octanol was studied.

(2) Within the concentration range studied the recov-
ery of tantalum exceeds 90%, the recovery of niobi-
um(V) is high, at a concentration of HFfree and titani-
um(IV) of no less than 8 and 2.3 M, respectively.

(3) Conditions for separation of tantalum(V) and
niobium(V) from titanium(IV) were found at which no
more than 3% of titanium(IV) passes into the organic
phase.

(4) Continuous countercurrent extraction of tantal-
um(V) and niobium(V) allows complete recovery of
these metals in 436 extraction stages.

(5) General flowsheet for preparation of pure ni-
obium(V) and tantalum(V) compounds by extraction
from fluorotitanic solutions with OCL was developed.
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Abstract-Features of vanadium(V) sorption by cross-linked organosilicon polymers-polyorganylsil-
sesquioxanes containing acetamide, phthalamide, malondiamide, and thiourea dioxide functional substituents,
were studied.

Polymers studied in this work contain carbofunction-
al substituents withnitrogen, oxygen, and sulfur atoms
and can exhibit complex-forming and ion-exchange
properties with respect to many elements. The cross-
linked organosilicon polymers poly[N-(3-silsesquiox-
anylpropyl)acetamide] (PSMA-3) and poly[bis-N,N`-
(3-silsesquioxanylpropyl)phthalamide] (PSF-3) are ef-
ficient sorbents of rare-earth elements [1]. In [2], sorp-
tion of gold, silver, and platinum by poly[bis-N,N `-(3-
silsesquioxanylpropyl)thiourea dioxide] (PSOT-3) was
studied. It is known that vanadium(V) is also re-
covered with sorbents containing oxygen and nitrogen
atoms in the functional groups [335]. Therefore, a
study of the sorption power of PSOT-3, PSF-3,
PSMA-3, and poly[bis-N,N`-(3-silsesquioxanylpropyl)-
malonamide] (PSMD-3) with respect to vanadium(V)
ions is of interest:

[O1.5Si(CH2)3NH3C(SO2)3NH3(CH2)3SiO1.5]n,
PSOT-3

{[O 1.5Si(CH2)3NHC(O)]2C6H4} n,
PSF-3

[O1.5Si(CH2)3NHC(O)CH3]n,
PSMA-3

[O1.5Si(CH2)3NH3CO3CH23NH3CO(CH2)33SiO1.5]n.
PSMD-3

EXPERIMENTAL

The static sorption of V(V) by the above polymers
was studied. A sorbent sample was vigorously ag-
itated with V(V) solution for the optimal time. Then
the sorbent was separated from the liquid phase by

filtration. The residual amount of V(V) in the solu-
tion was monitored spectrophotometrically [6] and by
the atomic-absorption method. Chemically pure re-
agents were used. A stock V(V) solution (1 g l31)
was prepared from NH4VO3. Less concentrated solu-
tions were prepared by dilution of the stock solu-
tion.

The most important factors affecting the sorption
are the V(V) concentration and pH. At V(V) concen-
tration less than 10 1034 g-ion l31, the following
monomeric species exist in equilibrum in the solution:

VO2
+ 76
47

+OH3

HVO3 VO3 HVO4 VO4 .
_H+

6c
4c

_
76
47

+OH3

23
_H+

6c
4c

33

VO2
+, VO3

3, HVO4
23, and VO4

33 species prevail at
pH 033, 3.538, 8.0312.0, and 12314, respectively.
At vanadium concentrations higher than 10 1034

and pH 033, VO2
+ species remain prevalent. With de-

creasing acidity (pH > 3), these species react with
OH3 ions to form vanadium polyions. For instance,
at pH 5.038.0 the V3O9

33 and V4O12
43 ions and at

pH 10312, the H2V2O7
23 ions exist in the solution.

Condensation of these ions yields more complex
polyions [7, 8]. Our experimental data confirm the
above pattern. As seen from the figure, the V(V) sorp-
tion starts at pH 1, reaches a maximum at pH 3, and
then decreases with pH growing further.

The polymers PSF-3, PSMA-3, and PSMD-3 have
similar structures as polymeric derivatives of carbox-
ylic acid amides. It is known that the amide groupI
exhibits prototropy and can react in the tautomeric
isoamide form II :
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cNHcCc64cNkCc
go

OHO
I II

Thus, V(V) can be sorbed by the ion-exchange
mechanism in accordance with the scheme

+ VO2 76
+ cNkC .
g

c

OVO2

cNkC
g

c

OH

_H+

However, the VO2
+ reaction by the donor3acceptor

mechanism with the formation of chelate complexes is
also possible:

NHccC
o

c+ VO2
c6c

+

O Os
NHcC .c
ow

VO2

A specific feature of PSOT-3 is that it efficient-
ly recovers V(V) within the pH range 239. This is
probably due to reaction of V(V) with thiourea diox-
ide group of the polymer, having the zwitterionic
structure.

NHc
�

NHc
�

C
g

S
qm

uy_

u
_
mqy

O O

+

_

As a result, PSOT-3 is able to bind both cationic
VO2

+ and anionic VO3
3 vanadium species.

A study of the degree of recovery as a function of
the phase contact time showed that the sorption equi-
librium in V(V) solutions is reached in 60min, and
the main part of the metal is recovered in 10320 min
with all the sorbents (Table 1).

The effect of the ionic strengthm of solution was
studied for the example of NaCl. It was found that
with the ionic strength increasing to 0.25 (CNaCl >
15 g l31) the V(V) recovery decreases, and, within
the 0.25 <m < 1 range, the metal sorption is sharply
suppressed. The PSMA-3 polymer does not recover
V(V) from solutions with m exceeding 0.25. Prob-
ably, this is due to competitive interaction of VO2

+

species with chloride ions to form negatively charged
complexes. To determine the sorption capacity, the
V(V) recovery from solutions was studied as a func-
tion of metal concentration, the sorption isotherms
were obtained, and then the static sorption capacities
SSC (mg g31) and distribution coefficientsD (cm3 g31)
were calculated (Table 2). The sorption capacities of
PSOT-3 and PSMD-3 and the distribution coefficients
show that these sorbents can be used for recovery and
concentration of V(V) trace amounts from solutions
of both artificial and natural origin.

Degree of V(V) recoveryQ vs. pH. Sorbent: (1) PSOT-3,
(2) PSMD-3, (3) PSF-3, and (4) PSMA-3.

To determine the possibility of vanadium recovery
from multicomponent solutions, the V(V) sorption in
the presence of Co(II), Cd(II), Cu(II), Ni(II), Zn(II),
Mo(VI), and U(VI) was studied (Table 3). It was
found that 100-fold excess of Co(II), Cd(II), Cu(II),
Ni(II), and Zn(II) does not hinder vanadium(V) sorp-
tion by PSOT-3 and PSMD-3, and their 10-fold ex-
cess, V(V) sorption byPSF-3. Mo(VI) andU(VI) do
not hinder V(V) sorption by PSOT-3 at V : M ratio
of 1 : 1.

Table 1. Degree of vanadium(V) recovery (msorb 20 mg,
CV(V) 30 mg l31, V 20 ml, pH 3)
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t,
³ Recovery, %
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

min ³ PSOT-3 ³ PSF-3 ³ PSMA-3 ³ PSMD-3
ÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

5 ³ 35 ³ 30 ³ 10 ³ 31
10 ³ 54 ³ 40 ³ 17 ³ 50
20 ³ 72 ³ 47 ³ 25 ³ 76
30 ³ 82 ³ 53 ³ 31 ³ 85
60 ³ 91 ³ 63 ³ 39 ³ 92
90 ³ 91 ³ 66 ³ 36 ³ 93

120 ³ 90 ³ 64 ³ 35 ³ 92
ÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 2. Sorption capacities and distribution coefficients
of V(V) (msorb 20 mg, V 20 ml, pH 3)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent ³ SSC, mg g31 ³ D, cm3 g31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
PSOT-3 ³ 400 ³ 2.20 104

PSMD-3 ³ 408 ³ 3.50 104

PSF-3 ³ 120 ³ 1.00 104

PSMA-3 ³ 50 ³ 9.20 103

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 3. Degree of V(V) recovery in the presence of various elements (CV(V) 30 mg l31, V 20 ml, pH 3,t 2 h)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

M, mg
³

V(V) : M
³ Recovery, % º

M, mg
³

V(V) : M
³ Recovery, %

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ¶ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ ³ PSMD-3³ PSOT-3³ PSF-3 º ³ ³ PSMD-3³ PSOT-3³ PSF-3

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Not added³ 3 ³ 92 ³ 95 ³ 67 º Cd(II): ³ ³ ³ ³
Ni(II): ³ ³ ³ ³ º 0.6 ³ 1 : 1 ³ 90 ³ 95 ³ 65

0.6 ³ 1 : 1 ³ 91 ³ 94 ³ 69 º 6 ³ 1 : 10 ³ 94 ³ 97 ³ 66
6 ³ 1 : 10 ³ 93 ³ 94 ³ 66 º 60 ³ 1 : 100 ³ 84 ³ 93 ³ 33

60 ³ 1 : 100 ³ 79 ³ 94 ³ 58 º 600 ³ 1 : 1000³ 70 ³ 73 ³ 38
600 ³ 1 : 1000³ 59 ³ 80 ³ 42 º Cu(II): ³ ³ ³ ³

Co(II): ³ ³ ³ ³ º 0.6 ³ 1 : 1 ³ 90 ³ 96 ³ 64
0.6 ³ 1 : 1 ³ 90 ³ 95 ³ 67 º 6 ³ 1 : 10 ³ 93 ³ 93 ³ 66
6 ³ 1 : 10 ³ 92 ³ 96 ³ 68 º 60 ³ 1 : 100 ³ 91 ³ 87 ³ 49

60 ³ 1 : 100 ³ 85 ³ 94 ³ 45 º 600 ³ 1 : 1000³ 53 ³ 63 ³ 39
600 ³ 1 : 1000³ 38 ³ 46 ³ 37 º Mo(VI): ³ ³ ³ ³

Zn(II): ³ ³ ³ ³ º 0.6 ³ 1 : 1 ³ 3 ³ 95 ³ 3

0.6 ³ 1 : 1 ³ 92 ³ 95 ³ 65 º 6 ³ 1 : 10 ³ 3 ³ 60 ³ 3

6 ³ 1 : 10 ³ 91 ³ 95.9 ³ 64 º U(VI): ³ ³ ³ ³
60 ³ 1 : 100 ³ 87 ³ 94 ³ 39 º 0.6 ³ 1 : 1 ³ 3 ³ 96 ³ 3

600 ³ 1 : 1000³ 60 ³ 70 ³ 30 º 6 ³ 1 : 10 ³ 3 ³ 79 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 4. Effect of desorbent nature on the degree of
vanadium desorption
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Desorbing
³ Desorption, %
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

agent ³PSOT-3³PSMA-3³ PSF-3 ³PSMD-3
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
HCl 3 M ³ 89 ³ 70 ³ 88 ³ 95
NaOH 10% ³ 96 ³ 98 ³ 98 ³ 97
H2O2 5% ³ 12 ³ 10 ³ 0 ³ 14
NH4OH (1 : 4) ³ 96 ³ 98 ³ 99 ³ 97
Na2CO3 10% ³ 99 ³ 100 ³ 98 ³ 97
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

For repeated use of the above sorbents, we studied
the V(V) desorption from the surface of PSOT-3,
PSMD-3, PSMA-3, and PSF-3 sorbents. The choice
of desorbing agents was governed by their complexing
properties with respect to V(V). It follows from Ta-
ble 4 that V(V) desorption is virtually completely ef-
fected by hydrochloric acid, ammonium hydroxide,
and sodium carbonate. They do not produce any sub-
stantial changes in the sorbent structures. The poly-
mers preserve their sorption properties and can be
used repeatedly.

Using the above data, we performed recovery and
concentration of V(V) from model solutions with
PSOT-3 and found that vanadium is recovered from
solutions completely (Table 5).

Table 5. Sorption3extraction3photometric determination
of V(V) in artificial mixtures (msorb 0.2 g,V 200 ml, pH 3,
n 4, P 0.95)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Introduced,* mg l31 ³ Found, mg l31 ³ Sr
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

0.05 ³ 0.06+ 0.01 ³ 0.15
0.1 ³ 0.08+ 0.02 ³ 0.14
0.5 ³ 0.5+ 0.1 ³ 0.14
0.9 ³ 0.8+ 0.2 ³ 0.13
2.0 ³ 1.9+ 0.3 ³ 0.13

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Solution composition, mg l31: Cu(II), Cd(II), Zn(II), Co(II),

and Ni(II) 15; Mo(VI) and U(VI) 1; NaCl 15.

A statistical treatment of sorption data demonstrat-
ed their good reproducibility. For instance, at a V(V)
concentration of 0.05330.0 mg l31 the relative stan-
dard deviationSr was 0.1330.15.

CONCLUSION

Organosilicon polymers poly[bis-N,N `-(3-sil-
sesquioxanylpropyl)thiourea dioxide] and poly-
[bis-N,N`-(3-silsesquioxanylpropyl)malonamide] are
rather efficient sorbents of V(V) and can be recom-
mended for concentration, separation, and deter-
mination of this element in multicomponent solu-
tions.
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Abstract-Rhenium(VII) recovery from dilute aqueous solutions by coprecipitation with VA-212 cationic
polyelectrolyte in the presence of nitrate ions was studied.

In industry, rhenium (one of the least abundant
chemical elements) is recovered from dilute but, as
a rule, highly saline solutions [1, 2]. Sorption methods
are the most frequently used in this case, but their use
is restricted by low sorbent exchange capacity and
slow metal sorption at its low concentrations.

The aim of this work was to study the use of water-
soluble polyelectrolytes (PEs) for rhenium(VII) re-
covery from dilute mineralized solutions.

EXPERIMENTAL

A commercial cationic polyelectrolyte VA-212, po-
lybisdimethylaminoisopropyl methacrylate alkylated
with benzyl chloride and containing 3.4 mg-equiv g31

of tertiary ammonium groups, was used.

Preliminarily, we studied the aggregation stability
of VA-212 in solutions of various salts. It was found
that this polyelectrolyte starts to coagulate in the pres-
ence of low-molecular-weight electrolytes (LME)
when the LME concentration exceeds a certain limit
Ct (coagulation threshold) depending on the LME
nature. The concentrationCt was determined by the
method based on variation of the optical properties
of the disperse system during coagulation. Raising
the LME concentration in the PE3LME system de-
creases the thermodynamic stability of the polyelec-
trolyte solution, and, on attainingCt, spontaneous ag-
gregation of polyelectrolyte macromolecules (coagula-
tion) starts. The growth of aggregates increases the
turbidity of the system because of the increasing light
scattering and absorption [3]. TheCt value was ex-
perimentally determined from a jump discontinuity in
the curve of the solution optical density vs. LME con-
centration.

The rhenium(VII) recovery was performed by PE
precipitation from nitrate-containing solutions. A 2%
solution of PE in distilled water was introduced into
a solution containing sodium nitrate and ammonium
perrhenate with agitation. The change in the rheni-
um(VII) concentration was monitored with the use of
188Re tracer (T1/2 = 16.7 h) [4]. The concentrations of
the polyelectrolyte, nitrate ion, and rhenium were
varied within 1.032.0 g dm33, 0.130.5 g-equiv dm33,
and 0.5310 mg dm33, respectively. The solution with
the PE precipitate was agitated for 20 min and then
filtered. After precipitate separation, the Re(VII) con-
centration was determined from the residual radioac-
tivity of the solution. To determine the time in which
thermodynamic equilibrium is attained between the
precipitated PE and solution, a solution with the PE
precipitate was stored with stirring for a week, and
then the Re(VII) content was determined by the ki-
netic method with sulfonitrazo R [5]. The Re(VII)
concentration in this solution was the same (within
the analysis error) as in the solution contacting with
PE for 20 min. Thus, we showed that this time is
enough for equilibrium in the PE precipitate3solution
system to be attained.

We studied the influence exerted by the nature of
cations and anions of low-molecular-weight electrolyte
on the coagulation threshold. Below are presented the
threshold concentrations of sodium, potassium, am-
monium, calcium, and nitric acid, causing precipita-
tion of VA-212 polyelectrolyte at its concentration of
1 g dm33:

Nitrate of Na+ K+ NH4
+ Ca2+ H+

Ct 0 102, M 4.82 4.89 4.84 4.79 4.77

As seen, the coagulation threshold is practically in-
dependent of the nature of the low-molecular-weight
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Table 1. Threshold of VA-212 polyelectrolyte coagulation for various salting-out agents
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Agent
³ Ct (g-equiv dm33) at indicated PE concentration, g dm33

ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ 0.01 ³ 0.05 ³ 0.10 ³ 0.50 ³ 1.00 ³ 5.00

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
HClO4 ³ 2.090 1034 ³ 1.980 1034 ³ 1.820 1034 ³ 1.770 1034 ³ 1.750 1034 ³ 1.760 1034

HI ³ 9.810 1034 ³ 9.770 1034 ³ 9.780 1034 ³ 9.770 1034 ³ 9.760 1034 ³ 9.770 1034

HBr ³ 4.050 1032 ³ 3.420 1032 ³ 3.350 1032 ³ 3.330 1032 ³ 3.310 1032 ³ 3.310 1032

NH4NO3 ³ 5.030 1032 ³ 4.910 1032 ³ 4.840 1032 ³ 4.820 1032 ³ 4.840 1032 ³ 4.840 1032

NaCl ³ 1.940 1031 ³ 1.920 1031 ³ 1.900 1031 ³ 1.910 1031 ³ 1.910 1031 ³ 1.900 1031

(NH4)2SO4 ³ 1.17 ³ 1.15 ³ 1.15 ³ 1.15 ³ 1.14 ³ 1.15
NaNO2 ³ 3.21 ³ 3.07 ³ 3.06 ³ 3.06 ³ 3.07 ³ 3.06
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

electrolyte. Therefore, in further studiesCt was re-
garded as the limiting concentration of the anion caus-
ing coagulation.

In Table 1, theCt values are listed for various
LMEs as a function of the polyelectrolyte concentra-
tion. As seen, the coagulation threshold depends on
the anion nature and remains constant for the given
anion at polyelectrolyte concentration of 0.1 g dm33.

The distribution of ions in an electricdoublelayer
around the polyelectrolyte molecule depends on their
polarizability. More polarizable ions can make closer
approach to the macromolecular counterion. As a res-
ult, the charge of the macromolecule is shielded more
effectively, and the coagulation threshold efficiency is
lowered [6]. The molar refractionR0 is the physical
constant characterizing the polarizability of a molecule
or an ion. It is a function of the refractive index and
substance density and, to a first approximation, is
proportional to polarizability. The coagulation thresh-
olds found for VA-212 (at polyelectrolyte concentra-

Table 2. log Ct of VA-212 polyelectrolyte, ionic refraction
R0, and pKa of the conjugated acids for various anions
([PE] = 1.0 g dm33)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Anion
³

log Ct
³ R0 0 106, ³

pKa³ ³ m3mol31 ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

ClO4
3 ³ 33.757 ³ 3 ³ 38.0³ ³ ³

I3 ³ 33.010 ³ 17.53 ³ 311.0³ ³ ³
Br3 ³ 31.480 ³ 11.60 ³ 39.0³ ³ ³
NO3

3 ³ 31.315 ³ 10.10 ³ 31.6³ ³ ³
Cl3 ³ 30.719 ³ 8.22 ³ 37.0³ ³ ³
SO4

23 ³ 0.059 ³ 3 ³ 1.9³ ³ ³
NO2

3 ³ 0.486 ³ 3 ³ 3.2
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

tion of 1.0 g dm33) were compared with the ionic re-
fractions of anions as saltingout agents [7]. Table 2
shows a linear logCt3R0 dependence. The efficiency
of oxygen-containing anions as precipitants of cationic
polyelectrolytes substantially depends on the strength
of the conjugated acids [6]. For the oxygen-containing
anions studied (Table 2), it was found that logCt is
a linear function of pKa, whereKa is the acid dissocia-
tion constant.

To predict the aggregative stability of polyelectro-
lytes in multicomponent solutions (containing several
LME anions), we determined the coagulation thresh-
olds in the VA-2123NO3

3
3SO4

23 and VA-2123NO3
3
3Cl3

systems at varied ratio of anions. The choice of these
anions was due to their high abundance in rhenium-
containing process solutions (mine water, wastewater,
and solutions of underground leaching). Table 3 and
Figs. 1a and 1b show that sulfate and nitrate ions af-
fect the VA-212 coagulation additively, and synergism
of the anions is observed for the VA-2123NO3

3
3Cl3

system.

Table 3. Effect of nitrate ion concentration on sulfate and
chloride concentrations required for VA-212 polyelectrolyte
precipitation
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

CNO3

3, ³
CNO3

3/Ct
NO3

3
³

CSO4
23/CCl3 ³ CSO4

23/Ct
SO4

23

g-equiv dm33³ ³ ³ (CCl3/Ct
Cl3 )

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Sulfate ions

9.680 1033 ³ 0.2 ³ 0.87 ³ 0.76
1.940 1032 ³ 0.4 ³ 0.66 ³ 0.58
2.900 1032 ³ 0.6 ³ 0.42 ³ 0.34
3.390 1032 ³ 0.8 ³ 0.25 ³ 0.22

Chloride ions
9.680 1033 ³ 0.2 ³ 0.13 ³ 0.66
1.940 1032 ³ 0.4 ³ 0.08 ³ 0.42
2.900 1032 ³ 0.6 ³ 0.052 ³ 0.27
3.390 1032 ³ 0.8 ³ 0.031 ³ 0.16
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Table 4. Effect of VA-212 and nitrate ion concentrations on rhenium recovery ([Re]i = 1.0701035 M)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

[NO3
3]i ³ [Re]f 0 105 ³ Degree of ³ º [NO3

3]i ³ [Re]f 0 105 ³ Degree of ³
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´ ³ ÇÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´ ³³ rhenium re- ³ K º ³ rhenium re- ³ K

M ³ covery, % ³ º M ³ covery, % ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

[PE] = 1.0 g dm33 º [PE] = 2.0 g dm33

º0.1 ³ 0.401 ³ 62.5 ³ 47.4 º 0.1 ³ 0.218 ³ 79.6 ³ 53.6
0.2 ³ 0.641 ³ 40.1 ³ 38.7 º 0.2 ³ 0.423 ³ 60.5 ³ 43.5
0.3 ³ 0.779 ³ 27.2 ³ 32.6 º 0.3 ³ 0.555 ³ 48.1 ³ 40.0
0.5 ³ 0.852 ³ 20.4 ³ 29.9 º 0.5 ³ 0.657 ³ 38.6 ³ 36.4

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

We also studied the effect of PE and nitrate ion
concentrations on Re(VII) distribution between the
precipitate and solution at coagulation of VA-212
(Table 4). The polyelectrolyte is precipitated in the
form of nitrate. The precipitate captures trace amounts

Fig. 1. Correlations of (a)CSO4
23

/Ct
SO4

23
and (b)CCl3/Ct

Cl3

with CNO3
3

/Ct
NO3

3

.

Fig. 2. VA-212 capacityE for rhenium(VII) vs. the Re(VII)
concentration in the solutionC. [PE] = 2 g dm33. Co-
ncentration of nitrate ions (M): (1) 0.1, (2) 0.2, (3) 0.3,
and (4) 0.5.

of ReO4
3 ions. The equation of the reversible ex-

change of the perrhenate ions between the solution
and the precipitated (as nitrate) polyelectrolyte is as
follows:

Solution Solution
ReO4 + [R4N]NO3 [R4N]ReO4 + NO3 ,

_
4

6

_

Precipitate PrecipitateSolution Solution
ReO4 + [R4N]NO3 [R4N]ReO4 + NO3 ,

_
4

6

_

Precipitate Precipitate
(1)

where R is the hydrocarbon skeleton of PE.

The concentration equilibrium constant for reac-
tion (1) can be presented as follows:

[ReO4 ]PE[NO3 ]f
_ _

K = 7777777 ,
[ReO4 ]f [NO3 ]PE

_ _
[ReO4 ]PE[NO3 ]f

_ _

K = 7777777 ,
[ReO4 ]f [NO3 ]PE

_ _ (2)

where [ReO4
3]f and [NO3

3]f are the concentrations of
the perrhenate and nitrate ions in the solution after
separation of the PE precipitate (M) and [ReO4

3]PE, and
[NO3

3]PE are the concentrations of the perrhenate and
nitrate ions in the phase of the PE precipitate (molg31).

Assuming that the coagulated polyelectrolyte cap-
tures anions from the solution in amounts corres-
ponding to the number of PE quatertiary ammoni-
um groups (Cq = 3.4 mg-equiv g31), we can trans-
form Eq. (2) into

K = 77777777 77777777 ,
[ReO4 ]i

_ [ReO4 ]f
[ReO4 ]c

_ _

_
[NO3 ]i

_ Cq[PE]
_

Cq[PE]
K = 77777777 77777777 ,

[ReO4 ]i
_ [ReO4 ]f

[ReO4 ]c

_ _

_
[NO3 ]i

_ Cq[PE]
_

Cq[PE]
(3)

where [ReO4]i and [NO3
3]i are the concentrations of

the perrhenate and nitrate ion in the solution before
introduction of PE (M), and [PE] is the concentration
of PE introduced into the solution (g dm33).

The degree of Re(VII) recovery and ion-exchange
constants are listed in Table 4 in relation to the con-
centrations of PE and nitrate ions. TheK values
calculated by Eq. (3) are of the same order of mag-
nitude. A small decrease inK with increasing NO3

3

concentration and decreasing PE concentration is
probably due to a change in the activity coefficients
of ions involved in the ion-exchange reaction both in
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solution and in the PE precipitate phase. The average
concentration constant of ion exchangeK = 40.3+ 7.3
shows that the recovery of ReO4

3 by coagulation of
VA-212 cationic polyelectrolyte under the action of
nitrate ions is highly selective.

We obtained isotherms of Re(VII) sorption by the
precipitated PE. Figure 2 shows the dependences of
PE exchange capacity with respect to rheniumE on
the Re(VII) concentration at different concentrations
of NO3

3 ions. They are linear within the range of
Re(VII) concentrations studied (0.5310 mg dm33).
The obtained exchange capacities show that rhenium
is concentrated by a factor of 2003400 in recovery of
perrhenate ions with VA-212 polyelectrolyte, depend-
ing on the nitrate ion concentration.

CONCLUSION

The possibility of selective concentration of
Re(VII) from nitrate-containing solutions with VA-
212 water-soluble cationic polyelectrolyte was demon-
strated.
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Abstract-The effect of anthracite pretreatment on the production of activated carbons and increase in
the specific porosity of the resulting adsorbent was studied.

Production of new types of activated carbons is
an urgent problem owing to the growing demand for
carbon adsorbents for water treatment, purification of
drinking water, recovery of solvents, and decontam-
ination of gases released by chemical, metallurgical,
and fuel-producing plants. Among starting materials
used for production of activated carbons, anthracite
shows much promise owing to the inexhaustible re-
sources, low cost, high carbon content, and low con-
tent.

However, it should be noted that anthracite has
low reactivity, which is due to the high degree of
metamorphism of this type of coal (fairly well ar-
ranged supramolecular structure with the short- and,
partially, long-range order of the carbon lattice). This
is the reason why all attempts to develop fairly effi-
ciently its porous structure and to produce adsorbents
with high specific characteristics of porosity by direct
activation have, as a rule, failed.

A number of treatments preceding steam-gas acti-
vation of anthracite have been proposed for the de-
velopment of porosity of the final product. For exam-
ple, Bessant and Walker [1] and Walker and Almargo
[2] proposed a two-stage process including prepyrol-
ysis of anthracite in an N2 flow at 8503950oC and
then activation proper with carbon dioxide. This pro-
cedure yields samples with fairly high specific surface
area, reaching 1800 m2 g31.

It is believed that the porosity of activated carbons
is governed to a large extent by their pretreatment
preceding the activation. For example, Parra and co-
workers [3, 4] showed that preoxidation of carbons
with atmospheric oxygen is one of the most important
pathways for producing high-quality sorption materi-
als. In this oxidation, a transport porous structure is
formed, which facilitates the activation [5, 6].

A procedure including treatment of anthracite with
chemical activators is also known [7]. For example,
anthracite was activated with steam at 8503900oC
up to combustion loss of 10320%, and an intermedi-
ate product with a specific surface area of 770 m2 g31

was obtained. Then, carbon was impregnated with
aqueous solution of NaOH, Na2CO3, or Na2SO4, dried,
and calcined at 8503910oC. The residue was washed
with water and dilute sulfuric acid. The remaining car-
bon was additionally activated with steam at 750oC,
and mesoporous activated carbon with specific pore
surface area of 900 m2g31 was obtained.

Based on the above procedures of anthracite acti-
vation, it was appropriate to carry out a pretreatment
of the initial raw material, including combination of
the above procedures.

The aim of this work was to study the effect of
anthracite pretreatment on its activation with steam,
with the aim to raise the reactivity of highly meta-
morphozed material with respect to oxidizing gases
in gasification.

As a starting material we used anthracite of brand
A.1 The chemical composition of the main compo-
nents of the initial raw material was as follows:Ac =
435%, Vdat = 637%, andCdaf = 95%. The particle
size of anthracite was 0.2531.0 mm; the initial volume
of sorption pores with respect to benzene, less than
0.01 cm3 g31; and the bulk density, 0.9 g cm33.

The pretreatment included a series of operations.
Initially, the starting material was activated with
steam at 900oC up to combustion loss of 30%. Then,
the samples were oxidized with moistened air at 2703

ÄÄÄÄÄÄÄÄÄÄ
1 Dolzhenskaya Kapital’naya Mine, Sverdlovantratsit Produc-

tion Association, Donetsk Field.
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300oC until a static exchange capacity (SEC) of 0.53

1.0 mg-equiv g31 was reached. It was assumed that
this oxidation of anthracite surface must facilitate
the subsequent pretreatment process involving incor-
poration of [wedging] ions into the anthracite struc-
ture by the ion exchange [8]. Oxidized anthracite
was impregnated with a solution of chemical activator
(sodium nitrate) and dried at 1203130oC for 233 h.
The anthracite samples impregnated with a solution
of alkali metal compound were repeatedly activated
with steam at 900oC up to combustion loss of 80%.
The steam flow rate was 0.1 l h31, which provided
a 839-fold excess with respect to the reaction stoichi-
ometry.

To confirm the effect of anthracite pretreatment on
the activation process, we directly activated in par-
allel the initial (untreated) sample at the same tem-
perature and the same steam flow rate.

At all stages of the study we carried out poro-
metric monitoring of the samples by measuring the
volume of sorption pores with respect to benzene
Ws [9]. At the oxidation stage, we also determined
the static exchange capacity SEC from the sorption
of 0.1 N NaOH. At the preliminary and final stages
of activation, we determined the weight and volume
yields of the sample (Rm and Rv), bulk densityD,
and the combustion lossw. The errors did not exceed
2 rel.%.

The specific surface area was measured with a
Quantochrome Autosorb Automated Gas Adsorption
System (United Kingdom).

The activation of anthracite by the above proce-
dure produced microporous carbons. This is suggested
by the isotherm of nitrogen adsorption on activated
carbons subjected to thermochemical treatment. This
isotherm has a shape typical of microporous adsor-
bents (Fig. 1). The calculated specific surfacearea
reaches 820 m2 g31.

A kinetic study of the combustion loss for the
anthracite samples showed that the pretreatment con-
siderably accelerates gasification of the samples (see
table). It is seen from the data listed in the table that

Fig. 1. Isotherm of nitrogen adsorption on activated car-
bon produced from anthracite subjected to thermochemical
treatment. (Ws) Pore volume, and (P/P0) relative pressure.

Fig. 2. Parameters of activated carbons produced from
anthracite by (1) the standard scheme and (2) the mod-
ified scheme vs. combustion lossw . (Rm/Rv) Activation
index, (Ws) volume of sorption pores with respect to ben-
zene, (D) bulk density, and (WsD) bulk porosity.

the maximum of combustion loss is reached in 6.5 h
with direct activation and in 3 h with the thermochem-
ical pretreatment, which is important from the stand-
point of processing, since it allows the maximum pore
formation to be achieved in a shorter time interval.

Figure 2 shows how the parameters of carbon sor-
bents produced by activation of the initial anthracite

Combustion loss for samples obtained at various activations of the initial anthracite
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
Activation ³ t, h ³ w, % º Activation ³ t, h ³ w, %
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

Direct ³ 0 ³ 0 º With thermochemical treatment³ 0 ³ 0
³ 2 ³ 29.7 º ³ 2 ³ 29.7
³ 3 ³ 41.7 º ³ 2.25 ³ 46
³ 5 ³ 62.7 º ³ 2.5 ³ 60.7
³ 6 ³ 67.5 º ³ 3 ³ 82.4
³ 6.5 ³ 79.4 º ³ ³

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
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with pretreatment and by direct activation depend on
the combustion loss. The dependence of the activation
index Rm/Rv on the combustion loss (Fig. 2a) shows
that thermochemical treatment of anthracite samples
does not complicate the activation process. The gas-
ification process is the same as that in direct activa-
tion. In both cases, the process occurs smoothly and
is practically optimal, with strong prevalence of pore
formation (line A) over combustion (line C).

Of some interest are data presented in Fig. 2b, in
which the dependence of the sorption pore volume
with respect to benzeneWs on combustion loss is
shown. The curves coincide up to a combustion loss
of 29.7%, since for both samples the initial process
is direct activation. Then, one of the samples is sub-
jected to thermochemical treatment, and the activation
is continued. This action affects the subsequent sec-
ond stage of activation, so that higher values ofWs
at the same combustion loss are attained (curve2).
At maximum combustion loss equal to 80% in direct
activation, the largest attainable sorption pore volume
with respect to benzene is 0.35 cm3 g31; in this case,
the bulk density reaches 0.32 g cm33. In activation
of anthracite samples subjected to thermochemical
pretreatment, the largest attainable value ofWs is
0.44 cm3 g31 at the same bulk density.

The dependence of the bulk densityD on the com-
bustion loss is linear in both cases (Fig. 2c), and the
lines practically coincide. Taking into account that
the dependences of the activation index on the com-
bustion loss completely coincide for both samples, we
can conclude that this coincidence is not occasional.

The dependences of the bulk porosityWsD on
the combustion loss (Fig. 2d) are somewhat different
for the samples subjected to direct activation with
thermochemical pretreatment. Such a modified sample
has a great resource of capacity to form the[sorption
potential.] In other words, it is likely that pretreat-
ment of anthracite affects not only the activation rate
but also the development of porous structure, presum-

ably owing to an increase in the number of meso- and
micropores.

CONCLUSIONS

(1) Combined anthracite activation by thermo-
chemical treatment somewhat improves the porous
structure of the matrix.

(2) The main advantage of the improved proce-
dure of anthracite activation is the intensification of
the final stage; in this case, the activation rate con-
siderably increases (by a factor of 2).

(3) Our study reveals new potentialities for pro-
duction of carbon adsorbents even from such highly
metamorphozed material as anthracite.
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Abstract-The influence of current density and temperature on crystal grain size in electroplating of mo-
lybdenum carbide from tungstate3molybdate3carbonate melts was studied. The initial stages of molybdenum
carbide electrocrystallization from tungstate3molybdate3carbonate melts at 7503900o on different substrates
were studied by the method of galvanostatic switch-on curves andin situ microstructural analysis.

Electrodeposition of molybdenum carbide coatings
from tungstate3molybdate3carbonate melts [1, 2] is
a more advanced method than plating from halide3
oxide electrolytes [3, 4]. Pure oxide melts allow use
of a wider variety of substrates than halide3oxide
melts do (in this case, steels of various brands can be
used in addition to graphite, copper, nickel, molyb-
denum, and tungsten). They do not require any pro-
tective atmosphere, open up possibilities of using
open electrolytic baths, and give much thicker coat-
ings (up to 200mm).

It has been established [5] that in a wide range
of cathode current densities the phase overvoltage
depends on current density logarithmically, similarly
to the Tafel dependence:

h = a + blog i. (1)

Analysis of the data reported in [6313] shows that
the values of the coefficientsa and b vary widely
between different electrode3deposited metal3electro-
lyte systems:a = 403230 mV andb = 10385 mV.
The coefficienta decreases with increasing tempera-
ture or concentration of the deposited metal in the
melt. These dependences are accounted for by the fact
that the interaction between the metal and the sub-
strate becomes stronger at higher temperatures.

In the case when dilute solutions of a salt of the
metal being deposited are subjected to electrolysis
in a melt, the growth rate of a crystal nucleus is

determined by diffusion of discharging ions to its
surface. The number of crystals being formed was
determined by the authors of [5] by calculating in
a quasi-stationary approximation the rate of substance
transfer to the growing nucleus with the use of the
equation of transient diffusion toward a continuously
expanding semi-sphere:

Z = 7777777777 = K 7777

z5/2V1/2D3/2C3/2 C1/2
h

3

T3/2 i3/2

h
3

,
2.30 1012K3 T3/2 i 3/21/2

0 c

(2)

where K3 = W*h2/KT is a parameter independent of
the overvoltage (W is the work of nucleus forma-
tion), T the melt temperature,i the cathode current
density, z the ion charge of the metal being plated,
V the molar volume of the metal being deposited,
D the diffusion coefficient of an ion being discharged,
C0 the concentration of discharging ions in the melt
volume, Cc the cathode capacitance, andh the max-
imum overvoltage.

As seen from Eq. (2), the number of crystals is af-
fected by the crystallization overvoltage, tempera-
ture, and cathode current density. Analysis of exper-
imental studies [6313] shows that in the galvanostatic
mode the number of forming nuclei as a function of
the cathode current density can be found using the
empirical equation

Z = K i n, (3)

where n is within 131.25.
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Fig. 1. Composition diagrams of the cathodic products
of the systems (a) Na2WO43Li2MoO43Li2CO3 and
(b) Na2WO43MoO33LiCO3. T 1173 K; cathode3C, Ni,
and Cu; anode3graphite; ic = (5.037.5)0 1032 A cm32.
(a) (1) No deposit, (2) C powder, (3) Mo coating, (4) Mo2C
coating, and (5) WC powder. (b) (1) No deposit, (2) C pow-
der, (3) Mo coating, (4) Mo2C coating, (5) Mo2O coating,
(6) Na2MoO3 bronzes, and (7) WC powder.

Fig. 2. (a) SEM microgram of the surface of molybdenum
carbide coating electrodeposited from the melt Na2WO43

5 mol % Li2MoO435 mol % Li2CO3 and (b) its enlarged
fragment.T = 1173 K, ic = 0.075 A cm32. Magnification
3410.

This is in good agreement with the theoretical
Eq. (2). The decrease in the amount of forming nuclei
leads to increasing crystal size [5]:

L = Z31/2. (4)

Thus, the amount of the nuclei grows with increas-
ing cathode current density. All the coefficients of
Eq. (2), combined into the constantK, are tempera-
ture-dependent. However, the effect of temperature
on the coefficients of ion diffusion in the melt is
the strongest, and the number of the nuclei decreases
with increasing temperature. The amount of deposited
nuclei is larger and the crystal sizes are smaller at low-
er temperatures and higher cathode current densities.

EXPERIMENTAL

It was reported in [1, 2] that plated coatings of
molybdenum carbide can be, in principle, electrode-
posited from oxide melts. The results obtained in
studying the cathodic products of tungstate3molyb-
date3carbonate melts are represented in more detail
in composition diagrams of the cathodic products
(Figs. 1a and 1b). Molybdenum carbide coatings are
deposited from the Na2WO43Li2MoO43Li2CO3 elec-
trolyte when the concentrations of lithium molybdate
and lithium carbonate are equal (to within 2.5 mol %)
and do not exceed 20325 mol %. The deposit contains
carbon, molybdenum, and carbide at lower lithium
molybdate concentrations, and molybdenum oxides
at higher concentrations. At lower concentrations of
lithium carbonate, the deposit mainly contains mo-
lybdenum, with free carbon predominantly deposited
at higher concentrations. A more accessible industrial
reagent-source of molybdenum, is its oxide. With
molybdenum oxide used as a source of molybdenum,
an approximately two times higher amount of lithium
carbonate is needed as compared with the case of
lithium molybdate.

Continuous molybdenum carbide coatings were ob-
tained at 107331223 K and current densities of up to
0.5 A cm32. At temperatures below 1073 K and cur-
rent densities exceeding 0.5 A cm32, a finely dispersed
molybdenum carbide powder was obtained with spe-
cific surface area of up to 30 m2 g31. Uniform and
absolutely non-porous coatings with good adherence
were deposited from the Na2WO435 mol % MoO33
10 mol % Li2CO3 electrolyte at current densities rang-
ing from 0.01 to 0.10 A cm32 at 1173 K. In the cur-
rent density range under study, the deposition rate is
5325 mm h31, the current efficiency by molybdenum
carbide in the form of a coating reaches 80%, and
the coating are as thick as 100mm. The effect of tem-
perature and cathode current density on the crystal
grain size in electroplating of molybdenum carbide
was studied in the melt Na2WO435 mol % Li2MoO43
5 mol % Li2CO3 at 8003950oC and cathode current
densities of 0.0230.15 A cm32. The amount of elec-
tricity remained constant in all the runs (0.075 A h). Af-
ter being washed with distilled water under identical
conditions, the deposits were studied on a Stereo-
scan S-4 scanning electron microscope. The grain
size was determined as the arithmetic mean of 503
100 grains. The outward appearance of a coating is
presented in Fig. 2.

With the temperature raised from 800 to 950oC,
the average grain size grows from 11.3 to 17.8mm
at the same cathode current density (0.075 A cm32).
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The influence of temperature and cathode current den-
sity is demonstrated in Fig. 3. Theaverage grain
size increases from 13.5mm at a current density of
0.15 A cm32 to 19.6 mm at 0.02 A cm32).

It has been shown that epitaxial deposition of mo-
lybdenum carbide onto a substrate occurs in electro-
deposition of the carbide from tungstate3carbonate
melts [14]. The grain size can be reduced by applying
a current pulse at the beginning of electrolysis or
by using the reverse electrolysis mode. The pulsed
current was produced by a special generator of rect-
angular pulses. The dc current density at the cathode
was 7.50 1032 A cm32 in all the runs.

Application of a cathodic pulse at the beginning of
electrolysis makes the deposit grains finer. For ex-
ample, when a pulse with amplitude of 30 A cm32 and
40350-ms duration is applied, the grain size changes
from 10314 to 335 mm. Presumably, a slight, from
1860 to 1990 kgs mm32, increase in microhardness
can be attributed to the finer grain structure of the de-
posit. An X-ray study showed that the initial pulses
with amplitude of up to 30 A cm32 have no effect
on the deposit orientation. Irrespective of an initial
pulse, the molybdenum carbide deposit has a (110)
structure. In this case, only the layer defectiveness
grows on applying pulses of this amplitude because
of the formation of new metal nuclei on each grain
of the deposit. When the pulse amplitude exceeds
50 A cm32, the deposits become spongy and weakly
adherent to the surface. Presumably, this means that
the near-cathode layer of the electrolyte is virtually
completely depleted of bimolybdate and carbonate
ions. In this case, the deposit properties can be ex-
plained by secondary reduction of Mo2O7

23 and CO3
23

ions by sodium atoms deposited on the cathode by
the primary reaction and diffusing away from it.

Use of the reverse electrolysis mode yielded coat-
ings with less coarsely crystalline structure and thick-
ness increased up to 200mm. The optimal parameters
are as follows:tc /ta = 20340, the anodic period dura-
tion 0.532.0 s, and the anode current density 0.153
0.50 A cm32. The main features of metal electrocrys-
tallization from molten salts, including nucleation at
the cathode, kinetics of electrode processes, micro-
distribution of the current, and structure of cathodic
deposits, were established in [5, 10, 11]. The electro-
crystallization in electrochemical synthesis has been
studied to a considerably lesser extent. The electro-
crystallization of tungsten oxide and molybdenum ox-
ide bronzes was studied in [15, 16]. Published data
on the electrocrystallization of molybdenum carbide
are virtually lacking. This problem was investigated

Fig. 3. Crystal grain sizeh vs. temperatureT and cathode
current densityi for electrodeposition of molybdenum car-
bide in (1, 2) conventional galvanostatic and (3) reverse
modes.

Fig. 4. MicrohardnessH vs. cathodic pulse amplitudeiA.

by means of electrochemical methods for studying
phase formation, combined with a simultaneous micro-
structural analysis of the substrate surface and elec-
trolysis products being formed.

The employed experimental setup included an elec-
tric-resistance crucible furnace with a platinum heater,
a complex for measuring galvanostatic switch-on po-
tential3time curves, and a microstructure analyzer
based on an MBS-9 microscope. The measurements
were performed in a three-electrode cell. A platinum
crucible served as the anode and melt reservoir. As
the working electrode was used platinum, molybde-
num, or glassy carbon microelectrode 0.531.0 mm in
diameter sealed in quartz glass. A platinum3oxygen
electrode Pt, O2³Na2WO430.2 WO3 in air served
as reference. The reversibility of such an electrode in
oxide melts was demonstrated in [17319].

The shape of the upper part of the oscillogram de-
scribing the variation of the platinum electrode poten-
tial on switching-on dc current indicates (by the pres-
ence of a characteristic peak) that crystallization over-
voltage exists at the onset of molybdenum carbide
formation. A quantitative estimate of the phase over-
voltage yields a value of 8340 mV for silver elec-
trodes at 102331123 K.
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Microstructural analysis of the dynamics of growth
of the new phase shows that a great number of crystal-
lization centers are formed at the beginning of the
process. Then, separate crystals grow and merge into
a continuous layer with the formation of a plane crys-
tallization front. Slight depolarization is observed in
the switch-on curve. To ascertain its origin, we stud-
ied the electrocrystallization of individual components
of the compound being synthesized.

Comparison of the molybdenum phase formation
from a Na2WO43K2WO4(1 : 1)3Li2MoO4(5 mol %)
melt and of molybdenum carbide from a similar melt
with addition of lithium carbide shows similarity of
their E3t curves. A slight depolarization preceding
the main process can be attributed to the formation of
platinum and molybdenum intermetallides [20, 21].
This result is indirectly confirmed by the change in
the substrate color, observed visually at the beginning
of polarization. The nucleation of molybdenum crys-
tals occurs similarly to electrocrystallization of met-
als from molten salts. The crystallization centers ap-
pear solely at the beginning of the process, which
corresponds to the peak in the switch-on curve, and
then grow [5]. The phase overvoltages and the inter-
vals of time in which the maximum nucleation over-
voltage is reached under the identical plating condi-
tions are well comparable for molybdenum and its car-
bide. However, the duration of the metastable state
(i.e., the width of the overvoltage peak) is two times
longer in the case of carbide formation, compared
with that when the metal phase is formed.

No pure carbon is deposited from the tungstate3
molybdate melt at 900oC owing to the formation of
carbides. Carbon powders badly adherent to the elec-
trode surface can be obtained on lowering the tempe-
rature to 750oC. No overvoltage peaks were observed
in the E3t curve upon carbon deposition. This experi-
mental fact suggests that there is no crystallization
overvoltage in carbon deposition.

Thus, to a first approximation, the electrocrystal-
lization of molybdenum carbide resembles crystalli-
zation of both molybdenum and carbon. On the one
hand, similarly to electrodeposition of elementary car-
bon, nucleation of a great number of crystallization
centers of molybdenum carbide occurs virtually over
the entire substrate surface. On the other hand, forma-
tion of the Mo2C phase requires a certain supersatura-
tion, which corresponds to the phase overvoltage in
electrocrystallization of pure molybdenum.

We studied the influence of the current density and
temperature on the initial stages of electrocrystalliza-

tion of molybdenum carbide. For example, changing
the current density from 50 1033 to 0.10 A cm32 al-
ters not only the phase composition of the obtained
product, but also the nature of electrocrystallization
in the initial stage. With the current density raised
further, formation of lithium oxide also occurs
along with the growth of Mo2C layers. When the Li2O
solubility in the near-electrode region reaches the lim-
iting value, the surface of the carbide deposit is pas-
sivated via blocking by lithium oxide. This affects
the stability of the plane crystallization front and re-
sults in the deposition of a carbide powder, especially
at lower temperatures. The performed study demon-
strated that the temperature of electrodeposition is
the most important parameter determining whether or
not molybdenum carbide crystallizes as a continuous
deposit.

Interesting results were obtained in studying the
nucleation of the molybdenum carbide phase on glassy
carbon. In equilibrium conditions, the following redox
processes occur at the glassy carbon |melt interface:

C + CO3
23 = 2CO + O23, (5)

C + CO2 = 2CO. (6)

Gaseous carbon oxides are well sorbed by the sub-
strate. The shape of the switch-on curves shows that
electrochemical synthesis is unstable immediately af-
ter the dc current is switched on. It is interesting to
note that synthesis of molybdenum carbide occurs on
the surface of CO and CO2 bubbles sorbed by the elec-
trode and acting as a source of carbon.

In conclusion, we present some considerations con-
cerning the mechanisms of electrochemical synthesis
of molybdenum carbide. In the bulk of the Na2WO43
K2WO4 melts containing Li2CO3 and Li2MoO4, there
occur the following equilibria [1, 2]:

CO3
23 + xLi+ = (Lix

+CO3
23)x32 = LixO

x32 + CO2, (7)

MoO4
23 + xLi+ = (Lix

+ MoO4
23)x32. (8)

On switching on the electrode current, carbon di-
oxide and molybdate ion discharge simultaneously
with the deposition of carbon and molybdenum atoms.

2CO2 + 4e = C + 2CO3
23, (9)

(Lix
+ MoO4

23)x32 + 6e = Mo +x/2Li2O + (4 3 x/2)O23. (10)

Then, carbon and molybdenum atoms interact at
the electrode to form Mo2C.
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CONCLUSION

A study of the influence exerted by the current
density and temperature on the crystal grain size in
electrodeposition of molybdenum carbide from tung-
state3molybdate3carbonate melts revealed the exist-
ence of a crystallization overvoltage in nucleation
of molybdenum carbide.
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Abstract-Basic requirements to the physicochemical and texture properties of supports for hydrorefining
catalysts are formulated. Methods have been developed for synthesizing supports and hydrorefining catalysts
with the use of kaolin, bentonite, and regenerated zeolites.

Aluminocobalt- or aluminonickel3molybdenumcat-
alysts are widely used in the world practice as hy-
drorefining catalysts [1, 2]. These catalysts are synthe-
sized by coprecipitation of the components or impreg-
nation of a pretreated support with solutions of salts
of the active components. However, in virtually all
technologies of oil refining and gas processing, the
main kinds of the employed catalysts are imported.
The possibility of large-tonnage manufacture of these
catalysts is limited in the first place by the lack of
domestic aluminum hydroxide or oxide, whose con-
tent in finished catalysts may be as high as 85%. In
this connection, the aim of the present study was to
analyze the possibility of preparing nickel3molybde-
num catalysts for hydrodesulfirization of natural gas
and hydrorefining of various fuel fractions on a sup-
port produced with the use of domestic raw materials:
Angren kaolin, Keles bentonite, and spent zeolite-
a waste formed in natural gas purification to remove
hydrogen sulfide.

EXPERIMENTAL

The supports were produced as follows: a thor-
oughly ground raw material was used to prepare a
homogeneous paste formed into cylinders 5 mm in
diameter and 537 mm long. The obtained granules
were successively dried and calcined at 5503600oC.
Catalyst samples were obtained by successive impreg-
nation of the supports with solutions of nickel ni-
trate and ammonium paramolybdate (NH4)6Mo7O24.
The catalyst activity was tested on flow-through lab-
oratory and pilot installations, with, respectively, 2.0
and 50.0 cm3 of catalyst charged. Diffuse reflection
(DR) spectra were measured on a HITACHI-330 in-
strument with a DR attachment.

It should be noted that, in replacing aluminum
oxide or hydroxide, the raw material used must pos-
sess the necessary set of physicomechanical proper-
ties: hydrophilicity and properties ensuring production
of a homogeneous and well-formable paste. Moreover,
the granules of the obtained support must have, upon
calcination, the required strength and low wearability.
In addition, for catalyst preparation by impregnation,
these granules must also have a total porosity enabl-
ing introduction of the necessary amount of impreg-
nating solutions. No less important are the acid3base
properties of the surface structures of a support. The
obtained supports must not have too high acidity.
Otherwise, cracking of the hydrocarbon raw material
will proceed concurrently with the hydrogenolysis of
sulfur-containing compounds, making lower the pro-
duction output and leading to catalyst caking. The
performed analysis allowed formulation of the basic
requirements to how new supports for hydrorefin-
ing catalysts are to be chosen. The hydromechanical
characteristics of the synthesized catalyst samples
are presented in Table 1.

As indicated by the obtained data, supports pre-
pared from pure kaolin and bentonite have the highest
mechanical strength, but relatively low specific sur-
face area and water absorption capacity. The highest
values of these latter were obtained for a sample
of regenerated zeolite and its mixture with alumi-
num hydroxide. At the same time, the introduction
of aluminum hydroxide into the bentonite and kaolin
supports in a 1 : 1 ratio led to an increase in the spe-
cific surface area from39.5 and 46.2 to 65.6 and
100.4 m2 g31 and in water absorption capacity from
21.4 and 23.1 to 63.6 and 63.0%, respectively.

It can be seen from the presented results that phys-
icomechanical characteristics of support samples N-4,
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Table 1. Physicomechanical properties of the obtained support samples*

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
Support³ Raw material used ³ Peptizing agent³ Tc, oC ³P, kg/granule³ r, kg dm33 ³ Ssp, m2 g31 ³ W, %
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

N-1 ³ Al (OH)3 ³ NH4OH ³ 600 ³ 4.85 ³ 0.467 ³ 184 ³ 93.0
N-2 ³ Kaolin ³ HNO3 ³ 600 ³ 5.3 ³ 0.917 ³ 6.2 ³ 23.1
N-3 ³ Bentonite ³ HNO3 ³ 600 ³ 8.2 ³ 0.863 ³ 39.5 ³ 21.4
N-4 ³ Kaolin + Al(OH)3 ³ NH4OH ³ 600 ³ 4.73 ³ 0.575 ³ 100.4 ³ 63.0

³ ³ HNO3 ³ ³ ³ ³ ³
N-5 ³ Bentonite + Al(OH)3 ³ NH4OH ³ 600 ³ 3.00 ³ 0.520 ³ 65.6 ³ 63.6

³ ³ NHO3 ³ ³ ³ ³ ³
N-6 ³ Regenerated zeolite³ HNO3 ³ 500 ³ 3.9 ³ 0.71 ³ 482.0 ³ 47.0

³ RK-38 ³ ³ ³ ³ ³ ³
N-7 ³ Regenerated zeolite³ HNO3 ³ 500 ³ 5.50 ³ 0.490 ³ 286.0 ³ 79.4

³ RK+Al(OH)3 ³ ³ ³ ³ ³ ³
N-8 ³ Regenerated zeolite³ HNO3 ³ 500 ³ 3.7 ³ 0.560 ³ 240.1 ³ 45.5

³ RK + kaolin ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Tc is the calcination temperature,P the mechanical strength against crushing along the generatrix,r the bulk density,

Ssp the specific surface area, andW the water absorption capacity.

Table 2. Activity of nickel3molybdenum catalyst samples in AMC hydrogenolysis (G 5000 h31)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Support
³ AMC conversion (%) at indicated temperature,oC
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ 200 ³ 225 ³ 250 ³ 300 ³ 350 ³ 380

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
N-4 ³ 45.7 ³ 80.5 ³ 97.8 ³ 98.4 ³ 99.5 ³ 99.8
N-6 ³ 3 ³ 58.9 ³ 67.1 ³ 98.3 ³ 98.3 ³ 99.3
N-7 ³ 33.6 ³ 74.4 ³ 87.5 ³ 97.6 ³ 99.8 ³ 99.8
N-8 ³ 3 ³ 63.7 ³ 70.2 ³ 98.3 ³ 99.6 ³ 99.8
KND-46 ³ 80.5 ³ 90.9 ³ 96.0 ³ 99.3 ³ 99.4 ³ 99.5
Rhone-Poulenc ³ 88.6 ³ 96.5 ³ 96.5 ³ 99.5 ³ 99.6 ³ 99.8
ACM catalyst ³ 26.3 ³ 78.0 ³ 88.0 ³ 98.9 ³ 99.3 ³ 99.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

N-6, N-7, and N-8 satisfy requirements to catalyst
supports. Therefore, the obtained supports were used
to prepare by impregnation nickel3molybdenum cat-
alysts containing (%): 14 active components, 10.5
MoO3, and 3.5 NiO. For comparison, catalysts were
also synthesized on imported supports KND-46 (Japan)
and Rhone-Poulenc (France). The activities of the syn-
thesized catalysts were tested on a flow-through lab-
oratory installation in a model reaction of amylmer-
captan (AMC) hydrogenolysis. The obtained results
are presented in Table 2.

As seen from the data in Table 2, at temperatures
higher than 300oC all the synthesized catalysts dif-
fer in activity only slightly and compare well with
the catalysts obtained on imported supports and with
the aluminocobalt3molybdenum catalyst AKM (Rus-
sia). Differences in activity start to appear at pro-
cess temperatures lower than 300oC. In this case,

the highest activity is observed for catalyst samples
synthesized on Rhone-Poulenc and KND-46 supports.
The lowest activity is exhibited by catalyst samples
prepared using regenerated zeolite RK-38 (N-6) or
its mixture with kaolin (N-7) or bentonite (N-8).
Comparison of the data in Tables 1 and 2 shows that
the zeolite much exceeds in specific surface area the
Rhone-Poulenc (210 m2 g31) and KND-46 (195 m2 g31)
supports. Therefore, this parameter cannot account for
the observed low activity of the catalyst on the zeolite
support. In this connection, an assumption was made
that this fact may be related to formation of active
centers in catalysts based ong-Al2O3 and highly crys-
talline Al3Si zeolite.

It is known that a number of nickel-aluminum
structures are not revealed by X-ray analysis owing to
the low temperature of their calcination (4503550oC)
and the nonstoichiometric NiO/Al2O3 ratio. Spinel



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

968 ARTUKOVA et al.

Spectra of diffuse reflection, 13 R
i

, from nickel3molyb-
denum catalysts on different supports. (l) Wavelength.
(1) Al2O3 and (2) RK-38 zeolite.

structures formed through incorporation of nickel ions
into tetrahedral voids ing-Al2O3 are commonly iden-
tified using DR spectra [335]. The DR spectra of the
catalyst samples, measured in this connection in the
range 4003750 nm, are presented in the figure. It can

Table 3. Activity of a sample from the pilot batch of
the ANM-2/1-1 catalyst (G 7500 h31)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³ AMC conversion (%) on indicated catalyst
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ ANM-2/1-1 ³ AKM ³ TK-550

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
250 ³ 58.3 ³ 57.0 ³ 59.1
275 ³ 68.6 ³ 67.3 ³ 70.8
300 ³ 87.1 ³ 85.9 ³ 86.8
350 ³ 91.5 ³ 90.3 ³ 90.9
400 ³ 99.6 ³ 99.8 ³ 99.7

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Activity of catalysts in hydrorefining of high-sul-
fur gas condensate (P = 2.0 MPa,C = 0.79 wt %,Vcat =
50.0 cm3, G = 2.0 h31)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Catalyst
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ANM-2/1-1³ AKM ³ TK-550

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
Granule diameter, mm³ 334 ³ 334 ³ 435
Bulk density, kg m33 ³ 7503860 ³7003800³7003800
Chemical composition,³ ³ ³
wt %: ³ ³ ³

NiO ³ 3.5 ³ 3 ³ 3
CoO ³ 3 ³ 4.5 ³ 4.0
MoO3 ³ 10.5 ³ 12.4 ³ 16.0

Degree of raw material³ ³ ³
desulfurization (%) ³ ³ ³
at indicated tempera-³ ³ ³
ture, oC: ³ ³ ³

300 ³ 65.0 ³ 67.0 ³ 70.0
325 ³ 67.3 ³ 68.8 ³ 71.2
350 ³ 69.6 ³ 72.0 ³ 80.0
375 ³ 80.5 ³ 81.3 ³ 88.7
400 ³ 89.3 ³ 90.0 ³ 92.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

be seen that the spectra of the synthesized samples
contain the following sets of bands (nm): zeolite cat-
alyst, 430, 490, and 720; catalysts with Rhone-Poulenc
and KND-46 supports, 430, 550, 600, 635, and 730.
Both sets of bands have been identified in the litera-
ture. The bands at 550, 600, and 635 nm are the most
characteristic of a nickel-aluminum spinel, and those
at 430, 490, and 720 nm, of nickel molybdate.

Thus, the use of supports with varied chemical na-
ture leads to different surface and bulk structures of
nickel and molybdenum compounds. On the zeolite
and a mixture of the zeolite with kaolin predomi-
nates reaction between the active components to give
NiMoO4. On aluminum oxide or hydroxide supports,
nickel-aluminum spinel is present together with
NiMoO4. This circumstance can presumably account
for the different activities of the catalysts synthesized
at low temperature.

Previously [4, 5], it has been shown that the reduc-
tion of the Ni3Al system strongly depends on the cal-
cination temperature of a catalyst.

Samples calcined at 4503500oC show maximum
hydrogen absorption at 4003500oC, which virtually
coincides with the catalyst testing temperature and
indicates nickel reduction under these conditions.

In addition, it should be kept in mind that the small
sizes of micropores and their openings can make
the sufficiently large surface area of the catalyst pre-
pared with the use of the zeolite, found from low-
temperature nitrogen adsorption, inaccessible to orga-
nosulfur compounds whose molecules are larger than
the pore openings in the CaA zeolite.

The obtained data served as a basis for selecting
a catalyst sample on a support composed of aluminum
hydroxide and kaolin in a 1 : 1 ratio (N-4) for further
tests. A technology was developed for preparing nick-
el3molybdenum catalyst ANM-2/1-1 on the given sup-
port, and its pilot batch was manufactured. The re-
sults obtained in testing the activity of this catalyst in
a model reaction of AMC hydrogenolysis and in gas-
condensate purification are presented in Tables 3 and
4. It can be seen that the activity of a sample from
the pilot batch of the synthesized catalyst in hydro-
desulfurization of natural gas and hydrorefining of
highsulfur gas condensate compares well with the ac-
tivities of the known commercial catalysts TK-550
(Holdor Topsoe) and AKM (Russia).

Thus, the performed investigations allowed for-
mulation of the basic requirements to the physico-
chemical and texture properties of supports for hy-
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drorefining catalysts. Methods were developed for
synthesizing hydrorefining catalyst supports with the
use of domestic raw materials: Keles bentonite, An-
gren kaolin, and regenerated zeolites.

CONCLUSIONS

(1) The specific surface area and total porosity
(water absorption capacity) should be not lower than
50 m2 g31 and 50%, respectively; and the mechanical
strength, not lower than 4.0 kg/granule.

(2) The aluminonickel3molybdenum catalyst ANM-
2/1-1 on a support composed of Angrene kaolin and
aluminum hydroxide in a 1 : 1 ratio compares well
in activity in hydrorefining of natural gas and high-
sulfur gas condensate with the known commercial cat-
alysts.
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Abstract-The method of small-angle X-ray scattering was applied to study the Na2O3B2O3 glass-forming
system at Na2O concentrations of up to 33 mol % at 40031000oC. The temperature-concentration intervals
close to binodal curves (at liquidus temperatures corresponding to stable formation of first crystals of
the solid phase on cooling the system) were analyzed in most detail.

Previously, the method of small-angle X-ray scat-
tering (SAXS) has been applied to study the structure
of melts and glasses in a number of borate systems
[135], in the concentration range with relatively low
content of alkali metal oxide (Na2O), Li2O, K2O)
[134], and, additionally, in regions with higher con-
tent of Na2O and K2O (up to 33 and 20 mol %, re-
spectively) [5]. In all cases, the plotted temperature
dependences of the SAXS intensity [ISAXS = f (T)]
exhibited bends in close vicinity of the liquidus
temperature (near the binodal curve corresponding
to a stable phase equilibrium between the melt and
the solid phase). In [1, 2], an assumption was made
that the existence of such bends is associated with
the transition of the liquid phase from the stable into
a metastable, supercooled state.

Simultaneously, in crossing a binodal curve, it is
impossible to detect precipitation of a new phase in
crystalline form by direct experimental methods [by
measuring the specific heatCp, densityr, or volume
V of the system (Fig. 1)]. In other words, it is impos-
sible to reveal any anomalous behavior of the first and
second derivatives of the Gibbs potential of the liquid
phase. From the thermodynamic standpoint, this result
is quite expected, since, when the fluid transforms
into a metastable state without precipitation of a new
phase and, thus, with the homogeneous state of the

system preserved, the thermodynamic potentials must
exhibit a continuous dependence on the state param-
eters, determined by the partial equation of phase in
terms of van der Waals3Storonkin [6]. Appearance of
discontinuities in any-order derivatives of the Gibbs
potential G would be inexplicable in the case under
consideration.

The aim of the present study was to provide a pos-
sible explanation for the obtained experimental fact,
based on the assumption that an infinitesimal amount
of a [new] phase that differs to an infinitely small
extent from the[old] phase is formed on crossing the
binodal curve (passing from the stable liquid phase to

Fig. 1. Liquid phase densityr vs. temperatureT in the
Na2O3B2O3 system at constant composition. Na2O content
(mol %): (1) 12.5, (2) 20.0, and (3) 33.0.
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a metastable one), i.e., nuclei (microdrops) of a new
liquid phase, from which crystals of the solid phase
are further formed, appear in the matrix of the old
liquid phase. To accomplish this task, the Na2O3B2O3
glass-forming system was studied most thoroughly in
the composition range up to 23 mol % Na2O in the
temperature interval 40031000oC, with primary atten-
tion given to the temperature3concentration ranges in
close vicinity to the binodal curves (at liquidus tem-
peratures corresponding to stable formation of first
crystals of the solid phase upon cooling). As a result,
the anomalous behavior of some third mixed deriv-
atives of the Gibbs potential of the liquid phase, the
most pronouncedly manifested in the temperature and
concentration dependences of the derivatives of the
isothermal compressibilitybT with respect to tem-
peratureT and concentrationX at, respectively, con-
stant concentration and temperature, was confirmed
experimentally.

The experimental procedure was described in detail
in [135]. Typical experimental temperature depen-
dences of the SAXS intensityISAXS at constant melt
composition X in the Na2O3B2O3 system are pres-
ented in Fig. 2 together with the liquidus tempera-
tures (binodal temperatures) for the melt composition
studied, found from the data of [7]. It can be seen
from Fig. 2 that the temperatures of discontinuities of
II kind (bends) in theISAXS3T curves coincide within
the experimental error (+5 deg) with the liquidus
temperature. This phenomenon is observed for all
melt compositions except 0.2Na2O . 0.8B2O3 cor-
responding to the stoichiometry of the compound
Na2O . 4B2O3 crystallizing to give a solid phase in
this composition range [7]. It is for this composition
that virtually no bend is observed (Fig. 2).

Typical temperature dependences of the isothermal
compressibility of the liquid phase,bT(T)X, in the sys-
tem Na2O3B2O3 are presented in Fig. 3. Naturally, in
this case, too, discontinuities of II kind are observed
in the functionsbT(T)X, coinciding with high pre-
cision with the liquidus temperature for all composi-
tions except 0.2Na2O . 0.8B2O3.

To evaluate the relative discontinuity in the deriv-
ative in passing through the liquidus temperature, the
function ISAXS(T) was approximated mathematically
and the obtained approximation was used to calculate
the functionsbT(T)X and (dbT/dT)X. A typical result
of approximation for the composition 0.33Na2O .
0.67B2O3 is presented in Fig. 4. It can be seen that
the functionbT(T)X is virtually linear before and after
the liquidus temperature, and the function (dbT/dT)X
shows a discontinuity which is relatively significant

Fig. 2. Intensity of small-angle X-ray scattering by the
liquid phase,ISAXS, vs. temperatureT in the Na2O3B2O3
system at constant composition. Na2O content (mol %):
(1) 10.0, (2) 15.0, (3) 20.0, and (4) 33.0; the same for
Fig. 3. Dotted linesshow the liquidus temperatures accord-
ing to [5, 7]; the same for Figs. 3 and 4.

Fig. 3. Isothermal compressibility of the liquid phase,bT,
vs. temperatureT in the Na2O3B2O3 system at constant
composition.

Fig. 4. Approximation of (a) isothermal compressibility
bT and (b) its temperature derivative (dbT/dT)X for
the liquid phase in the system Na2O3B2O3 for the com-
position 0.33Na2O . 0.67B2O3. (T) Temperature.
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and constitutes hundreds of relative percent [in terms
of the (dbT/dT)X function value]. A similar pattern is
observed for other compositions studied in the
Na2O3B2O3 system, with the discontinuity in the
(dbT/dT)X function also varying between tens and
hundreds of relative percent.

An exception is the composition 0.2Na2O .0.8B2O3
corresponding to the composition Na2O .4B2O3 which
should have crystallized in the solid phase. For this
composition, (dbT/dT)X ; const and there is no dis-
continuity in the corresponding derivative.

A similar pattern is observed in considering iso-
thermal concentration dependences of the functions
ISAXS(T). In [5], this kind of behavior was observed
in a number of other systems, in particular, silicate
and borate, containing potassium and lithium oxides.
It follows from elementary considerations that a sim-
ilar pattern must be observed in the behavior of other
temperature- or concentration-related baric or volume
functions-coefficients of volume and linear thermal
expansion, compressibility factors, etc.

It can be seen from experimental data that, in cross-
ing a binodal curve, part of third mixed Gibbs de-
rivatives, e.g., (dbT/dT)T and (dbT/dT)X, suffers a dis-
continuity, with the lower-order derivatives, e.g.,
bT(X)T, bT(T)X, r(X)T, r(T)X, ... (r is density), ex-
hibiting no discontinuities of this kind. Indeed, we
are dealing with specific features of just third mixed
derivatives, since, e.g.,

(dbT/dT )X = (§V/§T )(§2G/§P2)/V2 3 (1/V)(§3G/§P2§T )
(1)

and it apparently follows that(§3G/§P2§T) = +i from
the fact that the derivative (dbT/dT)X = +i and, ac-
cording to the experimental data, (§V/§T) # +i and
(§2G/§P2)/V2 # +i.

Let us consider crossing a binodal (curve or liq-
uidus surface) as a result of some infinitesimal per-
turbation-change in temperature, dT, at constant
compositionX and pressureP, or upon a change in
the concentration of one of the components in the sys-
tem, dXi , at constantT, P, and concentrations of all
other componentsXj # i, n (the number of components
in the system has no effect on the following reason-
ing). In the case of such a perturbation in the old liq-
uid phase, the following phase processes may, in
principle, occur.

(1) Let us assume that a finite mass is formed of
a phase differing from the old phase to a finite extent.
Such a situation occurs, e.g., when the binodal curve
is crossed at the melting point of a component or

congruently melting compound, or at the extremum of
the melting point of the solid solution. From the sys-
tem of differential equations describing the process
of phase formation, e.g., crystallization, follows, in
the case of the only variable intensive parameter of
the heterogeneous complex, e.g., temperature (n > 2)
[8, 9], that

(X(s) 3 X(l) )Ĝ(l) dX(l) = (Q(ls)/T )dT, (2)

dX(l) = (X(s) 3 X(l) )dm(s), (3)

where X(s), X(l), and dX(l) are vectors representing,
respectively, the compositions of the solid phase
and the melt and the shift in melt composition upon
formation (e.g., crystallization) of dm(s) moles of
the new phase s (e.g., solid) from 1 mol of the melt;
Ĝ(l) is the operator corresponding to the matrix of
second derivatives of the Gibbs potential of the melt
with elementsGi j

(l) = (§2G/§Xi§Xj )
(l)
TPXk# j, n

-the dif-
ferential molar heat effect of crystallization.

The vectorsX( j ) originate in the Cartesian space of
independent variables-mole fractions of the com-
ponents,Xi

( j ) [8, 9]. From the system of Eqs. (2)
and (3) follows that

(X(s) 3 X(l) )Ĝ(l) (X(s) 3 X(l) )T/Q(ls) = dT /dm(s). (4)

Since in the case in question the node vectors are
zero and the phase effect of crystallization is nonzero,
the corresponding derivative of temperature with re-
spect to the mass of the crystallizing phase is zero and
the derivative of the mass of the crystallizing phase
with respect to temperature is infinite. Indeed, to
an infinitesimal change in temperature must cor-
respond a finite change in mass:

X(s) 3 X(l) = 0, Q(ls) # 0, dm(s)/dT = +i. (5)

This kind of consideration disagrees with the ex-
periment, since, according to the thermodynamic
theory of first-order phase transitions [6], the Gibbs
potentialG of a heterogeneous system suffers in this
case a discontinuity of second kind, and the first, sec-
ond, and other derivatives of the Gibbs potential
(V, S, bT, ...) suffer a discontinuity of the first kind,
which is not observed in the experiment under con-
sideration. The discontinuity is determined by the dif-
ference of these derivatives in the liquid (l) and solid
(s) states.

(2) Let us assume that no new phase is formed, i.e.,
the state of the metastable liquid is in this case in no
way distinguishable from the state of the stable liquid.
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This variant of preservation of the homogeneous state
of the system is also impossible since in this case
the thermodynamic potentials of the system and any
of their derivatives must exhibit a continuous de-
pendence on the state parameters, determined by the
partial equation of phase.

(3) Let us assume that a finite amount of a phase
differing from the old phase to an infinitely small
extent. Such a situation occurs, e.g., when critical
phases are formed from a homogeneous melt. It is
noteworthy that the solid and liquid phases cannot, in
principle, form a critical phase [6] since they are
described by fundamentally different equations of
phase. This means that in this case two or more new
liquid phases must form from a homogeneous melt.

In this case, the node vectors in Eq. (4) are again
zero, with, however, the phase effect being zero, too
(by definition of the critical phase); the operatorĜ(l)

corresponds to amatrix with zero determinant; the cor-
responding indeterminate form in Eq. (4) is evaluated
as zero [6], the derivative of the mass of the crystal-
lizing phase with respect to temperature is infinite,
and to an infinitesimal change in temperature must
correspond a finite change in mass:

X(s) 3 X(l) = 0, Q(ls) = 0, dm(s)/dT = +i. (6)

Let us demonstrate that this variant is also impos-
sible in principle. Let (h), (s), and (l) be the indices of
a heterogeneous complex of new (e.g., solid) and old
(e.g., liquid) phases; Par is some arbitrary intensive
state parameter:T, P, Xi , ... (we take derivatives
with respect to only one parameter, a similar situation
will be in considering mixed derivatives);m(s) is
the mass of the new phase appearing at the points
where the binodal curve is crossed;DG is the dif-
ference of the molar Gibbs potentials of phases l
and s; G(l) and G(s) are the molar Gibbs potentials
of the respective phases; and the indexa character-
izes the corresponding parameter fixing in differentia-
tion. Then

G(h) = G(l) + m(s)DG, (7)

(§G(h)/§Par)
a

= (§G(l)/§Par)
a

+ (§DG/§Par)
a

m(s)

+ DG(§m(s)/§Par)
a

, (8)

(§2G(h)/§Par2)
a

= (§2G(l)/§Par2)
a

+ (§2m(s)/§Par2)
a
DG

+ (§2DG/§Par2)
a

m(s) + 2(§DG/§Par)
a
(§m(s)/§Par)

a
, (9)

where (dPar)
a

is a first-order infinitesimal, (§G(l)/§Par)
a

is finite, and(§2G(l)/§Par2)
a

is infinite physically, all

these parameters being taken for a homogeneous
(stable or metastable) phasea; m(s) is finite at the
given perturbation according to the starting assump-
tion 3; DG is infinitesimal according to phase equi-
librium conditions; (§DG/§Par)

a
and (§2DG/§Par2)

a

are infinitesimal according to the critical phase prop-
erties; (§m(s)/§Par)

a
= +i also in accordance with

assumption 3 and Eq. (6); the corresponding inde-
terminate formDG(§m(s)/§Par)

a
is evaluated as finite

and, consequently, (§G(h)/§Par)
a

is also finite, in
agreement with the experiment.

Let us now consider the behavior of(§2G(h)/§Par2)
a
.

All the terms in Eq. (9) are finite with the exception
of the productDG(§2m(s)/§Par2)

a
, an indeterminate

form evaluated as+i. Therefore,(§2G(h)/§Par2)
a

=
+i, which contradicts the experiment.

(4) Let us assume that an infinitesimal amount is
formed of a phase differing to a finite extent from
the old phase. Such a situation occurs when the bi-
nodal curve is crossed at a[nonsingular] point of
a multicomponent system, with the new phase formed
but formation of infinitesimal amounts of the solid
phase always corresponding to an infinitesimal change
in temperature. In this case, the node vectors in
Eq. (4) are nonzero, the phase effect of crystallization
is other than zero, the derivative of the mass of the
crystallizing phase with respect to temperature is fi-
nite, and to an infinitesimal change in temperature
must correspond an infinitesimal change in mass:

X(s) 3 X(l) # 0, Q(ls) # 0, dm(s)/dT is finite. (10)

This case is similar to the already considered
case 3, i.e., (§G(h)/§Par)

a
is finite and(§2G(h)/§Par2)

a
=

+i, which again contradicts the experiment.

(5) Let us, finally, consider the case not analyzed
previously [6], namely, the formation of an infinites-
imal amount of a new phase differing from the old
phase to an infinitely small extent. This case is close
to variant 3; however, by virtue of the fact that the
node vectors are zero the corresponding indefinite
form in Eq. (4) is evaluated as finite and the deriv-
ative of the mass of the forming phase with respect to
temperature is also finite:

X(s) 3 X(l) = 0, Q(ls) = 0, dm(s)/dT is finite. (11)

In this case, both the derivatives (§G(h)/§Par)
a

and
(§2G(h)/§Par2)

a
are finite, in agreement with the ex-

periment.

Let us again use relation (7), differentiating it once
more:



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

974 GOLUBKOV et al.

(§3G(h)/§Par3)
a

= (§3G(l)/§Par3)
a

+ 3(§2m(s)/§Par2)
a
(§DG/§Par)

a

+ 3(§2DG/§Par2)
a
(§m(s)/§Par)

a

+ (§3G/§Par3)
a

m(s) + (§3m(s)/§Par3)DG, (12)

where (§3G(h)/§Par3)
a

is finite and (§nG(h)/§Parn)
a

(n = 1, 2) are infinitesimal physically.

In their turn,(§2m(s)/§Par2)
a

and(§3m(s)/§Par3)
a

are
equal to +i. This means that(§3G(h)/§Par3)

a
= +i

and the third derivative of the Gibbs potential suffers
a discontinuity of I kind, in good agreement with
the experiment.

Of the variants considered, assumption 5 is the
only one that does not contradict the experiment.
Naturally, this assumption is a sufficient, but in no
way necessary condition.

Thus, in crossing the binodal curve, an infinites-
imal amount (micronuclei) of a new liquid phase
originally differing to an infinitely small extent from
the old phase is formed in the matrix of the old liquid
phase. From these nuclei, the solid phase is further
formed. Let us make several additional remarks.

(1) The given crystallization mechanism (always
going via preliminary segregation) has not been, to
our knowledge, proposed so far. The liquid phase
seemingly[prepares] to form from itself a solid phase.
It is noteworthy that in this case there is virtually no
interface between the old liquid phase-matrix and
the new liquid phase differing to an infinitely small
extent from the old one. Therefore, no essentially
positive surface energy appears in the system,i.e.,
the nuclei are not limited in their growth by the sur-
face tension.

(2) This mechanism describes the onset of crystal-
lization in systems tending to form metastable states
(supercooled, oversaturated, etc.). If a system does not
tend to form metastable states (to be supercooled or
oversaturated), then the[distance] between the bi-
nodal and spinodal curves in a variable parameter
(temperature or, e.g., concentration) is relatively small
and the effect under consideration may be not actually
observed in the experiment.

(3) Let us elucidate the wording[infinitesimal
amount of new phase.] This means the amounts con-
forming to the concept of phase as such (>1010312

particles per mole of old phase). The seeming con-
tradiction is eliminated if we assume in our reasoning
that the mass of the formed phasem(s) and the per-
turbation dPar are mathematically quantities of the
same order of smallness (simply infinitesimals).

(4) Let us now elucidate the wording[phase dif-
fering to infinitely small extent from old phase.]
The difference may be associated with dissimilarity
in properties (as a result of, e.g., theappearance of
long- or medium-range order) or, simultaneously, with
that in composition. We assume that in the given case
we have an infinitesimally small difference in com-
position. This is indicated by the absence of any ef-
fects for the composition corresponding to the stoichi-
ometry of the equilibrium solid phase (Na2O . 4B2O3
in the case in question). Indeed, if a new liquid phase
emerges, shifting its composition toward that of
the solid phase, then such a shift will be always ob-
served except in the case when the compositions of
the liquid and solid phases coincide. However, this
explanation cannot be exhaustive since the compound
Na2O . 2B2O3 (also melting congruently) does show
the corresponding effect.

(5) If we adopt the mentioned postulate, then,
under the conditions in question, the third derivatives
of the Gibbs potential of a heterogeneous system with
respect to extensive state parameters (S, V, ...) must
pass through zero, or second derivatives of the in-
tensive parameters (T, P, X, ...) with respect to ex-
tensive parameters (S, V, mi ) must pass through zero,
or second derivatives of the extensive parameters with
respect to intensive parameters must be infinite or suf-
fer a discontinuity of I kind, and its own state param-
eter fixing in differentiation should be performed for
each derivative.

(6) Other mixed second or third derivatives can be
considered in a similar way. Noteworthy are some
fundamental functionswhich (in terms of the proposed
mechanism) must suffer a discontinuity of I kind in
crossing the binodal curve: first derivatives of the iso-
thermal compressibility, thermal expansion coeffi-
cients, and compressibility factors, etc. with respect
to temperature and concentration; first derivatives of
the isobaric or isochoric specific heat with respect to
temperature and concentration; second derivatives of
the chemical potentials of the components with re-
spect to temperature and second mixed derivatives of
the same parameter with respect to temperature3con-
centration or concentration3concentration, etc.

(7) In a real experiment, the discontinuities in de-
rivatives of this kind may be unobservable because of
the relatively poor precision of the experiments per-
formed: the accuracy of determining the third deriv-
atives of the Gibbs potential is incomparably poorer
than that with which the second, and the more so the
first, derivatives are found, and the jumps of I(II) kind
themselves may be relatively weak, especially in sys-
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tems that do not tend to form metastable states (see
remark 2). In particular, even data onGp are deter-
mined in a thermodynamic calorimetric experiment
indirectly, by measuring the corresponding heats (tem-
peratures). In this regard, the experiment on determin-
ing the isothermal compressibility holds a distinctive
position, since this parameter is measured in exper-
iment virtually directly with rather high accuracy,
which gives reason to believe that jumps in deriv-
atives of just this function will be revealed in the sim-
plest way.

CONCLUSION

A plausible and consistent explanation for the ex-
perimental fact that the derivatives of the isothermal
compressibility of the liquid phase with respect to
concentration and temperature suffer discontinuities of
I kind in crossing the binodal curve is the assumption
that nuclei of a new liquid phase (microdrops) are
formed in this case in the matrix of the old liquid
phase, with crystals of the solid phase further formed
from these nuclei.
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Abstract-A new scheme is considered of flow-through conductometric analysis for ammonium ions in
natural water, based on chromatomembrane separation of ammonia into deionized water. The proposed
scheme is compared in efficiency with that based on dialytic separation of ammonia.

Determining the content of ammonia is an impor-
tant task in monitoring the quality of natural water,
since these ions belong to biogens promoting devel-
opment of phytoplankton. At concentrations in water
exceeding 0.2 mg l31, ammonia is toxic for quite
a number of aquatic organisms [1]. Presently, the fol-
lowing maximum permissible concentrations of am-
monium nitrogen in water are established (mg l31): 0.4
for fishing reservoirs and 2.0 for those with water
used for technological and drinking purposes. Thus,
on-line monitoring of the quality of natural water
regarding the ammonia content requires procedures
for determining ammonia in the concentration range
0.23(335) mg l31.

Ammonia is most frequently determined in aque-
ous solutions photometrically, using the Nessler re-
agent and the Berthelot reaction. Both variants of the
photometric method for ammonia determination are
well known and are used both in classical and in flow-
through schemes of analysis: flow-injection (FIA)
and continuous flow-through analysis (CFTA). The
possibilities of different variants of flow-through an-
alysis for ammonia were compared in [2, 3]. Photo-
metric methods generally enable ammonia determina-
tion in the required range of concentrations, but have
a common shortcoming associated with the use highly
toxic reagents.

This shortcoming can be eliminated in the case of
the Berthelot reaction by replacing the toxic phenol
with sodium salicylate [4]. However, the most effi-
cient solution for overcoming this disadvantage of the
photometric techniques was the idea to include into

the scheme of flow-injection determination of am-
monia a stage of its preliminary dialytic separation
[5, 6]. According to this scheme, an alkali solution
is introduced into water being analyzed. The am-
monia formed in the process diffuses through pores
of the hydrophobic membrane of the dialyzer into
a flow of deionized water circulating in a closed cir-
cuit including a flow-through conductometric detector.
The advantage of this scheme of analysis consists, in
addition to ruling out use of highly toxic components,
in a high selectivity and possibility of achieving low
ammonia detection limits because of the high sensi-
tivity of the conductometric sensor in deionized water.
With a specially developed flow-through conducto-
metric cell and slit dialyzer (slit depth 100mm) and
a 50-mm-thick poly(ethylene terephthalate) membrane,
the calibration plot is linear within the range 0.033
0.5 mg l31) NH3 [6].

Apparently, the range of determinable concentra-
tions and the possibility of adjusting its limits are
governed in the given scheme of analysis in the first
place by the efficiency of operation of the membrane
mass-exchange device-narrow-slit dialyzer. The flow
of a substance being isolated is limited in the course
of dialysis by the diffusion coefficient and membrane
thickness. Correspondingly, all other conditions be-
ing the same, the range of determinable concentrations
can be only changed by varying the thickness of the
membranes used. In gas-diffusion processes, the dif-
fusion coefficient is not, as a rule, the rate-determin-
ing factor in the case of sufficiently thin membranes
(less than 100mm thick). However, this gives rise
to a technical problem associated with the easy de-
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formability of such membranes. For reproducible op-
eration of dialyzes with thin gas-diffusion membranes,
the pressures in the feed and receiving chambers of
the dialyzer should be maintained strictly equal. This
is difficult to achieve in the FIA scheme with mixed
flows of aqueous media, created by peristaltic pumps,
switched at the inlet of the feed chamber.

In order to extend the limits of the range of deter-
minable concentrations and possibilities of control
over these limits, and to simplify the conditions under
which reproducible results can be obtained, it is pro-
posed to use the chromatomembrane way to perform
mass-exchange processes in the liquid3gas system [7]
as an alternative to the dialytic separation of ammonia
with its subsequent conductometric determination in
the FIA and CFTA schemes.

The aim of the present study was to develop a
scheme and procedure for flow-through conductomet-
ric determination of ammonia ions in natural water,
based on chromatomembrane separation of ammonia
into deionized water, and to compare the efficiency of
the developed scheme with that of the known scheme
of analysis with dialytic separation of ammonia under
the same conditions of conductometric measurements.

EXPERIMENTAL

To perform chromatomembrane separation of am-
monia, a special cell was designed with two identi-
cal mass-exchange chambers having separate inlets
and outlets for the aqueous solution and gas phase.
The mass-exchange chambers are filled with biporous
polytetrafluoroethylene with micro- and macropores
0531.0 mm and 132 mm in size, respectively. The in-
let and outlet collectors are separated from the bi-
porous mass-exchange layers in the chambers and
from each other by a microporous (0.2 mm) poly-
tetrafluoroethylene membrane (Fig. 1). The geomet-
ric dimensions of the mass-exchange chambers in
the chromatomembrane cell (CMC)-length, width,
and height along the liquid flow direction-are 2, 1,
and 1 cm, respectively. At the chosen chamber di-
mensions and porous structure of mass-exchange
layers, the flows of the aqueous phase in both CMC
chambers can be varied independently within the li-
mits from 0 to 15 ml min31, and the carrier gas flow
rate, from 0 to 20 ml min31.

The comparison dialyzer has the form of a mass-
exchange cell with two chambers separated by a
polytetrafluoroethylene membrane identical to those
used in the CMC. Toreduce the probability of mem-
brane deformation in the case of the possible pressure
surges in the dialyzer chambers, the chambers are

Fig. 1. Schematic of a two-chamber chromatomembrane
cell. (1) Feed chamber; (2) receiving chamber; (3) mem-
branes; (4) mass-exchange layer; (5, 6) inlet and outlet
gas phase collectors, respectively; and (7310) inlet and out-
let collectors of the receiving and feed chambers, respec-
tively, in order of enumeration.

designed as labyrinths. The depth of channels form-
ing the labyrinths is 0.5 mm, i.e., corresponds to
the minimum radius of macropores in the mass-ex-
change layer of theCMC.

The area of the membrane separating the feed and
receiving solutions in the dialyzer is 10 times the ar-
ea of the interface between the mass-exchange cham-
bers in the CMC, or 20 cm2.

The hydraulic scheme of FIA for ammonium ions
in natural water (Fig. 2) was assembled on the basis
of standard units of a PIA-ION1 commercial flow-
through analyzer. The scheme variants A and B dif-
fer solely in the type of a mass-exchange device
(CMC and dialyzer, respectively). The analyzer allows
work in two modes: FIA and CFTA. The electrical
conductivity of the receiving solution was measured
on the standard flowthrough conductometric detector
of a TsVET-3006 ion chromatograph.

Irrespective of the analysis mode, the receiving
chambers of the mass-exchange devices were included
into the closed circuit with deionized water. To main-
tain constant the composition of deionized water at
ÄÄÄÄÄÄÄÄÄÄ

1 Granit-IEMP, St. Petersburg, Russia.
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Fig. 2. Schematic of flow-through analyzers for conducto-
metric determination of ammonia in aqueous solution with
(A) chromatomembrane and (B) dialytic separation. (a) De-
ionized water, (b) sample, (c) NaOH + Na2H2EDTA solu-
tion, and (d) air. (1) Switching cock; (2) peristaltic pump;
(3) mixing helix; (4) CMC or dialyzer, respectively; (5)
conductometric detector; (6) column for deionized water;
and (7) discharge line for aqueous phase.

the inlet of the mass-exchange device, a column with
mixed ion-exchange stock of KU-208 cation-exchange
resin and AB-1706 anion exchange resin. In the
CFTA mode, either analyzed or deionized water was
alternately fed, using a switching cock, at a rate of
4 ml min31 into the feed chambers of the mass-ex-
change cells. In calibrating the analyzer, standard so-
lutions of ammonium ions of known concentration
were fed instead of water to be analyzed. The stan-
dard solutions of ammonia ions were prepared by
diluting the starting solution obtained by dissolving
a precisely weighed portion of ammonium chloride
(chemically pure) predried at 110oC for 12 h [8].

Before being fed into the mass-exchange cells, the
flows of water to be analyzed or a standard solution
were mixed with a solution of Trilon B (0.1%) in
0.3 M NaOH (flow rate 2 ml min31). Addition of
Trilon B to the alkali is necessary to prevent precip-
itation in the form of hydroxides of metals contained
in natural water. Gaseous ammonia formed in mixing
of flows of a sample (standard solution), and the
adjusting solution came, driven by the concentration
gradient (scheme B) or carrier gas flow (scheme A),
into the receiving chamber of the mass-exchange cell,
included into a closed circuit with a flow-through
conductometric detector. Water was circulated through

Fig. 3. Kinetic curves demonstrating how the analytical
signal A from a conductometric detector is formed in am-
monia separation from an aqueous solution into deionized
water with the use of (1) CMC and (2) dialyzer. Ammonia
concentration in the feed solution 0.54 mg l31; flow rates
of the carrier gas and the feed and receiving solutions 12, 6,
and 1.5 ml min31, respectively. (t) Time in which the de-
tector signal reaches a stationary value.

the closed circuit mainly through stainless steel pipes.
The length of sections formed by silicone hoses in
the peristaltic pump and connections between metal-
lic pipes was made as short as possible to reduce
the diffusion supply of atmospheric carbon dioxide
into the deionized water. CO2 was removed from air
used for mass-transfer of ammonia from the feed in-
to the receiving chamber in the CMC by passing air
through a flow of alkaline solution in the feed cham-
ber.

To compare the response times of the chromato-
membrane and dialytic schemes of ammonia separa-
tion, the background value of the analytical signal
was recorded in the switching cock position corre-
sponding to delivery of a sample of deionized water
into the feed chambers of the CMC and dialyzer
through the input line. After a stationary value of the
analytical signal was reached, the cock was switched
into the position for feeding-in a sample in the form
of a standard solution with ammonium ion concentra-
tion of 0.54 mg l31.

Figure 3 presents kinetic curves demonstrating how
the signal from the conductometric detector reaches
its stationary value for schemes A and B after such
flow switching. The analytical signalA was measured
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Fig. 4. Detector signalA vs. carrier gas flow rateW. Am-
monia concentration in the feed solution 0.54 mg l31; flow
rates of the feed and receiving solutions 6 and 1.5 ml min31,
respectively. (1) Solution of ammonia ions and (2) de-
ionized water.

in millivolts on the scale of the conductometric de-
tector of an ion chromatograph. In view of the rela-
tive nature of the measurements, no calibration against
standard solutions in electrical conductivity units
was done. It can be seen that the analytical signal is
formed in a scheme with chromatomembrane separa-
tion and substance transfer from a sample into the
receiving chamber induced by the carrier gas flow,
much (3 times) faster than in the case of dialytic sepa-
ration with diffusion mass transfer of ammonia from
the feed into the receiving solution, despite the fact
that in the former case the interface area in the mass-
exchange chambers is 10 times that in the latter.

A similar pattern of slowed-down operation of the
dialytic scheme is also observed in the following
FIA stage-washing of the sample passage line in
the hydraulic system with deionized water to bring
the detector signal to the background value. With
scheme A, the duration of this stage is virtually in-
dependent of the concentration of the substance to
be determined over the entire concentration range
studied (0.1533.5 mg l31), being equal to approxi-
mately 1.2 min. For scheme B, this time is 3 min
at a NH4

+ concentration in a sample of 0.54 mg l31

and grows with increasing concentration of the com-
ponent to be determined.

The decrease in the response time of the analytical
signal on passing from the dialytic scheme to a chro-

Fig. 5. Detector signalA vs. ammonium ion concentra-
tion C in the aqueous solution in chromatomembrane sep-
aration of ammonia into deionized water. Flow rates of
carrier gas and feed solution 12 and 6 ml min31, respec-
tively. Flow rate of receiving solution (ml min31): (1)
1.5 and (2) 5.

matomembrane one depends on the flow rate of the
carrier gas (Fig. 4). All other conditions being the
same, the detector signal grows with increasing carrier
gas flow rate, to reach a maximum at 12315 ml min31,
which corresponds to a linear velocity in pores of
about 1 cm s31. The contribution from the purely dif-
fusion component to the overall mass transfer can be
evaluated by comparing the detector signals in those
cases when a solution of ammonium ions (Fig. 4,
curve 1) and pure deionized water (Fig. 4, straight
line 2) are used as feed solutions. The fact that the
initial portions of the curves virtually merge indicates
that, at a carrier gas flow rateW 6 0, this contribu-
tion is no more than several percent. It is the exceed-
ingly low contribution of the purely diffusion com-
ponent to the overall mass transfer that accounts for
the fast response of the analytical system with chro-
matomembrane separation of ammonia. Hence fol-
lows one important practical consequence: in view of
its fast response, the chromatomembrane method of
sample processing can be effectively used not only in
FIA, but also in CFTA. This is indicated by the shape
of the analytical signals (Fig. 3) corresponding to
the response to a change in the ammonium ion con-
centration in a solution being analyzed in the contin-
uous mode. An important factor in this case is the
high stability of the background signal, ensured by
the invariable quality of deionized water in the closed
circuit with an ion-exchange column.
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The implementation in the chromatomembrane pro-
cess of an advantage of the membrane methods of
separation-the possibility of varying the flow rates
of the feed and receiving solutions, makes it possible
to solve one more practically important problem: en-
able control over the range of determinable concen-
trations within the same scheme of analysis. It can
be seen from Fig. 5 that the calibration plot is lin-
ear at a receiving solution flow rate of 1.5 ml min31

and ammonium ion content in the range from 0.15 to
1.4 mg l31. However, since ammonia concentrations
on the order of 2 mg l31 are of interest in monitor-
ing the quality of some kinds of water, e.g., water
for technological and drinking purposes, a necessity
arises for expanding the range of determinable con-
centrations.

The investigations performed with the use of the
chromatomembrane method of ammonia separation
in its flow-injection conductometric determination
demonstrated that, all other conditions being the same,
raising the flow rate of the receiving solution makes
the upper limit of determinable ammonia concentra-
tions higher. For example, at a flow rate of the receiv-
ing solution of 1.5 ml min31, the calibration plot is lin-
ear up to ammonia concentrations of 3.5 mg l31, with
the slope of the curve independent of the flow rate.

The obtained data suggest that the scheme of con-
ductometric determination of ammonium ions in nat-
ural water, based on chromatomembrane separation
of ammonia into deionized water, is preferable to
the dialytic scheme. The proposed scheme of analysis
can be used for any kind of natural water on making
an appropriate choice of the range of determinable
concentrations by fixing the corresponding flow rate
of the receiving solution.

CONCLUSIONS

(1) A new scheme and a procedure for flow-injec-
tion and continuous flow-through analyses for am-

monium ions in natural water is proposed, based on
chromatomembrane separation of ammonia. The meth-
od makes it possible to determine ammonium ions in
water at concentrations in the range from 0.15 to 1.43

3.5 mg l31, depending on the flow rates of a sample,
absorbing solution, and gas inducing the mass transfer
of ammonia.

(2) The efficiency of the developed scheme is com-
pared with that of the analytical scheme with dialytic
separation of ammonia under identical conditions of
conductometric measurements. It is shown that the
chromatomembrane scheme ensures faster response of
the analytical signal and, correspondingly, the possi-
bility of on-line continuous flow-through analysis.
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Abstract-A formula is derived for calculating the wave number at which the highest rate of perturbation
build-up is observed in relation to the Reynolds number. The diameter of drops appearing in spontaneous
disintegration of a fluid jet into drops and the time elapsed from the appearance of a perturbation till the fluid
jet disintegration into drops are plotted as functions of the Reynolds number.

A fluid jet outflowing from a nozzle into a gaseous
medium may spontaneously disintegrate into drops.
This phenomenon occurs as a result of instability of
the fluid flow in the jet against minor perturbations.
The reason for flow instability is the action of surface
tension forces at the jet surface. When there occurs
a local decrease in the jet radius, the capillary forces
cause a local increase in pressure. Contrariwise, in
the case of a local increase in the jet radius, the pres-
sure decreases. As a result, the fluid flows from
regions with higher pressure to those with lower pres-
sure, and the perturbation is enhanced. The phenom-
enon of capillary disintegration of a fluid jet into
drops finds numerous applications in chemical engi-
neering and other fields of technology [1]. For this
reason capillary waves on the fluid jet surface have
long been studied both experimentally and theoretical-
ly. A review of the literature on this issue was given
in [1, 2].

As long ago as in Rayleigh’s works it was shown
that, in the presence of a sinusoidal perturbation, the
flow is unstable when the perturbation wavelength
exceeds the perimeter of a circle delimiting the jet
cross-section. Rayleigh used linearized equations of
hydrodynamics and boundary conditions at the jet
surface, assuming that the amplitudes of perturbations
of fluid velocity and pressure and jet radius are small.
He obtained an algebraic equation relating the per-
turbation wavelength and the rate of perturbation
amplitude build-up. The Rayleigh theory is applicable,
generally speaking, only to description of the initial
stage of perturbation development. In the course of
time, the perturbation amplitude grows and the lin-

earized equations, only valid for small-amplitude
perturbations, become inapplicable. That is why
further development of the theory has been aimed at
describing the nonlinear interaction of perturbations.

The nonlinear stage of perturbation evolution has
been described using different approaches. In [337],
a solution to the problem of nonlinear development
of capillary waves on the surface of a jet of ideal fluid
was constructed in the form of expansions in terms of
a small parameter-perturbation amplitude. In [8312],
the process of fluid jet disintegration into drops was
subjected to direct numerical modeling, involving
a huge expenditure of computing time. Therefore, it
is difficult to use such calculations for a systematic
study of the influence exerted by various factors on
the capillary disintegration of a jet.

As shown by the experimental data obtained in
[13, 14], the linear theory well describes the exper-
imentally measured rate of perturbation build-up. This
theory can be used to calculate the interval of time
between the onset of a perturbation and the jet dis-
integration into drops. In the case when perturbations
arise spontaneously, perturbations with different wave-
lengths are possible. Since a perturbation with a
certain wavelength has the highest build-up rate, the
fluid jet may disintegrate into drops through build-up
of perturbations with just this wavelength. The wave-
length of the perturbation with the highest build-up
rate can be calculated using a relation obtained by
Rayleigh. However, calculations of this kind are rather
labor-consuming, since they require multiple solution
of a transcendent equation involving Bessel functions.
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The aim of this study was to construct simple cal-
culational expressions for determining the wavelength
of the perturbation having the highest build-up rate
and to find the build-up rate of this perturbation.

Let as consider the development with time of a
small perturbation on the surface of a cylindrical jet
of a Newtonian viscous fluid outflowing into a gas-
eous medium. It is assumed that fluid flow is lami-
nar. If the fluid velocity in the jet is high enough,
the gravity force will have no significant influence
on the fluid motion in the jet. Also, at not-too-high
fluid velocities the interaction of the fluid with the
ambient can be disregarded. Both these conditions
are considered to be fulfilled. As far back as in
Rayleigh’s works it was established that the fluid
flow in a jet may be unstable only with respect to
perturbations possessing axial symmetry. Therefore,
the fluid motion in the jet is assumed to be axially
symmetric.

When writing down equations describing the fluid
flow and boundary conditions for these equations,
we use dimensionless variables. Let us introduce
the following designations:a, the jet radius which
can be used as the characteristic linear scale of the
problem;r, the fluid density; ands, the surface ten-
sion at the fluid3ambient interface. As is known, in
the case of a jet of ideal fluid, the interval of time
between the instant of perturbation appearance and
that of jet disintegration into drops is proportional
to a quantity having dimensionality of time,t0 =
(ra3/s)1/2. We use this quantity as the characteristic
time scale for the problem under consideration. Then,
u0 = a/t0 = (s/ra)1/2 can be used as velocity scale.
As pressure scale we introducep0 = s/a.

Let us introduce into consideration a cylindrical
system of coordinates (r, J, z) whosez-axis coincides
with the jet axis. We denote time byt; the axial and
radial components of the fluid flow velocity by, re-
spectively,u and n; and the fluid pressure byp. All
these quantities are assumed to be dimensionless.
The equations describing the fluid flow in a jet are
the continuity equation and the axial and radial com-
ponents of the Navier3Stokes equation. In dimension-
less form, these equations are as follows:

nr + n/r + uz = 0,

ut + nur + uuz = _ pz + 797 (rur)r + uzz9,
�1

Re�
1
r

�
�

ut + nur + uuz = _ pz + 797 (rur)r + uzz9,
�1

Re�
1
r

�
�

nt + nnr + unz = _ pr + 797 (rnr)r 3 7 + nzz9.
1

Re
�
�
1
r

�
�

n
r2
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�
�
1
r

�
�

n
r2

The Reynolds number Re, appearing in these equa-
tions, is defined by

Re = (ras)1/2/m,

where m is the fluid viscosity.

In writing the equations, the subscripts of the var-
iables denote differentiation with respect to the cor-
responding variable, i.e.,nr = §n/§r etc.

We now consider the boundary conditions at the
fluid surface. Let the equation of the free surface have
the form

r = h(z, t).

Then we have kinematic boundary condition

r = h: ht + uhz = n

and two dynamic boundary conditions

r = h: 2nrhz + (ur + nz)(1 3 h2
z) 3 2uzhz = 0,

= pa + 77777 _ 7777 ,
h(1 + hz)1/22 (1 + hz)3/22

c
1 hzz

p _ 7 2nr
_ (ur + nz)hz

1
Re

�
g�

�
�

= pa + 77777 _ 7777 ,
h(1 + hz)1/22 (1 + hz)3/22

c
1 hzz

p _ 7 2nr
_ (ur + nz)hz

1
Re

�
g�

�
�

where pa is the ambient pressure.

In a coordinate system moving together with
the fluid, the formulated problem has the following
solution

h = 1, u = n = 0, p = pa.

This solution describes the unperturbed motion of
the fluid jet in a coordinate system moving together
with the fluid.

Let us assume that at the initial instant of time
there exists a sinusoidal perturbation of the jet surface

t = 0: h = 1 + ecos(kz),

where e is the initial amplitude of the perturbation,
and k is the wave number.

The equations of hydromechanics and the boundary
conditions, written in the dimensionless form, contain
a single dimensionless parameter-Reynolds number.
Therefore, the process of fluid jet disintegration into
drops will be entirely defined by setting three quan-
tities: Reynolds number Re, initial perturbation am-
plitude e, and wave numberk. The development of
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this perturbation with time can be described as fol-
lows. The quantitiesh, u, n, andp can be sought for
as power series in small parametere:

h = 1 + edh + ..., p = pa + edp + ...,

u = edu + ..., n = edn...

Substituting these expansions into the equations of
hydromechanics and the boundary conditions and
neglecting terms quadratic ine, we obtain linearized
equations and boundary conditions for determining
dh, du, dn, anddp. These equations allow a solution
of the following type

dh = h0ewtcos(kz), dp = q(r)ewtcos(kz),

du = f (r)ewtcos(kz), dn = g(r)ewtsin (kz).

The quantityw in these formulas should be found
by solving the problem. It depends on the wave
number k and Reynolds number Re and determines
the rate of perturbation amplitude build-up. Rayleigh
obtained a relation between the wave numberk and
w, which can be written as [15]:

F(k)w2 + 7 [4F(k) _ 1]w = (1 _k2)k2

Re
k2

2
c + 7 [F(k1) _ F(k)],4k4

Re2

(1)

k1 = k2 + wRe, F(x) = 77 ,
xI0(x)

2I1(x)
c2k1 = k2 + wRe, F(x) = 77 ,

xI0(x)

2I1(x)
c2

whereI0(x) and I1(x) are, respectively, modified zero-
and first-order Bessel functions.

At prescribed values of the Reynolds number Re
and wave numberk, Eq. (1) can be solved forw. At
k < 1, Eq. (1) has two real roots, one of which is
positive. Therefore, the perturbation amplitude will
increase in this case in the course of time, which will
lead to jet disintegration into drops. Equation (1) was
used to plot the dependencesw = f (k) at varied Re,
shown in Fig. 1. It can be seen that at a certainwave
number k, depending on Re, we have a maximum
value ofw. Let us denote these values by, respective-
ly, km andwm. In order to have a possibility to find
fast km for a given Re, we construct an approximate
formula for calculating this value. As shown by cal-
culations, in the case of the ideal fluid (Re6 i),
km = 0.697019 andwm = 0.343339. As seen from
Fig. 1, km falls with decreasing Re. Figure 2 shows
the dependence of lnkm on ln Re. This dependence
was determined by solving numerically Eq. (1) at
varied Re andk. It can be seen that, at small Re, the
km value is also small. Therefore, an approximate

Fig. 1. Effect of wave numberk on the ratew of perturba-
tion amplitude build-up. Reynolds number:(1) i, (2) 10,
(3) 5, (4) 1, and (5) 0.1.

Fig. 2. Effect of Reynolds number on the wave number
km at which the rate of perturbation build-up is at a max-
imum.

formula can be obtained at small Re by expanding the
Bessel functions appearing in the left- and right-hand
sides of Eq. (1) in power series in small parameterk.
As a result, we have for long-wavelength perturba-
tions, instead of (1), the following approximate equa-
tion

97 + 79w2 + 7 w = k(1 _ k2).2
�
� k �

� Re
6k

4k
97 + 79w2 + 7 w = k(1 _ k2).2
�
� k �

� Re
6k

4k
(2)

It is necessary to find such a wave number value
km at which the functionw (k) has a maximum. At
the extremum point the derivative dw /dk vanishes.
Differentiating Eq. (2) with respect tok and assuming
that dw /dk = 0 in the obtained relation, we have

97 3 79w2 + 7 = 1 _ 3k2.1
�
� 2 �

� Re
6w

k24
97 3 79w2 + 7 = 1 _ 3k2.1
�
� 2 �

� Re
6w

k24
(3)

From Eqs. (2) and (3) follows that at small Re
the km and wm values are related by

(4)wm = km
2 /H

-

2.
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Fig. 3. Dimensionless diameterd of drops into which
the jet disintegrates in spontaneous disintegration vs. the
Reynolds number Re.

Substituting (4) into Eq. (2), we obtain

7 + 77 = 1 _ 2km.
8

km
4
c

6km
2

H2Re
77c

27 + 77 = 1 _ 2km.
8

km
4
c

6km
2

H2Re
77c

2

Since km is small at small Re, the first term in
the left-hand side of this formula can be dropped.
Therefore, the approximate formula for calculatingkm,
valid at Re 6 0, will have the form

km = ÄÄÄÄÄÄÄÄÄÄ
.1

77 + 2
6
c

ReH2
c

H
h
77777ckm = ÄÄÄÄÄÄÄÄÄÄ

.1

77 + 2
6
c

ReH2
c

H
h
77777c (5)

Let us modify formula (5) in such a way that at
Re 6 0 its asymptotic form should coincide with
(5), and at Re6 i it give a correct limiting value of
0.697. Such a procedure for constructing approximate
formulas was named by Polyanin and Dil’man [16318]
the method of asymptotic interpolation. As a result,
we have

km = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1

77 + 777776
c

ReH2
c

H
h
77777c

2 + Re
1 + 0.6972Re
c

77777c

= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
.1

777 + 777777
ReH
h
77777c

2 + Re
c

77777c
4.24264
c

1 + 0.48584Re

77777

km = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1

77 + 777776
c

ReH2
c

H
h
77777c

2 + Re
1 + 0.6972Re
c

77777c

= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
.1

777 + 777777
ReH
h
77777c

2 + Re
c

77777c
4.24264
c

1 + 0.48584Re

77777 (6)

The obtained formula is applicable over the entire
range of Re variation. Comparison with results of
numerical calculations by Eq. (1) shows that the max-
imum relative error of calculation by Eq. (6) does
not exceed 0.25%.

In a similar way can be obtained a formula for cal-
culating wm as a function of Re. At small Reynolds

numbers, formula (4) is valid. Using relations (4) and
(5), we obtain a formula valid at small Re (Re6 0)

wm = 77777 .1

6/Re + 2H2
cwm = 77777 .1

6/Re + 2H2
c (7)

Let us modify this relation so that it would give
the correct limiting value of 0.343 at Re6 i. As
a result, we have

wm = 777777777 .1

H
h
77777777
h

7 + 777776
Re 1 + 0.343Re

2H2 + Re
c
cwm = 777777777 .1

H
h
77777777
h

7 + 777776
Re 1 + 0.343Re

2H2 + Re
c
c (8)

Having formulas (6) and (8) forkm and wm, we
can calculate in relation to the Reynolds number the
diameter of drops formed in spontaneous disintegra-
tion of a fluid jet into drops and also the interval
of time between the instant at which a perturbation
appears and that when the fluid jet disintegrates into
drops. Since the amplitude of the perturbation with
wave numberkm increases at the fastest rate, it can be
considered that the jet will disintegrate into drops
because of the increasing amplitude of the perturba-
tion with this wave number. The wavelengthl of
a perturbation is related to its wave numberk by

l = 2p /k.

Therefore, in dimensionless variables, the diameter
of drops formed in jet disintegration can be found us-
ing the formula

d = (12p /km)1/3.

The dependence of the drop diameter on the Rey-
nolds number is shown in Fig. 3. It should be noted
that, in fluid jet disintegration into drops, com-
paratively small drops, the so-called drops-satellites,
can be formed in addition to the comparatively large
drops of the predominant size. The formation of
drops-satellites cannot be described in terms of the
linear theory. This phenomenon appears as a result of
a nonlinear interaction of capillary waves on the fluid
jet surface [6, 11]. Whether or not the drops-satellites
appear depends on the Reynolds number and the initial
perturbation amplitude. Even if the drops-satellites do
appear, their volume is comparatively small. There-
fore, in this case, too, the diameter of drops with
the predominant diameter can be approximately de-
termined from Fig. 3 or using the above formulas.

The interval of timet1 between the instant of per-
turbation appearance and that of jet disintegration into
drops can be found as follows. Atk < 1, Eq. (1) has
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Fig. 4. wm
31 vs. Reynolds number Re.

two real roots, one positive and the other negative.
Therefore, the expression for the amplitude of jet
radius perturbation will contain terms exponentially
increasing and exponentially decreasing with time.
The exponentially decreasing term can be neglected
and the t1 value found from the condition

eewmt1 = 1, i.g., t1 = 3( ln e)/wm. (9)

This condition means that, at the instant of dis-
integration, the amplitude of jet radius perturbation
becomes equal to unperturbed radius, so that the jet
radius becomes zero in the narrowest cross-section of
the jet. Naturally, the perturbation amplitude cannot
be considered small as compared with radius at the
point of jet disintegration. Therefore, the linear theory,
generally speaking, breaks down. Nevertheless, the
available experimental data [13, 14] indicate that cal-
culation of t1 in terms of the linear theory is in sat-
isfactory agreement with experiment. In dimension-
less variables, the fluid velocity in the jet is unity and
the length of the nondisintegrated part of the jet can
be calculated using formula (9). The effect of the
Reynolds number on the interval of time elapsed till
jet disintegration into drops and on the length of the
nodisintegrated part of the jet is illustrated in Fig. 4.

CONCLUSION

The obtained approximate formulas for calculating
the wavelength of a perturbation whose amplitude in-
creases at the highest rate and thewm value governing
the build-up rate of the perturbation with this wave-
length are applicable at any Reynolds numbers, being
in good agreement with the results of an exact solu-

tion of the problem. These formulas can be applied to
find the diameter of drops formed in spontaneous jet
disintegration and the length of the nondisintegrated
part of the jet.
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Abstract-A mathematical description is presented of the duration of separate stages and the whole cycle
of adsorption dearomatization of liquid paraffins from the 2003320oC fraction in a fixed bed of an aluminosil-
icate adsorbent.

Of particular importance in optimal design, calcula-
tions of the economical efficiency, and control over
sorption processes is a mathematical description of the
duration of a cycle and separate stages of adsorber
operation [1, 2]. The present study describes math-
ematically the duration of separate stages and the
whole cycle of adsorption dearomatization of liquid
paraffins of the 2003320oC fraction in a fixed bed
of an aluminosilicate adsorbent.

In sorption processes, the possibility of prognos-
tication of how the product composition changes with
time is rather important. It is known that under tran-
sient conditions the process is more intensive. There-
fore, it is more economically efficient to withdraw
a product from a column before equilibrium is at-
tained. Moreover, it is also known that the extent of
departure from equilibrium determines the cycle dura-
tion of a diffusion process [1, 2].

To ensure the continuity of the adsorption dearo-
matization of liquid paraffins as regards the raw ma-
terial and finished product flows, four adsorbers are
present in the installation, with one stage of the pro-
cess performed in each of these during a certain time
interval [2]. The technological scheme of the process
is shown in the figure. At the considered instant of
time, adsorber A-1 is in the adsorption stage; A-2,
in the stage of discharge of the raw material and de-
sorption of aromatic hydrocarbons; A-3, in the stage
of purging and adsorbent dehydration; and A-4, in
the stage of cooling (see the figure). The operation
schedule of the adsorbers is given in Table 1.

The process of adsorption dearomatization of liquid
paraffins comprises the following stages: (1) adsorp-
tion of aromatic hydrocarbons from the raw material

in the liquid phase by the adsorbent, with pure paraf-
fins obtained; (2) removal of raw material residues
from the adsorber volume and desorption of aromatic
hydrocarbons from adsorbent pores with the use of
isopropanol; (3) adsorber purging with a mixture of
overheated steam and purge gas to remove the alco-
hol, dehydration of the adsorbent bed; and (4) cool-
ing of the adsorbent bed to the adsorption temperature
with a circulating purge gas.

In performing practical calculations for optimal
design of the adsorption dearomatization of liquid
paraffins, it is necessary to determine correctly the
duration of each stage and the cycle as a whole [3,
4]. The previously developed mathematical model of
the adsorption dearomatization of liquid paraffins in
a fixed bed [5] makes it possible to determine the du-
ration of the adsorption cycle. The mathematical mod-
el has the form of a system of second-order partial
differential equations. The system was solved with
the use of the Laplace3Karson transforms. On per-
forming some mathematical operations with this sys-
tem, the following system of equations was derived
[6, 7]:

Technological diagram of adsorbers.
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Table 1. Cyclogram of adsorber operation
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Adsorber
³ Process stage, h
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 137 ³ 8314 ³ 15321 ³ 22328

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
A-1 ³ Adsorption ³Discharge and desorption³Purging and dehydration³ Cooling
A-2 ³Discharge and desorption³Purging and dehydration³ Cooling ³ Adsorption
A-3 ³Purging and dehydration³ Cooling ³ Adsorption ³Discharge and desorption
A-4 ³ Cooling ³ Adsorption ³Discharge and desorption³Purging and dehydration

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

a* = 2KaDa7
1
r*
ta, (1)

a = Da4pr2
0N`Kata, (2)

Cc = 2KcDc7
1
r
ta 3 a , (3)

Kc = 7
C
R

, (4)

Ka = 7
a
r0

, (5)

Cc = 77777
a

[b(a
i

3 a)]
, (6)

C = 0.9[3CS(S1) + 716
3

CS(S2) 3 716
5

CS(S3)], (7)

CS = f(Deff), (8)

S1 = 7771
(2.89ra)

, S2 = 7773
(2.89ra)

, S3 = 7775
(2.89ra)

, (9)

where a* is the concentration of the substance being
adsorbed in microporous formations,C the adsorbate
concentration,Da the diffusion coefficient of the sub-
stance being adsorbed in the microporous formations,
ta the adsorption time,r* the running radius of micro-
porous formations,r0 the radius of the macroporous
formations, Dc the diffusion coefficient of the sub-
stance being adsorbed in transport pores,R the adsor-
bent grain radius,r the running adsorbent grain radius,
N ` the number of microporous formations per unit
volume,b constant in the Langmuir equation,Deff the
effective diffusion coefficient,Ka andKc coefficients,
and a

i

the limiting adsorbate concentration.

The adsorption time is found with the use of Eqs.
(1)3(9) by the random search method [7] on the basis
of the criterion

F = (ta
calc 3 ta

exp) < e , (10)

where ta
calc and ta

exp are, respectively, the calculated
and experimental adsorption times; ande is a certain
prescribed error,e = 0.01.

It should be noted that the time of desorption of
aromatic hydrocarbons from the aluminosilicate ad-

sorbent can also be calculated using the system of
equations (1)3(9) with account of the changing signs
of some terms of the equations.

To determine the time of drying of the alumino-
silicate adsorbent, let us write the equation for the
rate of drying [3] as follows

n = 3 7M
S

77dx
dtdr

, (11)

where n is the rate of drying,M the amount of ad-
sorbent in terms of dry residue,x the moisture con-
tent of the adsorbent,S the area of drying, andtdr
the time of drying. Integrating Eq. (11) between the
limits from x1 to x2, we obtain an expression for the
quantity tdr:

tdr = 7 7cdx
nS

M{
}

x1

x2

. (12)

It is known that the dependence of the adsorbate
drying rate on x is linear. Then, Eq. (12) can be
written in the form

tdr = 7M
S

7777
x1 3 x2

nn
, nn = a1x + a2, (13)

where a1 is the slope of the straight line, anda2 is
a constant.

Taking into account the drying raten in Eq. (12),
we obtain

{
}

x1

x2

M
a1S

tdr = 7 7777 = 7 ln 7777 ,a1x2 + a2

a1x1 + a2M
S a1x + a2

dx
c c(14)

where a1x1 + a2 = n1, a1x2 + a2 = n2, and a1 =
(n1 3 n2)/(x1 3 x2).

Then we have

(15)tdr = 77M
a1S

ln 7
n1
n2

.

It is known that an infinitely small quantity of heat
dQ released by a solid during an infinitely short pe-
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Table 2. Material balance of the adsorption purification
of paraffins
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Amount
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄParameter ³ thousand ³ wt %³ tons/year ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Taken: fresh raw material ³ 80.0 ³ 80.0
Obtained: purified paraffins³ 75.6 ³ 94.5
Desorbate ³ 3.9 ³ 4.9
Loss ³ 0.5 ³ 0.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Total ³ 80.0 ³ 100.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 4. Diffusion coefficient D in relation to concentra-
tion of adsorbateC and substance being adsorbeda at
298 K
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

t, min
³ C ³ a ³ Da ³ Dc ³ Deff
ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ g/100 g ³ cm2 min31

ÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
15 ³ 0.005 ³ 0.1703³ 4.630 ³ 6.010 ³ 234
30 ³ 0.028 ³ 0.8758³ 2.310 ³ 2.820 ³ 129
45 ³ 0.038 ³ 1.1434³ 1.540 ³ 1.830 ³ 93
60 ³ 0.055 ³ 1.3623³ 1.160 ³ 1.140 ³ 75.5
75 ³ 0.074 ³ 1.6056³ 0.925 ³ 0.818 ³ 65.1
90 ³ 0.118 ³ 1.8245³ 0.771 ³ 0.498 ³ 59.7

105 ³ 0.165 ³ 2.0191³ 0.661 ³ 0.350 ³ 56.4
120 ³ 0.235 ³ 2.1894³ 0.578 ³ 0.244 ³ 56.2
135 ³ 0.380 ³ 2.1966³ 0.514 ³ 0.135 ³ 69.6
150 ³ 0.490 ³ 2.2218³ 0.463 ³ 0.096 ³ 122
165 ³ 0.530 ³ 2.2215³ 0.421 ³ 0.081 ³ 337

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 3. Characterization of aluminosilicate adsorbent
(crumb) of brand A
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Value
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Bulk density, g cm33 ³ 0.630.7
Granulometric composition, %,³
fraction ³

> 0.8 mm ³ 5
0.2830.8 ³ 95
0.230.8 ³ 3

Specific humidity at 800oC, % ³ No more than 4
Impurity content, wt % ³

Fe oxide ³ No more than 0.2
V oxide ³ No more than 0.5

Specific surface area, m2 kg31 ³ 22
Specific pore volume, m3 g31 ³ 0.4884
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 5. Optimal technological and design parameters
of the process
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ Value
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Adsorption temperatureTa, K ³ 313
Desorption temperatureTd, K ³ 368
Purge temperatureTp, K ³ 623
Working bed heightLw, m ³ 0.73
Condensation temperatureTc, K ³ 288
Adsorbent chargeM, kg ³13700
Adsorber diameterD, m ³ 1.86
Adsorber heightL, m ³ 7.78
Linear velocity of raw material ³ 1.330 1033

feed flow into adsorbers,w, m s31 ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

riod of time dt0 is proportional to the temperature dif-
ference between the solid and the ambient:

dQ = 3K(t2 3 t1)dt0, (16)

wheret1 is the temperature of the ambient,t2 the tem-
perature of the solid (adsorbent),K a constant, andt0
the duration of the adsorbent cooling stage.

The amount of heat released by the adsorbent in
cooling is given by the equation

Q = cm(t2 3 t1),

wherem is the mass, andc the specific heat of the ad-
sorbent.

The quantity c will be considered constant:

dQ = cmdt.

With account of this relation, formula (16) takes
the form

cmdt = 3K(t2 3 t1)dt0. (17)

Hence
dt0 = 37777cm

K(t2 3 t1)
dt. (18)

Integrating Eq. (9), we obtain

dt0 + C = 37cm
K

ln(t2 3 t1). (19)

If t = 0, then t3 = t2 and we have

C = 37cm
K

ln(t3 3 t1). (20)

Subtracting Eq. (20) from (19), we obtain

t0 = cm71
K

ln777
t2 3 t1
t3 3 t1

. (21)

The optimal values ofta, td, tdr, and t0 were cal-
culated by the method of dynamic programming on
the basis of Eqs. (7), (15), and (21) with the use of
the data from Tables 235.
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The following optimal values of the process param-
eters were obtained (h):ta = td = 6.34, tdr = 6.29,
andt0 = 6.32. The complete cycle duration is 25.29 h.
It should be noted that prior to optimization the du-
ration of the adsorption cycle was 28 h. The possible
improvement of the adsorption technology is largely
associated with the creation of more perfect schedules
of adsorption apparatus operation. Here, the follow-
ing tendencies can be distinguished: making shorter
the total duration of the adsorption cycle and raising
the intensity of operation of an adsorption installa-
tion, and, consequently, reducing the capital outlays.

Thus, Eqs. (7), (9), (15), and (21), describing the
duration of separate stages, can serve as a basis for
developing the algorithm and system of optimal con-
trol over the sorption process.

CONCLUSIONS

(1) A mathematical description of the duration of
separate stages of liquid-phase adsorption in a fixed
bed was developed.

(2) The optimal duration of separate stages of the
adsorption dearomatization of liquid paraffins was

determined, making the total duration of the process
shorter and the process intensity higher.
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Abstract-Alkenylphenyl-substituted quinazolinones were prepared by reactions of 2-methyl-4H-3,1-
benzoxazin-4-one witho- and p-alkenylanilines.

The interest in quinazoline derivatives is largely
due to their high biological activity; intensive studies
have been performed in this field recently [1310].
A traditional line of synthetic studies is preparation
of numerous derivatives ofN3-substituted quinazolin-
ones. The spectrum of biological effect of these de-
rivatives is wide; their preparations are used in neu-
rology, microbiology, endocrinology, cardiology, and
gerontology. Synthetic routes to quinazolin-4-ones are
mostly based on the use of anthranilic acid and 3,1-
benzoxazin-4-one derivatives [135].

Previously synthesized [11] alkenyl- and cycloalke-
nylanilines were used for preparing 3-alkenylphenyl-
ated heterocycles of the quinazoline series with the
aim of subsequent functionalization at the alkenyl
moiety.

For example, fusion of benzoxazineI with amines
II 3XVII at 140oC gives quinazolinesXVIII 3XXXIII
(the analytical data are given in Table 1) in good
yields (Table 2).

Condensation of benzoxazineI with p- or m-alken-
ylanilines yields a single reaction product (Table 2):

dMe58SN
O
ggggO

+ 5
dj
g
gR2 R1

R3

R4

NH2
d6 dMe58SN;

NN

dj
g

R1 R2

R3
R4d6ggggO

I II 3XVII XVIII 3XXXIII

R1 = CH2(CH3)CH=CHCH3, R2 = R3 = R4 = H (II ),
(XVIII )* ; R2 = R4 = H, R3 = CH3 (VII ), (XXIII )* ;

R2 = R3 = CH3, R4 = H (XV ), (XXXI )* ; R2 =
CH2(CH3)CH=CHCH3, R1 = R3 = R4 = H (III ),
(XIX ); R1 = R4 = H, R3 = CH3 (VIII ), (XXIV ),
R3 = R1 = H, R4 = CH3 (XIV ), (XXX ); R3 =
CH2(CH3)CH=CHCH3, R2 = R1 = H, R4 = CH3
(XIII ), (XXIX ); R1 = 2-cyclopenten-1-yl, R2 =
R3 = R4 = H (IV ), (XX )* ; R2 = R4 = H, R3 = CH3
(IX ), (XXV )* ; R2 = R3 = CH3, R4 = H (XVI ),
(XXXII )* ; R1 = 2-cyclohexen-1-yl, R2 = R3 = R4 = H
(V), (XXI )* ; R2 = R4 = H, R3 = CH3 (X), (XXVI )* ;
R1 = 1-cyclopenten-1-yl, R2 = R4 = H, R3 = CH3
(XI ), (XXVII ); R2 = R3 = CH3, R4 = H (XVII ),
(XXXIII )* ; R1 = 1-cyclohexen-1-yl, R2 = R3 = R4 =
H (VI ), (XXII ); R2 = R4 = H, R3 = CH3 (XII ),
(XXVIII ) (the compounds in which some of the sig-
nals in the13C NMR spectra are doubled are marked
with an asterisk).

At the same time, a similar reaction witho-alken-
ylanilines yields two isomers. We believe that this is
due to the sterically hindered state of the alkenyl unit.
This can be clearly seen from the13C NMR spectra
in which some carbon atoms in compoundsXVIII ,
XX , XXI , XXIII , XXV , XXVI , andXXXI 3XXXIII
give double signals. When a substituent with the vinyl
double bond is present in theo-position, doubling of
signals is observed only in 1-cyclopent-1-enyl-con-
taining quinazolineXVII .

The mass spectra ofXVIII andXIX contain strong
molecular peaks [M]+, which are base peaks or are
close to base peaks in intensity, in contrast to the
previously studied structurally related quinazoline
alkaloids [12314]. The loss of the hydrogen atom
([M 3 H]+ ions) or methyl radical ([M 3 CH3]

+ ions)
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Table 1. Analytical data for XVIII 3XXXIII
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Compound³ Found (%)/Calculated (%)³
Formula

º Compound ³ Found (%)/Calculated (%)³
FormulaÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´ º ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´no. ³ C ³ H ³ N ³ º no. ³ C ³ H ³ N ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
XVIII ³ 79.21 ³ 6.42 ³ 9.11 ³ C20H20N2O º XXVI ³ 79.87 ³ 6.66 ³ 8.35 ³ C22H22N2O

³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 78.92 ³ 6.62 ³ 9.20 ³ º ³ 79.97 ³ 6.71 ³ 8.48 ³

XIX ³ 78.33 ³ 6.53 ³ 8.57 ³ C20H20N2O º XXVII ³ 79.45 ³ 6.36 ³ 8.70 ³ C21H20N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 78.92 ³ 6.62 ³ 9.20 ³ º ³ 79.72 ³ 6.37 ³ 8.85 ³

XX ³ 79.32 ³ 6.01 ³ 9.15 ³ C20H18N2O º XXVIII ³ 79.90 ³ 6.67 ³ 8.37 ³ C22H22N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.44 ³ 6.00 ³ 9.26 ³ º ³ 79.97 ³ 6.71 ³ 8.48 ³

XXI ³ 79.68 ³ 6.31 ³ 8.67 ³ C21H20N2O º XXIX ³ 79.17 ³ 7.03 ³ 9.01 ³ C21H22N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.72 ³ 6.37 ³ 8.85 ³ º ³ 79.21 ³ 6.96 ³ 8.80 ³

XXII ³ 79.45 ³ 6.33 ³ 8.71 ³ C21H20N2O º XXX ³ 78.35 ³ 6.90 ³ 8.48 ³ C21H22N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.72 ³ 6.37 ³ 8.85 ³ º ³ 79.21 ³ 6.96 ³ 8.80 ³

XXIII ³ 79.01 ³ 7.12 ³ 8.78 ³ C21H22N2O º XXXI ³ 79.57 ³ 7.35 ³ 8.37 ³ C22H24N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.21 ³ 6.96 ³ 8.80 ³ º ³ 79.48 ³ 7.28 ³ 8.43 ³

XXIV ³ 78.99 ³ 6.90 ³ 8.73 ³ C21H22N2O º XXXII ³ 79.34 ³ 6.69 ³ 8.52 ³ C22H22N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.21 ³ 6.96 ³ 8.80 ³ º ³ 79.97 ³ 6.71 ³ 8.48 ³

XXV ³ 79.37 ³ 6.30 ³ 8.77 ³ C21H20N2O º XXXIII ³ 80.11 ³ 6.55 ³ 8.20 ³ C22H22N2O
³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ º ³ ÄÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³
³ 79.72 ³ 6.37 ³ 8.85 ³ º ³ 79.97 ³ 6.71 ³ 8.48 ³

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 2. Yields, Rf values, and IR spectra of quinazolin-4-onesXVIII 3XXXIII
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound³ Yield, ³
Rf

³ IR spectrum,n, cm31 º Compound³ Yield, ³
Rf

³ IR spectrum,n, cm31

³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ¶ ³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄno. ³ % ³ ³ C=O ³ C=N º no. ³ % ³ ³ C=O ³ C=N
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

XVIII ³ 78 ³ 0.3 ³ 1660 ³ 1616 º XXVI ³ 70 ³ 0.4 ³ 1684 ³ 1604
XIX ³ 80 ³ 0.3 ³ 1660 ³ 1616 º XXVII ³ 81 ³ 0.5 ³ 1680 ³ 1600
XX ³ 80 ³ 0.3 ³ 1664 ³ 1612 º XXVIII ³ 77 ³ 0.5 ³ 1684 ³ 1600
XXI ³ 75 ³ 0.4 ³ 1684 ³ 1604 º XXIX ³ 74 ³ 0.3 ³ 1688 ³ 1600
XXII ³ 81 ³ 0.4 ³ 1684 ³ 1600 º XXX ³ 80 ³ 0.4 ³ 1676 ³ 1596
XXIII ³ 73 ³ 0.5 ³ 1692 ³ 1604 º XXXI ³ 68 ³ 0.4 ³ 1660 ³ 1616
XXIV ³ 85 ³ 0.5 ³ 1692 ³ 1600 º XXXII ³ 70 ³ 0.5 ³ 1672 ³ 1596
XXV ³ 74 ³ 0.5 ³ 1660 ³ 1616 º XXXIII ³ 76 ³ 0.4 ³ 1684 ³ 1608

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

was observed in all cases. The first process is charac-
teristic of all aromatic compounds [15]. We also
detected numerous double-charged ions, characteristic
of binuclear aromatic compounds. The methyl radical
is probably lost from the 3-aryl substituent to a greater
extent than from the 2-methylquinazoline core [16].
In the mass spectrum of compoundXVIII containing
an o-pentenyl group in theN-aryl substituent, we
observed strong fragment peaks [M 3 29]+, [M 3 41]+,
[M 3 43]+, [M 3 55]+, [M 3 56]+, [M 3 57]+, and
[M 3 69]+, which may be due to the following ions:
[M 3 H 3 CO]+, [M 3 CH3CN]+, [M 3 CH3CO]+,
[M 3 H 3 CO 3 C2H2]

+, [M 3 CH3 3 CH3CN]+,
[M 3 H 3 CH3CN 3 CH3]

+, and [M 3 C5H9]
+. The

loss of HCN, CH3CN, and CO molecules is character-

istic of quinazoline alkaloids [12, 13], and the loss of
C2H2 and H, of aromatic compounds [15].

The ions [M 3 C5H9]
+ deserve special considera-

tion. Their formation seems to be improbable as in-
volving disadvantageous cleavage of the bond at the
phenyl ring. Previously, Ramana and Kantharaj [17]
stuidied the mass spectra of 2-substituted 3-(2-methyl-
phenyl)-4(3H)-quinazolinones and their analogs. A
strong intermolecular interaction of the C=O and C=S
groups with theo-substituent in the 3-phenyl ring re-
sulted in the formation of stable cyclic fragment ions
formed through the loss of both theo-substituent and
the OH. or SH. radical. Also observed were the ions
[M 3 ArO]+ and [M 3 ArS]+ forming through migra-
tion of the aryl substituent from the nitrogen atom to
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the oxygen or sulfur atom. Our results are fairly con-
sistent with the data in [17]. For example, in the mass
spectra of structural isomersXVIII and XIX with
the o- and p-positions of the alkenyl substituent, the
relative intensities (%) of certain fragment peaks dif-
fered significantly: [M 3 C5H9]

+, m/z = 235, 100
(XVIII ), 9.5 (XIX ); and [M 3 CH3]

+, m/z = 289, 57
(XVIII ), 100 (XIX ). The major fragmentation path-
way of XVIII is the loss of the pentenyl radical due
to anchimeric assistance of the C=O group [18], with
ortho cyclization to form ion A.

58SN
=

Me

C5H9ggggO:
S
Q<:
H:
6N 76

58SN
=

Me

S6N9%
O

A

[M ]+ = 304 (69.6) 235 (100)

+

The major fragmentation pathway ofXIX is the
loss of the methyl group. The high stability of ion B
is due to the conjugated system of double bonds and
the formation of the quinoid structure [15].

8SN Me

6
;
;
9
=?
=

N
+

[M]+ = 304 (93.9)=
5
ggggO

776

*, 3CH358SN
=Me

rrN8S
Srr
=
rr
=+ggggO

289 (100)

EXPERIMENTAL

The 1H and 13C NMR spectra were taken on a
Bruker AM-300 spectrometer (working frequencies
300.13 and 75.47 MHz, respectively); internal refer-
ence TMS. The IR spectra were recorded with a
Specord M-80 spectrophotometer. The product purity
was checked with a Chrom 5 chromatograph (Chro-
maton N-AW, 5% SE-30, 12000 3-mm column,
carrier gas He, heating rate 12 deg min31) and by TLC
on Silufol UV-254 plates (eluent hexane3ethyl acetate,

6 : 1). The mass spectra were taken on an MKh-1320
spectrometer (70 eV).

Quinazolin-4-ones were prepared by fusion of
3.1 mmol of appropriate amine with 3.1 mmol of
2-methyl-4H-3,1-benzoxazin-4-one at 140oC for 5 h.
If required, the product was passed through a column
packed with alumina (eluent pentane).
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Abstract-The color characteristics of aqueous solutions of synthetic food dyes Azo Rubine, tartrazine,
Indigo Carmine, Ponceau 4R, Sunset Yellow, and Brilliant Blue were studied. A formula is proposed for de-
termining the hue of dye solutions.

The color of solutions of both individual and mixed
dyes is determined by sensor methods. Usually the
solution color is visually compared with that of solu-
tions of references dyes or with a special color scale
on paper or on plastic cards [1]. Despite the apparent
roughness, this method is widely used up to now, be-
cause it does not require any special analytical equip-
ment. In our previous studies we developed a proce-
dure for determining the color characteristics of col-
ored compounds, based on scanning and subsequent
computer processing of the image. This method was
successfully used for interpreting the results of separa-
tion of food dyes, in a thin sorbent layer [2, 3].

In this work we studied the color parameters of
synthetic food dyes using the previously developed
procedure.

EXPERIMENTAL

We chose six synthetic food dyes: Azo Rubine (I ),
Brilliant Blue (II ), Sunset Yellow (III ), Indigo
Carmine (IV ), Ponceau 4R (V), and tartrazine (VI ),
produced by Warner Jenkinson and Flevo Chemie
(the Netherlands). These dyes are widely used as com-
ponents of foodstuffs and belong to different classes
of substances (azo, indigoid, and triphenylmethane
dyes). The characteristics of the dyes are listed in
Table 1.

Aqueous solutions of dyes were placed in cells
for a photoelectric colorimeter and then scanned on
a Mustek Scan Express 6000P scanner (True Color
mode, 24 bit/pixel or 16.70 106 colors, optical resolu-
tion 100 dpi). Since the scanner detects reflected light

and solutions of food dyes are transparent liquids,
we placed a white paper sheet behind the cell. The
color characteristics were determined with the Adobe
Photoshop 5.0 package by the procedure described
in [3], in the color modes CMYK [cyan (blue)3magen-
ta (red)3yellow3black] and HBS (hue3saturation3
brightness).

Typical color spectra of 100 g t31 aqueous solu-
tions of dyes, obtained in the CMYK mode, are
shown in Fig. 1. The CMYK mode allows operation
with three main colors: red, yellow, and blue. The
dye solutions exhibit pronounced peaks in each of
the color bands in accordance with the dye color.
Sunset Yellow (imparts orange color to solutions)
absorbs in both yellow and red ranges, and dyes of
the red group (Azo Rubine and Ponceau 4R) exhibit
absorption in the yellow range, more pronounced
with Ponceau 4R.

Table 1. Characteristics of synthetic food dyes
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Dye
³

EC index
³ INCI(CTFA) ³ Color

³ ³ nomenclature ³ index
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
I ³ E 122 ³ C.I.14720 Acid ³ 14 720

³ ³ Red 14 ³
II ³ E 133 ³ C.I.42090 ³ 42 090
III ³ E 110 ³ Sunset Yellow ³ 15 985
IV ³ E 132 ³ C.I.73015 Acid ³ 13 015

³ ³ Blue 74 ³
V ³ E 124 ³ C.I.16255 ³ 16 255
VI ³ E 102 ³ C.I.191140 Acid ³ 19 140

³ ³ Yellow 23 ³
ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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Fig. 1. Color spectra of aqueous solutions (100 g t31)
of synthetic food dyes: (a) tartrazine, (b) Azo Rubine,
(c) Indigo Carmine, (d) Sunset Yellow, (e) Ponceau 4R,
and (f) Brilliant Blue. (I ) Color intensity: (C) cyan (blue),
(M) magenta (red), (Y) yellow, and (K) black; the same for
Figs. 2 and 4. Thedotted lineshows the background ab-
sorption (water).

Fig. 3. Solution color intensityI in the red range vs. dye
content C, by the example of calibration solutions of
Azo Rubine.

The influence of layer thickness on absorption is
demonstrated for the example of tartrazine solutions.
Figure 2 shows that, with increasing layer thickness,
the color intensity grows in all ranges. Since it is
appropriate to use lower color intensities for analyt-
ical purposes, we employed 1-mm cells for determin-
ing the color characterstics of dye solutions. Further-
more, capillary forces prevent outflow of solution
from such thin cells, which facilitates scanning with
a common flatbed scanner.

Fig. 2. Tartrazine color intensity as influenced by layer
thickness, mm: (1) 1, (2) 3, (3) 5, and (4) 10.

Fig. 4. Color spectra of binary solutions of synthetic food
dyes. Dye mixture: (a) Azo Rubine + tartrazine, (b) Indigo
Carmine + tartrazine, and (c) Brilliant Blue + tartrazine.
Mixture composition (g t31): (1) 25 : 75, (2) 50 : 50, and
(3) 75 : 25.

It was interesting to find how the color intensity
depends on the dye content in solution. This was done
for Azo Rubine as an example. We found that the
concentration dependence of the solution color inten-
sity is nonlinear (Fig. 3). It is known that the linear
Bouguer3Lambert3Beer law is valid for the transmis-
sion mode only. In the reflection mode, used in scan-
ning, the concentration dependence of the color inten-
sity is described by nonlinear equations based on the
Kubelka3Munk theory [4, 5].
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In the food industry, preference is usually given
to mixed dyes. The possibility of combining dyes,
makes feasible any hue. As a rule, only two compo-
nents are combined, since taking more components
would complicate the process and lead to higher the
product cost. We studied the color characteristics of
some binary solutions of synthetic food dyes. With
the relative content of the components varied, the
color maximum shifts from one color range into
another, as illustrated in Fig. 4.

As already noted, the color intensity evaluated in
the CMYK mode nonlinearly depends on the concen-
tration, which complicates analysis of dye mixtures
in the CMYK mode. To characterize solutions, we
chose hue as a parameter (H function in the HSB
mode). This parameter (for more detail, see [3]) de-
notes the angle on the color circle (Fig. 5); it is in-
dependent of the dye concentration in solution. We
found that the solution hue varies by approximately
linear law, depending on the concentration ratio of
the dissolved dyes. Examples of such dependences are
given in Figs. 6a and 6b. The dependences (for cal-
culation scheme, see Fig. 6c) are described by the
formula

Hx = H1 + 777 w2 ,
H2

_ H1

100
cHx = H1 + 777 w2 ,

H2
_ H1

100
c (1)

whereHx is the hue of a binary solution,H1 and H2
are the hues of the solutions of the individual dyes,
andw2 is the relative content (rel.%) of component 2:

w2 = 7777 0 100,
(C1 + C2)

C2
w2 = 7777 0 100,

(C1 + C2)
C2 (2)

provided thatH2 is located to the left (clockwise)
relative to H1, and H1 takes the values

H1 = �

�

� (360 _ H1) at 9H1
_ H29 > 180.

H1 at 9H1
_ H29 < 180,

H1 = �

�

� (360 _ H1) at 9H1
_ H29 > 180.

H1 at 9H1
_ H29 < 180,

(3)

The second alternative in conditions (2) reflects
the situation when, as the concentration of one of
the components is varied, the hue passes through the
point 0, 360 on the color circle (see, e.g., Fig. 6b).

The proposed procedure for calculating the hue of
binary solutions was tested with mixed dyes (Table 2).
The method gives fairly good results (the correlation
factor of the calculated and true hue values isr =
0.974). At the same time, in some cases, the calculated
and true hue values differ by more than 50o. Our fur-
ther studies showed that the difference between the
true and calculated hue values depends on the differ-

Fig. 5. Location on the color circle of solutions of (a) Sun-
set Yellow, (b) tartrazine, (c) Brilliant Blue, (d) Indigo
Carmine, (e) Azo Rubine, and (f ) Ponceau 4R. (H) Hue.
For comparison is shown the location of[pure] colors:
CMYK scale, (C) cyan (blue), (M) magenta (red), and
(Y) yellow; RGB scale, (R) red, (G) green, and (B) blue;
and Lab (CIE Lab) scale, (+a) red, (3a) green, (+b) yellow,
and (3b) blue.

Fig. 6. Hues of binary solutions of tartrazine with (a) Indigo
Carmine and (b) Azo Rubine; (c) scheme for calculating
the parameters of linear equation. (H) Hue; (C1, C2) con-
tent of dyes 1 and 2, respectively, in solution; (w2) rel-
ative content of component 2 [formula (2)]. Total content
of dyes 100 g t31.
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Table 2. Hue values of binary solutions of synthetic food dyes
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Component ³ H, deg
³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄMix- ³ ³ ³ content ³

ture ³ Component³ Dye ³ in ³ ³ of mixture
³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄno. ³ ³ ³ mixture, ³ of dye, Hi ³
³ ³ ³ g t31 ³ ³ calculated,Hx ³ true,Hs ³ D = ³Hs 3 Hx³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1 ³ I ³ 20 ³ 344 ³ ³ ³

³ 2 ³ V ³ 80 ³ 352 ³ 350 ³ 349 ³ 1

2 ³ 1 ³ I ³ 45 ³ 344 ³ ³ ³
³ 2 ³ III ³ 55 ³ 25 ³ 7 ³ 8 ³ 1

3 ³ 1 ³ I ³ 60 ³ 344 ³ ³ ³
³ 2 ³ IV ³ 40 ³ 195 ³ 284 ³ 312 ³ 28

4 ³ 1 ³ I ³ 80 ³ 344 ³ ³ ³
³ 2 ³ II ³ 20 ³ 189 ³ 313 ³ 259 ³ 54

5 ³ 1 ³ IV ³ 65 ³ 195 ³ ³ ³
³ 2 ³ III ³ 35 ³ 25 ³ 136 ³ 159 ³ 23

6 ³ 1 ³ V ³ 60 ³ 352 ³ ³ ³
³ 2 ³ IV ³ 40 ³ 195 ³ 289 ³ 323 ³ 34

7 ³ 1 ³ V ³ 20 ³ 352 ³ ³ ³
³ 2 ³ III ³ 80 ³ 25 ³ 18 ³ 19 ³ 1

8 ³ 1 ³ V ³ 55 ³ 352 ³ ³ ³
³ 2 ³ VI ³ 45 ³ 59 ³ 22 ³ 11 ³ 11

9 ³ 1 ³ VI ³ 50 ³ 59 ³ ³ ³
³ 2 ³ III ³ 50 ³ 25 ³ 42 ³ 32 ³ 10

10 ³ 1 ³ VI ³ 75 ³ 59 ³ ³ ³
³ 2 ³ II ³ 25 ³ 189 ³ 91 ³ 155 ³ 64

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

ence between the hues of the individual substances
(correlation factorr = 0.81):

Di = 0.304[(H1 3 H2)i] 3 5.107. (4)

It was noted that this parameter also depends on
the dye nature. The difference between the calculated

Table 3. Formulation of dye mixtures with preset hue
(H = 142o)
ÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

³ Com- ³ ³ ³ ³
A ³ ³ Dye ³ Hi , deg³ Ci , g t31 ³ Hs, deg³ ponent³ ³ ³ ³

ÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
1 ³ 1 ³ VI ³ 59 ³ 36.15 ³

165³ 2 ³ II ³ 189 ³ 63.85 ³
2 ³ 1 ³ VI ³ 59 ³ 38.97 ³

150³ 2 ³ IV ³ 195 ³ 61.03 ³
3 ³ 1 ³ III ³ 25 ³ 28.66 ³

168³ 2 ³ II ³ 189 ³ 71.34 ³
4 ³ 1 ³ III ³ 25 ³ 31.18 ³

158³ 2 ³ IV ³ 195 ³ 68.82 ³
ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
Note: (A) Alternative, (Hi ) dye hue, (Ci ) dye content in solu-

tion, (Hs) hue of mixed dye solution.

and true hue values was the largest with solutions
containing Brilliant Blue (Table 2).

Nevertheless, mathematical prediction of the hue
value of binary solutions of food dyes can be used
in formulating dye mixtures, since the difference of
+10o315o affects the hue only slightly and is not al-
ways detectable visually (especially in the finished
product). Thus, calculation by formula (1) can be used
for rough estimation of the hue value of a mixed dye
solution.

A better approach is, apparently, to find the rela-
tive content of components of a mixed dye, required
to obtain the desired hue (or hue range) of the solu-
tion. In this case, using practically any graphics ed-
itor, it is possible to obtain the desired hue on the
computer monitor and evaluate it visually, to deter-
mine the color characteristics of the chosen hue, and
then to estimate the formula of the mixed dye. How-
ever, in this case it is desirable to choose dyes with
the following characteristics: (1) their hues must be
as close as possible to the desired hue, (2) the con-
dition H1 < H < H2 must be met (H is the desired
hue, andH1 and H2 are the hues of the individual
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dyes), and (3) the colors of the dyes must be as close
as possible to the main colors, i.e., to colors that
cannot be obtained by mixing other colors: red, yel-
low, and blue.

With these conditions met, the binary dye mixture
can be preliminarily formulated by Eq. (1) (with the
exception of mixtures including Brilliant Blue).

Let us consider as an example the formulation of
a green mixed dye. For convenience, we fixed the
total dye concentration at 100 g t31. The results are
listed in Table 3. We selected two yellow (tartrazine
and Sunset Yellow) and two blue (Indigo Carmine
and Brilliant Blue) dyes.

Table 3 shows that the experimental hue values of
the binary solution are close to the prescribed values.
The best results are obtained with the mixtures con-
taining tartrazine. This fact agrees with the recom-
mendations in [5], as the tartrazine hue (H = 59) is
closer to the hue of the resulting solution (142) than
the hue of Sunset Yellow (H = 25). Thus, it is pos-
sible to formulate binary dye mixtures on the basis
of the prescribed hue of the finished solution, which
can be useful in food industry.

CONCLUSIONS

(1) The correlation between the hues of binary dye
solutions and their components was revealed and de-
scribed mathematically.

(2) For binary solutions, the hue is a function of
the relative content of dyes in solution.

(3) A method is proposed for formulating dye
mixtures to obtain a prescribed hue.
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Abstract-The effect of 2-aminothiazole derivatives on the biological resistance and corrosion activity of
jet fuels was studied under conditions of water condensation.

2-Aminothiazole derivatives are widely used in
pharmacology [1]. Aminothiazoles exhibit antimicro-
bial [133] and antioxidant [4] activity. Some disubsti-
tuted aminothiazole derivatives are used as antioxidant
additives to hydrocarbon fuels, mineral and synthetic
lubricating oils, solid paraffins, polyolefins, and ani-
mal and vegetable fats [5].sym-Triazine derivatives
containing substituents with 2-aminothiazole frag-
ments are effective anticorrosive, antiwear, and anti-
scuff additives to lubricating oils [6].

With the aim to look for high-performance addi-
tives of polyfunctional effect among 2-aminothiazole
derivatives, we studied the compounds of the general
formula

LRT
N

S

<<NH2 ,
R

where R = H (I ), Me (II ), Ph (III ), and 1-naphthyl
(IV ).

In this work, we studied the biocidal and anticor-
rosive properties of 2-aminothiazole derivativesI3IV
when used as additives to jet fuels.

Biocidal additives to fuels are used to suppress
the biological damage by microorganisms, impairing
the service properties of fuels [739]. The effect of
these additives is based on inhibiting the activity of
microorganisms contaminating the fuel and living in
hydrocarbon medium. Biocidal additives are active in
concentrations that do not exceed the level prescribed
for additives serving for other purposes. In any proc-
esses of fuel purification, the danger of fuel de-
terioration by microorganisms is decreased. However,
these measures can only diminish, but not prevent

the possibility of fuel contamination [7]; it can be
fully precluded only by using special additives.

EXPERIMENTAL

CompoundsI3IV were prepared by the Hansch
procedure, namely, by reactions of thiourea witha,b-
dichlorodiethyl ether (I ) [10], with iodine and acetone
(II ) [11, 12], with iodine and acetophenone (III )
[10, 11], and with iodine and 1`-acetonaphthone (IV ).
The purity and structures ofI3IV were proved by
TLC and by IR and NMR spectroscopy. The relevant
physicochemical data are listed in Table 1.

The biological resistance of jet fuels RT anbd TS-1
[GOST (State Standard) 10227386, intended for use
in different climatic zones] protected with biocidal
additives was determined according to GOST 9.0233
74 within the framework of a common system of meas-
ures for corrosion and aging protection. The proce-
dure involves incubation of fuels with additives in
contact with an aqueous-mineral medium containing
test microorganisms which actively grow in the fuel
with no additive. Incubation was performed for 15

Table 1. Yields, melting points, and retention factors of
2-aminothiazole derivativesI3IV
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ
Compound no.³Yield, %³ mp, oC ³ Rf

*

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
I ³ 90 ³ 88 + 1, 90 [10] ³ 0.44
II ³ 60 ³ 40341, 42 [11] ³ 0.49
III ³ 80 ³ 1523153, 1513152³ 0.61

³ ³ [11] ³
IV ³ 80 ³ 165+ 1 ³ 0.68

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
* Eluent 2-propanol3octane, 1 : 1.
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Table 2. Microbial resistance of jet fuels in the presence of 2-aminothiazole derivativesI3IV * (1 0 1033 M)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Test culture
³

Unprotected fuel
³ 4-Substituent in aminothiazole ³

Ionol³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´
³ ³ H ³ Me ³ Ph ³ 1-naphthyl³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
RT jet fuel

Pseudomonas aeruginosa³ ++ ³ + ³ + ³ + ³ + ³ ++
Candida utilis ³ ++ ³ 3 ³ + ³ + ³ + ³ ++
Cladosporium resinae ³ + ³ + ³ 3 ³ + ³ 3 ³ +

TS-1 jet fuel

Pseudomonas aeruginosa³ ++ ³ 3 ³ 3 ³ + ³ + ³ ++
Candida utilis ³ ++ ³ 3 ³ 3 ³ 3 ³ + ³ ++
Cladosporium resinae ³ + ³ 3 ³ 3 ³ 3 ³ 3 ³ +
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* (3) No growth, (+) slight pigmentation and/or turbidization of the medium, and (++) turbid medium and/or formation

of a flaky suspension.

Table 3. Sensitivity of test microorganisms to 2-aminothiazole derivativesI3IV (4 0 1034 M), evaluated by diffusion
into agar
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Diameter of the spot of microorganism growth delay, mm
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Test culture ³ 4-substituent in aminothiazole ³
IonolÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´

³ H ³ Me ³ Ph ³ 1-naphthyl ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

Staphylococcus aureus ³ 0 ³ 8 ³ 0 ³ 0 ³ 0
Escherichia coli ³ 2 ³ 4 ³ 0 ³ 0 ³ 0
Bacillus cereus ³ 4 ³ 8 ³ 2 ³ 0 ³ 0
Pseudomonas aeruginosa ³ 1 ³ 2 ³ 0 ³ 0 ³ 0
Candida utilis ³ 0 ³ 0 ³ 0 ³ 0 ³ 0
Penicillium aurantiogriseum³ 0 ³ 6 ³ 0 ³ 0 ³ 0
Aspergillus niger ³ 0 ³ 8 ³ 0 ³ 0 ³ 0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

days under conditions optimal for themicrobial growth.
The extent of fuel protection with a biocidal additive
was evaluated by comparing the samples with unpro-
tected fuel (control). The results of the tests are listed
in Table 2.

Our results show that 2-aminothiazole derivatives
I3IV are fairly effective biocidal additives. In this
connection, it is of interest to compare the microbial
resistance of jet fuels containing additivesI3IV and
commercial additive Ionol (2,6-di-tert-butyl-4-methyl-
phenol). As seen from Table 2, this additive shows no
biocidal properties, and the microbial impact tests
give results identical with those for the control sample.

To obtain quantitative characteristics of the bio-
cidal effect of I3IV , we evaluated the sensitivity of
test microorganisms to 2-aminothiazole derivatives by
the method of duffusion into agar [13]. For the tests
we used the standard culture media: Czapek agar and
meat3peptone agar.

Table 3 shows how 2-aminothiazole derivatives
affect the microbial growth. With respect to the effi-
ciency of the bactericidal effect the compounds can
be ranked in the orderII > I > III .

According to our results, the structure of the 4-sub-
stituent in 2-aminothiazole derivatives affects the
activity toward test microorganisms. CompoundII ,
containing the methyl substituent, is characterized by
the largest diameters of growth delay spots. Aromatic
substituents drastically decrease the biocidal effect of
the additives. CompoundIV showed no biocidal prop-
erties under the experimental conditions.

The biological activity of 2-aminothiazole deriva-
tives I3IV correlates with the electron-donor and
electron-acceptor power of substituents. According to
[14], compounds containing heteroatoms and multiple
bonds can enter into donor3acceptor interactions with
biopolymers, disturbing the normal vital activity of
a microorganism. In our case, compoundII containing
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Table 4. Corrosion resistance of St.3 steel in hydrated RT
jet fuel in the presence of 2-aminothiazole derivatives
I3IV (98oC, additive concentration 50 1034 M)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Additive ³ K, g m32 ³ g

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 1.71 ³ 3

I ³ 1.32 ³ 0.30
II ³ 1.24 ³ 0.38
III ³ 0.78 ³ 1.19
IV ³ 0.57 ³ 2.00
Ionol ³ 1.36 ³ 0.26

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

an electron-donor methyl substituent exhibits the
strongest biocidal effect, whereas compoundsIII and
IV , containing aromatic substituents lowering the
electron density in the thiazole ring, show a weak
biological activity.

It is believed that antioxidants mainly behave as
biocides [15]. However, as shown in Table 3, com-
mercial oxidation inhibitor Ionol shows no biocidal
effect at all.

As biocidal additives are used ammonia and amine
derivatives, potassium permanganate, copper sulfate,
zinc chloride, and a number of organic compounds
[16]. However, many of them stimulate corrosion
[17]. The corrosion activity of hydrocarbon media
toward metal surfaces is, in particular, due to acids
[18] formed by oxidation. 2-Aminothiazole deriva-
tives, inhibiting oxidation of hydrocarbons [5], de-
crease the probability of corrosion. To evaluate unam-
biguously the anticorrosive effect ofI3IV , we deter-
mined the corrosive activity of RT fuel in the presence
of test compounds according to GOST 18597373. It
was evaluated by the weight loss of a metallic plate
(St.3 steel) immersed in a fuel for 4 h under condi-
tions of fuel saturation with water and its condensa-
tion on the plate. The corrosion activity of fuels under
conditions of water condensation,K (g m32), was cal-
culated by the formula

K = 777777 ,
(m 3 m1) 3 h

S
(1)

wherem is the plate weight before the test (g),m1 is
the plate weight after the test (g),h is the etching con-
stant (g),S is the area of the top and side surfaces of
the plate (m2; the bottom surface is in contact with the
vessel bottom and does not participate in corrosion).

The corrosion inhibition factorg was calculated by
the formula

g = 777 ,K 3 K`

K`
(2)

whereK` is the corrosion activity of the fuel contain-
ing an additive (g m32).

The corrosion activities and corrosion inhibition
factors are listed in Table 4.

Thus, 2-aminothiazole derivatives show high anti-
corrosive power and surpass commercial inhibitor
Ionol in performance. Along with the already noted
inhibition of acid formation in fuel, the mechanism of
the anticorrosive effect of 2-aminothiazole derivatives
may also involve formation of a monomolecular layer
of compounds (as a rule, coordination compounds) on
the metal surface, insulating it from the hydrocarbon
medium [19].

CONCLUSIONS

(1) 2-Aminothiazole derivatives exhibit biocidal
properties and can be used as additives to RT and
TS-1 jet fuels.

(2) The biocidal properties ofI3IV depend on the
nature of a 4-substituent.

(3) Aminothiazoles I3IV exhibit anticorrosive
activity in RT fuel under conditions of water conden-
sation.
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Abstract-Two procedures for synthesis of water-soluble poly-N-methacryloyloxyethyl-N,N,N-trimeth-
ylammonium methyl sulfate are compared. Synthesis occurred by the radical mechanism with the Co(III)3

glycine system and with acid catalytic initiation. The effect of the initiator nature and the reaction conditions
on the course of polymerization was studied.

This work is devoted to synthesis of poly-N-meth-
acryloyloxyethyl-N,N,N-trimethylammonium methyl
sulfate, widely used for solving environmental prob-
lems. Previously, two fundamentally different proce-
dures for radical polymerization, resulting in the for-
mation of water-soluble polymers with molecular
weights of (10330)0 106, were developed. One of
these is based on the use of the redox system Co(III)3
glycine as initiator [1], and the other is based on gen-
eration of polymerization centers by catalytic decom-
position of monomer molecules [2].

In this report, we compare these processes with the
aim to elucidate the features of the reactions allowing
production of polymers with ultra-high molecular
weights and to establish factors governing the struc-
ture and characteristics of the resulting polymers. The
developed procedures of synthesis have been patented
[3, 4] and served as the basis for production of ultra-
high-molecular-weight flocculant Akromidan LK used
for purification of drinking water and wastewaters.

EXPERIMENTAL

Poly-N-methacryloyloxyethyl-N,N,N-trimethylam-
monium methyl sulfate was synthesized as follows.
In polymerization by the redox system Co(III)3gly-
cine, solutions of the initiator and monomer were pre-
pared separately. To obtain a solution of the initiator,

a calculated amount of Co2(SO4)3 . 18H2O was added
to an aqueous solution with a given concentration
of glycine, cooled to 0oC; then argon was bubbled-
through to remove dissolved oxygen. The solution
with the required monomer concentration and acidity
was bubbled with argon, cooled to 0oC, and added to
the reaction mixture. The reaction was carried out in
an inert medium. After the process was complete,
the polymer was dissolved in distilled water and pu-
rified by dialysis to remove the residual monomer
and low-molecular-weight impurities with the use of
a cellulose membrane. The conversion was determined
from the concentration of the resulting polymer solu-
tion by weighing the dry residue.

In polymerization by the acid-catalytic procedure,
the working solution with required pH and mono-
mer concentration was blown-through with argon and
placed in a thermostat with a given temperature. The
reaction was carried out in an argon medium. After the
reaction was complete, the polymer was dissolved and
the conversion determined as described above.

The intrinsic viscosity of the resulting polymers
was measured in a 1 M aqueous solution of NaNO3
in an Ostwald viscometer at 20oC. The molecular
weight of polymersM was determined by the light-
scattering technique (Mw) on a Fica-50 photodiffusi-
meter [5] and by the sedimentation-diffusion tech-
nique (Msd) [6]. In the light-scattering technique,
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the wavelength of the incident vertically polarized
light was 546 nm. The increment of the refractive in-
dex dn/dc was determined on an IRF-23 refractometer
to be 0.154. The experimental data were processed
by the Zimm double extrapolation technique.

The initiation methods have the following fea-
tures. It was shown by NMR that, in initiation of
polymerization with the redox system Co(III)3glycine
[1], the reaction proceeds to form intermediate com-
plex I and chelateII :

H3N+
3CH23C=O.......Co(III) CH23C3OH.

go
NH2 OOH

g

ei
ei
Co(III)

I II

ChelateII , in turn, decomposes to form free radical
III :

CH23C3OH(2) 6
.
CH2 + Co(II) + CO2 + H

+
.

go
NH2 O
ei
ei
Co(III)

g
NH2

III

The
.
CH23NH2 radical initiates polymerization. The

equilibrium constant of formation of the linear com-
plex is b1 = 0.91+ 0.16, and that of the chelate,b2 =
0.31+ 0.07 M. Cobalt(III) is a strong oxidizing agent
[7], but the chelate is fairly stable in dilute aque-
ous solutions and at a Co(III) concentration of 0.33
0.6 mg-equiv l31 provides active development of poly-
merization in the course of 7310 h at 20340oC.

The initiation by the acid-catalytic procedure oc-
curs via decomposition of monomer molecules un-
der the action of protons [2]. The reaction proceeds
by the radical mechanism. The initiation rateVOR

. is
expressed by the equation

VOR
. = Kpr xKOR

. x [M] x[H+],

where Kpr is the protonation constant of the mono-
mer, KOR

. is the decomposition constant of the pro-
tonated species with formation of free radicals, and
[M] and [H+] are the concentrations of monomer and
protons in the reaction mixture, respectively.

The optimum conditions of synthesis of macromo-
lecular polymers by this procedure are at concentra-
tions of radicals in the range (0.730.8)0 1038 M [2].

Studies showed that, to synthesire high-molecular-
weight polymers, a monomer concentration of no less
than 50370% and stable concentration of the radicals
on the order of 1038 M are required in both cases

Table 1. Yield and molecular weight of polymerM at
various initiator concentrations for the system Co(III)3

glycine*

ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ [Co(III)] = ³ [Co(III) =
³ 0.3 mg-equiv l31, ³ 0.6 mg-equiv l31,

t, h
³ [gl] = 3.0 mM ³ [gl] = 3.0 mM
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ Polymer ³

M 0 1036 ³ Polymer ³
M 0 1036

³ yield, % ³ ³ yield, % ³
ÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ 5.5 ³ 3 ³ 48.4 ³ 3

2 ³ 12.5 ³ 11.2 ³ 69.0 ³ 9.9
3 ³ 22.0 ³ 13.5 ³ 82.1 ³ 11.2
4 ³ 35.0 ³ 15.6 ³ 88.3 ³ 12.4
5 ³ 48.0 ³ 17.8 ³ 90.2 ³ 13.1
6 ³ 67.5 ³ 19.8 ³ 93.0 ³ 14.3
7 ³ 81.0 ³ 22.0 ³ 97.3 ³ 15.4

ÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* [M] = 50 wt %, pH 2.5, T = 30oC.

[1, 2]. The use of kinetic methods for monitoring the
polymerization course is hindered under these condi-
tions; therefore, as the main parameters of monitor-
ing we selected the yield of the polymer, its molec-
ular weight, and the average number of macromole-
cules formed [8], which gives insight into the overall
course of the reaction.

A study of polymerization of methacryloyloxy-
ethyl-N,N,N-trimethylammonium methyl sulfate with
the use of the redox system Co(III)3glycine showed
that the key factor of its development is generation
of free radicals via decomposition of chelateII . We
found that the optimum concentrations of reagents are
in the following ranges: Co(III), 0.330.6 mg-equiv l31

and glycine, 3.036.0 mM. Taking into account the
high redox potential of Co(III), we selected the upper
temperature limit of 40oC to provide stable operation
of the initiator.

The dependences of the yield of poly-N-methacry-
loyloxyethyl-N,N,N-trimethylammonium methyl sul-
fate and its molecular weight on the initiator con-
centration in the case of the system Co(III)3glycine
are presented in Table 1. With the concentrations of
Co(III) and glycine growing by a factor of 2, the po-
lymerization rate increases abruptly. For example,
in the first case, the yield of the polymer is 12.5%
and 48%, and in the second case, 69.0% and 90.2%
in 2 and 5 h, respectively. In this case, an increase
in the concentration of Co(III) and glycine results in
a decrease in the molecular weight of the polymer,
since free radicalIII is not only the polymerization
initiator but also a chain-terminating agent.
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Fig. 1. Effect of the concentration of hydrogen ions [H+]
on the yield of polymerA, molecular weightM, and the
average number of marcomoleculesn in 1 l of the reaction
solution. Initiationwith the system Co(III)3glycine. Reaction
conditions: [M] = 50 wt %, [Co(III)] = 0.6 mg-equiv l31,
[gl] = 6.0 mM, T = 40oC, and reaction time 4 h.

Fig. 2. Effect of concentration of (a, b) monomer [M] and
(c) hydrogen ions [H+] on the yield of polymerA, molecular
weight M, and the average number of macromoleculesn.
(a) Initiation by the system Co(III)3glycine, [Co(III)] =
0.6 mg-equiv l31, [gl] = 6.0 mM, pH 2.5,T = 40oC, and
reaction time 4 h; (b) acid-catalytic procedure,T = 60oC,
reaction time 6 h. (b) [M] = 70 wt % and (c) pH 2.0.

Varying the concentration of hydrogen ions also
affects the polymerization process. According to data
presented in Fig. 1, the molecular weight and the yield
of the polymer grow steadily with increasing concen-
tration of hydrogen ions throughout the studied range
of pH at a constant number of formed macromolecules.

The dependences of the polymer yield and its mo-
lecular weight on the monomer concentration are
presented in Fig. 2a. With increasing concentration of
the monomer, the yield of the polymer grows steadi-
ly and reaches 88395%. At the same time, the rate
of increase in the molecular weight of the polymer
in the range of monomer concentration above 30%
grows by a factor of 2, which is apparently caused
by changes in the nature of termination of the grow-
ing chains. It is seen from Fig. 2a that the number of
chains in the second period considerably decreases.
It should benoted that gelation begins even at a mono-
mer concentration of approximately 2%.

Three factors affect acid-catalyzed polymerization:
monomer concentration, pH of the reaction solution,
and temperature [2]. The corresponding dependences
are presented in Figs. 2b and 2c and in Table 2.

It is seen from Fig. 2b that the yield of the poly-
mer, its molecular weight, and the number of the re-
sulting macromolecules increase in direct proportion
to the monomer concentration and, with this concen-
tration increasing from 10 to 70%, the yield of the
polymer grows from 14 to 93%,M increases from
2.40 106 to 160 106, and the average number of
macromoleculesn in 1 l of the reaction solution in-
creases from 3.50 1018 to 240 1018.

It is evident that the initiation by the acid-catalytic
procedure proceeds differently: The number of the re-
sulting polymer chains increases progressively, and,
hence, the way in which the growing chains are ter-
minated does not change. In this process the monomer
is the polymerization initiator; therefore, its initiating
power grows in proportion to the increasing concen-
tration of the monomer.

Figure 2c shows the effect of proton concentration
on the yield of the resulting polymer, its molecular
weight, and the number of polymer chains. The study
was carried out in a wide range of proton concentra-
tion, 103531032 M. It was found that the polymer-
ization begins at [H+] = 1034 M; however, the yield
reaches only 40%. The optimum conditions of synthe-
sis of high-molecular-weight polymers are in the range
[H+] = 2.50 103331 0 1032 M. At a monomer con-
centration of 70% the concentration of hydrogen ions
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of 2.50 1033 M is sufficiently high for the process
of polymer formation to become stable. In this case,
the yield of the polymer reaches 83.0394.2%, M =
(16.3318.2)0 106, and the average number of macro-
moleculesn in 1 l of the solution is 22.40 1018.

The yield and molecular weight of the polymer are
presented in Table 2 as functions of the temperature
and time.

It is evident that the yield of the polymer grows
with increasing reaction time. The optimum temper-
ature of synthesis is in the range 60370oC; in this
case, the yield of the polymer reaches 95398% and
the molecular weight decreases insignificantly. How-
ever, the reaction at lower temperatures is of inter-
est since it yields a polymer with increased molec-
ular weight. At 50oC and the reaction times of 6
and 20 h we obtained polymers withM = (18.93
19.2)0 106, and, at 20oC and 0oC, polymers with
M = (30335)0 106.

The molecular weights of poly-N-methacryloyl-
oxyethyl-N,N,N-trimethylammonium methyl sulfate
were determined by two absolute methods: light scat-
tering (Mw) [5] and sedimentation-diffusion analysis
(Msd) [6]. The results of determination by both meth-
ods are in good agreement within the experimental
error (10315%). The results obtained show that the
samples studied have relatively narrow molecular-
weight distribution (MWD), Mw /Mn = 1.5.

Figure 3 shows the dependence log[h] = f (logMw)
in a wide range of molecular weights (50 10433 0 107)
for samples synthesized with the redox system Co(III)3
glycine [9, 10]. For samples obtained by the acid-cat-
alytic procedure (Table 3) the intrinsic viscosity [h]
and molecular weightM fit in nearly the same de-
pendence, which suggests structural and conforma-
tional homology of the macromolecules formed with
the system Co(III)3glycine and by the acid-catalytic
initiation procedure.

CONCLUSIONS

(1) Two procedures with different ways of initia-
tion were developed for production of ultra-high-
molecular-weight water-soluble poly-N-methacryloyl-
oxyethyl-N,N,N-trimethylammonium methyl sulfate
with molecular weight of (10330)0 106. The first is
based on generation of free radicals by decomposition
of a complex of Co(III) with glycine, and the second,
on generation of polymerization centers in the reaction
of the monomer with protons.

Table 2. Yield and molecular weightM of the polymer
prepared with acid-catalytic initiation*

ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ Yield, %, and M 0 1036

t, h ³ at indicated temperature,oC
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 0 ³ 20 ³ 50 ³ 60 ³ 70 ³ 80

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
Yield of polymer

0.7³ 1.0 ³ 2.0 ³ 8.0 ³ 23.5 ³ 24.0 ³ 23.0
1.5³ 2.5 ³ 5.0 ³ 23.0 ³ 43.0 ³ 47.0 ³ 38.0
3.0³ 5.0 ³ 9.0 ³ 38.0 ³ 63.0 ³ 70.0 ³ 56.0
4.5³ 8.0 ³ 13.0 ³ 53.0 ³ 75.0 ³ 83.0 ³ 69.0
6.0³ 11.0 ³ 18.0 ³ 64.0 ³ 85.0 ³ 96.0 ³ 75.0

20.0³ 16.0 ³ 30.0 ³ 86.0 ³ 95.0 ³ 98.0 ³ 90.0

Molecular weight

6.0³ 3 ³ 3 ³ 18.9 ³ 16.0 ³ 16.3 ³ 11.2
20.0³ 3 ³ 30.0 ³ 19.2 ³ 16.6 ³ 16.0 ³ 11.2
30.0³ 35.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* [M] = 70 wt %, pH 2.0.

Table 3. Synthesis conditions and molecular characteristics
of poly-N-methacryloyloxyethyl-N,N,N-trimethylammoni-
um methyl sulfate obtained with acid-catalytic initiation
ÄÄÄÄÂÄÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

³ ³ ³ ³ ³ [h], ³

pH ³ [M], ³ T, ³ t, ³Conver-³ dl g31, ³ Mw 0 1036
³wt %³ oC ³ h ³sion, %³ in 1 N³
³ ³ ³ ³ ³ NaNO3 ³

ÄÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
2.0 ³ 70 ³ 60 ³ 6 ³ 74.0 ³ 7.5 ³ 19.6³ ³ ³ ³ ³ ³
2.0 ³ 70 ³ 70 ³ 6 ³ 81.1 ³ 7.0 ³ 14.7³ ³ ³ ³ ³ ³
3.4 ³ 70 ³ 70 ³ 20 ³ 98.3 ³ 3.2 ³ 7.4³ ³ ³ ³ ³ ³
1.6 ³ 70 ³ 70 ³ 2 ³ 52.9 ³ 5.6 ³ 13.6³ ³ ³ ³ ³ ³
1.65³ 70 ³ 70 ³ 2 ³ 25.9 ³ 5.0 ³ 12.0³ ³ ³ ³ ³ ³
2.0 ³ 50 ³ 50 ³ 48 ³ 76.0 ³ 3.8 ³ 6.1³ ³ ³ ³ ³ ³
2.5 ³ 60 ³ 25 ³ 24 ³ 74.0 ³ 9.9 ³ 26.0
ÄÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Fig. 3. log [h]3log Mw plot for poly-N-methacryloyl-
oxyethyl-N,N,N-trimethylammonium methyl sulfate in 1 N
NaNO3. (Straight line) polymer obtained with the system
Co(III)3glycine [9, 10]; (points) polymer samples obtained
acid catalysis.
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(2) The main characteristics of poly-N-methacry-
loyloxyethyl-N,N,N-trimethylammonium methyl sul-
fate produced by the two above procedures are similar.
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Abstract-Precipitation polymerization of vinyl chloride in solution in the presence of alcohols was studied.
The reaction mechanism was suggested, and the product composition was estimated by IR spectroscopy and
selective extraction.

In polymer chemistry, major attention is given to
synthesis of modifiers, in particular, telomers, which
can be used as plasticizers. Synthesis of vinyl chloride
(VC) telomers using such telogens as polychloroal-
kanes (carbon tetrachloride, chloroform, tetrachloro-
propane), bromo and iodo derivatives (methyl bro-
mide, bromoform), and esters was described in ample
detail in monograph [1]. Initiating systems include
iron trichloride, pentacarbonyliron, benzoin, acetoni-
trile, and dimethylformamide. The telomerization tem-
perature was varied from 90 to 140oC, depending on
the nature of a telogen and initiator.

Also, in the case of chloroalkanes (trichloroethane,
1,1,1,3-tetrachloropropane), telomerization of vinyl
chloride with cleavage of the C3Cl bond cannot be
effected with initiation by azo compounds and per-
oxides [2].

The use of such monomers as vinyl and vinylidene
chloride, characterized by high rate constants of prop-
agation of the intermediate radicals in homopolymeri-
zation, is favorable for formation of telomers contain-
ing more than three units [1]. However, the molecular
weight M of these products is very low (20031000).
It is known [3, 4] that, to prepare low-molecular-
weight vinyl chloride polymers, mono- and dihydric
alcohols are added to a polymerization formulation,
with the process performed in the presence of tradi-
tional initiators (peroxides, percarbonates). There-
fore, we made an attempt to prepare low-molecular-
weight polyvinyl chloride (PVC) in alcohols by pre-
cipitation polymerization in solution. The results are
reported in this paper.

EXPERIMENTAL

Synthesis of low-molecular-weight PVC in the pres-
ence of alcohols was performed in a 3-l steel vessel

with a stirrer at 70oC for 36 h. The reaction medium
was monohydric isopropyl alcohol (IPA) or polyeth-
ylene glycol PEG-400. The vinyl chlolride : alcohol
ratio was 1 : 1. The polymerization was initiated with
azobis(isobutyronitrile) (AIBN). After polymerization
was complete, the product wasthoroughly washed with
water to remove isopropyl alcohol; the completeness
of IPA removal was checked by a procedure based on
the reaction of alcohol withp-dimethylaminobenzal-
dehyde in sulfuric acid. Removal of PEG-400 was
monitored by means of the Nessler reagent. The poly-
mer was dried at 40345oC and analyzed to determine
the Fickentscher constantKf and the chlorine content.
The molecular weightM of the polymers was calcu-
lated by the formula [h] = KMa, where [h] is the in-
trinsic viscosity, andK and a are the empirical con-
stants equal, respectively, to 2.040 1033 and 0.56
(solvent cyclohexanone). Also, we measured the IR
spectra in the range 38003400 cm31 (Specord M-80
spectrophotometer). Films for IR spectroscopy were
prepared from THF solutions on a KBr support.

To compare the properties of the polymers pre-
pared in the presence of alcohols, we synthesized
under the same conditions a PVC sample by suspen-
sion polymerization.

The table shows that the polymers prepared by
precipitation polymerization of vinyl chloride in solu-
tion in the presence of alcohols have intermediate
molecular weights between the telomers and common
PVC. The strongdifference between the molecular
weights of the polymers prepared in run nos. 1 and 2
and that of the control sample (run no. 3) is due to the
high efficiency of termination reactions; in PEG-400
this effect is stronger, which is confirmed by the con-
siderably lower yield (50%, compared with 90%).
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Synthesis of PVC in the presence of alcohols
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Run no.
³

Medium
³

Yield, %
³ Product composition, wt % ³

Kf

³ [h], ³
M³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³ ³

³ ³ ³ Cl ³ VC ³ PEG-400³ ³ dl g31
³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
1 ³ IPA ³ 90 ³ 55.4 ³ 96.7 ³ 3 ³ 28.9 ³ 0.197 ³ 3500
2 ³ PEG-400 ³ 50 ³ 49.9 ³ 87.8* ³ 12.2 ³ 24.1 ³ 0.162 ³ 2500
3 ³ Water ³ 94 ³ 56.6 ³ 99.6 ³ 3 ³ 52.2 ³ 0.644 ³ 29 000

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Data for the fraction after separation of PVC homopolymer.

The lower content of chlorine in product no. 1, com-
pared with the control PVC sample, is due to the con-
siderably higher relative content of terminal groups
(fragments of the initiator and IPA as chain-transfer
agent). Analysis of product no. 2 shows that occur-
rence of chain transfer under conditions of vinyl chlo-
ride polymerization results in formation of a chemical
bond between PVC and PEG-400, since the reaction
product is preliminarily thoroughly washed to remove
PEG-400 (checked with the Nessler reagent). How-
ever, in this case it was of interest to study the prod-
uct composition in more detail.

The chain transfer in polymerization of vinyl chlo-
ride in the presence of PEG must inevitably result in
the formation of a mixture of the homopolymer and
a block copolymer of PVC with PEG-400. Since PVC
is insoluble in trichloroethylene, we attempted to
extract the reaction product with this solvent (4 h at
50oC). Analysis of the insoluble fraction for chlorine
showed that this is a homopolymer; its content in
the reaction product was about 60%. The block co-
polymer of PVC with PEG-400 was isolated by pre-
cipitation with heptane of the fraction soluble in tri-
chloroethylene.

The figure shows the IR spectra of suspension
PVC (control sample) and the polymers prepared in

IR spectra of PVC samples prepared (1) by suspension
polymerization, (2) in the presence of IPA, and (3) in
the presence of PEG-400. (n) Wave number.

the presence of IPA and PEG-400. Comparison of the
spectra of sample nos. 1 and 2 with that of the con-
trol sample shows that an additional band appears
at 3420 cm31, belonging to stretching vibrations of
the OH groups. Their presence in the polymer is con-
firmed by the preservation of this band in the reprecip-
itated product. Thus, polymerization of vinyl chloride
in IPA can be represented by the following scheme:

6 R3(CH23CHCl)n3CHCl3CH3 + HO3C ,
g

g
CH3

CH3

.

R3(CH23CHCl)n3CHCl3CH2 + CHOH
g

g
CH3

CH3

.

R3(CH23CHCl)n3CHCl3CH2 + HO3C
g

g
CH3

CH3

..

6 R3(CH23CHCl)n3CHCl3CH23C3OH,
g

g
CH3

CH3

6 HO3C3(CH23CHCl)n313CHCl3CH2.
g

g

CH3

CH3

HO3C + (CH2=CHCl)n
g

g

CH3

CH3

.

.

Apparently, in this case the polymerization product
will be a mixture of polymers both with and without
the hydroxy group; therefore, the intensity of the band
at 3420 cm31 is relatively low.

The IR spectrum of PVC prepared in the polyethyl-
ene glycol medium contains a strong absorption band
of OH stretching vibrations at 3420 cm31 and a new
band at 1104 cm31, belonging to vibrations of the ether
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bond C3O3C. Also, the bands at 2910 and 1350 cm31,
belonging, respectively, to the stretching and bending
vibrations of methylene groups, become stronger. The
structure of the block copolymer formed in the proc-
ess can be represented as follows:

R3(CH23CHCl)n3CHCl3CH23CH
g

g

CH23(OCH2CH2)83OH

O3CH2CH2OH

The suggested structure of the polymers prepared
in the presence of IPA and PEG-400 can be confirmed
by the fact that alcohols are among telogens reacting
in radical polymerization with cleavage of the C3H
bond. Since the C3H and O3H bond energies are 85.5
and 110 kcal mol31, respectively [5], it can be stated
that the hydroxy groups will occur in the main poly-
mer chain in both cases.

CONCLUSIONS

(1) Based on the results of precipitation polymeri-
zation of vinyl chloride in alcoholic solutions (iso-

propyl alcohol and polyethylene glycol PEG-400), the
mechanism was suggested in which the alcohols act
as effective chain-terminating agents with respect to
polyvinyl chloride.

(2) According to the IR spectra, the polymer pre-
pared in the presence of isopropyl alcohol contains,
in contrast to traditional polyvinyl chloride, hydroxy
groups, and the polymer prepared with PEG-400 con-
tains hydroxy, methylene, and ether groups.
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Abstract-A process is proposed for preparing formulations based on ultra-high-molecular-weight poly-
ethylene and polysiloxane, yielding materials with the required adhesion between the phases. Procedures are
developed for physicochemical modification of the compositions with the aim to prepare items for medical
purposes with various properties on working surfaces.

The range of polymeric materials used in such a
specific field of medicine as endoprosthetics is very
limited. Among such materials are ultra-high-molecu-
lar-weight polyethylene (UHMWPE) and polysilox-
anes (PSNs).

Thanks to a combination of biological inertness,
high levels of strength, wear, and creep resistance, and
low friction coefficient [1], UHMWPE is widely used
in endoprosthetics, in particular, in fabrication of in-
serts for coxa prostheses. However, a significant dis-
advantage of UHMWPE from the standpoint of func-
tional performance of prostheses is the lack of elas-
ticity. The natural human joints could be imitated
more adequately by inserts with the required combina-
tion of rigidity and elasticity in different sections of
the item in the direction perpendicular to the load.
Thus, items with property gradients are required. Such
prostheses of a new generation can be fabricated only
from composites; however, among potentially suitable
polymers, only PSNs, along with UHMWPE, are
permitted for use in endoprosthetics.

A number of properties of polysiloxanes are quite
opposite to those of UHMWPE. Along with such
positive characteristics as elasticity in a wide temper-
ature range, high resistance to heat, thermal oxidative
degradation, and hydrolysis, biological inertness, low
adhesion to living tissues, and high gas permeability,
they have such drawbacks as poor strength and low
hardness [2].

Formulations based on UHMWPE and PSNs could
eliminate the drawbacks inherent in both polymers and

form be a new class of medical materials exhibiting,
along with bioinertness, a set of controllable physico-
mechanical and service characteristics. By varying
the component ratio, preparation conditions, and mod-
ification procedure, one could produce materials with
a property gradient and to control within wide limits
their elasticity and strength. This, in turn, would allow
development of prostheses imitating human organs
more closely than the existing polymeric items.

The chemical composition and structure of
UHMWPE and PSNs rule out the possibility of their
reaction to form a chemical compound; the most suit-
able procedure for preparing formulations from them
is, apparently, mechanical blending. However, tradi-
tional blending procedures are unsuitable for this
polymeric system, because the viscosity of PSNs is
considerably lower than that of UHMWPE. Thus, new
procedures for preparing formulations are to be de-
veloped.

The working surfaces of items used in endopros-
thesis, as a rule, play different roles and should have
different and in some cases quite opposite properties:
hardness and density close to that of soft human tis-
sues; rigidity in combination with wear resistance and
elasticity. Such a combination of properties can be
ensured by physicochemical modification of separate
phases of a UHMWPE3PSN blend, which opens
broader possibilities than modification of a homogene-
ous material. In this case it is necessary to develop
procedures for modification of both the formulations
and the surfaces of items fabricated from these materi-
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als. Such materials, owing to their unique properties,
can be used in various fields of engineering.

The goal of this work was to develop composite
materials based on UHMWPE3PSN blends and items
from them for medical purposes. The study involved
(1) development of a process for preparing UHMWPE3

PSN formulations, (2) comprehensive study of the
physicochemical, rheological, and service properties
of the formulations, and (3) development of proce-
dures for physicochemical modification of the for-
mulations and finished items.

In our study we used siloxane rubbers SKTV-
Shch1 (Russia) and LSR 2050 (Bayer, Germany) and
UHMWPE produced in Gur’ev (Kazakhstan) and by
Hostalen Gur (Germany).

The formulations were prepared by a common
mechanical blending procedure (rollers, rubber mixer).
Since specific features of the initial components do
not allow high-quality blending by a common proce-
dure, we developed a new procedure involving addi-
tional heat treatment of PSN.

Although the chemical composition and structure
of the components do not suggest the possibility of
chemical reactions between them, we analyzed both
the separate components and the composition by IR
spectroscopy, taking into account the intended use of
the materials in endoprosthetics.

Thermal analysis under dynamic conditions was
performed on an MOM derivatograph (Hungary).
Vulcanization measurements were done according
to GOST (State Standard) 12535384 (ISO 3417377).

The structure of uncured formulations was studied
with an optical microscope (0150 magnification), and
that of the cured (vulcanized) formulations, with
REM-100 [0(1000310000) magnification] and BS-
500 [with a microtome,0(4000316000) magnifica-
tion] scanning electron microscopes.

The physicomechanical properties (density, hard-
ness, elasticity, strength) were determined by standard
procedures. The durability tests were performed as
recommended by Zhurkov and Tomashevskii [3].

The radiation treatment was performed by irradia-
tion with fast electrons generated with an ILU-6 pulse
electron accelerator (Institute of Nuclear Physics,
Siberian Division, Russian Academy of Sciences).
This installation generated an electron beam with en-
ergy of up to 2.2 MeV, pulse frequency of up to
50 Hz, and beam power of up to 25 kW. In irradia-
tion runs, the electron beam parameters were as fol-

lows: electron energy 1.032.0 MeV, pulse frequen-
cy 50 Hz, and dose rate 0.230.6 Gy min31. The ab-
sorbed dose was varied from 0.2 to 0.6 MGy.

Traditional blending procedures do not ensure high
interphase adhesion in UHMWPE3PSN formulations.
Therefore, the physicomechanical parameters of the
material are poor. We suggested that the problem can
be solved by modifying the process characteristics of
the formulations in the stage of blending. In this case,
it would be possible to use the existing blending pro-
cedure without developing special equipment. There-
fore, we analyzed possible ways to ensure strong
adhesion of the couple.

In the existing theories, the adhesion strength is
considered a function of many variables; as applied
to the polymer system in hand, only the temperature,
molecular weight (viscosity), pressure, and time can
affect the adhesion in the course of formulation prep-
aration.

The adhesion strength, as a rule, increases with
increasing blending temperature. However, UHMWPE
does not pass to the viscous-flow state with increas-
ing temperature, and the effect of temperature on the
viscosity of PSN, is very weak. To blend the compo-
nents more efficiently, high shear stresses are re-
quired, which can be provided by increasing viscosity;
however, with PSN, this cannot be attained by de-
creasing temperature. The viscosity can be increased
by partial scorching of PSN; in this case, the role of
temperature will be decisive.

The necessity for increasing the shear stress in
the course of component blending also follows from
the results of an optical study of UHMWPE and its
blends with PSN. Despite thefact that UHMWPE
particles have a relatively developed surface, cavities
are formed preventing flowing-in of PSN.

Based on these views, a procedure was developed
for preparing UHMWPE3PSN formulations [4], con-
sisting in the following. The PSN phase is subjected
to partial scorching (the conversion should not exceed
25350%), which increases the viscosity by a factor of
2310. At the same time, it is necessary to choose the
scorching conditions so as to ensure development of
the required shear stress at any component ratio; the
scorching temperature (range 1203150oC) is chosen
according to the scheme shown in Fig. 1. The figure
contains two curves. Curve1 shows the viscosity of
the blendhb as a function of the UHMWPE content:
hb = F(x); curve 2 shows the viscosity as a function
of the scorching temperatureTsc and timetsc. If the
degree of filling is known, we find the corresponding
point 1 in the curvehb = F(x). Then we find the
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Fig. 1. Scheme for choosing the scorching conditions:
(h) viscosity, (x) degree of filling, and (Tsc) scorching
temperature. (I ) hb = F(x), (II ) h = F(h0, Tsc, tsc), (III )
h = treq/ g

., and (IV) h0. (133) For explanation, see text.

Fig. 2. Viscosity h and shear stresst of formulations with
SKTV and UHMWPE(Gur’ev) vs. shear rateg.. UHMWPE
content (wt %): (1) 0, (2) 20, (3) 40, (4) 60, (5) 70, and
(6) 100.

extenth0 to which the viscosity of the initial system
should be increased (segment 132). In the curveT =
f (h0, Tsc, tsc) we find point 3 corresponding to this
additional viscosity and then determine the scorching
temperature.

Of no less importance than determination of the
scorching time is the choice of conditions for pre-
paring a formulation. Traditional views on the shear
strain are unsuitable as criteria of efficiency of the
external action on the system, since they do not take
into account the shear stress, which is one of the major
factors in obtaining a couple with strong adhesion.
We have chosen a criterion which is, in the physical
sense, the strain energy density and is a product of the
shear stress and shear straintg (g = g

.

t, whereg
.

is the
shear rate andt is the action time). This criterion takes
into account the main parameters required to obtain
a high-quality blend and is a function of the process-
ing conditions. Knowing the required strain energy
density (depending on the UHMWPE content, it var-
ies from 950 to 600000 mJ m33), it is possible to

determine the process parameters for any type of the
mixer.

Comparison of the traditional blending procedure
with that developed by us shows that the strength of
the formulation can be increased by 10 to 100%, de-
pending on the UHMWPE content.

To evaluate the applicability of the formulations in
medical items, we should analyze the components and
consider the possibility of chemical transformations
in the system. The IR data confirmed the absence of
chemical interactions between UHMWPE and PSN in
the stage of formulation preparation by our procedure
(the spectrum of the unvulcanized stock is the super-
position of the spectra of the components); the vulca-
nization procedure used is traditional for medical
items.

Thus, we can tentatively conclude that the com-
posites developed are suitable for medicine and, in
particular, for endoprosthetics.

A study by electron and optical microscopy showed
that the formulations have a macroheterogeneous struc-
ture consisting of the PSN matrix, UHMWPE phase,
and developed interphase layer. The size of the poly-
ethylene particles is about (537) 0 1032 (Hostalen Gur)
and (132) 0 1032 mm (Gur’ev), being essentially the
same as in the starting polyethylene. However, the
interphase layer on the polyethylene surface is fairly
developed. This fact shows that the shear stresses aris-
ing in the course of blending by the developed proce-
dure are sufficient for[unrolling] of PSN molecules
on the UHMWPE surface and, at the same time, do
not exceed the level at which the polyethylene grains
are broken down.

Rheological tests were performed with formula-
tions based on two UHMWPE brands: from Gur’ev
(Kazakhstan) and Germany. The plots of the viscosity
and shear stress vs. shear rate for the Gur’ev sample
are shown in Fig. 2.

Irrespective of the UHMWPE type, the rheological
behavior of the formulations with the polyethylene
content from 0 to 60% is described by the equation

h /hm = 1 + (A/B)x,

where hm and h are the viscosities of the matrix
(polysiloxane phase) and blends, respectively (Pa s);
A and B are coefficients; andx is the weight fraction
of polyethylene.

The equation is similar in form to the Einstein and
Gut equations for solid particles in a viscous medium
(with particle size small as compared with the vessel
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size and large as compared with the size of liquid
molecules). However, theA/B ratio is in the range
0.630.7, i.e., is afactor of 233 lower than in these
equations. This may be due to a certain plasticity of
polyethylene particles at the vulcanization temperature.

The strength, relative elongation at break, and
hardness of the formulations, depend, as expected, on
the type and content of UHMWPE. For UHMWPE
samples with more developed surface, these charac-
teristics are approximately additive.

Analysis of the physicomechanical properties of the
formulations shows that, by varying the component
ratio, it is possible to attain the required combination
of hardness, strength, and elasticity. However, in
medical practice, items with so-called property gra-
dient are required; for example, the working surfaces
playing different roles must have different character-
istics (in particular, hardness). The developed polymer-
ic formulations open up new possibilities for creating
such materials. These materials are, as shown above,
heterogeneous systems; therefore, both UHMWPE
and PSN can be, in principle, subject to modification.
The possibilities of modifying UHMWPE by proce-
dures acceptable for medical formulations are very
limited, whereas modification of PSN allows variation
of its properties in a wide range. Therefore, we ini-
tially examined the possibility of modifying PSN.

We suggested that materials with controllable prop-
erties can be produced by combining thermochemical
and radiation vulcanization of PSN. A detailed study
of thermochemical vulcanization and radiation cross-
linking showed that the scorching temperature should
be in the range 1253145oC, and the dose of electron
irradiation should not exceed 0.4 MGy. Combination
of the two types of vulcanization allows the strength
of PSN samples to be raised to 14.0 MPa, and rela-
tive elongation, to 100%; the hardness of the item sur-
faces being treated and the treatment depth can be
varied in a wide range.

Based on the results of this study, a procedure [5]
was developed for preparing PSN items with gradient
of properties on different surfaces. The procedure
involves preliminary scorching of a PSN item at a
temperature depending on the required hardness of
the [soft] surface of the item (T ; HB, soft + 125),
after which the other surface is subjected to radiation
vulcanization in the dose range 0.130.6 MGy to attain
the required hardness (a ; 0.88HB, hard, where a is
the radiation dose). Thus, it is possible to obtain
items in which one side is similar in hardness to
human tissues and the other has increased hardness
and wear resistance.

Fig. 3. Strength s and relative elongation at breakDl
of vulcanized UHMWPE (Gur’ev)3PSN formulations
vs. UHMWPE contentC. Irradiation dose, MGy: (1) 0,
(2) 0.2, and (3) 0.4.

Fig. 4. Shore hardnessHB of SKTV3UHMWPE formula-
tions irradiated with fast electrons as a function of the
UHMWPE content C. UHMWPE sample: (133) Gur’ev
and (4, 5) Hostalen Gur. Irradiation dose, MGy: (1, 4) 0,
(2, 5) 0.2, and (3) 0.4.

This procedure can also be applied to UHMWPE3

PSN formulations. Experimental studies showed an
increase in the sample hardness by up to 30% (Figs. 3
and 4), with a slight increase in strength and drastic
decrease (by up to 80%) in the relative elongation at
break. The degree of variation of the physicomechani-
cal properties strongly depends on the component
ratio. This is due to the fact that the radiation resis-
tance of UHMWPE is considerably higher than that of
PSN. As a result, the physicomechanical properties
of polyethylene vary to a lesser extent than those of
PSN. For example, the hardness as a function of the
radiation dose varies the more strongly, the higher the
content of PSN in a formulation.

The procedure for preparing and modifying the for-
mulations was used as the basis for developing new
materials and items based on UHMWPE, PSN, and
their blends, including those with the property gradi-
ent. An extreme case of items with property gradient
are multilayer composites. The developed UHMWPE3
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Materials and items based on UHMWPE, PSN, and their composites

PSN formulation allows, owing to its structure and
properties of the components, fabrication of multilayer
items. In such items, PSN can be covulcanized with
the elastomer phase of the formulation, and UHMWPE
can be sintered in the plastic phase. Experiments
showed that the strength of both types of couples is
determined by the intrinsic strength of the layers.

Possible variants of such items are shown in the
table: (1) UHMWPE item in which one or both sur-
faces were subjected to radiation treatment; the sur-
face hardness and wear resistance of the items depend
on the absorbed dose; (2) semifinished or finished
PSN item; thermochemical vulcanization of PSN in
the range 1403150oC allows fabrication of materials
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with controllable elasticity and hardness and with
increased durability (lower probability of cracking);
(3) semifinished of finished item with controllable
hardness and density; (4) semifinished or finished
PSN item whose hardness and elasticity can be varied
in wider limits than those of variant 3 and differ-
ing from item 1 by the presence of elastic properties;
(5) semifinished or finished item with a combination
of strength and elasticity controllable by varying the
component ratio (prepared using the developed blend-
ing procedure); (638) semifinished or finished item
with a combination of strength and elasticity and
with controllable hardness, elasticity, and durability;
(9) elastic material on a rigid support; rigid material
on an elastic support; (10) the same as 9, but with
controllable elasticity of the PSN support; (11) the
same as 9, but with controllable surface hardness of
the rigid support and controllable density, elasticity,
and hardness of the elastic support; (12) the same as 9,
but with combination of variants 10 and 11; (13316)
similar to 9312, but in another range of properties of
the elastic support; (17320) similar to 9312, but in
another range of properties of the elastic and rigid
supports; (21) elastic material with two-sided hard
coating; (22) similar to 21, but with controllable elas-
ticity; (23) similar to 21, but with controllable coating
hardness; (24) similar to 21, but with combination of
variants 22 and 23; (25328) similar to 21324, but with
another range of properties of the elastic component;
(29) hard material with two-sided elastic coating;
(30332) similar to 29, with controllable properties of
elastic coatings; (33336) similar to 29332, but with
another range of properties of the rigid component;
(37340) similar to 21324, but with another range of
coating properties; combines hardness and elasticity;
(41344), similar to 29332, but with another range of
coating properties; combines hardness and elasticity;
(45) material with properties smoothly varying from
rigid, hard to soft, elastic; (46348) similar to 45,
but with component properties varying in a wider
range; (49352) similar to 21324, but with proper-
ties of one of the coatings varying in a wider range,
from hard, rigid to elastic; (53356) similar to 29332,
but with properties of one of the coatings varying
in a wider range, from hard, rigid to elastic.

CONCLUSIONS

(1) Preliminary heat treatment of polysiloxane
yields partially cross-linked three-dimensional net-

work modified with the low-molecular-weight com-
ponent; subsequent mixing with ultra-high-molecular-
weight polyethylene at a prescribed strain energy den-
sity ensures formation of a material with the required
adhesion between the phases.

(2) In the range of ultra-high-molecular-weight
polyethylene concentrations from 0 to 60 wt %, the
formulation has a macroheterogeneous structure con-
sisting of the polysiloxane matrix and a phase of ultra-
high-molecular-weight polyethylene with the same
particle size as in the initial polyethylene and devel-
oped interphase layer; the rheological behavior of the
formulation is described by the Gut law. In the range
of ultra-high-molecular-weight polyethylene concen-
trations from 60 to 70 wt %, phase inversion occurs
in the course of blending, and the flow mode changes
from shear to boundary slipping. At higher content of
polyethylene, the continuity of the formulation is
broken.

(3) Combination of the thermochemical scorching
of polysiloxane with the subsequent radiation treat-
ment of the surfaces allows preparation of items with
different properties on the working surfaces.

(4) Owing to their structure, formulations of ultra-
high-molecular-weight polyethylene with polysiloxane
allow covulcanization with polysiloxane and sinter-
ing with ultra-high-molecular-weight polyethylene,
with the adhesion equal to the cohesion of the com-
ponents. This allows fabrication of binary, two-com-
ponent ternary, three-component ternary, and multi-
component composites.
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Abstract-The conversion of aldehyde groups in polysaccharide aldehydes to azomethine groups in reactions
with amines and hydrazine derivatives was studied in relation to the structure of polysaccharide aldehyde and
reaction conditions.

Chemically modified polysaccharides are used in
medicine, biotechnology, and food and cosmetic in-
dustry, in particular, to develop new and improve
the existing drugs. One of methods for activation of
neutral polysaccharides is periodate oxidation allow-
ing introduction of a required amount of aldehyde
groups into the polymer. Polysaccharide aldehydes
react with amine and hydrazine derivatives to give
azomethines and hydrazones. This reaction occurs
under mild conditions and is used for fixation of
antibiotics, enzymes and other protein compounds,
and biologically active hydrazides on polysaccharide
matrix with the aim to develop new and improve
the existing drugs.

Published data refer mainly to reactions ofN-nu-
cleophiles with polyaldehydes derived from cellulose
and dextran. Furthermore, there is no common ap-
proach to choosing conditions for modification of

polysaccharide aldehydes with biologically active
substances. Therefore, the goal of this study was
to determine the optimal conditions for reaction of
polysaccharide aldehydes with amines and hydrazides
for the example of dextran polyaldehyde (DPA) and
to compare the reactivities of polyaldehydes with dif-
ferent structures toward aniline, benzylamine, and iso-
nicotinic acid hydrazide, taken as model compounds.

In this study we used extracellular microbial poly-
saccharides: aubasidan (branchedb-1,3-b-1,6-a-1,4-
glucan produced by yeastlike fungusAureobasidium
pullulans), rhodexman (b-1,3-b-1,4-mannan, produced
by Rhodotorula rubra), rhonasan (sulfated rhodex-
man), and also dextran commercially produced in
Russia.

The chemical modification of the polysaccharides
was performed by the scheme
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PolysaccharidesI were activated by periodate oxi-
dation [1] in an acetate buffer solution (pH 4.1). The
consumption of sodium metaperiodate was monitored
spectrophotometrically at 222.5 nm [1]; the amount
of released formic acid was determined by volumet-
ric titration. Water-soluble polyaldehydesII derived
from dextran (DPA), rhodexman, and rhonasan were
isolated from the reaction mixture by dialysis (to
remove low-molecular-weight substances), followed
by concentration in a vacuum at 60oC and precipita-
tion with ethanol. Water-insoluble aubasidan polyal-
dehyde (APA) was filtered off, washed successively
with distilled water, alcohol, and ether, and dried
under reduced pressure (20325 mm Hg) at 60oC.

Reactions of polyaldehydes withN-nucleophiles
were performed in water at 20360oC in the course of
153180 min at pH 2312; the molar ratio ofN-nucle-
ophile to aldehyde groups of the polysaccharide was
(135) : 1. The reaction with isonicotinic acid hydra-
zide (INAH), which is soluble in weakly acidic solu-
tions, was performed in a buffer solution at pH 5.
After the reaction was completie, the products were
filtered off, washed with alcohol and acetone, and
dried under reduced pressure (20325 mm Hg) at 60oC.
In the case of rhonasan, the reaction products were
precipitated with alcohol and reprecipitated from
aqueous alkali to remove ionically boundN-nucleo-
philes. The product purity was checked by thin-layer
chromatography.

The products are amorphous colorless (V), light
beige (III ), or yellow (IV ) powders, insoluble in water
(except azomethines and acylhydrazones derived from
rhonasan), alcohol, ether, and most of other organic
solvents.

The products were characterized by IR and UV
spectroscopy, elemental analysis, and conductometric
titration after hydrolysis of the azomethine bond with
0.1 N HCl.

The IR spectra of the derivatives of the polysaccha-
ride aldehydes with aniline and benzylamine contain
absorption bands at 690 and 730 cm31, characteristic
of monosubstituted benzene, at 1500 and 15803
1600 cm31 (nC=C(arom)), and at 164031660 cm31

(nC=N). The IR spectra of acylhydrazones contain
absorption bands in the range 165031670 cm31 char-
acteristic of the stretching vibrations of the C=N and
C=O (amideI ) bonds, and also the bands at 1510 and
1400 cm31, absent in the spectra of the polyaldehyde
and characteristic of INAH.

The UV spectra of the products formed in reac-
tions of rhonasan polyaldehyde withN-nucleophiles
exhibit absorption peaks absent in the spectrum of the

Table 1. Influence of reaction conditions on the amount
of N-nucleophile incorporated into DPA in 2 h
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Reaction conditions ³
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

T, oC
³ amount of N-nucleophile, ³

Cca, %

³ mol mol31 monomeric unit³
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Benzylamine

20 ³ 2 ³ 75
40 ³ 2 ³ 77
60 ³ 2 ³ 78
20 ³ 3 ³ 73
20 ³ 4 ³ 73
20 ³ 5 ³ 69

Aniline

20 ³ 2 ³ 45
40 ³ 2 ³ 69
60 ³ 2 ³ 70
20 ³ 3 ³ 60
20 ³ 4 ³ 65
20 ³ 5 ³ 72

Isonicotinic acid hydrazide

20 ³ 2 ³ 54
40 ³ 2 ³ 59
60 ³ 2 ³ 61
20 ³ 1 ³ 53*

20 ³ 3 ³ 80*

20 ³ 4 ³ 90*

20 ³ 5 ³ 90*

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Reaction time 2.5 h.

initial polyaldehyde and characteristic of the initial
N-nucleophiles: 275 (III ), 238 and 276 (IV ), and
262 nm (V). UV spectra of the other reaction prod-
ucts were not taken because of their poor solubility
in water and organic solvents.

The derivatives of polyaldehydes withN-nucleo-
philes were characterized by the degree of substitution
Cs (number of low-molecular-weight fragments per
monosaccharide unit), which was calculated from
the data of elemental analysis, conductometric titra-
tion, and UV spectroscopy. The reactions of poly-
aldehydes withN-nucleophiles were characterized by
the degree of conversion of aldehyde groupsCca =
[Cs/Csa] 0 100%, whereCsa is the number of aldehyde
groups in the initial polymer per monomeric unit.

To determine the conditions for introducing into
the polyaldehyde molecule the required amount of
N-nucleophile, we studied the influence of tempera-
ture, reaction time, reactant ratio, and pH on the de-
gree of conversion of the aldehyde groups in dextran
polyaldehyde.

Table 1 shows that the major fraction of aldehyde
groups in DPA react with benzylamine even at room
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Fig. 1. Degree of conversion of DPA aldehyde groups,Cca,
in reactions with (1) benzylamine and (2) aniline vs. pH
(20oC, 1 h, 2 mol of amine per mole of aldehyde groups).

Fig. 2. Dynamics of azomethine formation in reactions of
(a) benzylamine and (b) aniline with the polyaldehydes
derived from (1) dextran, (2) aubasidan, (3) rhodexman,
and (4) rhonasan. (Cca) Degree of conversion of aldehyde
groups and (t) time. 20oC; molar ratio of amine to aldehyde
groups: (a) 2 and (b) 3; pH: (a) 10 and (b) 6.0.

Fig. 3. Dynamics of the reaction of isonicotinic acid hydra-
zide with the polyaldehydes derived from (1) dextran,
(2) aubasidan, (3) rhodexman, and (4) rhonasan. 20oC,
5 mol of INAH per mole of aldehyde groups, pH 5. (t) Time.

temperature in 2 h. When the reaction temperature is
raised to 60oC, the degree of substitution does not
increase appreciably; the conversion of the aldehyde
groups in the polysaccharide does not exceed 80%.
With aniline, as expected, DPA reacts more slowly;
the amount of azomethine fragments incorporated into
the polymer grows with temperature, butCca re-
mains less than 80%. With increasing molar ratio of
aniline to aldehyde groups, the degree of substitution
increases considerably; at a fivefold molar excess of
the amine the result is similar to that attained by heat-
ing to 60oC. In view of this fact, and taking into ac-
count that many biologically active amines (enzymes,
antibiotics) are labile, subsequent syntheses of azo-
methines were performed at room temperature.

In the reaction of DPA with benzylamine, the de-
gree of conversion of the aldehyde groups varies
with the reactant ratio in a more complex fashion:
At a larger excess of the amine,Cca slightly decreases
rather than increases. This may be due to higher pH
of the reaction medium, provided by excess amine.

In the reaction with INAH, the amount of the nu-
cleophile also affects the completeness of transforma-
tion of the aldehyde DPA groups into hydrazones
more strongly than the temperature does. TheCca
values at 20 and 60oC are practically equal, whereas
at the equimolar ratio of the reactants the conversion
of the DPA aldehyde groups is about 55%, and at a
435-fold excess, about 90%. Therefore, subsequent
syntheses were performed at room temperature with
a fivefold excess of the nucleophile. Under these con-
ditions the reaction is fast, being virtually complete
in 2 h.

As expected, the greatest effect on the conversion
of the aldehyde groups is exerted by pH of the medi-
um; this reaction is catalyzed by both acids and bases,
but the highest degree of substitution with benzyl-
amine is attained at pH 10, and with aniline, in
the range pH 437 (Fig. 1).

Having determined the temperatures of the reac-
tions of DPA with N-nucleophiles, molar ratios of
reactants, and pH values ensuring the highest degrees
of substitution, we studied the dependence of the re-
activity of DPA and other polysaccharide aldehydes
under these conditions on the reaction time. The re-
sults are presented in Figs. 2 and 3.

We found that under these conditions the aldehyde
groups of DPA react with benzylamine to practically
100% in 2 h. Aubasidan polyaldehyde is also highly
reactive toward benzylamine. The maximal degree of
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substitution of its aldehyde groups (Cca = 70%) is
attained still faster, in 1 h; however, in furtherreac-
tion it remains virtually unchanged. The smallest
amount of the azomethine groups is formed in reac-

tions of benzylamine with rhodexman and rhonasan
polyaldehydes. In these polymers, the maximalCca
values (less than 40%) are attained in 20330 min and
then do not increase further.
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Such a variation of the reactivity of polyaldehydes
is probably associated with the presence in them of
various amounts of 2,3-oxidized fragments able to
form three types of structures: dialdehyde (I ) and
its hemiacetal (Ia, Ib ) and hemiacetal3hydrate (Ic,
Id ) forms existing in equilibrium [2]. In alkaline so-
lutions, the equilibrium is shifted toward formation
of structuresIc and Id ; the reactivity of the aldehyde
groups thus decreases, and, to ensure more complete
reaction, it becomes necessary to take the nucleophile
in a larger excess than in the case of DPA and APA
(Table 2).

In dextran and aubasidan polyaldehydes, 2,4-oxi-
dized fragments prevail. Such fragments can exist in
form I only; therefore, high degrees of substitution are
attained.

In contrast to benzylamine, aniline is poorly sol-
uble in water; hence, the conversion of the aldehyde
groups is largely influenced in this case by the sol-
ubility of the polysaccharide aldehydes in water. In-
deed, the highest degrees of substitution are attained
in reactions of aniline with the polyaldehydes derived
from rhodexman and rhonasan, readily soluble in wa-
ter. The poorly soluble DPA reacts more slowly, and
approximately the sameCs values are attained in
a longer time. With insoluble aubasidan polyaldehyde,
only 16% of the aldehyde groups are converted, prob-
ably because the APA reaction centers are inaccessible
to the amine.

To make higher the conversion of the aldehyde
groups of rhodexman and aubasidan polyaldehydes in
reactions with benzylamine and aniline, we varied
the reaction time, temperature, and reactant ratio. In

each particular case the goal is reached in a different
way (Table 2). With rhodexman, raising the amount
of benzylamine by a factor of 1.5 increasedCca from
34 to 77% (by a factor of 2.5), in reactions of APA
with a tenfold excess of anilineCca increased to only
37%. At the same time, with temperature raised to
60oC, more than 90% of APA aldehyde groups re-
acted with the amine.

In reactions with INAH, all the polysaccharide
aldehydes show high reactivity. However, as in the
reactions with amines, the reactivity depends on the

Table 2. Influence exerted by conditions of reactions be-
tween polyaldehydes and amines (2 h) on the conversion
of the aldehyde groups into azomethine groups
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ Amount of amine, ³ ³
T, oC ³ mol mol31 mono- ³ Cs ³ Cca, %

³ saccharide unit ³ ³
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Rhodexman3benzylamine, pH 10.3

20 ³ 2 ³ 0.22 ³ 34
20 ³ 3 ³ 0.57 ³ 77
20 ³ 5 ³ 0.57 ³ 77
20 ³ 10 ³ 0.55 ³ 75

Aubasidan3aniline, pH 6

20 ³ 3 ³ 0.17* ³ 28*

20 ³ 3 ³ 0.1 ³ 16
20 ³ 5 ³ 0.11 ³ 17
20 ³ 10 ³ 0.23 ³ 37
40 ³ 3 ³ 0.4 ³ 69
60 ³ 3 ³ 0.53 ³ 91
80 ³ 3 ³ 0.53 ³ 91

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Reaction time 24 h.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

1020 SUVOROVA et al.

structural and conformational features of the poly-
aldehyde molecules (Fig. 3).

In the reactions with INAH, the highestCca values
of the polyaldehydes derived from aubasidan, rhodex-
man, rhonasan, and dextran (60, 70, 80, and 90%,
respectively) vary practically in the same order as in
the reactions with aniline, which may be due to differ-
ent primary and secondary structures of the polysac-
charides. For example, rhonasan polyaldehyde is more
reactive than rhodexman polyaldehyde, probably be-
cause introduction of sulfate groups into the rhodex-
man polyaldehyde molecule somewhat unrolls it,
facilitating the access of the nucleophile to the alde-
hyde groups [3].

CONCLUSIONS

(1) Aubasidan, rhodexman, and rhonasan polyal-
dehydes react, similarly to dextran polyaldehyde, with
N-nucleophiles and can be used for developing new
and improving the known biologically active sub-
stances.

(2) When choosing conditions for chemical modi-
fication of polyaldehydes, account should be taken
of their structure, solubility, and other factors. In re-
actions with N-nucleophiles, the polyaldehydes de-
rived from aubasidan, rhodexman, and rhonasan are,
in some cases, more active, and in other cases, less
active than dextran polyaldehyde.

(3) Water-soluble polymeric azomethines can be
prepared by reactions of amines with polyaldehydes
derived from sulfated polysaccharides.
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Abstract-The influence of ferrocene and iron acetylacetonate additives on the chemical, magnetic, and
electrophysical properties of thermolyzed and nonthermolyzed polyacetylenes prepared by phase-transfer de-
hydrochlorination of polyvinyl chloride was studied.

Properties of polymers containing conjugated dou-
ble bonds appreciably change upon introduction of
iron compounds. For example, partial oxidation of
polyacetylene doped with trivalent iron compounds
(chloride, perchlorate, phosphate, acetate, etc.) raises
the conductivity from 1038 to 102 W31 cm31 and im-
proves the polymer stability [1, 2].

Iron compounds can be incorporated in the poly-
meric chain, e.g., during synthesis of polyferrocene-
vinylenes. Pendant ferrocene groups have virtually no
effect on the polyvinylene conductivity. The electri-
cal conductivity s50o of this polymer is 2.850
10310 W31 cm31 [3]. When the polyvinylene chains are
cross-linked with ferrocene groups, the conductivity at
50oC decreases to 9.20 10313 W31 cm31 [3]. The elec-
trical conductivity of polyferrocenevinylenes calcined
at 300oC is (1.031.15)0 1039 W31 cm31.

Ferrocene-containing polymers are highly para-
magnetic compounds: their specific static magnetic
susceptibility is (4003500)0 1036 g31 at magnetic
field intensity of 3.033.5 kOe, whereas polyvinylenes
containing no ferrocene groupshave negative suscepti-
bility not exceeding3(0.531.5)0 1036 g31 in the same
magnetic field [4].

In this work, we studied the influence of biscyclo-
pentadienyliron (ferrocene) and iron acetylacetonate
[Fe(acac)3] on chemical, magnetic, and semiconduct-
ing properties of polyacetylenes whose thermolysis
products contain ferromagnetic compounds [5].

Polyacetylenes were prepared by phase-transfer de-
hydrochlorination of polyvinyl chloride and had dif-
ferent supramolecular structures. Another aim of this

work was to find a new dopant raising sharply the
electrical conductivity of polymers.

EXPERIMENTAL

Amorphous and polycrystalline polyacetylene sam-
ples were prepared by dehydrochlorination of poly-
vinyl chloride with an aqueous potassium hydrox-
ide solution; those with mixed structure, by dehy-
drochlorination with granulated potassium oxide in
the presence of phase-transfer catalysts [6]. Purified
polymers were dried at 100oC in a vacuum. The size
of perfect polyacetylene crystals in the polycrystalline
sample is larger than the known values and reaches
1.00 103 mm. Traces of an amorphous phase are
present in the sample. The sample with mixed struc-
ture is amorphous polyacetylene containing 20%
crystalline phase.

Commercial dicyclopentadienyliron Fe(C5H5)2
(ferrocene) and iron acetylacetonate Fe(C5H7O2)3
[Fe(acac)3] of chemically pure grade were used.
The melting points of these compounds are 173 and
184oC, respectively, which agrees with published
data [7]. Since the iron complexes are readily soluble
in various solvents and have low sublimation tem-
peratures (~100oC), their excess can be readily re-
moved during washing and drying of polyacetylene.

The iron complexes were introduced into the poly-
mer by two procedures. The first is treatment of poly-
acetylene with a 1.5% Fe(acac)3 solution in absolute
ethanol, with subsequent washing of the product with
ethanol until the solution becomes colorless. The sec-
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Fig. 1. IR spectra of (1) Fe(acac)3, (2) mixture of poly-
acetylene with Fe(acac)3, and polyacetylene prepared (3) in
the presence and (4) in the absence of Fe(acac)3. (I ) In-
tensity and (n) wave number.

ond is synthesis of polyacetylene in the presence of
the iron compounds in amounts of 40 wt % with re-
spect to polyvinyl chloride.

The samples were heated at a 1.5 deg min31 rate
in a quartz tube in a vacuum (residual pressure about
1033 mm Hg) and then kept at required temperature
for 2 h. The loading and unloading of the samples
were performed in an argon atmosphere. The iron
content in the polymer was determined by chemical
analysis.

Atmospheric oxygen dried over P2O5 was used as
the oxidizing agent. The thermal stability was studied
on an MOM derivatograph. The heating rate was
0.08 deg min31. The weighed portion of the sample
was 0.10 1033 kg.

The structure of polyacetylenes prepared without
iron additives was studied by optical and electronic
microscopy.

The resistivity was measured in a cell with stain-
less steel electrodes by the four-probe method using
an E 7-8 ac bridge operating at 1 kHz. The design of
the measuring cell allowed preparation of polymer
pellets 503300 mm thick.

The magnetic susceptibility of polyacetylene pow-
ders was measured by Faraday’s procedure [8] in mag-
netic field with intensity ranging from 2 to 15 kOe
and at temperature from 20 to 100oC.

Incorporation of iron compounds into the polymer
is determined by its structure. The iron content in
polyacetylene treated with an alcoholic solution of
Fe(acac)3 and a ferrocene solution is 132 and 0.033
0.20 wt %, respectively. The iron content in the poly-
mer prepared by phase-transfer dehydrochlorination of
polyvinyl chloride in the presence of Fe(acac)3 and
ferrocene is 539 and 0.0330.035%, respectively. As
indicated by IR spectroscopy, the resulting polymer is
not a mechanical mixture and its structure differs from
that of pure polyacetylene. The IR spectrum of poly-
acetylene containing and not containing Fe(acac)3 is
shown in Fig. 1 as an example. The spectrum of the
polymer prepared in the presence of Fe(acac)3 contains
no bands of acetylacetonate group coordinated to the
metal (nC=O 1570 cm31 and nC=C 1530 cm31 [9]),
typical for Fe(acac)3 (curves1, 3). The spectrum of
a mechanical mixture of the polymer with Fe(acac)3 in
amounts similar to that in the iron-doped polymer
contains these bands (curve2). The out-of-plane bend-
ing vibrations of thetrans-=CÄH fragments of the
polyacetylene chain (curve4) are manifested as a
weak band at 100031015 cm31 in the spectrum of
the sample containing Fe(acac)3 additive (curve3).

Similarly, the ferrocene bands (1002 and 1107 cm31

[10]) are absent in the IR spectrum of polyacetylene
doped with ferrocene. This indicates the absence of
a free cyclopentadienyl ring in the sample. Hence,
the organoiron compounds react with polyvinyl chlo-
ride during polymer synthesis.

Semiconducting and magnetic properties of poly-
acetylene due to the presence of delocalizedp
electrons in the macromoleclues change considerably
upon introduction of the iron compounds into the po-
lymer.

Polyacetylene is a weakly magnetic material, since
its magnetic susceptibilityc, characterizing magneti-
zation of a substance in a magnetic field, does not
exceed 1036 g31. Both amorphous and crystalline sam-
ples are diamagnetic:c < 0. The amorphous polymer
containing 20% crystalline modification is paramag-
netic, since itsc > 0. The dependence of the static
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magnetic susceptibility of the amorphous sample on
the magnetic field intensity differs from that of the
crystalline sample. With increasing magnetic field
intensity, the susceptibility of crystalline polyacety-
lene grows and that of amorphous and amorphous-
crystalline structure decreases (Fig. 2). In a weak
field (238 kOe) the diamagnetism of the crystalline
sample is higher than that of the amorphous sam-
ple: the curves for the dependence ofc of the crystal-
line polyacetylene on the magnetic field intensityH
lie below those of the amorphous samples (Fig. 2,
curves 1 and 2).

As determined by chemical and X-ray fluorescence
analysis, the transition metal content in thermolyzed
polymers does not exceed 1033 wt %. Even traces of
ferromagnetic impurities can change the actual mag-
netic susceptibility. However, the influence of the
structure of the polymer and products of its thermo-
lysis on the magnetic properties of the polymer can be
determined by comparing changes inc of the solid
samples at two or more magnetic field intensitiesH.
The influence of the structure was revealed by study-
ing the magnetic properties of structurally different
polyacetylenes treated with an alcoholic solution of
Fe(acac)3. As seen from Fig. 2, diamagnetic poly-
acetylene is converted into the paramagnetic state
(c becomes positive) upon treatment with diamagnetic
[11] Fe(acac)3. The magnetic susceptibility of the po-
lymer does not correlate with the iron content, but
depends on the polymer structure. The magnetic sus-
ceptibility of the polymer with mixed structure,
containing 1.12% Fe, exceeds by and order of mag-
nitude that of amorphous and crystalline samples
containing 2.03 and 0.98% Fe, respectively.

The electrical conductivity of polyacetylene is low
(1039-10311 W31 cm31). Introduction of ferrocene or
Fe(acac)3 during polymer synthesis or by treating
polymer isolated from the reaction mixture decreases
the conductivity to 10313 W31 cm31, probably owing to
loosening of the polymer structure by bulky molecules
of the iron compounds.

Uniaxial compression slightly (by a factor of 1.13
1.26) increases the electrical conductivity of all the
structural modifications of polyacetylene. Clearly, this
is due to an increase in the charge carrier mobility
owing to shortening of the distance between the mac-
romolecules and hence a decrease in the energy barrier
between the polyconjugated fragments. The pressure
dependence of the electrical conductivity of poly-
acetylene flattens out at a pressure of 0.2 GPa (Fig. 3,
curves 133). In this region the electrical conduc-
tivities of structurally different samples are almost

Fig. 2. Static magnetic susceptibilityc of (1, 1̀) crystalline,
(2, 2̀) amorphous, and (3, 3̀) crystalline-amorphous poly-
acetylene, (133) initial and (1`33`) treated with Fe(acac)3,
vs. the magnetic field intensityH. Iron content (wt %):
(133) 0, (1̀) 0.98, (2`) 2.03, and (3`) 1.12.

Fig. 3. Electrical conductivity s of (134) initial poly-
acetylenes and (1`33`, 1"33") polyacetylenes thermolyzed
at 600oC vs. pressureP. The samples have (1, 1,̀ 1", 4) crys-
talline, (2, 2, 2", 4) amorphous and (3, 3 ,̀ 3", 4) amor-
phous-crystalline structure. Polyacetylene was prepared
in the presence of (1"33", 4) Fe(acac)3, (4) ferrocene or
ferrocene3Fe(acac)3 mixture and (133, 1`33`) in the ab-
sence of the iron compounds. Iron content (wt %):
(133, 1`33`) 0, (4) from 0.035 to 9.4, (1") 10.6, (2") 15.7,
and (3") 8.16.

the same. The conductivity of polyacetylene sam-
ples modified with the organoiron compounds grows
from 10313 to 10312 W31 cm31 with increasing pres-
sure (curve4).

The probability of electron exchange, i.e., the
charge carrier mobility, must increase with shorten-
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Fig. 4. Electrical conductivitys of the products ofpyrolysis
at 500oC of polyacetylene with (1, 1̀) crystalline and
(2, 2`, 2", 2`̀ `) amorphous-crystalline structure and (1, 2) un-
doped and doped with (1`, 2`) Fe(acac)3, (2") ferrocene,
and (2`̀ `) Fe(acac)33ferrocene mixture vs. pressureP. Iron
content (wt %): (1, 2) 0, (1`) 7.80, (2`) 7.76, (2") 0.03, and
(2`̀ `) 9.6.

Fig. 5. C/H ratio in (1, 1̀, 1") crystalline, (2, 2̀) amor-
phous-crystalline, and (3, 3̀) amorphous polyacetylenes
(133) undoped and doped with (1`33`) Fe(acac)3, and
(1") Fe(acac)33ferrocene mixture vs. temperatureT. Iron
content (wt %): (133) 0, (1`) 4.9, (1") 6.6, (2`) 5.3, and
(3`) 9.4.

ing of the distance between conjugated sections of
the macromolecules, which occurs during heat treat-
ment [3]. As a result, the electrical conductivity of
the polymers containing and not containing the or-
ganoiron compounds increases upon heat treatment.
The electrical conductivity of the thermolysis prod-
ucts depends on the history of a sample. The con-
ductivity of pyrolized crystalline samples is higher
than that of amorphous samples throughout the tested
pressure range (Fig. 3, curves1` and2`). The influence
of the supramolecular structure of polyacetylene is

preserved in products of pyrolysis at temperatures
<500oC of samples containing ferrocene and Fe(acac)3.
Despite the high iron content in the product of
pyrolysis at 500oC of amorphous-crystalline poly-
acetylene prepared in the presence of Fe(acac)3, the
curves of the pressure dependence of its electrical
conductivity lie lower than those for the pyrolysis
products of the amorphous-crystalline polymer con-
taining no iron additive (Fig. 4, curves2, 2`). The
curve for the thermolysis product of crystalline poly-
acetylene doped with Fe(acac)3 runs higher than that
of the polymer with mixed structure, although the iron
content in these samples is virtually the same (7.80
and 7.6%, respectively).

The influence of the dopant nature on the conduc-
tivity was studied for amorphous-crystalline poly-
acetylene thermolyzed at 500oC (Fig. 4). The elec-
trical conductivity of the polymer prepared in the
presence of Fe(acac)3 and containing 6.637.8% Fe
is lower upon the heat treatment, and the electrical
conductivity of the polymer doped with ferrocene and
containing 0.03% Fe after thermolysis, higher than
that of the thermolysis product of undoped polymer.
The electrical conductivity of the pyrolysis product
of polyacetylene prepared by dehydrochlorination of
polyvinyl chloride in the presence of an Fe(acac)33
ferrocene mixture exceeds that of the sample prepared
in the presence of ferrocene only. No correlations
between the iron content in the pyrolysis products
and their conductivity were revealed. The electrical
conductivity of the iron-containing samples ther-
molyzed at temperatures higher than 500oC depends
mainly on the iron concentration. For example, the
conductivity of polyacetylenes with different supra-
molecular structures, thermolyzed at 600oC, cor-
relates with the iron content in the samples (Fig. 3,
curves 1"33").

Clearly, the electrical conductivity of pyrolyzed
polyacetylenes depends on their history (supramolec-
ular structure), the polymer structure formed dur-
ing heat treatment in the presence of additives and
their transformation products, and the nature of the
iron additives.

The polyacetylene structure undergoes pronounced
changes during thermolysis. Dehydrogenation of the
crystalline polymer starts at 2503300oC to form com-
pletely carbonized products at 120031300oC via a
number of intermediates. The temperature dependence
of the C/H ratio characterizing the degree of sample
dehydrogenation (Fig. 5) indicates that dehydrogena-
tion of crystalline polyacetylene (curve1) is faster than
that of the amorphous sample (curve3). Dehydrogena-
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tion of the amorphous sample is complete at tem-
peratures higher than 2000oC. The organoiron com-
pounds sensitize this process: dehydrogenation of
doped polymers is faster and occurs at lower temper-
atures (Fig. 5). In the presence of both the additives,
a synergistic effect is observed: dehydrogenation of
polyacetylene doped with a ferrocene3Fe(acac)3 mix-
ture is faster than that of a polymer doped with any
one of the components (curves1, 1`, 1"). Probably,
the organoiron compounds loosen the polymeric struc-
ture and increase its porosity, thus promoting hy-
drogen elimination from closed pores.

Thermal degradation of crystalline polyacetylene,
occurring with appreciable weight loss, is more dif-
ficult as compared with that in the amorphous sample.
The weight loss curves are shifted to higher temper-
atures in going from amorphous polymer containing
20% crystalline phase to a crystalline sample (Fig. 6,
curves1 and2). The iron compounds catalyze thermal
degradation of the macromolecules. The thermal de-
gradation curves of polyacetyeles prepared in the pres-
ence of ferrocene, Fe(acac)3, and their mixture are
shifted to lower temperatures (Fig. 6). The synergistic
effect was observed for a sample doped with a fer-
rocene3Fe(acac)3 mixture: thermal degradation of the
polymer is faster than that of the polymers doped with
either ferrocene or Fe(acac)3.

We found that the organoiron compounds affect
the nucleophilic properties of polyacetylenes. High
reactivity of this polymer in reactions with electro-
philic agents, for example with oxygen, is due to the
nucleophilic properties of polyacetylene. The stability
of polyacetylenes against atmospheric oxygen depends
on their supramolecular structure. The rate of oxygen
uptake, corresponding to the oxidation rate, decreases
in going from amorphous to crystalline structure:
the weight gain in 24 h is 2.3 and 1.1 wt %, respec-
tively. Probably, the oxidation is controlled by oxygen
diffusion which is slower in dense crystalline samples
as compared with amorphous polyacetylene. The ox-
idation of Fe-containing polyacetyelenes is faster as
compared with the undoped samples.

The weight gain in 24 h for amorphous and crystal-
line polymer prepared in the presence of Fe(acac)3 is
2.7 and 2.5%, respectively. The stronger influence of
the iron-containing additive on the oxidation of crys-
talline polymer, compared with the amorphous sam-
ple, is probably due to stronger structural loosening
of the crystalline sample. Upon doping, the porosity
of the crystalline sample becomes equal to that of

Fig. 6. Weight loss Dm from (1, 1̀) crystalline and
(2, 2̀, 2", 2`̀ `) amorphous-crystalline polyacetylenes
prepared (1, 2) in the absence and in the presence of
(1`, 2`) Fe(acac)3, (2") ferrocene, and (2`̀ `) Fe(acac)33fer-
rocene mixture vs. temperatureT. Iron content (wt %):
(1, 2) 0, (1`) 6.03, (2`) 5.34, (2") 0.03, and (2̀̀̀) 8.16.

amorphous polyacetylene and the samples take up
equal amounts of oxygen.

Thus, the organoiron compounds affect the chem-
ical, magnetic, and electrophysical properties of poly-
acetylene.

CONCLUSIONS

(1) A sensitizing effect of ferrocene and iron ace-
tylacetonate both on oxidation by oxygen of poly-
acetylenes prepared by phase-transfer dehydrochlo-
rination of polyvinyl chloride and on high temperature
dehydrognetation and degradation of these polymers
was revealed.

(2) Introduction of ferrocene and iron acetylaceton-
ate into polyacetylene decreases the electrical con-
ductivity of both nonthermolyzed and thermolyzed
samples and promotes transformation of the dia-
magnetic polymer to the paramagnetic state.
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Abstract-Contact oxidation of polyethylene films on copper was studied as influenced by their thickness.
An oxidation mechanism is proposed.

Contact oxidation of polyethylene films on copper
is accompanied by diffusion of copper compounds-

products of contact reactions, in the bulk of the film
[133]. At low concentrations, these compounds cata-
lyze oxidation, and at high concentrations they in-
hibit it [4, 5]. In this connection, we suggest [1] that
the catalytic oxidation of polyethylene (PE) on copper
is a homogeneous process catalyzed by transferred
copper compounds.

Transfer of copper (copper compounds) strongly
depends on the thickness of a polymeric film. With
increasing thickness, the oxygen uptake grows. As
a result, the region of intensive polymer oxidation
is shifted from the near-support layer to the film sur-
face [1], and two-stage copper accumulation is ob-
served not only in the boundary PE layer, but also in
the bulk of the film [6]. However, the nature of cop-
per transfer in the bulk of PE being oxidized is not
understood. To gain insight into these processes, sys-
tematic studies are required. In this work, we studied
PE oxidation and copper transfer in a PE film as in-
fluenced by the film thickness.

EXPERIMENTAL

We used nonstabilized high-density PE prepared at
low pressure using complex organometallic catalysts
[GOST (State Standard) 163338385, brand 20306-
005]. Two types of samples, supported and filled
polymeric films, were prepared from a polymer pow-
der by hot pressing. The support and filler were, re-
spectively, M1 copper foil and M1 copper powder
with grain size ranging from 50 to 70mm. Filled PE
was prepared by mechanical mixing of the polymer
and copper powders. Unfilled and copper-filled poly-

mers were applied to copper supports by hot press-
ing at 150oC for up to 5 min. The resulting samples
were oxidized in ovens in air and cooled under nat-
ural conditions. Then a copper support was separated,
and the obtained polymeric film was studied.

The degree of PE oxidation was estimated by IR
transmission and MATIR spectroscopy. We suggested
that the degree of oxidation is proportional to the op-
tical density of the band at 1720 cm31 assigned to
the carbonyl groups, or to the extinction coefficient
K calculated as the ratio of the optical density to the
film thickness expressed in centimeters. The IR spec-
tra were recorded on a Specord 75-IR spectrophotom-
eter. The MATIR spectra were recorded with a KRS-5
element (q = 45oC, n = 2, 4; N = 14).

The amount of copper compounds accumulated in
a PE film was evaluated by separating it from the
support and ashing by two-stage thermal treatment
in air [7]. The residue was dissolved in water. The
copper content in these solution was determined by
polarography. The procedure was described in detail
in our previous communication [8].

The time dependences of the extinction coeffi-
cient and the copper concentration in 30- and 500-mm
PE films oxidized on copper are shown in Fig. 1.
These specific parameters characterize, respectively,
the average number of carbonyl groups and copper
in a unit volume of the polymer. As seen from Fig. 1,
these dependences for the films with the same thick-
ness flatten out after almost the same oxidation time
(curves2, 4), i.e., PE oxidation and copper transfer
are interrelated processes. As noted above, copper
compounds both catalyze (at low concentration) and
inhibit (at high concentration) the PE oxidation. The



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

1028 LIN, VOROB’EVA

Fig. 1. (1, 2) Extinction coefficient K for the band at
1720 cm31 and (3, 4) copper concentrationC in PE films
vs. time t of oxidation at 150oC of films on a copper
support. Film thickness (mm): (1, 3) 30 and (2, 4) 50.

Fig. 2. (1, 3) Copper concentrationC in PE films and
(2) extinction coefficientK for the band at 1720 cm31 in
IR spectra vs. (1, 2) film thicknesst and (3) time t of ox-
idation on a copper support. Oxidation temperature 150oC.
(1, 2) Oxidation time 9 h; (3) film thickness 300mm.

inhibition of oxidation (plateau in the kinetic curves
of accumulation of carbonyl groups) is due to the ac-
cumulation of copper compounds in the polymer in
amounts sufficient for suppression of oxidation.

The time required for accumulation of the critical
concentration of copper compounds in PE grows with
increasing film thickness (Fig. 1, curves3, 4). Cor-

respondingly more time is required for the extinction
coefficient curve to flatten out (Fig. 1, curves1, 2).

The dependences of the limiting extinction coef-
ficient and the limiting metal concentration in the film
on the film thickness are presented in Fig. 2. The ox-
idation time was enough for complete stabilization of
the oxidation processes in the sample. As seen from
Fig. 2, the region of tested thicknesses can be divided
in two sections:I from 0 to 70 andII from 80 to
170 mm, in which the extinction coefficient changes
relatively slowly (Fig. 2, curve2). In the narrow re-
gion between these sections (the hatched section in
Fig. 2) the content of carbonyl groups increases abrupt-
ly. The dependence of the limiting concentration of
copper compounds transferred in the film is similar
(Fig. 2, curve1). The minimum copper concentration
required to inhibit PE oxidation can be determined
by extrapolating curve1 (Fig. 2) to zero thickness.
This concentration is about 0.25 wt %. In this case,
the degree of polymer oxidation is very low. The
extinction coefficient determined by extrapolation of
curve 2 (Fig. 2) is 5310 cm31.

Similar results were obtained for PE filled with
copper powder. The dependence of the limiting ex-
tinction coefficient K of the band at 1720 cm31 in
the IR spectra of PE films on the filler contentC in
the films (oxidation temperature 150oC, film thickness
100 mm) is presented below.

C, vol % 0.2 0.5 1.5 3 5 7

K, cm31 60 39 23 11 5 4

These data show that oxidation of films with cop-
per content of 5 vol % and higher is inhibited
at low degree of polymer oxidation (extinction
coefficient is about 5 cm31). This is due to thinning
of the polymer layer surrounding filler particles with
increasing copper concentration in PE. Hence,
the influence of thinning of the unfilled copper-sup-
ported PE films on PE oxidation is similar to that
of an increase in the filler concentration in the film
at constant film thickness.

To elucidate the reasons for the observed complex
influence of the film thickness (Fig. 2, curves1, 2),
we studied the oxidation kinetics in different layers
of a copper-supported PE film. The kinetic curves
of accumulation of carbonyl groups in the surface
and near-support layers of a PE film (thickness of
analyzed layer about 2mm) were obtained by means
of MATIR spectroscopy [9]. The results of a study
of both thin (50mm, curves1, 2) and thick (150mm,
curves 3, 4) films are presented in Fig. 3.
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Polyethylene film is not uniformly oxidized across
its thickness. Carbonyl groups start to form in the
near-support layer (Fig. 3, curves2, 4). Then PE ox-
idation in the surface layer is accelerated, and the op-
tical density of this layer increases (Fig. 3, curves1,
3). The kinetic curves of accumulation of carbonyl
groups in the surface and near-support layers of PE
film flatten out irrespective of the film thickness. On
the plateau, the degree of oxidation of the surface
layer of polymer is always higher than that of the
near-support layer, the film thickness being constant.

The film thickness affects the following parameters
of the inhibition stage: the optical density correspond-
ing to the saturation of the kinetic curves,D0, and
the oxidation time required for the optical density
to reach saturation,t0. These parameters are indicated
in Fig. 3, curve3. The parameters grow with increas-
ing film thickness.

It should be noted that the ratio oft0 values for
the surface and near-support layer depends on the
film thickness. In thin films, the oxidation is stabi-
lized faster in the near-support layer:t0 for this layer
is lower (Fig. 3, curves1, 2). This parameter for the
near-support layer of thick films is higher than that
for the surface layer. We believe that this difference
in oxidation of thin and thick films (Fig. 3, curves
3, 4) is mainly responsible for the appearance of
two ranges of film thickness in Fig. 2. It should be
noted that thestabilization of the concentration of
carbonyl groups in the surface layer of thick films
does not mean that oxidation is complete in this lay-
er (Fig. 3, curves3, 4). Presumably, dynamic equilib-
rium is attained between the carbonyl groups formed
in the surface layer and carbonyl groups of the low-
molecular weight oxidation products diffusing from
this layer of the sample inwards. Polymer oxidation
is completely inhibited when the content of the car-
bonyl groups is stabilized across the whole thickness
of the film.

We propose the following scheme for PE oxidation
on a copper support. In the first stage, the oxidation
is localized in the near-support layer. Copper com-
pounds diffusing in a PE film catalyze PE oxidation
to form low-molecular-weight products of thermal
oxidative degradation. These products, in turn, react
with the support to form copper compounds which
again diffuse in the bulk of the film. As a result,
a concentration of copper compounds that is enough
to inhibit the oxidation is attained in the neat-support
layer. As determined by MATIR spectroscopy, a layer
of inhibited polymer is formed at the film3support
interface after approximately 15 min of oxidation

Fig. 3. Optical density D for the absorption band at
1720 cm31 in IR MATIR spectra of (1, 3) surface layer
of PE film and (2, 4) film layer adjacent to the support,
vs. time t of oxidation at 150oC on a copper support.
Film thickness,mm: (1, 2) 50 and (3, 4) 150.

(Fig. 3, curve2). During further oxidation, this layer
becomes thicker owing to diffusion of copper com-
pounds through it. In the course of time, the entire
polymeric film must be inhibited, with the oxidation
stopped.

However, displacement of the zone of intensive ox-
idation from the near-support layer to the surface layer
of the coating should also be taken into account [6].
In the course of oxidation, the oxygen uptake by
the surface layer increases (which is promoted by
diffusion of small amounts of copper compounds in
this layer), thus decreasing oxygen penetration into
the film. As a result, the oxidation is localized in
the surface layer of the polymeric film and is sup-
pressed deeper inside the film owing to oxygen de-
ficiency. The metal transfer into the film is corre-
spondingly decelerated. Low-molecular-weight prod-
ucts of thermal degradation, formed in large amounts
in the surface layer diffuse through the film to the
neat-support layer. These products react with the
support to form copper compounds. In terms of our
previous work [6], the second stage of metal trans-
fer to PE being oxidized begins with diffusion of
these compounds into the polymeric film. The metal
transfer in this stage will continue until stabilization
of oxidation in all layers of a film.

Thus, oxidation of a copper3supported PE film
can be inhibited by both single- and two-stage-mech-
anism. The single-stage inhibition is only possible in
thin films. In this case, the thickness of the inhibited



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

1030 LIN, VOROB’EVA

Fig. 4. (1, 2) Extinction coefficient K for the band at
1720 cm31 in IR spectra and copper concentrationC in
(3, 4) surface and (2, 4) near-support layers of a 300-mm
PE film vs. timet of film oxidation at 150oC on a copper
support.

layer gradually grows from the near-support layers
toward the surface layer of the sample. Copper tran-
sfer into polymer is continuous. The two-stage inhibi-
tion of PE is typical of thicker films. In this case,
the thickening of the layer of the inhibited polymer is
interrupted owing to localization of the oxidation in
the surface layer of the film. The metal transfer is
interrupted simultaneously. However, it is resumed
after diffusion of the oxidation products from the sur-
face layer to the near-support layer. Inthis stage,
the conversion of the polymer to the inhibited state
is completed.

Kinetic studies of copper transfer in a 300-mm
polymeric film (Fig. 4, curves3, 4; Fig. 2, curves3)
confirmed the proposed scheme of PE oxidation on
copper support. The dependence of copper accumula-
tion in the near-support layer (thickness of the an-
alyzed layer is 10315 mm) is characterized by two
stage of metal transfer, which are separated by an
interval of time. During this time, the metal content
in a tested layer remains virtually constant (Fig. 4,
curve 3). The dependence of accumulation of carbon-
yl groups is similar (Fig. 4, curve1). The oxidation
is stabilized when the degree of PE oxidation in the
surface layer is low (extinction coefficient is about
20 cm31), but traces of transferred copper are clearly
detected in it (Fig. 4, curve4). If the material of
the near-support layer, oxidized for a time sufficient
for stabilization, is heated with is free access of ox-
ygen, the content of carbonyl groups increases slowly,
i.e., PE oxidation in this layer is inhibited. The second
stage of accumulation of carbonyl groups in the near-
support PE layer is due to diffusion of low-molecular-

weight products of thermal oxidation from the surface
layer of the film, which by this time is characterized
by high degree of oxidation (extinction coefficient
exceeds 100 cm31). The second stage of copper trans-
fer into PE films begins almost simultaneously with
the onset of diffusion of the oxidation products in
the near-support layer.

The two-stage mechanism of copper accumulation
is typical of not only the near-support polymer layer,
but also the film as a whole. The shape of the cor-
responding kinetic curves (Fig. 2, curve3) is similar
to that of the dependence of the limiting copper con-
centration on the film thickness (Fig. 2, curve1).
This similarity is due to features of copper diffusion
in PE film. The initial portions of the curves (Fig. 2,
curves 1, 3) correspond to the first stage of copper
transfer without involvement of the thermal oxidation
products formed in the surface layer. The next portion
reflects the overall copper transfer in the first and
second stages.

CONCLUSION

The area of intensive accumulation of the products
of thermal oxidation of copper-supported polyethylene
films shifts from the near-support layer to the sur-
face layer of the polymer. This is the main reason for
the change in the mechanism of metal diffusion in
the film. As the film becomes thicker, the single-stage
mechanism gives way to a two-stage mechanism.
The mechanism changeover, in its turn, alters the pa-
rameters responsible for inhibition of oxidation pro-
cesses in the polymer.
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Abstract-Rheological properties of magnetite dispersions in transformer oil were studied in relation to
the conditions of modification of the magnetite surface with water vapor and water-soluble polymers such
as polyvinyl alcohol and carboxymethyl cellulose. Various modification modes are considered.

Directed preparation of various structures with pre-
scribed mechanical properties is among the most im-
portant tasks of the modern physical chemistry of
dispersed systems [1]. The commonly accepted ap-
proach is the optimal combination of mechanical dis-
persion with modification of the dispersed phase sur-
face by,e.g., introduction of such modifying reagents
as water-soluble polymers able to affect the strength
of interparticle interactions and to be readily cross-
linked in the presence of metal cations. The perfor-
mance characteristics of such systems are largely con-
trolled by their rheological parameters such as the
viscoelastic, strength, and hyperelastic indices of so-
lutions. In turn, these parameters are governed by
the strength of macromolecular interaction responsi-
ble for the formation of a three-dimensional network
structure. The basic factors controlling the viscosity
of a structured suspension are the concentrations of
the polymer and dispersed phase and temperature.

In this work, we studied the effect of sorption of
water vapor and water-soluble polymers by magnetite
particles on the structural and rheological character-
istics of magnetite dispersions in transformer oil.

EXPERIMENTAL

Rheological measurements were carried out with
a Rheotest-2 rotary viscometer for determining the
dynamic viscosity of both Newtonian and non-New-
tonian fluids over a wide range of the shear rates
from 3 to 1312 s31 at a temperature of 30370oC.

As the continuous phase served transformer oil,
and as the dispersed phase, magnetite Fe3O4 (pure
grade), finely ground and dried at 105oC prior to use.
The magnetite concentration in the oil dispersions var-

ied from 5 to 25%. Sorption of water vapor on mag-
netite was studied as follows. A sample was placed
in a desiccator and allowed to stand over saturated
salt solutions at room temperature for 20 days at
a fixed relative humidity of 30, 60, 80, and 100%.
To obtain modified magnetite, it was brought in con-
tact with solutions of water-soluble polymers such
as 0.5% carboxymethyl cellulose (Na-CMC, 70/300)
or 5% polyvinyl alcohol (PVA, 16/1). The liquor ra-
tios were, respectively, Na-CMC/Fe3O4 = 2.5 and
PVA/Fe3O4 = 5. The resulting mixtures were then
allowed to stand at 105oC for 5 h and ground in an
agate mortar.

The temperature and concentration dependences of
the dynamic viscosityh of magnetite in transformer
oil at 30, 40, 60, and 70oC and a shear rate of 81 s31

are given in Fig. 1. With increasing temperature,h
decreases from 16 to 3, from 22 to 7, from 32 to 16,
from 50 to 30, and from 130 to 54 mPa s31 in 5, 10,
15, 20, and 25% magnetite suspensions, respectively.
With increasing magnetite concentration,h grows,
which is due to the increasing number of contacting
dispersed phase particles in unit volume, leading to
intensive structurization and higher dynamic viscosity.

The fact thath strongly depends on the shear
stress or rate (Fig. 2) indicates that magnetite dis-
persions in transformer oil are non-Newtonian fluids.
In a 5% magnetite dispersion,h initially decreases
rapidly with increasing shear stress (portionI of the
curve), and then a uniform flow of a fluid anisotro-
pically oriented in the field is established (portionII ).
Therefore, the system demonstrates the property of
plasticity as a result of particle structuration and for-
mation of a structure anisotropically oriented in the
mechanical field. Sorption of water on magnetite
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Fig. 1. Dynamic viscosityh of magnetite dispersion in
transformer oil vs. the magnetite concentrationC. Tem-
perature (oC): (1) 30, (2) 40, (3) 60, and (4) 70.

Fig. 2. Dynamic viscosityh of (a, b) 5 and (c, d) 15%
magnetite dispersion in transformer oil vs. the shear stress
t
n
. Temperature (oC): (a, c) 30 and (b, d) 70; the same

for Fig. 3. Moisture content and relative humidity (%):
(1) dried Fe3O4; (2) 0.7, 60 and (3) 5, 100.

leads to higher viscosity and shifs the viscosity curves
toward higher shear stress (Fig. 2a, curves2, 3). With
increasing temperature, the viscosity curves are shifted
to higher shear stress, too. The effect of anisotropic
structurization is observed in the 5% magnetite dis-
persion at 2.5 Pa, and in the dispersions containing
0.7 and 5% water, at 4.0 and 7.5 Pa, respectively.

In the presence of adsorbed water, the dynamic vis-
cosity grows with increasing magnetite content. For
example, in a 15% magnetite dispersion containing
0.7% water,h is 180 and 80 mPa s31 at 30 and 70oC,
respectively. At a moisture content of 5% the corre-
sponding values are 250 and 300 mPa s31 (Figs. 2c,
2d). In this case, the structurization is complete at
higher shear stress as compared with the 5% magne-
tite dispersion (in dispersions with dried Fe3O4 this
occurs at a shear stress of 2.5 and 5.0 Pa at 30 and
70oC, respectively; and in magnetite dispersions con-
taining 5% water, at 9.0 and 19.0 Pa).

Therefore, the structurization of the magnetite dis-
persions can be controlled by varying the amount of
sorbed water in the system.

Figure 3 shows the dependence of the dynamic
viscosity on the shear stress in a 5% dispersion of
magnetite modified with 0.5% Na-CMC and 5%
PVA. Both the modifying reagents change the shape
of the viscosity curves considerably: initially the vis-
cosity increases and then levels off (Figs. 3a, 3b;
curves1). The medium acquires the properties of a di-
latant fluid [2]. Additional introduction of water into
magnetite modified with a water-soluble polymer
makes the dynamic viscosity higher (Figs. 3a, 3b;
curves 3). In this case the nature of flow changes,
with both the plastic and dilatant types of behavior
exhibited, which is manifested in the appearance of
a maximum in the viscosity curves. For example,
modification of magnetite with 5% PVA, followed
by sorption of 8.1% water, results in an increase inh
to 55 and 24.8 mPa s31 at 30 and 70oC, respectively.
Modification of magnetite with 0.5% Na-CMC, fol-
lowed by sorption of 8.8% water, raisesh to 550 and
240 mPa s31 at 30 and 70oC, respectively.

Evidently, these effects are associated with a change,
in the mechanical field, in the nature of the intermolec-
ular interaction in magnetite containing sorbed water.
In this case, water molecules strengthen the network
of hydrogen bonds between the hydroxy groups of the
polymers. Water sorption by the modified dispersions
favors formation of a more developed network struc-
ture in the bulk of the dispersion, as demonstrated
by a dramatic increase in the dynamic viscosity. With
the shear stress increasing further (Fig. 3a, curve3,
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Fig. 3. Dynamic viscosityh of a 5% dispersion of magnetite modified with (a, b) 0.5% Na-CMC and (c, d) 5% PVA vs.
the shear stresst

n
. Moisture content and relative humidity (%): (1) Dried Fe3O4; (2) (a, b) 0.6, 60 and (c, d) 0.4, 60; and

(3) (a, b) 8.8, 100 and (c, d) 8.1, 100.

portion II ), the binder undergoes structurization in
the mechanical field, which results in the formation of
anisotropically oriented magnetite particles (Fig. 3a,
curve 3, portion III ).

CONCLUSIONS

(1) Modification of magnetite with water affects
the nature of flow of magnetite dispersions in trans-
former oil in the mechanical field.

(2) Additional introduction of water into magne-
tite modified with water-soluble polymers results in
the formation of media showing both dilatant and
plastic properties, which is associated with the for-
mation in the mechanical field of a network of hy-
drogen bonds and subsequent structurization of the
disperse system with increasing shear stress through
anisotropic orientation of magnetite particles.

(3) Depending on the modification conditions,
fluid magnetite dispersions demonstrate both plastic
and dilatant properties.

(4) The obtained results allow modification of
binders of fluid formulations to be regarded as a
method for preparing of media sensitive to mechan-
ical fields.
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Abstract-A refractometric3spectrophotometric method is proposed for routine analyses for vitamins A and
E in oil solutions, which is 334 times less time-consuming than HPLC. The determination procedure includes
measurements of the refractive indexnD

20 of samples and optical density of their solutions in hexane at 325 nm.

Modern requirements to routine analytical proce-
dures, especially those used in industry, refer not only
to the adequacy of analysis, but also cover such cri-
teria as the time consumption, labor intensiveness,
reagent consumption, cost, etc. [1, 2].

Solutions of vitamins E (a-tocopherol acetateI )
and A (retinol palmitateII ) in vegetable oils are com-
mercially produced as drugs, including Aevit poly-
vitamin {FS (Pharmacopoeia Item) 42-1699395 [3]},
and food supplements [4]. The difficulties arising in
quantitative determination of such mixtures are caused
by high hydrophobicity of all components, high vis-
cosity of the samples, and variability of the proper-
ties of the matrix (like most natural products, it is
a mixture of variable composition).
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According to the modern views, the most accurate
method of quantitative determination of compoundsI
and II in oil soilutions is HPLC with UV detection
and external references. In this method, sample prepa-
ration includes preparation of test solutions and refer-
ence samples with concentrations of about 1 mg ml31.

Each of these should be then analyzed at least twice.
The intercalibration tests of this method for the ex-
ample of analysis for vitamin A showed that the re-
sults may vary within 10327 rel.% (about 15% on
the average) [5]. Despite its simplicity, this technique
appears to be non-optimal judging by the time con-
sumption criterion (time required for analysis may be
as long as 233 h and more). Therefore, a search for
more rapid methods is an urgent task.

Oil solutions of individual vitamins A and E may
be regarded formally as two-component mixtures,
whose analysis requires measurement of only a single
analytical parameter, e.g., the refractive indexnD

20 [6].
The use of the refractometric method for determina-
tion of vitamin E in oil made it possible to cut the
analysis time to 335 min, i.e., by afactor of 25360 at
absolute accuracy of (+0.1+ 0.6%), which is better
than that in the case of HPLC. SincenD

20 of II is high-
er than that ofI (1.555+ 0.002 and 1.497+ 0.001,
respectively), and, e.g., this parameter varies from
1.467 [7] to 1.475 (data of the authors) between var-
ious lots of soybean oil, the expectedaccuracy of
refractometric determination of vitamin A must be
considerably higher.

Simultaneous determination ofI and II in an oil
solution, i.e., in a three-component mixture, requires
measurement of one more independent parameter in
addition to nD

20 [6]. However, none of the presently
used combinations of analytical characteristics of
ternary systems is suitable for accomplishing the task.
For example, measuring the density as a second pa-
rameter is unsuitable because of the close similarity of
this value forI and II and the need in large samples
for analysis; measuring the refractive index at sev-
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eral wavelengths [8] is difficult because of the lack
of commercial instruments for this purpose; selective
extraction of the one of the components [8] cannot
be used because of the similarity of the physicochem-
ical characteristics (including the hydrophilicity) of
the target components and the matrix; and, finally,
the refractometric3chromatographic method [6] has
no advantages in time consumption over the ordinary
chromatographic method.

Therefore, optimizing the procedure for quantita-
tive determination of vitamins A and E in oil solu-
tions requires, in fact, that new modifications of the
refractometric analysis of ternary systems should be
developed. In this work, we examine the potential-
ities of the refractometric3spectrophotometric method.

EXPERIMENTAL

As objects of study served model mixtures of vita-
mins E (I ) and A (II ), prepared by dissolving weighed
portions of the corresponding concentrates in soybean
oil, commercial samples of Aevit polyvitamin (rated
concentrations ofI and II are 50 and 30 wt %, re-
spectively), and some other technological samples.

For comparison, the concentrations ofI and II in
the test samples were determined by HPLC on a Beck-
man Gold System liquid chromatograph with a Luna
C18 column (4.60 150 mm; sorbent particle size 5mm),
a precolumn (4.60 20 mm) packed with the same sor-
bent, and a UV detector. As eluent served an 85 : 15
mixture of acetonitrile (HPLC grade) and dichloro-
methane (chemically pure grade). Elution was carried
out in the isocratic mode at a rate of 1.0 ml min31. The
target components were detected at 285 nm (18 min
after the introduction of a sample) and then at 325 nm.
The total time of analysis was 35340 min; the reten-
tion time of I was about 12 min, and that ofII , about
30 min. Samples for analysis were prepared by dis-
solution of weighed portions (403100 mg) in 50 ml of
isopropyl alcohol (chemically pure grade). Standard
solutions were prepared gravimetrically from both the
model samples (soybean solutions) and concentrates
of vitamins A and E. No less than two chromatograms
were recorded for each solution until the peak areas
were reproducible within 3%. Data processing was
performed using GOLDV402 program pack. The con-
centrations ofI and II in samples C (wt %) were es-
timated by the external-reference method, using the
relation

C = (kSsmref)/(Srefms),

where Ss and Sref are the peak areas (arb. units) for
the test and standard solutions, respectively;ms and

mref are the weights of the test and reference samples
(g), respectively; andk is a formally dimensionless
coefficient accounting for the degree of dilution of all
the samples and the recalculation of the concentrations
from g ml31 to %.

The refractive indicesnD
20 were measured with

an IRF 454B2M refractometer at room temperature
(20+ 1oC).

Spectrophotometric determination ofII was carried
out with SF-26 and SF-46 instruments in 1-cm quartz
cells at 325 nm. Solutions of the samples in hexane
(chemically pure grade) were prepared so that their
optical densityD was in the range 0.130.6. A weighed
portion of a sample (about 25 mg) was dissolved in
50 ml of hexane, and the resulting stock solution was
then diluted 50-fold with the same solvent. As ref-
erence solutions were used similarly prepared soybean
oil solutions or hexane. In both cases, we obtained
similar results, but sample preparation with hexane
should be recommended as being simpler.

The working wavelengths were selected from anal-
ysis of the general UV spectra (Specord M40). The
spectra showed peaks at 325.4 and 286.6 nm for
II and I , respectively, which is well consistent with
the reference data (3243326 and 285 nm). We also
demonstrated that absorption of soybean oil atl >
322 nm is negligible.

The solutions prepared from individual samples
of I andII were used to estimate (fromD/C) the mass
and molar extinction coefficients ofI and II and also
the specific extinction coefficient ofII . The mass ex-
tinction coefficientsemas of I and II were found to be
98.0+ 4.7 and (94.4+ 6.6)0 103, and the molar extinc-
tion coefficientsemol, 46.0+ 2.0 and (49.4+ 3.5)0 103,
respectively. The specific extinction coefficient ofII
at 325 nmE1

1
%
cm = 949.4+ 30.3. To estimateemas, emol,

and E1
1
%
cm, the component concentrations in the solu-

tions were expressed in g ml31, M, and %, respective-
ly. Published data for retinol:emol = 52.480 103 [9].

The retinol palmitate concentrationC (wt %) in the
model mixtures and Aevit polyvitamin was estimated
by the relationships

C = (100kD)/(emasms), C = (kDMr)/(10emolms),

C = (100Dk)/(E1
1
%
cmms),

whereD is the optical density of the test solution;emas,
emol, and E1

1
%
cm are the extinction coefficients;ms is

the sample weight (g);k is the coefficient reflecting
the degree of dilution of the solutions;Mr = 524.87
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is the molecular weight of retinol palmitate; 100 and
10 are the factors for recalculation of the concentra-
tions from, respectively, g ml31 and g l31 to %.

To estimate the concentration of vitamin E and
the sensitivity of results of its determination to slight
variations in the experimental parameters, we used
QBasic software.

The prerequisite for selecting just the refracto-
metric method for analyzing the ternary systems un-
der consideration was the fact that the molecules of
I and II contain no active hydrogen atoms. There-
fore, one may exclude the possibility of some spe-
cific interaction with the matrix components and con-
sider the dependence of the refractive index of the
mixtures to be nearly linear. Then, for the binary mix-
tures, nD

20 is proportional to the volume fraction of
a component to be determined:

Cv(X) = (ns 3 n0)/(nX 3 n0), (1)

wherens, n0, and nX are the refractive indices of the
sample, matrix (soybean oil), and the component to be
determined, respectively (hereinafter the indications
of the wavelength and temperature in the symbol for
nD

20 are omitted for the sake of simplicity).

Passing from the volume to mass fractions requires
taking into account the densities of the sampleds and
of the component to be determineddX:

Cm(X) = (ds/dX)(ns 3 n0)/(nX 3 n0). (2)

Contrary to [6, 8], in this work we were not re-
stricted to calculations by Eq. (2), since estimation
of the adequacy of the obtained results requires dif-
ferentiation of the relationships to determine the ran-
dom error of analysis. For example, when determin-
ing vitamin E in oil solutions, we demonstrated that
the relative error of the obtained results depends pri-
marily on Cm(X) itself:

dCm(X) ; 2Dn[1 + 1/Cm(X)2]1/2/(nX 3 n0), (3)

where Dn ; 1034 is the limiting accuracy of deter-
mining the refractive index with critical-angle refrac-
tometers (Abbe refractometers).

For oil solutions ofI , (nX 3 n0) ; 0.024, so that
dCm(X) ; 1.9% atCm(X) ; 0.5, but atCm(X) ; 0.05
the theoretical random error increases to 16.7%, in-
dicating the inapplicability of the method. In other
words, a certain minimum concentration of an analyte
exists, which can be determined with a prescribed
accuracy. In the case of ternary systems, such an anal-
ysis of the errors becomes even more necessary.

Since none of the existing techniques for refrac-
tometric analysis of ternary systems is applicable
in our case, the required supplementary information
about the composition of the samples can be obtained
from spectrophotometric data. Because of the fact that
the extinction coefficients of retinol palmitate atl =
325 nm are higher by a factor of about 103 than those
of a-tocopherol acetate, all the existing spectrophoto-
metric methods for analysis of mixtures with known
extinction coefficients (for example, the Fierordt meth-
od [10]), based on solving systems of linear equations,
appear to be equally unsuitable, especially with ac-
count of the requirements to the evaluation of the ran-
dom error component. Therefore, it is the combination
of the refractometric and spectrophotometric data that
can provide the required adequacy of analysis.

The refractive indexns of the investigated ter-
nary system can be written as a function of its com-
position as

ns = nACm, Ads/dA + nECm, Eds/dE

+ (1 3 Cm, Ads/dA 3 Cm, Eds/dE)n0, (4)

wherenA, nE, andn0 are the refractive indices of the
components A and E and the matrix, respectively.
It is noteworthy that this relationship does not include
terms of theCiCj type, reflecting intermolecular inter-
actions of the components [8].

Preliminary spectrophotometric determinations
showed that atl = 325 nm the absorption ofI and
the matrix can be neglected, i.e., one can directly de-
termine the concentration of vitamin A in the samples
(see Experimental). Next, rearranging (4), we obtain
for the concentration ofII

Cm, E = [(ns 3 n0)(dE/ds)

3 Cm, A(nA 3 n0)(dE/dA)]/(nE 3 n0). (5)

The specific features of calculations by Eq. (5) are
as follows. Similarly to the case of two-component
mixtures, the necessary initial data, which should be
determined preliminarily, are the refractive indices
and densities of individual preparations of vitamins
A and E and of the matrix (soybean oil). On passing
to other batches of these components, the initial data
should be rechecked. Five out of the six indicated
parameters are known (nE = 1.4965, dE = 0.953,
nA = 1.554, n0 = 1.4745, and d0 = 0.916). We ob-
tained no experimental data for the density of the
concentrates of vitamin A, since its determination
requires large samples (reference data could not be



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

QUANTITATIVE REFRACTOMETRIC-SPECTROPHOTOMETRIC ANALYSIS OF OIL SOLUTIONS 1037

Table 1. Results of determination of vitamins E and A in soybean oil solutions and Aevit commercial polyvitamin by
HPLC and combined refractometric3spectrophotometeric method
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

A/E,
³ ³ Method of determination ³

Absolute error³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
wt %/wt %, ³ nD

20 ³ refractometry3spectrophotometry³ HPLC ³
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄor sample no.
³ ³ Cm, A ³ Cm, E ³ Cm, A ³ Cm, E ³ DCA ³ DCE

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Model samples*

13.1/14.4 ³ 1.4880 ³ 12.7+ 0.6 ³ 17.4 ³ 3 ³ 3 ³ 30.4 ³ +3.0
6.4/18.9 ³ 1.4830 ³ 6.1+ 0.3 ³ 17.9 ³ 6.1+ 0.4 ³ 17.6+ 1.0 ³ 30.3 ³ 31.0
8.7/31.9 ³ 1.4870 ³ 8.9+ 0.4 ³ 26.3 ³ 8.7+ 0.5 ³ 28.5+ 1.5 ³ +0.1 ³ 35.6

18.4/0 ³ 1.4890 ³ 18.4+ 0.9 ³ 1.8 ³ 18.3+ 1.1 ³ 0 ³ +0.1 ³ +1.8
0/18.0 ³ 1.4781 ³ 0.023+ 0.001 ³ 16.8 ³ 0 ³ 18.1+ 1.1 ³ +0.2 ³ 31.2

13.6/49.6 ³ 1.4955 ³ 13.6 ³ 47.9 ³ 3 ³ 3 ³ 0 ³ 31.7

Actual samples**

1 ³ 1.5105 ³ 31.6+ 0.4* ³ 50.9 ³ 30.6+ 1.9 ³ 51.6+ 2.7 ³ +1.0 ³ 30.7
2 ³ 1.5100 ³ 31.1+ 1.4 ³ 50.5 ³ 32.0+ 0.9 ³ 47.7+ 1.7 ³ 30.9 ³ +2.8
3 ³ 1.5105 ³ 31.7+ 2.0 ³ 50.5 ³ 31.6+ 0.9 ³ 50.4+ 2.1 ³ +0.1 ³ +0.1
4 ³ 1.4955 ³ 17.5+ 0.1 ³ 34.3 ³ 19.4+ 0.5 ³ 33.0+ 0.3 ³ 31.9 ³ +1.3
5 ³ 1.5105 ³ 30.2+ 1.7 ³ 55.7 ³ 31.0+ 0.9 ³ 51.8 ³ 30.8 ³ +3.9
6 ³ 1.5025 ³ 23.7+ 1.3 ³ 43.6 ³ 23.8+ 0.9 ³ 42.0+ 1.1 ³ 30.1 ³ +1.6
7 ³ 1.5080 ³ 29.2+ 1.8 ³ 48.4 ³ 30.7+ 1.1 ³ 49.0+ 1.3 ³ 31.5 ³ 30.6
8 ³ 1.5100 ³ 30.8+ 1.7 ³ 51.5 ³ 33.1+ 1.6 ³ 50.2+ 1.1 ³ 32.3 ³ +1.3
9 ³ 1.5090 ³ 30.0+ 3.1 ³ 50.0 ³ 32.8+ 1.6 ³ 48.3+ 1.0 ³ 32.8 ³ +1.7

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Errors are given as estimated relative to fixed concentrations of the components.

** For actual samples all theCm, A values are estimated by averaging the results of two determinations; as the errors are given
the differences of the results obtained by the two methods.

found, either). Theoretically, it is possible to estimate
the density of any compound from the relationship
for the molar refractionMRD: d = (Mr /MRD)(n2

3

1)/(n2 + 2), whereMr is the molecular weight of the
compound. However, for retinol palmitate, the thus
determined density appears to be substantially over-
estimated (dA = 0.995) as a result of the presence of
the system of five conjugated bonds in the molecule
and the impossibility of taking account into correctly
the optical exaltation. By contrast, estimation of this
value using ACD software gives a clearly underesti-
mated result (dA = 0.920+ 0.060). In this case,dA
should be considered a conditional parameter allowing
variation within certain limits in the course of the op-
timization procedure. As a first approximation, we
adopted the average of the two above-mentioned esti-
mates (dA, arb = 0.958, which is close todE), since the
sensitivity of theresults to this parameter is rather low.

Similarly, one can consider the density of the test
samples to be experimentally inaccessible, since their

determination requires considerably larger samples,
compared with those needed for measuringnA only,
and much longer analysis time. Therefore, it is prefer-
able to use a modified algorithm of data processing.
In this case, to obtain the initial value ofnE, one can
take any (!) conditional value ofds as a first approx-
imation (e.g., 0.938, which is the average over all the
samples studied). In the next step (after calculating
the initial value of Cm, E) the indicated conditional
value of ds can be ascertained using the following
linear relation

ds = dACm, A + dECm, E + d0(1 3 Cm, A 3 Cm, E). (6)

Then, the refined value ofds is substituted into
Eq. (5), and the calculation procedure is repeated to
obtain reproducible results forCm, E. Such iteration
algorithms are typical of data processing in refrac-
tometric analysis of ternary systems, particularly in
the case of uncertainty in some of initial parameters
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Table 2. Sensitivity of results of vitamin E determination
to slight variations in the experimental parameters*

ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Variation of ³ Effect on
³ parameter ³ Cm, E

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
nA ³ +0.0001 ³ 30.1

³ 30.0001 ³ +0.1³ ³
nE ³ +0.0001 ³ 30.2

³ 30.0001 ³ +0.2³ ³
n0 ³ +0.0001 ³ 30.1

³ 30.0001 ³ +0.1³ ³
ns ³ +0.0001 ³ +0.4

³ 30.0001 ³ 30.3³ ³
dA ³ +0.001 ³ +0.1

³ 30.001 ³ 30.1³ ³
dE ³ +0.001 ³ <+0.1

³ 30.001 ³ <30.1³ ³
d0 ³ +0.001 ³ ;0

³ 30.001 ³ ;0³ ³
Cm, A ³ +0.1 ³ +0.4

³ 30.1 ³ 30.3
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Obtained with a model sample containing vitamins E and A in

amounts of 50 and 30 wt %, respectively.

[8]. To attain constantCm, E, it is mostly sufficient
to make one iteration cycle using the simplest com-
putation programs.

Table 1 presents a data sample characterizing the
accuracy of determination of vitamins A and E in
soybean oil, using HPLC and the technique proposed
in this work. The mean deviation of the results of re-
fractometric determinations from the fixed concentra-
tions is 30.8+ 3.0% (the value of 3% characterizes
the random component of the determination error,
which exceeds the absolute value of the systematic
error, 0.8%) and from the HPLC results,30.4+ 1.8%
(the same relation between the components of the
total error). Table 2 also lists the results obtained in
analyzing actual industrial samples of Aevit polyvi-
tamin and intermediates used in its production. In
this case, the mean deviation of the refractometric3

spectrophotometric data from the reference data is
+1.1+ 1.7%, i.e., again we observe an excess of the
random component over the systematic error.

Possible errors in determining vitamin A by the
proposed method depend only on the errors of spec-
trophotometric analysis [usuallyd(D) < d(e)], being
no less than 3%. Differentiation of Eq. (5), to es-
timate the error of vitamin E determination, gives

cumbersome relations inconvenient for practical use.
It seems more preferable to estimate the sensitivity of
analytical results to variation of all the experimental
parameters by a method like numerical differentiation.
The estimates given in Table 2 indicate that the errors
in determiningd0 have the minimum effect on the ac-
curacy ofCm, E determination. Variations indA with-
in 0.10 (experimental values are inaccessible) can
change the error ofCm, E determination by no more
than 1%, which is quite acceptable on the background
of the estimated accuracy of analysis. The strongest
effects are obtained forns and results of spectrophoto-
metric determination of vitamin A. The relative error
dCm, A is about 3% (atCm, A ; 50% this corresponds
to DCm, A ; 1.5%), whereas the theoretically expected
random error ofCm, E determination may amount to
+6%. In fact, deviations of the parameters for all
the samples studied varied from36 to +2% (Table 1),
suggesting high reliability of the proposed method.
The proposed refractometric-spectrophotometric meth-
od for determining vitamins A and E in oil solu-
tions is 334 times less time-consuming than HPLC.
However, as in refractometric analysis of two-com-
ponent systems [6], acceptable accuracy can only be
attained when the concentrations of the components
being analyzed exceed a certain critical value. To the
greatest extent this refers to vitamin E (critical con-
centration is about 10%), since the difference be-
tween the refractive indices of vitamins E (1.4965)
and the matrix (1.46731.475) is considerably lower
than in the case of vitamin A (1.554).

CONCLUSION

A refractometric3spectrophotometric method for
determinig simultaneously vitamins A and E in oil
solutions is proposed. The determination procedure
includes measurements of the refractive indexnD

20 of
sample and the optical density of their solutions in
hexane at 325 nm. The method meets the requirements
to the accuracy of analysis of industrial samples, and
the systematic error does not exceed the random error.
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Abstract-Thiourethane sealants were developed on the basis of various ester and ether prepolymers.
The possibility of replacing in sealants thiokol, whose production is ecologically unsafe, by thiopolyether
was examined.

Thiourethane compounds, compared with thiokol
materials, exhibit enhanced strength, elasticity, and
adhesion; they have good low-temperature properties
and are resistant to corrosive media. They can be pre-
pared from a wide range of initial components by
means of diverse curing procedures.

Among the drawbacks of composites based on
oligothiols are low tensile strength, high residual
deformation, and its fast accumulation under the ac-
tion of a constant load. The adhesion of thiokol seal-
ants to metals, glass, wood, plastics, and rubbers is
0.130.5 kN m31. At the same time, production of
thiokol (polysulfide oligomer, PSO) is restricted by
the short supply of the starting organic dichlorides
and environmental problems in production of the ini-
tial monomers and thiokol itself (release of hydro-
gen sulfide and sulfur-containing gases into the at-
mosphere).

At present, the most promising way is chemical
modification with preparation of a new generation of
sealing compounds (SCs) surpassing in properties the
commercial thiokol sealants. The best studied modi-
fiers are reactive oligomers. The thiol group of PSO,
reacting with the other functional groups of the oligo-
mers, acts most frequently as a nucleophilic agent.

A prominent place among modified PSO-based
compounds is occupied by polythiocarbamate materi-
als, the so-called thiourethane compounds. In Russia,
such elastomers have been prepared from polyfunc-
tional polydiethylen glycol adipate, toluene 2,4-di-
isocyanate, and PSO [1]. This reaction can be re-
garded as primary extension of the oligomer chain,
followed by cross-linking.

Of particular interest is modification of thiopoly-
ether based on polyoxyalkylene [2]. Its composites
exhibit a satisfactory set of physicomechanical prop-
erties but have a substantial drawback: strong swell-
ing in water (80031600 wt %) at 132oC, which makes
them unsuitable as components of sealants to be
used in outdoor building works. It was found that the
swelling is mainly due to the presence in the poly-
mer structure of the ethylene oxide block and dihy-
droxydisulfide groups formed in the course of curing.
Therefore, it was proposed to modifyt the thiopoly-
ether with macroisocyanates based on polyoxypropyl-
enepolyol. The choice of this polyether was governed
by such factors as the absence of the ethylene oxide
block in the backbone polyol chain and the number-
average content of hydroxy groups in the thiopoly-
ether higher than 2, and that of thiol groups lower
than 2, which excludes formation of disulfide bonds
in the course of curing. It was noted that isocyanate
groups react not only with hydroxy groups but also
with thiol groups of thiopolyethers to give thioure-
thanes; therefore, dibutyltin dilaurate, mainly catalyz-
ing the reaction of isocyanate and hydroxy groups,
was chosen as catalyst. It is significant that the syn-
thesis conditions (temperature, amount of catalyst) do
not affect noticeably the viscosity of the final prod-
ucts. The activation energy of viscous flow is 9.23

11.1 kcal mol31.

As a rule, modification of thiokol SCs with oligo-
isocyanates increases the adhesion to 233 kN m31 and
improves the castability and processing properties of
sealants [3]; hence, it shows considerable promise.

At present, the major problem is development of
formulations of filled sealants with the use of cata-
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lytic systems of the amine type for interaction of
the reactive oligomers; a new approach to forming
interpenetrating polymer networks is implemented [4].

For cross-linking of oligothiols through terminal
mercaptan groups, we used urethane prepolymers with
terminal isocyanate groups, based on ether, ester, and
oligodiene polyols.

EXPERIMENTAL

As oligothiols were used grade 1 thiokol [GOST
(State Standard) 12 812380] and thiopolyether [TU
(Technical Specifications) 38.403 431382]. As cata-
lysts served products of amine interchange in phe-
nolic Mannich bases, ethylenediaminomethylphenols
(EDAMPs) (TU 6.05.1663374).

As oligoisocyanates were used commercial prepoly-
mers: oligoesters of SKU-F-E4 brand (TU 38.4035063

84), based on oligoethylene butylene glycol adipate,
and of OEDGA-50T brand (TU 38.103446379), based
on oligoethylene diethylene glycol adipate, and oligo-
ethers of SKU-PFL brand (TU 38.103137378), based
on oligooxytetramethylene glycol (polyfurite), and of
SKU-DF-2 brand (TU 38.103451379), based on oligo-
butadienepolyol.

As fillers served industrial carbon of P-803 brand
(GOST 7885377) and chalk (GOST 842352).

To determine the deformation and strength proper-
ties, samples were prepared as plates of thickness
2 mm and width 25 mm. Tests were performed on
an RMI-250 tensile testing machine in conformity
with GOST 21751376.

It has been reported previously [5] that SCs pre-
pared at the equimolar ratio of the reactive oligomers
have the best physicomechanical properties. This fact
indicates that in the systems under consideration the
polymer network is formed by reaction of the oligo-
mers through the terminal functional groups, with
the homocuring of one or another oligomer being of
minor or no importance, since even insignificant devi-
ation from the equimolar ratio in any direction results
in simultaneous decrease both in the nominal tensile
strength and in the relative elongation of the compo-
sites.

For the formulations PSO + SKU-F-E4, the best
properties are attained with 0.3 wt part of the catalyst
per 100 wt parts of the oligothiol. In this case, the
maximal nominal strength is as high as 5.6 MPa. The
relative elongation of the composites at a catalyst con-
tent of 0.5 wt part is 680%. With the thiopolyether, the
strength is 4.5 MPa, and the relative elongation, 480%.

With the OEDGA-50T prepolymer, the plots of
the physicomechanical characteristics against catalyst
content pass through extrema corresponding to the
content of ethylenediaminomethylphenol of 0.3 wt part
per 10 wt parts of oligothiol. With thiokol and thio-
polyether, the optimal characteristics are as follows:
strength 3.5 and 2.8 MPa; relative elongation 480
and 400%, respectively.

The thiourethane sealant based on SKU-PFL exhib-
its enhanced adhesion and elasticity but has a high
deformation set (20328%). The strength of the com-
posites reaches 2.8 MPa, the elasticity is as high as
800%, and the adhesion at break is about 7.5 kN m31.

With the ether prepolymer SKU-DF-2, the best
physicomechanical parameters are attained at EDAMP
content of 0.5 wt part. These composites well compete
with SCs based on OEDGA-50T.

The physicomechanical characteristics of the com-
posites get worse on deviation from the optimal cata-
lyst dosage, irrespective of the nature of the oligothiol
and oligoisocyanate. This is due to the fact that, when
present in large amounts, ethylenediaminomethylphe-
nol causes cyclization of the prepolymer through iso-
cyanate groups, along with activation of the mercapto
groups of theoligothiol [6]. Formation of isocyanurate
structures affects the ratio of the reactive groups of the
oligomers in the sealant formulation, which has nega-
tive effect on the set of properties of the composites.
Experiments proved that the mercapto groups form no
disulfide bonds in the presence of isocyanurates.

Thus, with respect to the physicomechanical char-
acteristics of sealants, oligoisocyanates can be ranked
in the following order: SKU-F-E4 > OEDGA-50T >
SKU-PFL > SKU-DF-2.

Also, the use of more polar thiokol for cocuring
with prepolymers based on polyesters is more appro-
priate as compared to that of thiopolyether. The higher
the polarity of the prepolymer (SKU-F-E4 compared
with OEDGA-50T), the better the properties of SC.

Irrespective of the type of the oligothiol and oligo-
isocyanate, the properties of the composites as func-
tions of the content of the active filler-industrial
carbon-pass through extrema. With a mineral fill-
er, chalk, the nominal strength increases and the rela-
tive elongation decreases with growing filler content
(Table 1).

As objects for studying the chemical resistance we
chose thiourethane sealants of the optimal composi-
tion. It is known [7] that urethane rubbers based on
polyesters are less resistant to hydrolysis than rub-
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Table 1. Physicomechanical characteristics of composites*

ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ Industrial carbon, wt parts ³ Chalk, wt parts
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Prepolymer ³ 30 ³ 40 ³ 50 ³ 80 ³ 100 ³ 120
ÃÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄ
³s, MPa³a, %³s, MPa³a, %³s, MPa³a, %³s, MPa³a, %³s, MPa³a, %³s, MPa³ a, %

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

Based on thiokol

SKU-F-E4 ³ 5.0 ³ 600 ³ 6.0 ³ 680 ³ 4.5 ³ 550 ³ 2.1 ³ 550 ³ 2.2 ³ 450 ³ 2.4 ³ 350
OEDGA-50T ³ 3.0 ³ 450 ³ 3.5 ³ 480 ³ 2.8 ³ 360 ³ 1.7 ³ 450 ³ 2.0 ³ 420 ³ 2.3 ³ 400
SKU-PFL ³ 2.0 ³ 500 ³ 2.8 ³ 650 ³ 2.5 ³ 550 ³ 1.8 ³ 280 ³ 1.9 ³ 250 ³ 2.1 ³ 230
SKU-DF-2 ³ 1.9 ³ 480 ³ 2.5 ³ 620 ³ 1.8 ³ 450 ³ 1.6 ³ 250 ³ 1.7 ³ 200 ³ 1.9 ³ 180

Based on thiopolyether

SKU-F-E4 ³ 2.8 ³ 300 ³ 3.8 ³ 450 ³ 2.6 ³ 360 ³ 2.0 ³ 300 ³ 2.2 ³ 280 ³ 2.4 ³ 250
OEDGA-50T ³ 1.9 ³ 300 ³ 2.2 ³ 400 ³ 1.6 ³ 320 ³ 1.6 ³ 310 ³ 1.8 ³ 300 ³ 2.2 ³ 270
SKU-DF-2 ³ 2.0 ³ 280 ³ 2.2 ³ 400 ³ 1.7 ³ 350 ³ 1.8 ³ 320 ³ 2.0 ³ 280 ³ 2.6 ³ 200
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* (s) Nominal tensile strength and (a) relative elongation at break.

Table 2. Swelling of thiokol-based prepolymer-containing thiourethane sealants in aggressive media
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Swelling, wt %, 900 h ³ Swelling, wt %, 250 h
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Prepolymer ³ in water ³ in 20% solutions ³ in 3 : 1 ³
³ ³ ³ benzine : benzene³ in tolueneÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³
³ distilled ³ tap ³ sea ³ H2SO4 ³ KOH ³ mixture ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
SKU-F-E4 ³ 44.0 ³ 42.3 ³ 29.0 ³ 4.72 ³ 5.8 ³ 8.0 ³ 46.95
OEDGA-50T ³ 43.5 ³ 39.7 ³ 30.9 ³ 5.97 ³ 4.38 ³ 8.1 ³ 50.94
SKU-PFL ³ 32.8 ³ 31.2 ³ 27.3 ³ 7.3 ³ 3.69 ³ 16.8 ³ 85.4
SKU-DF-2 ³ 13.5 ³ 11.5 ³ 9.7 ³ 3 ³ 3 ³ 40.7 ³ 148.1
U-30 M (commercial) ³ 22.7 ³ 21.5 ³ 21.8 ³ 5.79 ³ 4.57 ³ 8.5 ³ 56.95
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

bers based on polyethers. This is manifested in the
behavior of thiourethane sealants in aggressive media
(Table 2).

According to published data [8], swelling of thio-
kol sealants in seawater and tap water is somewhat
lower than that in distilled water. Thiourethane seal-

Table 3. Thermomechanical properties of thiokol-based
thiourethane sealants
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sealant
³ Tg ³ Tf
ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
SKU-PFL ³ 351 ³ 115
SKU-DF-2 ³ 352 ³ 166
OEDGA-50T ³ 332 ³ 136
SKU-F-E4 ³ 338 ³ 119
U-30 M (commercial) ³ 360 ³ 120
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

ants show the same trend, but, compared with thiokol
sealants, their swelling is considerably stronger, which
is probably due to hydrolysis of the ether and ester
groups. With respect to water resistance, urethane pre-
polymers can be ranked in the order SKU-DF-2 >
SKU-PFL > OEDGA-50T > SKU-F-E4.

The behavior of both thiokol and thiourethane
sealants in solutions of acids and alkalis is the same:
Samples relatively weakly swell in 20% solutions of
KOH and H2SO4. The composites prepared from ester
prepolymers are resistant to organic solvents and show
the same swelling in benzine3benzene mixture and in
toluene as the thiokol sealant U-30 M. The materials
prepared from oligoethers are less resistant owing to
enhanced swelling of the urethane block.

Thus, sealants based on SKU-PFL and SKU-DF-2
can be used instead of the thiokol material under
conditions of contact with seawater and solutions of
acids and alkalis, whereas the sealants based on poly-
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esters show lower hydrolysis resistance but can be
used as benzine-and-oil-resistant coatings.

It is known that the capability of elastomers to
preserve at low temperatures their service properties,
mainly elasticity, can be characterized by the glass
transition point Tg. The glass transition point does
not change significantly in going from thiokol to the
developed oligoether-based materials (Table 3), but
introduction of ester blocks strongly impairs the low-
temperature properties of the sealants. The flow point
Tf noticeably depends on the chemical structure of
the urethane constituent. This parameter determines
the limiting working temperature of the material un-
der constant load; for the sealants based on oligo-
butadiene urethaneTf is as high as 170oC.

CONCLUSIONS

(1) The physicomechanical properties of sealant
compounds prepared by catalytic reaction of oligo-
thiols and oligoisocyanates were studied. As catalyst
for curing the composites was used ethylenediamino-
methyl phenol, the product of amine interchange in
phenolic Mannich bases. The content of thiokol,
whose production is ecologically unsafe, in the seal-
ant formulation can be decreased by 37342%; fur-
thermore, thiokol can be completely replaced with
thiopolyether.

(2) The influence of the chemical nature of oligo-
isocyanates on the properties of thiourethane sealants
was studied. The main physicomechanical parameters
and the resistance to benzine and oil grow in going
from ether to ester prepolymers, whereas the compo-
sites prepared from oligoethers exhibit higher water
resistance.

(3) In thiourethane sealants, oligothiol and ure-
thane prepolymer are present in equimolar amounts;

the output of thiokol-based sealing compounds can
be thus increased by a factor of 2 and more. Such
sealants can be used instead of thiokol sealants in
virtually all cases. The process for sealant produc-
tion is made simpler because of using oligoisocyanate
as separate component. The traditional equipment
used for production of thiokol sealants is suitable for
commercial production of the developed compounds.
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Abstract-The possibility was examined of preparing a model of a two-layer photoresist based on a photo-
sensitive layer of naphthoquinone diazide (FP-383) and a planarizing layer of cyclorubber (FN-11) and en-
hancing the photosensitivity and physicochemical resistance of FN-11 films after irradiation through the
naphthoquinone diazide layer and its removal by development in KOH.

The loss of the structure planarity in fabrication of
integrated circuits requires preparation of multilayer
resistive coatings eliminating many drawbacks of the
single-layer systems. Also, with a multilayer structure
of a resist it is possible to meet a set of mutually
contradicting requirements: high resolving power at
sufficient thickness of the planarizing layer, low film
defectiveness at small thickness of the sensitive layer,
etc. The common drawback of all masks based on
multilayer resist films is more complex forming proc-
ess involving numerous operations, in which the ad-
vantages of the idea of forming topological structures
are lost in numerous process stages [1, 2].

The model of a two-layer photoresist based on
naphthoquinone diazide (NQD) and cyclorubber (FN-
11), proposed in this work, eliminates many labor-
consuming operations of the lithographic process and
provides a sharp pattern in the SiO2 layer; the system
needs no separating layer.

All experiments were performed on polished sili-
con wafers with 0.9-mm-thick SiO2 layer. Wafers
were degreased in acetone and ethanol. The two-layer
resist was formed as follows. A planarizing layer of
FN-11 was applied to a silicon wafer by centrifuging
at 2600 rpm for 30 s. The film was dried in an oven
at 90oC for 30 to 120 min. After cooling, a photosen-
sitive layer of FP-383 was applied under the same
conditions as for FN-11 and dried at 80oC for 20
to 60 min. Then FN-11 was hardened at 135oC for
20 min. The sample was exposed to the light of a
DRL-250 mercury-arc luminescent lamp (continuous

emission spectrum). Working phototemplates with
element size from 5 to 1.5mm were used. The open-
ings in the FP-383 layer were made by treatment
with 0.3% KOH, and those in FN-11, by treatment
with xylene. The resist removal was monitored with
an MMU-3 microscope (magnification from080 to
0476) and its being complete was judged from the
disappearance of the characteristic supramolecular
structure of FP-383. The transmission coefficientA
was measured with an SF-46 spectrophotometer with
an absolute error of+1% at 365 nm. The IR spectra
were obtained on a Specord-40 spectrophotometer
(photometric accuracy+0.2% A).

The use as planarizing layer of the negative photo-
resist FN-11 is due to its good physicochemical and
physical properties [adhesion, viscosity, low polar
constituent of the resist (cp = 2 dyne cm31)], and
also by the higher drying temperature (90395oC) at
which the FP-383 layer can partially lose the photo-
sensitivity if used as the lower planarizing layer in
drying the upper FN-11 layer.

Dioxane used as solvent for NQD causes cracking
of a dried FN-11 film. The developers (KOH for
NQD and xylene for FN-11) are inert toward dried
films. Raising the film drying time to 60 min made
both layers stable; the IR spectra of a purely FN-11
film were fully identical to those of the FN-11
film after removal of the upper photosensitive layer
(Fig. 1). The spectrum of the latter contains no bands
characteristic of FP-383. All the characteristic bands
belong to FN-11 [3, 4] (cm31): 2940 and 2870,
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stretching vibrations of the C3H bond in the CH3
and CH2 groups of rubber; 216032120, asymmetric
stretching vibrations of the3N3 group of the bis-
azide; 166031650, vibrations of the C=O bond in

the C
o

O

SCÍÍC Q
gggg

gg

group of bisazide; 1460, inplane

vibrations of the C=C bond in the benzene ring of
bisazide; 1375, bending vibrations of the C3C bond
in the C3CH3 group of rubber; and 615, vibrations
in benzene derivatives.

The characteristic curves plotted for FN-11 in the
coordinates film thickness3minimal irradiation time
required for complete cross-linking (judged from the
resistance of the films to development for more than
10 min) shows that the photosensitivity of the FN-11
film increases after application of naphthoquinone
diazide. The irradiation dose for cross-linking of
FN-11 through the upper sensitive layer of naphtho-
quinone diazide is considerably lower than the energy
required for cross-linking of a single FN-11 layer
(Fig. 2, curve 1).

The times t1 and t2 corresponding to the ends
of the intervals of proportional image transmission
correspond to the same thickness of the cross-linked
polymer, after which in both cases the rate of relief
formation decreases steeply as the exposure energy
increases. The identity of the transmission bands in
the IR spectra of the single- and two-layer structures
(Fig. 1) shows that these two layers do not react
chemically under experimental conditions (simple
physical contact of dried films 3 to 9mm thick,
with short UV irradiation). Probably, the photochem-
ical activity of cyclorubber is initiated owing to mul-
tiple reflection from the layer boundaries upon com-
pletion of the photolysis in the upper sensitive layer
of naphthoquinone diazide.

Since the absorption maxima of naphthoquinone
diazide and cyclorubber coincide (365 nm) [5] and
there is no separating layer, irradiation of the photo-
sensitive layer through a phototemplate produces an
image in the lower planarizing layer, too, after devel-
opment (with 0.3% KOH and xylene, respectively). To
describe the photochemical aspect of the photosensi-
tivity of the FN-11 layer, we measured the transmis-
sion coefficientA as a function of irradiation time for
various types of films (Fig. 3). Figure 3 shows that
the FP-383 layer transmits a significant fraction of
the incident radiation, sufficient to produce image
also in the lower layer also.

The physicochemical aspect of the photosensitivity
is characterized in the table by the irradiation dose

Fig. 1. IR spectra of (1) purely FN-11film and (2) FN-11
film after removal of the naphthoquionone diazide layer.
(A) Transmission coefficient and (n) wave number.

Fig. 2. Characteristic curves for the (1) purely FN-11 layer
and (2) FN-11 layer irradiated through a layer of naphtho-
quinone diazide. (d) Film thickness and (t) minimal irradia-
tion time.

Fig. 3. Transmission coefficientA vs. the irradiation time
t for (1) FP-383film, (2) FN-11 film, and (3) FN-11 irradi-
ated through a layer of FP-383, after removal of this layer.

required to make the film resistant to the developer.
It is seen that the resistance of the FN-11 film appre-
ciably increases when the image in this film is formed
through a layer of FP-383, after removal of the latter
in KOH solution. These results are fully consistent
with the characteristic curves (Fig. 2).
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Resistance of FN-11 films to the developer as influenced by the irradiation dose
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, s
³ Resistance of FN-11 films, s º

t, s
³ Resistance of FN-11 films, s

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ single-layer ³ after removal of FP-383 layerº ³ single-layer ³ after removal of FP-383 layer

ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
40 ³ 15 ³ 20 º 120 ³ 25 ³ > 600
60 ³ 20 ³ 25 º 150 ³ > 600 ³ > 600
90 ³ 25 ³ > 600 º 300 ³ > 600 ³ > 600

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Since the FN-11 photoresist is resistant to plasma,
it is possible to obtain in this system an image us-
ing as planarizing layer a hardened (in the course of
FN-11 drying) FP-383 layer, which can be subse-
quently broken down by plasmochemical etching. In
this case a sharp image is formed in the FN-11 layer.

CONCLUSION

In the system FP-3833FN-11, it is possible to form
a two-layer photoresist exhibiting significant advan-
tages over other systems: the absence of a separating
layer and the same radiation source for the planariz-
ing and sensitive layers (UV, 365 nm); elimination of
such operations as matching, repeated irradiation, and
breakdown of the sensitive layers to make windows.
FP-383 enhances the photosensitivity of the FN-11
layer and its physicochemical resistance to the devel-
oper.
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Abstract-Homogeneous pyrolysis of anisole in argon (1 : 25 volume ratio) at 7503900oC and contact time
of 1.534.5 s was studied. The conversion and group composition of the tar and component composition of
the gaseous pyrolysis products, phenols, and hydrocarbons were determined; asphaltenes and neutral oxygen-
containing compounds were characterized. The kinetic parameters of formation of methane, hydrogen, and
carbon monoxide and dioxide were calculated; mechanisms of their formation are proposed.

Intensifying high-rate pyrolysis of mineral oils
and raising the yield of tars of prescribed qualitative
and quantitative composition require detailed informa-
tion on high-temperature conversion of the primary
degradation products.

Since the primary tar and even its separate fractions
are complex multicomponent mixtures of compounds
of various classes, studying their high-temperature
conversion is rather difficult. Therefore, analysis of
the pyrolysis of groups of similar compounds and
especially of individual components making the most
pronounced contribution to the composition of liquid
products is the best way to attack the problem.

Based on the latter approach, we can determine
the mechanism and main pathways of the occurring
reactions, together with their order and activation en-
ergies. The kinetic equations obtained in this case
can be used to simulate the behavior of separate frac-
tions of primary tars and the resulting tar as a whole
in the course of pyrolysis.

Pyrolysis of individual compounds has been
studied extensively [1322], but in some cases data
on the composition of secondary products are lacking
[138]. Moreover, owing to different apparatus and ex-
perimental procedures used in these works, their re-
sults are difficult to compare.

The goal of this work was to study the homoge-
neous pyrolysis of anisole, to determine the composi-
tion of phenols, hydrocarbons, asphaltenes, and ox-
ygen-containing compounds (NOCs), and to evaluate
the kinetic parameters of formation of separate com-
ponents of the gaseous pyrolysis products.

Pyrolysis of anisole was performed in a setup de-
scribed in [23]; the tar composition was analyzed by
the procedure described elsewhere [24].

The material balance of anisole pyrolysis, the group
composition of liquid products, and the component
composition of the gaseous pyrolysis products are
given in Table 1. As seen, anisole decomposes to
a significant extent at the temperatures and contact
times used in the experiments.

Gases and tar are the main pyrolysis products at
7503800oC, whereas at 8503900oC the yield of pyro-
graphite increases simultaneously with the yield of
the gaseous pyrolysis products. For example, at a con-
tact time of 1.5 s and 800oC the yield of gaseous
pyrolysis products, tar, and pyrographite is 20.00,
52.00, and 18.80 wt %, whereas at 900oC it is 37.50,
24.90, and 32.80 wt %, respectively, based on anisole.

The yield of crude benzene, containing up to 90%
benzene, is the highest at 800oC and contact time of
1.5 s (9.20 wt % based on anisole); under more severe
conditions, the yield of benzene decreases.

The results of group analysis (Table 1) show that
up to 850oC (1.5 s) phenols are the main component
of the tar; their content varies from 63.50 wt %
(750oC) to 29.50 wt % (850oC) at contact times of
4.5 and 1.5 s, respectively. Raising the temperature
and contact time further strongly decreases the con-
tent of phenols. At 850oC and 3.0 s their content is
5.40 wt %, and at 900oC and 3.0 s the content of
phenols in the tar decreases to 1.5 wt %. This is prob-
ably due to the degradation of phenols and to a certain
change in the direction of pyrolysis reactions.
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Table 1. Material balance of anisole pyrolysis
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³Yield of pyrolysis products (wt % based on initial anisole) at indicated contact time, s
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Pyrolysis products ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
[Crude benzene] ³ 7.20 ³ 9.20 ³ 4.00 ³ 2.70 ³ 5.90 ³ 2.60 ³ 2.00 ³ 4.80 ³ 2.00
Pyrographite ³ 23.80 ³ 18.80 ³ 25.60 ³ 3.60 ³ 24.90 ³ 31.80 ³ 36.40 ³ 32.80 ³ 40.40
Tar, including (wt %): ³ 48.20 ³ 52.00 ³ 39.80 ³ 29.00 ³ 38.20 ³ 26.60 ³ 18.20 ³ 24.90 ³ 12.90

phenols ³ 63.50 ³ 65.20 ³ 37.50 ³ 31.50 ³ 29.50 ³ 5.40 ³ 2.90 ³ 1.90 ³ 1.50
hydrocarbons ³ 17.50 ³ 52.30 ³ 34.50 ³ 39.20 ³ 36.40 ³ 45.70 ³ 51.50 ³ 42.80 ³ 50.30
neutral oxygen-containing³ 1.50 ³ 1.80 ³ 2.20 ³ 2.50 ³ 2.20 ³ 2.70 ³ 3.30 ³ 2.50 ³ 2.00
compounds ³ ³ ³ ³ ³ ³ ³ ³ ³
asphaltenes ³ 9.40 ³ 4.30 ³ 10.30 ³ 13.30 ³ 21.50 ³ 30.40 ³ 39.10 ³ 38.90 ³ 43.10
resins ³ 8.10 ³ 3.40 ³ 15.20 ³ 13.50 ³ 10.40 ³ 15.80 ³ 3.20 ³ 13.90 ³ 3.10

Gaseous pyrolysis products +³ 20.80 ³ 20.00 ³ 30.60 ³ 37.70 ³ 31.00 ³ 39.00 ³ 43.40 ³ 37.50 ³ 44.70
losses, including (wt %) of³ ³ ³ ³ ³ ³ ³ ³ ³
gaseous pyrolysis products:³ ³ ³ ³ ³ ³ ³ ³ ³

H2 ³ 30.50 ³ 25.30 ³ 29.90 ³ 33.70 ³ 30.80 ³ 38.30 ³ 43.10 ³ 35.30 ³ 46.20
CH4 ³ 27.10 ³ 24.80 ³ 22.60 ³ 20.70 ³ 23.20 ³ 18.50 ³ 17.80 ³ 21.10 ³ 16.20
CO ³ 37.80 ³ 41.50 ³ 36.30 ³ 35.80 ³ 38.20 ³ 34.20 ³ 33.80 ³ 37.30 ³ 32.90
CO2 ³ 4.60 ³ 8.40 ³ 11.20 ³ 9.80 ³ 7.80 ³ 9.00 ³ 5.30 ³ 6.30 ³ 4.70

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 2. Component composition of phenols
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Yield of pyrolysis products (wt % based on initial anisole) at indicated contact time, s
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Component³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
Phenol ³ 14.632 ³ 14.170 ³ 6.823 ³ 4.702 ³ 5.410 ³ 0.776 ³ 0.310 ³ 0.239 ³ 0.085
o-Cresol ³ 0.520 ³ 0.373 ³ 0.060 ³ 0.018 ³ 0.045 ³ 0.010 ³ 0.008 ³ 0.016 ³ 0.002
p-Cresol ³ 0.398 ³ 0.542 ³ 0.119 ³ 0.037 ³ 0.045 ³ 0.013 ³ 0.015 ³ 0.016 ³ 0.004
m-Cresol ³ 0.122 ³ 0.271 ³ 0.090 ³ 0.046 ³ 0.056 ³ 0.010 ³ 0.016 ³ 0.006 ³ 0.004
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
Note: Only trace amounts of xylenols are found in the phenol fraction.

Simultaneously with the decrease in the yield of
phenols, the content of hydrocarbons and asphaltenes
in the tar increases. At 750oC (4.5 s) the content of
hydrocarbons in the tar is 17.50 wt %, and at 900oC
(3.0 s) it grows to 50.30 wt %, and the content of as-
phaltenes increases from 9.40 to 43.10 wt % owing
to intensification of the condensation processes. The
content of NOCs varies insignificantly.

The main components of the gaseous pyrolysis
products (Table 1) are hydrogen, methane, and car-
bon monoxide and dioxide. With increasing tem-
perature and contact time, the yield of hydrogen
steadily increases from 25.30 to 46.20 vol %, based
on total gaseous products, at 800oC (1.5 s) and
900oC (3.0 s), respectively. Simultaneously the yield
of methane and carbon monoxide decreases from

24.80 and 41.50 to 16.20 and 32.90 vol %, re-
spectively.

To obtain a clearer pattern of thermochemical trans-
formations of anisole, we studied the chemical com-
position of phenols, hydrocarbons, asphaltenes, and
neutral oxygen-containing compounds.

The data obtained by means of capillary gas-liquid
chromatography (CGLC) of phenols (Table 2) show
that the main component of the tar is phenol, whose
content changes from 14.632 to 0.085 wt %, based
on anisole, upon heating from 750oC (4.5 s) to 900oC
(3 s). The decrease in the phenol yield under more
severe conditions of pyrolysis is due to intensification
of the secondary processes of dehydration and con-
densation. The content of cresols is the highest at
750oC (4.5 s) and 800oC (1.5 s); the content of
xylenols is insignificant.
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Table 3. Component composition of hydrocarbons
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Yield of pyrolysis products (wt %0 1033 based on initial anisole) at indicated contact time, s
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Component ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Naphthalene ³1502.32³2171.40³2540.05³ 2694.69 ³ 3099.70 ³ 3222.40 ³ 2867.22 ³ 2643.68 ³ 1356.41
b-Methylnaphthalene³ 50.64³ 92.12³ 96.11³ 68.22 ³ 139.00 ³ 97.28 ³ 65.59 ³ 63.96 ³ 38.94
a-Methylnaphthalene³ 59.08³ 184.24³ 151.03³ 102.33 ³ 166.80 ³ 109.44 ³ 74.96 ³ 63.96 ³ 32.45
Diphenyl ³ 531.72³ 881.72³1070.94³ 727.68 ³ 1000.80 ³ 960.64 ³ 590.31 ³ 735.54 ³ 480.26
2,6-, 2,7-Dimethyl- ³ 25.32³ 65.80³ 54.92³ 45.48 ³ 55.60 ³ 24.32 ³ 18.74 ³ 21.32 ³ 6.49
naphthalene ³ ³ ³ ³ ³ ³ ³ ³ ³
2,3-Dimethylnaph- ³ 75.96³ 78.96³ 137.30³ 159.18 ³ 180.70 ³ 267.52 ³ 402.91 ³ 234.52 ³ 45.43
thalene ³ ³ ³ ³ ³ ³ ³ ³ ³
Diphenyl ether ³1755.52³2368.80³2746.00³ 1955.64 ³ 1765.30 ³ 1653.76 ³ 1405.50 ³ 1279.20 ³ 778.80
Fluorene ³ 151.92³ 381.64³ 672.77³ 602.61 ³ 597.70 ³ 583.68 ³ 534.09 ³ 245.18 ³ 240.13
Phenathrene ³ 202.56³ 473.76³ 810.07³ 898.23 ³ 1209.30 ³ 1544.32 ³ 1424.24 ³ 1492.40 ³ 843.70
Anthracene ³ 227.88³ 618.52³1057.21³ 932.34 ³ 903.50 ³ 1203.84 ³ 974.48 ³ 938.08 ³ 441.32
Fluoranthene ³ 50.64³ 92.12³ 233.41³ 238.77 ³ 208.50 ³ 352.64 ³ 299.84 ³ 266.50 ³ 305.03
Pyrene ³ 67.52³ 118.44³ 178.49³ 181.92 ³ 222.40 ³ 231.04 ³ 243.62 ³ 309.14 ³ 311.52
Benzophenanthrene³ 67.52³ 184.24³ 288.33³ 318.36 ³ 417.00 ³ 413.44 ³ 356.06 ³ 479.70 ³ 389.40
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 4. Properties of asphaltenes and neutral oxygen-containing compounds
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Contact time, s
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Parameter ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
Asphaltenes

Molecular weight ³233 ³236 ³264 ³287 ³279 ³292 ³304 ³336 ³360
Content of functional ³ ³ ³ ³ ³ ³ ³ ³ ³
groups, g-equiv mol31: ³ ³ ³ ³ ³ ³ ³ ³ ³

quinoid ³ 0.143³ 0.266³ 0.072³ 0 ³ 0.206³ 0 ³ 0 ³ 0.178³ 0
phenol ³ 0.110³ 0.335³ 0.117³ 0.084³ 0.163³ 0.088³ 0.072³ 0.107³ 0
alkoxy ³ 0.775³ 0.994³ 1.690³ 1.195³ 0.249³ 0 ³ 0 ³ 0.224³ 0
oxygen in heterocycles ³ 0.054³ 0 ³ 0 ³ 0.409³ 0 ³ 0 ³ 0.495³ 0.192³ 0.415

Iodine number, g-equiv mol31³ 0.412³ 0.420³ 0.417³ 0.413³ 0.608³ 0.531³ 0.499³ 0.625³ 0.598
Neutral oxygen-containing compounds

Molecular weight ³189 ³195 ³211 ³219 ³215 ³228 ³226 ³215 ³221
Content of functional ³ ³ ³ ³ ³ ³ ³ ³ ³
groups, g-equiv mol31: ³ ³ ³ ³ ³ ³ ³ ³ ³

quinoid ³ 0.352³ 0.505³ 0.289³ 0.217³ 0.310³ 0.097³ 0 ³ 0 ³ 0
alkoxy ³ 1.890³ 0.565³ 0.632³ 1.340³ 2.150³ 1.120³ 1.030³ 0.885³ 0.790
oxygen in heterocycles ³ 0 ³ 0.203³ 0.464³ 0.550³ 0.494³ 0.966³ 0.508 ³ 0.853³ 0.669

Iodine number, g-equiv mol31³ 0.106³ 0.195³ 0.230³ 0.272³ 0.309³ 0.218³ 0.113³ 0.236³ 0.137
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

The component composition and yield of individ-
ual hydrocarbons are listed in Table 3. The main
components of the hydrocarbon fraction are naphtha-
lene, diphenyl ether, phenanthrene, and anthracene.
The yield of naphthalene is the highest at 850oC (3.0 s)
and the lowest at 900oC (3.0 s): 3222.4001033 and
1356.410 1033 wt %, based on anisole, respectively.

The yield of phenanthrene and anthracene is the
highest under the same conditions. It should be noted
that the above compounds are accumulated in the tar
at temperatures up to 850oC and contact time of 1.5 s;
under more severe conditions of pyrolysis these com-
pounds are converted into more condensed hydrocar-
bons. This is confirmed by the steady increase in
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the content of pyrene, benzophenanthrene, and fluor-
anthene in the tar.

Detailed data on the composition of NOCs
and asphaltenes are necessary to study the most im-
portant stages of anisole degradation and to determine
the fields of efficient utilization of the degradation
products.

The molecular structure of asphaltenes and NOCs
was studied by cryoscopy [25] and quantitative func-
tional analysis [26330]; the results are given in
Table 4.

As seen, asphaltenes and NOCs differ in mol-
ecular weight and content of functional groups. For
example, NOCs contain almost no phenolic hydroxy
groups, which occur in asphaltenes where their con-
tent is the highest at 800oC and contact time of 1.5 s
(0.335 g-equiv mol31). As the pyrolysis conditions are
made more severe, the content of these groups de-
creases to zero through their complete degradation.
The appearance of phenolic groups in asphaltenes is
due to the large size of asphaltene molecules, which
hinders attack of the reaction centers. By contrast,
quinoid groups are concentrated in NOCs (0.505 and
0.266 g-equiv mol31 in, respectively, NOCs and as-
phaltenes at 800oC and contact time of 1.5 s). With in-
creasing temperature and contact time, the content of
quinoid groups decreases, probably because of their
higher lability as compared with that of other func-
tional groups. The appearance of these groups in the
products of anisole pyrolysis suggests the intermediate
formation of quinoid or related structures in the course
of pyrolysis. The alkoxy groups occur in the initial
compound and can be formed by the attack of the rad-
ical fragments of ring degradation on the phenolic and
quinoid groups; as a result, they are predominant in
the NOC structures. Heterocyclic oxygen is the most
thermodynamically stable form, and it is found in
the asphaltenes under more severe conditions of py-
rolysis at 900oC or at more prolonged contact. In
the case of NOCs, heterocyclic oxygen is not formed
only at 750oC (4.5 s), which suggests increased
lability of heterocyclic fragments in oxygen-contain-
ing compounds as compared with asphaltenes. The
degree of unsaturation of asphaltenes, which is char-
acterized by the iodine number, is several times
greater than that of the neutral oxygen-containing
compounds.

To evaluate the overall thermal stability of anisole,
we calculated the kinetic parameters of formation of
components of gaseous pyrolysis products.

The formation of carbon monoxide is described by
a 1.5-order kinetic equation with activation energy of
345.00 kJ mol31, which is of particular importance,
since for most of the compounds studied this is a first-
order process and the whole body of experimental data
suggests intramolecular mechanism of CO liberation.
In our case, the order of 1.5 is due to a more complex
mechanism of formation, whereas the higher activa-
tion energy, compared with that in radical reactions,
suggests their insignificant contribution.

The close activation energies of CO formation from
anisole and phenols [21, 22] suggest that the struc-
tures of their activated complexes are similar. Since
the activated complex of phenols has a quinoid struc-
ture, it would probably have a pseudoquinoid nature
in the case of anisole. Then, the cleavage of CO from
anisole can be described by the following reaction:
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The calculated activation energy of this process is
404.75 kJmol31, and this mechanism accounts for the
formation of cresols in the phenol fraction of the tar.

The formation of carbon dioxide is described by a
second-order kinetic equation; at 850oC and contact
time of 3.0 s the mechanism changes. At 8003850oC
the activation energy is 92.18 kJ mol31, being as
high as 206.15 kJ mol31 at 8503900oC. Such small
activation energies suggest the radical mechanism of
the process, which can be described as follows: CO*

molecules formed by cleavage of the activated com-
plex attack either the anisole molecules at the methoxy
group (1) or the methoxy radicals in the gas phase (2):

CO* + CH3OC6H5 6 CO2 + C6H5CH3, (1)

CO* + CH3O.

6 CO2 + .CH3. (2)

It is also possible that formation of CO2 is accom-
panied by reactions catalyzed with pyrographite.

Methane can be formed simultaneously with carbon
monoxide and also from methyl radicals in the course
of formation of carbon dioxide. At equal contributions
of these mechanisms the activation energy calculated
by the Moin procedure [31] is 272.35 kJ mol31, in
agreement with the experiment (256.43 kJ mol31). The
smaller experimental value probably suggests occur-
rence of a less energy-consuming process. The ac-
cumulation of methane is described by a second-order
equation.

Hydrogen is formed in anisole pyrolysis through
condensation, degradation, and recombination reac-
tions; its accumulation is described by a 1.5-order
equation with activation energy of 98.88 kJ mol31.

The kinetic equations of formation of the gaseous
pyrolysis products components are given in Table 5.

CONCLUSIONS

(1) A study of homogenous pyrolysis of anisole
showed that anisole is thermally unstable even at
relatively low temperatures. The predominant liquid
products obtained at 7503800oC and contact times of
1.534.5 s are phenols and hydrocarbons, and at 8503

900oC, hydrocarbons and asphaltenes. Methane, hy-
drogen, and carbon monoxide and dioxide are the
main components of the gaseous pyrolysis products.

(2) The phenol fraction of the liquid products
consists of phenol, cresols, and trace amounts of
xylenols; naphthalene and diphenyl ether are the
main components of the hydrocarbon fraction. As-

Table 5. Kinetic equations of formation of the gaseous
pyrolysis products
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Com-³ Reaction³ Kinetic equation
ponent³ order ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CO ³ 1.5 ³ kck = 4.00 1018exp(345000/RT)

³ ³CH4 ³ 2.0 ³ kck = 1.10 1015exp(3256428/RT)
³ ³H2 ³ 1.5 ³ kck = 3.30 106exp(398884/RT)
³ ³CO2 ³ 2.0 ³ kck = 8.30 107exp(392180/RT)
³ ³ (8003850oC)
³ ³³ ³ kck = 4.10 1014exp(3206148/RT)
³ ³³ ³ (8503900oC)

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

phaltenes and neutral oxygen-containing compounds
are complex mixtures of predominantly aromatic com-
pounds with various functional groups and alkyl
chains.

(3) The kinetic parameters of formation of the
gaseous pyrolysis products were calculated, and the
mechanisms of their formation are proposed.
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Abstract-Homogeneous pyrolysis ofa-naphthol in argon (1 : 25 volume ratio) at 7503900oC and contact
time of 1.534.5 s was studied. The conversion and group composition of the liquid products, and component
composition of the gaseous pyrolysis products and hydrocarbons were determined; the asphaltenes formed
were characterized. The kinetic parameters ofa-naphthol degradation and formation of methane, hydrogen,
and carbon monoxide were calculated; the possible mechanisms of these processes are proposed.

Phenols are significant component of the tars
formed in semicoking (low-temperature carbonization)
and high-rate pyrolysis of caustobioliths, and their
content in the tar may be as high as 30335 wt %. In
high-temperature pyrolysis, the fraction of phenols in
the tar decreases to 1.5 wt %, with the yield of neutral
oxygen-containing compounds, hydrocarbons, and as-
phaltenes increasing simultaneously. Optimization of
pyrolysis conditions to prepare products of prescribed
composition requires detailed information on the be-
havior of various phenols, including naphthols, and
on how high-temperature tars are formed.

It has been found [1312] that the temperature and
contact time strongly affect the yield and composition
of the degradation products of phenols. However,
owing to the lack of systematic data, small range
of phenols studied, and significant differences in
the experimental conditions, evaluation of the thermal
stability in the phenol series is still difficult. More-
over, the kinetic parameters of pyrolysis and data
on the group and component composition of liquid
products are lacking. In [13318], data on high-tem-
perature conversion of phenol, cresols, xylenols, and
dihydric phenols were presented, the group compo-
sition of the tars and the component composition of
the gaseous pyrolysis products determined, the kinet-
ic parameters of degradation of the initial raw mate-
rial and of formation of the tar and gaseous pyrolysis
products components calculated, and the reaction
mechanisms proposed.

The aim of this work was to study the features
of homogeneous pyrolysis ofa-naphthol, determine

the qualitative and quantitative composition of hydro-
carbons and asphaltenes, and evaluate the kinetic pa-
rameters of formation of the gaseous pyrolysis prod-
ucts components.

Pyrolysis ofa-naphthol was performed on a setup
described in [19]; the tar composition was analyzed
by the procedure described elsewhere [20].

The material balance fora-naphthol pyrolysis is
given in Table 1 indicating a significant transfor-
mations of the initial compound at temperatures of
7503900oC and contact time of 1.534.5 s. Under
the above conditions, the tar fraction decreases from
89.00 to 26.30 wt %, with the yield of gaseous py-
rolysis products and pyrographite increasing from
6.50 to 26.50 and from 3.30 to 45.20 wt %, respec-
tively. The content of benzene fraction remains al-
most constant and at 850oC (4.5 s) it does not exceed
2.55 wt % relative toa-naphthol. This is probably
due to a rather complex pathway of formation of
mononuclear aromatic hydrocarbons from the system
of two fused aromatic naphthalene rings.

The result of group analysis of the liquid prod-
ucts and the component composition of the gaseous
pyrolysis products are also listed in Table 1.

As seen, the content of the phenol fraction in the
tar decreases, because the hydroxy group in phenol
is the first to degrade. For example, the content of
phenols in the tar is 58.5 wt % at 800oC (1.5 s) and
only 5.3 wt % at 900oC (3.0 s). Simultaneously, as-
phaltenes and hydrocarbons are accumulated in liq-
uid degradation products. The yield of hydrocarbons



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 6 2001

1054 PLATONOV et al.

Table 1. Material balance ofa-naphthol pyrolysis
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³Yield of pyrolysis products (wt % based on initiala-naphthol) at indicated contact time, s
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Pyrolysis products ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
Benzene hydrocarbons ³ 1.20 ³ 1.00 ³ 1.55 ³ 2.00 ³ 2.10 ³ 2.30 ³ 2.55 ³ 2.45 ³ 2.00
Tar, including (wt %): ³ 89.90 ³ 85.50 ³ 74.50 ³ 61.90 ³ 73.05 ³ 51.90 ³ 39.85 ³ 37.30 ³ 26.30

phenols ³ 48.20 ³ 58.50 ³ 43.20 ³ 20.80 ³ 36.10 ³ 16.40 ³ 8.20 ³ 12.20 ³ 5.30
hydrocarbons ³ 17.20 ³ 15.00 ³ 22.20 ³ 19.00 ³ 25.40 ³ 43.40 ³ 50.30 ³ 28.90 ³ 36.50
neutral oxygen-containing³ 0.40 ³ 1.60 ³ 2.00 ³ 0.80 ³ 1.30 ³ 1.10 ³ 0.60 ³ 0.80 ³ 0.60
compounds ³ ³ ³ ³ ³ ³ ³ ³ ³
asphaltenes ³ 22.00 ³ 15.70 ³ 22.30 ³ 18.57 ³ 22.80 ³ 31.00 ³ 35.00 ³ 40.00 ³ 50.00
resins ³ 12.20 ³ 9.20 ³ 10.30 ³ 2.73 ³ 14.40 ³ 9.10 ³ 5.90 ³ 18.30 ³ 7.60

Gaseous pyrolysis products +³ 6.50 ³ 7.20 ³ 12.95 ³ 18.30 ³ 13.00 ³ 17.70 ³ 20.50 ³ 24.95 ³ 26.50
losses, including (wt %): ³ ³ ³ ³ ³ ³ ³ ³ ³

H2 ³ 32.50 ³ 24.80 ³ 46.10 ³ 42.50 ³ 41.30 ³ 49.40 ³ 57.70 ³ 52.90 ³ 58.30
CH4 ³ 4.60 ³ 3.50 ³ 5.70 ³ 5.80 ³ 5.90 ³ 7.10 ³ 7.50 ³ 6.70 ³ 7.30
CO ³ 62.90 ³ 71.70 ³ 48.20 ³ 51.60 ³ 52.80 ³ 43.50 ³ 34.80 ³ 40.40 ³ 34.40

Pyrographite ³ 3.30 ³ 6.30 ³ 11.00 ³ 17.80 ³ 12.85 ³ 28.10 ³ 37.10 ³ 35.50 ³ 45.20
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

strongly depends on the contact time. This is prob-
ably due to the prolonged period of their formation
from hydrocarbon fragments generated in degradation.
The content of neutral oxygen-containing compounds
(NOCs) is insignificant. Their highest content in the
tar (2.00 wt %) is attained at 800oC (3.0 s); further
decrease in the NOCs content is due to instability
of the resulting structures and their degradation on
heating.

Simultaneously, with decreasing yield of phenols,
the content of asphaltenes in the tar increases to be-
come 15.70 wt % at 800oC (1.5 s) and 50.00 wt % at
900oC (3.0 s). This is due to the structure ofa-naph-
thol, containing two aromatic rings whose condensa-
tion gives macromolecular compounds.
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The main component of the gaseous products
formed at 7503800oC is carbon monoxide yielded
by the following reactions:
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With increasing temperature and contact time, the
content of hydrogen and methane in the gaseous py-
rolysis products grows, with the yield of carbon mon-
oxide decreasing simultaneously. This is probably due
to the fact that CO is formed by mechanism (I) in
the initial stages of pyrolysis and by mechanism (II)
under more severe conditions, with the formation of
radical fragments.

To determine the contribution ofa-naphthol to the
formation of individual phenols, hydrocarbons, and
neutral oxygen-containing compounds, the phenol and
hydrocarbon fractions were studied by the capillary
gas-liquid chromatography (CGLC). The phenol frac-
tion consists of unchangeda-naphthol; other low-
boiling components are almost absent.

The component composition of hydrocarbon frac-
tion of the tar formed ina-naphthol pyrolysis is
shown in Table 2. This fraction contains naphtha-
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Table 2. Component composition of hydrocarbons
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Yield of pyrolysis products (wt %0 102, based on initiala-naphthol)
³ at indicated contact time, s
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄComponent
³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0 ³ 4.5 ³ 1.5 ³ 3.0
ÃÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ 750oC ³ 800oC ³ 850oC ³ 900oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
Naphthalene ³ 519.01³ 250.19³ 476.35³ 715.30³ 593.60³ 900.80³ 947.89³ 452.76³ 526.08
b-Methylnaphthalene ³ 2.30 ³ 1.67 ³ 4.14 ³ 5.70 ³ 7.42 ³ 6.76 ³ 5.01 ³ 3.23 ³ 1.92
a-Methylnaphthalene ³ 5.36 ³ 3.85 ³ 6.62 ³ 9.50 ³ 10.20³ 6.76 ³ 3.01 ³ 3.77 ³ 2.40
Diphenyl ³ 1.53 ³ 0.77 ³ 1.49 ³ 2.85 ³ 3.71 ³ 3.38 ³ 2.00 ³ 3.77 ³ 1.44
2,7-Dimethylnaphthalene ³ 0.77 ³ 3.21 ³ 1.65 ³ 1.52 ³ 1.48 ³ 1.13 ³ 0.80 ³ 0.86 ³ 0.58
2,3-Dimethylnaphthalene ³ 3.83 ³ 4.36 ³ 7.44 ³ 13.30³ 10.20³ 16.89³ 18.04³ 14.55³ 9.60
Acenaphthene ³ 0.77 ³ 0.51 ³ 0.99 ³ 2.28 ³ 1.48 ³ 3.38 ³ 3.81 ³ 1.62 ³ 0.96
Fluorene ³ 1.53 ³ 1.92 ³ 3.64 ³ 4.75 ³ 4.64 ³ 9.01 ³ 11.02³ 5.39 ³ 2.88
Phenathrene ³ 1.53 ³ 1.28 ³ 2.65 ³ 5.70 ³ 5.57 ³ 10.13³ 17.03³ 10.24³ 15.74
Anthracene ³ 1.22 ³ 0.77 ³ 3.31 ³ 4.75 ³ 6.49 ³ 9.01 ³ 10.02³ 7.55 ³ 11.52
Fluoranthene ³ 3.83 ³ 7.06 ³ 11.58³ 19.00³ 19.48³ 52.92³ 61.12³ 28.57³ 43.20
Pyrene ³ 4.59 ³ 3.21 ³ 5.79 ³ 12.35³ 8.16 ³ 15.76³ 19.04³ 7.55 ³ 7.68
X1 ³ 64.91³ 48.75³ 81.05³ 104.20³ 76.98³ 127.24³ 79.16³ 60.91³ 27.84
X2 ³ 79.61³ 71.21³ 103.38³ 123.20³ 75.13³ 104.71³ 104.21³ 81.93³ 46.08
Benzophenanthrene ³ 137.02³ 142.41³ 277.87³ 493.00³ 253.21³ 355.81³ 386.77³ 185.42³ 205.44
High-boiling hydrocarbons ³ 703.19³ 741.83³ 666.05³ 382.60³ 777.25³ 628.31³ 335.07³ 209.88³ 56.64
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

lene, its methyl and dimethyl homologs, acenaph-
thene, fluorene, phenanthrene, anthracene, fluoran-
thene, pyrene, benzophenanthrene, and high-boiling
hydrocarbons. The main components of the hydrocar-
bon fraction are naphthalene and benzophenanthrene.
Under more severe conditions, the yield of these com-
pounds increases. For example, the yield of naphtha-
lene grows from 250.190 1032 at 800oC (1.5 s) to
526.080 1032 wt % at 900oC (3.0 s); under the same
conditions, the yield of benzophenanthrene increases
from 142.410 1032 to 205.440 1032 wt %, respec-
tively.

The content of hydrocarbons boiling out after ben-
zophenanthrene is rather significant at 8003 850oC
and contact time of 1.5 s (741.830 1032 and 777.250
1032 wt %) and rapidly decreases on heating to 900oC
at a contact time of 3.0 s (56.640 1032 wt %). These
high-boiling hydrocarbons can be used to prepare
low-molecular-weight hydrocarbons and asphaltenes,
whose yield grows with increasing temperature and
contact time.

Detailed data on the structure of asphaltenes are
necessary to analyze the most important stages of
a-naphthol degradation and to determine the contri-
bution of these compounds to the formation of the
qualitative and quantitative composition of the[sec-
ondary] tars.

The molecular structure of asphaltenes was studied
by cryoscopy [21] and quantitative functional analysis
[22326]; the obtained results are given in Table 3.

The content of phenol groups is the highest at 800oC
and contact time of 3.0 s (1.47 mg-equiv g31); under
more severe conditions their content decreases, which
is due to the degradation of phenol hydoxy groups
of both a-naphthol and the resulting asphaltenes.
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The possibility of mechanism (4) is confirmed by
the presence of quinoid groups in the asphaltene struc-
tures; their content is the highest at 800oC and contact
time of 3.0 s and decreases under more severe condi-
tions.

A significant fraction of oxygen is contained in
heterocycles; its content increases at 800 and 850oC
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Table 3. Properties of asphaltenes
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ Content of functional groups, mg-equiv g31 ³
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´T, oC ³ Contact ³ Molecular ³ ³ Iodine number,
³ time, s ³ weight ³ phenol ³ quinoid ³ alkoxy ³ oxygen in ³ mg-equiv g31

³ ³ ³ ³ ³ ³ heterocycles³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

750 ³ 4.5 ³ 291 ³ 1.26 ³ 0.93 ³ 0.21 ³ 1.01 ³ 0.18
800 ³ 1.5 ³ 273 ³ 0.48 ³ 2.68 ³ 0.51 ³ 1.62 ³ 0.19

³ 3.0 ³ 293 ³ 1.47 ³ 4.46 ³ 1.06 ³ 1.98 ³ 0.23
³ 4.5 ³ 300 ³ 1.04 ³ 1.24 ³ 0.67 ³ 2.13 ³ 0.25

850 ³ 1.5 ³ 282 ³ 1.26 ³ 2.42 ³ 0.59 ³ 1.91 ³ 0.26
³ 3.0 ³ 303 ³ 0.86 ³ 3.08 ³ 1.40 ³ 2.09 ³ 1.65
³ 4.5 ³ 313 ³ 0.81 ³ 1.18 ³ 0.55 ³ 2.01 ³ 2.82

900 ³ 1.5 ³ 290 ³ 0.64 ³ 0.76 ³ 0.71 ³ 1.82 ³ 0.45
³ 3.0 ³ 312 ³ 0.50 ³ 0.42 ³ 0.50 ³ 1.49 ³ 0.91

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Kinetic equations of degradation ofa-naphthol and formation of components of gaseous pyrolysis products
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Process ³ Reaction order ³ Kinetic equation
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Degradation ofa-naphthol ³ 1.5 ³ kck = 1.960 1014exp (3233 800/RT)
Formation of: ³ ³

CO ³ 1.0 ³ kck = 7.340 1017exp (3319 280/RT)
CH4 ³ 1.532.0 ³ kck = 2.120 1010exp (3256 850/RT)
H2 ³ 1.532.0 ³ kck = 5.300 1011exp (3270 260/RT)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

and decreases at 900oC, which may be due to limited
thermal stability of the resulting rings.

The content of alkoxy groups is small because of
the low concentration of the fragments able to attack
the phenol hydroxyl or quinoid group:

58
gOH

6+ CH .2 58
gOCH3

GC CG
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(5)

At 850oC and contact time of 3.034.5 s, formation
of unsaturated fragments is the most intensive; under
more severe conditions, high concentration of hydro-
gen (Table 1) promotes hydrogenation of unsaturated
bonds. This is confirmed by the variation of the iodine
number (mg-equiv g31) 0.25 at 800oC (4.5 s), 2.82
at 850oC (4.5 s), and 0.91 at 900oC (3.0 s).

To evaluate the total thermal stability ofa-naph-
thol, the kinetic parameters of formation of gaseous
pyrolysis products were calculated.

The degradation ofa-naphthol is described by a
1.5-order kinetic equation with activation energy of
233.80 kJ mol31, a 20% higher value as compared
with phenol [13], which may be due to a stronger sta-
bilizing effect of two more rigid condensed naph-
thalene rings. The energy barrier of this process is
two times lower than the energy of any bond in the

a-naphthol molecule, which suggests a significant
contribution of rapid radical processes with low ac-
tivation energies. Moreover, similarly to phenols
[13318], pyrolysis of a-naphthol probably proceeds
through an intermediate labile quinoid form [scheme
(2)]. However, owing to the lower mobility of the
phenolic hydrogen ina-naphthol, formation of the
quinoid structures requires much more energy.

Formation of carbon monoxide is described by
a first-order equation with activation energy of
319.28 kJ mol31; this process is primary and de-
termines the pyrolysis rate.

The activation energies of methane and hydrogen
formation are 256.85 and 270.26 kJ mol31, respec-
tively; their lower values are due to the contribution
of the secondary radical reactions proceeding with
almost zero activation energy:

:CH2 + 2H. 6 CH4,

.H + .H 6 H2.

The reaction order varies within 1.532.0.

The kinetic equations ofa-naphthol degradation
and formation of the components of the gaseous py-
rolysis products are listed in Table 4.
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To test the proposed mechanism describing the
formation of carbon monoxide, we calculated the ac-
tivation energy by a procedure based on the additivity
of bond energies in the activated complex [27].
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The theoretical activation energy of 322.63 kJ mol31

is in good agreement with the experimental results
and confirms the proposed mechanism.

CONCLUSIONS

(1) Homogeneous pyrolysis ofa-naphthol under-
goes significant changes in the temperature range stud-
ied. With increasing temperature and contact time,
the content of hydrocarbons and asphaltenes in the
liquid products grows, whereas the content of phenols
decreases. Hydrogen and carbon monoxide are the
main components of the gaseous pyrolysis products.

(2) The hydrocarbon fraction contains mostly
naphthalene and benzophenanthrene; asphaltenes are
complex mixtures of predominantly aromatic com-
pounds with various functional groups and alkyl
chains.

(3) The kinetic parameters ofa-naphthol degra-
dation and formation of components of gaseous py-
rolysis products are calculated, and mechanisms of
their formation are proposed.
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Abstract-Physicochemical, morphological, and crystal-chemical characteristics of several calcium phosphates
are given. The effect of various parameters of manufacturing process on the product quality is described.

Hydroxyapatite Ca10(PO4)6(OH)2 is identical in
composition to the bone tissue of living organisms and
has similar physical, mechanical, and other properties.
It shows high biocompatibility, does not give rise to
inflammatory phenomena, and is non-toxic. Therefore,
articles made from synthetic Ca10(PO4)6(OH)2 are used
in stomatology, traumatology, orthopedy, and cosme-
tology for regeneration of bone tissues [1].

Ca10(PO4)6(OH)2 exhibits no tendency toward desta-
bilization in an organism; by contrast, it promotes ag-
gregation and absorption of substances from the medi-
um of the organism. Bioactive materials stimulate bone
formation and restore bone tissues of a human body.
Therefore, implants made of calcium phosphates are
the most promising. It is known that Ca10(PO4)6(OH)2
samples with the same initial stoichiometric composi-
tion may differ in both the biological stability and the
tendency toward biodegradation [1]. Samples of non-
stoichiometric Ca10(PO4)6(OH)2 form a biologically
stable phase in a living organism. An ion-exchange
equilibrium can take place between a living tissue
and Ca10(PO4)6(OH)2. To reduce the induction pe-
riod required for binding between articles made of
Ca10(PO4)6(OH)2 and a living tissue, nonstoichiomet-
ric Ca10(PO4)6(OH)2 can be used as a material for
artificial bones [2].

When calcium phosphates are synthesized from so-
lutions, the kinetics of the process and the microstruc-
ture of the crystalline material depend on the process
parameters. The synthesis of Ca10(PO4)6(OH)2 crys-
tals is complicated by the formation of intermediate
and attendant phases-pseudo-apatites with the ratio
Ca/P< 1.5 [3] or calcium phosphates of varied com-
position [4]. Therefore, we studied the effect exerted
by the amount of a calcium-containing reagent, the
concentration of working solutions, pH (degree of
neutralization), and temperature on the chemical and

crystalline characteristics of the resulting salts. The ex-
periments were carried out over a wide range of pa-
rameters of the manufacturing process.

Quite a number of researchers have synthesized
Ca10(PO4)6(OH)2 from aqueous solutions [5316].
Physicochemical properties [538] of Ca10(PO4)6(OH)2
and precursor salts and also conditions for their pre-
cipitation from CaCl2 and NaH2PO4 solutions at low
[9, 10], medium [11], and high [12] oversaturation
and constant composition of liquid phase [13316]
have been studied. In this work, we used solutions of
calcium nitrate and chloride and orthophosphoric acid.
To maintain a specified value of pH, we applied so-
lutions of ammonium and sodium hydroxides. The
synthesis temperature was varied from 25 to 75oC.
Liquid and solid phases were identified by standard
procedures [17]. The solid phase was identified by
X-ray phase analysis and IR spectroscopy.

The experiments were carried out at constant
pH. The size of crystals and the amount of forming
Ca10(PO4)6(OH)2 grow with increasing duration of
syntheses (Fig. 1). It is necessary to note that an
amorphous product is formed first, then it is con-
verted to crystalline Ca8(HPO4)2(PO4)4 .5H2O and(or)
Ca10(PO4)6(OH)2 (Fig. 2). With increasing pH, the du-

Fig. 1. Effect of synthesis durationt on the yield A of
Ca10(PO4)6(OH)2. Temperature 25oC, concentration of
reagents 0.25 wt %. pH: (1) 6, (2) 8, (3) 10, and (4) 11.
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ration of Ca10(PO4)6(OH)2 synthesis decreases (Fig. 1).
If ammonium hydroxide is used, the amorphous phase
is only formed at pH 6 and 8. In the presence of sodi-
um hydroxide, amorphous Ca10(PO4)6(OH)2 is pre-
cipitated as a solid phase up to pH~ 10. Small crys-
tals up to 1mm in size are formed on its recrystal-
lization, whereas 335 mm crystals are formed when
ammonium hydroxide (10% solution) is used.

Characteristics of calcium phosphates precipitated
from initial solutions with various compositions are
given in Fig. 3. These products were dried at 80oC.
It was found that the product obtained from dilute
solutions (CaO and P2O5 concentrations in initial re-
agents ranging from 0.25 to 1 wt %) is crystalline
Ca10(PO4)6(OH)2 (Fig. 3, a), with crystal formation
becoming slower at higher concentrations. Raising the
initial concentration of solutions to 5 wt % CaO and
5 wt % P2O5 (stoichiometric ratio of the reagents) in
a synthesis at constant pH 6 results in the formation of
calcium-deficient Ca10(PO4)6(OH)2. The IR spectrum
of this salt is given in Fig. 2b. Raising the pH to 8310
gives poorly crystallized Ca10(PO4)6(OH)2. Rais-
ing the concentration of the initial solutions yields
a finely crystalline product with crystal size of up to
1 mm. Thermal treatment of the products obtained at
800oC results in recrystallization of finely crystalline
Ca10(PO4)6(OH)2 to give a macrocrystalline product
(with crystal size increasing by a factor of 1.533).
Calcium-deficient Ca10(PO4)6(OH)2 is converted into
a mixture of calciumb-phosphate and diphosphate.
Thermal treatment of the precipitates allows formation
a crystalline salt. The IR spectra of the calcined prod-
ucts are more clear-cut, with the intensity of peaks
increasing dramatically as compared with the spec-
tra of dry salts. An X-ray phase analysis confirmed
that the quality of crystals depends on the conditions
of thermal treatment. The diffraction lines of a dry
Ca10(PO4)6(OH)2 salt (3.44, 2.81, 2.77, 1.92, 1.84,
and 1.74A), are broadened, their peaks are indistinct.
In the X-ray diffraction patterns of calcined samples,
the height of peaks grows and they become nar-
rower, i.e., the diffraction lines become better pro-
nounced.

A thermal analysis of salts synthesized at pH 83
10 demonstrated that, with increasing pH, a more
stable salt is formed. The endothermic effect (1253
135oC) is related to loss of water. At 2953320oC,
CO3

23 ions adsorbed by the salt from air are removed.
The salt obtained at constant pH 8 is converted to
b-Ca3(PO4)2 on heat treatment (820oC). Raising the
pH to 10 yields a product stable up to 850oC. Syn-
thesis at pH~ 11 favors formation of a salt stable up
to T ~ 1000oC.

Fig. 2. IR spectra of (a) Ca8(HPO4)2(PO4)4 . 5H2O and
(b) calcium-deficient Ca10(PO4)6(OH)2. (I ) intensity and
(n) wave number.

Fig. 3. Characteristics of calcium phosphates precipitated
from solutions with various concentrations. (B) Initial
concentration of CaO and P2O5. (1) Ca10(PO4)6(OH)2,
(2) poorly crystallized Ca10(PO4)6(OH)2, (3) calcium-
deficient Ca10(PO4)6(OH)2, and (4) mixture of calcium
b-phosphate and diphosphate. (2) and (3) are only char-
acteristic of an uncalcined material; (4) only calcined
material.

The synthesis temperature essentially affects the
crystallization of salts. We found that stoichiometric
Ca10(PO4)6(OH)2 is formed in the range 25375oC at
pH 10311. As temperature increases, the crystal size
decreases from 335 to less than 1mm. However, the
salt is better crystallized in this case. The IR absorp-
tion bands of salts obtained at 75oC are more inten-
sive than those of salts obtained at 25oC. The products
have a clear X-ray diffraction pattern with reflections
characteristic of Ca10(PO4)6(OH)2. According to ther-
mal analysis, salts obtained at a higher temperature
are less stable.
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CONCLUSION

(1) The obtained data make it possible to forecast
conditions for synthesis of calcium phosphates with
specified chemical and crystalline structure.

(2) Lowering the concentration of initial solu-
tions and raising the pH and synthesis duration with-
in the limits under study give larger crystals of the
products. Thermal treatment of the precipitates re-
sults in their structuring and improves the product
quality.
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Abstract-Conditional equilibrium constantsKn
* of reactions between titanium chlorides and molten magne-

sium were calculated.

Various admixtures, particularly metallic magne-
sium, are removed from chloride wastes of titanium-
magnesium industry in the course of their electro-
chemical processing.

Chloride wastes have various compositions: these
may be salts from a titanium chlorinator or waste elec-
trolyte from the carnallite technique for magnesium
production withcomposition (wt %): KCl 78, NaCl 14,
MgCl2 6, and CaCl2 2, containing magnesium chlo-
ride upon reduction of titanium tetrachloride with
solidified drops and regulus of metallic magnesium,
and also slams from continuous refining furnaces con-
taining more than 15 wt % magnesium [1, 2].

It was of practical interest to calculate the condi-
tional equilibrium constants for the reactions of TiCl2,

TiCl3, and TiCl4 with magnesium in molten chlorides
of alkaline metals (mp 650oC) in the range 10003
1250 K.

The aim of the calculations was to show that me-
tallic magnesium can react chemically with titanium
chlorides in addition to its electrochemical recovery
from titanium-magnesium industry wastes.

We calculated temperature dependences of the con-
ditional standard electrode potentials Ti(II)/Ti,
Ti(III)/Ti and Ti(IV)/Ti, using equilibrium redox po-
tentials of titanium in alkaline metal melts. The con-
ditional standard electrode potential Mg(II)/Mg was
taken from [3].

Equations forE*
Mn+/M (V) are shown in Table 1.

The conditional equilibrium constants were calculated
for the following reactions

Table 1. Temperature dependence ofEMn+/M in molten chlorides of alkaline metals (chlorine reference electrode)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Salt medium³ E*

Mn+/M, V ³Referenceº Salt medium³ E*
Mn+/M, V ³Reference

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
ºE*

Ti(II)/Ti º E*
Ti(IV)/Ti

º
NaCl3KCl ³ 32.51 + 5.60 1034T + 0.006 ³ [4] º NaCl3KCl ³ 32.05 + 3.50 1034T + 0.02 ³ [4]
KCl ³ 32.60 + 6.00 1034T + 0.006 ³ º KCl ³ 32.09 + 3.80 1034T + 0.02 ³
CsCl ³ 32.67 + 6.20 1034T + 0.006 ³ º CsCl ³ 32.12 + 3.50 1034T + 0.02 ³

º
E*

Ti(III)/Ti º E*
Mg(II)/Mg

º
NaCl3KCl ³ 32.24 + 3.50 1034T + 0.006 ³ [4] º NaCl3KCl ³ 33.26 + 5.630 1034T + 0.01 ³ [3]
KCl ³ 32.33 + 3.70 1034T + 0.006 ³ º KCl ³ 33.32 + 5.70 1034T + 0.01 ³
CsCl ³ 32.43 + 3.90 1034T + 0.006 ³ º CsCl ³ 33.412 + 6.070 1034T + 0.01 ³
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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Table 2. Temperature dependence of conditional equilibrium constantsKn
* of reactions (1)3(3)

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Salt melt ³ T, K ³ log K*

1 ³ log K*
2 ³ log K*

3
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
NaCl3KCl ³ 100031200 ³ 30.030 + 7561/T ³ 36.442 + 30847/T ³ 34.294 + 24395/T
KCl ³ 110031250 ³ 0.302 + 7258/T ³ 36.048 + 29940/T ³ 33.831 + 24798/T
CsCl ³ 100031200 ³ 0.131 + 7480/T ³ 36.563 + 29698/T ³ 35.182 + 26048/T
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Characteristics of reactions (1)3(3) in molten chlorides of alkaline metals
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ K*

1 ³ 3DG*
p ³ K*

2 ³ 3DG*
p ³ K*

3 ³ 3DG*
p

ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ reaction (1) ³ reaction (2) ³ reaction (3)

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Equimolar mixture NaCl3KCl

1000 ³ 3.40 107 ³ 144.2 ³ 2.50 1024 ³ 467.3 ³ 1.30 1020 ³ 384.9
1050 ³ 1.480 107 ³ 144.2 ³ 8.60 1022 ³ 461.1 ³ 8.70 1018 ³ 380.7
1100 ³ 6.980 106 ³ 144.1 ³ 4.00 1021 ³ 454.9 ³ 7.60 1017 ³ 376.6
1150 ³ 3.510 106 ³ 144.1 ³ 2.40 1020 ³ 448.8 ³ 8.30 1016 ³ 372.5
1200 ³ 1.870 106 ³ 144.0 ³ 1.80 1019 ³ 442.6 ³ 1.10 1016 ³ 368.4

Potassium chloride

1100 ³ 7.950 106 ³ 145.3 ³ 1.50 1021 ³ 445.9 ³ 5.20 1018 ³ 394.1
1150 ³ 4.100 106 ³ 145.6 ³ 9.70 1019 ³ 440.1 ³ 5.40 1017 ³ 390.4
1200 ³ 2.240 106 ³ 145.9 ³ 8.00 1018 ³ 434.3 ³ 6.80 1016 ³ 386.8
1250 ³ 1.280 106 ³ 146.2 ³ 8.00 1017 ³ 428.5 ³ 1.00 1016 ³ 383.1

Cesium chloride

1000 ³ 4.080 107 ³ 145.7 ³ 1.40 1023 ³ 442.9 ³ 7.30 1020 ³ 399.5
1050 ³ 1.800 107 ³ 145.9 ³ 5.30 1021 ³ 436.6 ³ 4.20 1019 ³ 394.5
1100 ³ 8.530 106 ³ 146.0 ³ 2.70 1020 ³ 430.4 ³ 3.10 1018 ³ 389.6
1150 ³ 4.320 106 ³ 146.1 ³ 1.80 1019 ³ 424.1 ³ 2.90 1017 ³ 384.6
1200 ³ 2.310 106 ³ 146.2 ³ 1.50 1018 ³ 417.8 ³ 3.30 1016 ³ 379.7

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

TiCl2(melt) + Mg(l) = MgCl2(melt) + Ti(s), (1)

K * =ccccc
1.984T

( E*
Ti(II)/ Ti
cE*

Mg(II)/Mg
) ;2 0 104

1log

TiCl3(melt) + 3Mg(l) = 3MgCl2(melt) + 2Ti(s), (2)

log ( E* E*
Mg(II)/ Mg

);
Ti(III)/Ti
cK *

ccccc

1.984T=
6 0 104

2

TiCl4(melt) + 2Mg(l) = 2MgCl2(melt) + Ti(s), (3)

log ( E* E*
Mg(II)/Mg

).c

Ti(IV)/TiK *
ccccc

1.984T=
4 0 104

3

The calculated data for various salt systems are
shown in Table 2 and, in more detail, for reactions
(1) and (2), in Table 3, where the changes in Gibbs
energy (J mol31) are also given, as calculated by
the expression:

DG*
r = 34.5760 4.184T log K*

n.

Values ofK*
n for reactions (1), (2), and (3) decrease

with temperature. For the series (NaCl3KCl)3KCl3CsCl
the values ofK*

1 at 1100 K are 6.980 106, 7.950 106,
8.530 106, and those ofK*

2 are 4.001021, 1.501021,
and 2.70 1020, respectively,K*

2 being greater than
K*

1 by 14315 orders of magnitude.

The value ofK*
3 for a NaCl3KCl melt in the range

100031200K varies from 1.30 1020 to 1.10 1016, for
a KCl melt at 110031250 K-from 5.20 1018 to
1.00 1016, and for a CsCl melt at 100031200 K-
from 7.30 1020 to 3.30 1016, i.e., the process may
occur to a rather great extent (Table 3).

The interactions of the components are rather com-
plicated, the above equations of reactions are only
stoichiometric relationships. The melt contains com-
plex ions (MCl4

33, TiCl3
3, TiCl4

23, TiCl5
23, TiCl6

33, TiCl5
3,

TiCl6
23, MgCl4

23, etc.), which can variously affect
each other and react with each other. These com-
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plex ions have different bonding energies Ti4+
3

Cl3, Ti3+
3Cl3, and Ti

2+
3Cl3 and vibrational frequen-

cies.

CONCLUSIONS

(1) The conditional equilibrium constants for the
reactions of titanium chlorides with magnesium in
various salt media were calculated using experimental
and published data on conditional standard electrode
potentials E*

Mn+/M.

(2) The reactions are rather complicated and de-
pend on a number of factors such as concentrations
of components, temperature, nature of salt-solvent,
etc.
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Abstract-A high-performance gas diffusion electrode is fabricated by hot pressing with an asbestos lay-
ing used to provide uniform load in the process. The electrode was studied in cathodic reduction of oxygen in
acidic electrolyte at various temperatures.

In fabrication of high-performance gas diffusion
electrodes, the necessary condition is to ensure the
maximal efficiency of a supported catalyst, particu-
larly in the cases when electrocatalysis proceeds at
a low rate. It is known [133] that the polarization can
be diminished and the rate of an electrochemical re-
action raised by making larger the surface of the cat-
alyst3gas3electrolyte interface.

To raise the activity of oxygen reduction elec-
trodes, we fabricated a composite with a porous struc-
ture, including two types of pores: hydrophilic pores
formed by a carbon-supported catalyst and hydropho-
bic pores formed by a mixture of carbon black and
fluoroplastic. As a carbonaceous support we usedacet-
ylene carbon black with a specific surface area of
200 m2 g31. The electrodes were tested in sulfuric
and phosphoric acid solutions. Carbon black was pre-
treated by roasting at 873oC, followed by boiling for
3 h in nitric acid for hydrophilization. Hydrophobiza-
tion of acetylene carbon black was performed by mix-
ing with a suspension of fluoroplastic in Sintanol
(Sintanol-10 : fluoroplastic = 3 : 1). After intimate
mixing, the surfactant Sintanol-10 was removed by
heating. The catalyst was applied by impregnation of
the electrode with a soluble salt of a metal of variable
oxidation state, followed by treatment with an alkaline
solution (pH ~13.0) of sodium borohydride [4].

The electrode was formed by hot pressing of the
hydrophobic and hydrophilic layers at 773oC under
a pressure of 5 kg cm32, using an asbestos laying to
ensure uniform load over the entire electrode area. A
currentcollecting copper grid (annealed in hydrogen)
was arranged within the hydrophilic layer. The catalyst
surface density in the reaction zone was 0.5 mg cm32.

The polarization curves of cathodic oxygen reduc-
tion were recorded in the potentiostatic mode at 298
and 333oC under atmospheric pressure. Typical polari-
zation curves are presented in the figure. For all of
the tested electrodes we observed a linear dependence
of j on i over the entire polarization range.

The effective surface areaS (mF m32) of the catalyst
and the number of active sitesn were estimated from
the charging curves [5] as

n = 777 0 6.0230 1023, S = 77 = 77 ,
96 500

Q

CS

C C
1120

whereC is the capacitance of the working electrode.

Polarization curves of cathodic oxygen reduction in sul-
furic acid. (j) Polarization and (i) current density. Hydro-
philic to hydrophobic constituent ratio: (1) 2 : 3, (2) 7 : 3,
(3) 5 : 5, and (4) 3 : 7.
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The catalyst efficiency was defined by

P = S/S0,

where S is the effective surface area of the catalyst
andS0 is the total catalyst surface area obtained either
for the supported electrode (1 : 1) or for a carbon-sup-
ported electrode hydrophobized with fluoroplastic
(9 : 1), in which all the clusters are wetted by the elec-
trolyte.

The amount of the electrolyte in the reaction zone
of the electrode was estimated from the electrode
weight before and after testing.

The electrodes fabricated using the proposed tech-
nique are formed of a mixture of the supportedcatalyst
and fluoroplastic in which individual pores are not
wetted by the electrolyte because of their high hy-
drophobicity. As a result, catalytic clusters are formed
that are not involved in the reaction (their content
may be up to 30% of the total). The proposed elec-
trode fabrication technique ensures easy access of the
electrolyte to the catalyst. In this case, the degree
of filling with the electrolyte is well consistent with
the experimentalP. The shares of the hydrophobic
and hydrophilic structures of the active layer were
chosen so as to ensure the minimum thickness of the
reaction zone to minimize the diffusion component of
the polarization. The figure shows that the electrode
efficiency strongly depends on the hydrophilic to hy-
drophobic layer thickness ratio, reaching the max-
imum at the ratio of 2 : 3.

Cathodic oxygen reduction in a sulfuric acid elec-
trolyte has been extensively studied previously [638].
Two portions were found in the Tafel curves. The first
is described by the dependence dj/d log i = 32.3RT/F,
and the second (for more positive potentials), by
2(32.3RT)/F. The transition point is atj = 0.85 V,

which corresponds to a changeover of the adsorption
isotherm type from that described by the Temkin equa-
tion to the Langmuir isotherm [9].

For the electrodes under study the slope of the po-
larization curves is about 0.65 V atj > 0.85 V. If
oxygen reduction is kinetic- and diffusion-controlled,
the slope is higher by a factor of 2.032.5 as compared
to the purely kinetic mode.

To conclude, the maximum electrode efficiency is
attained by minimizing the thickness of the reaction
zone at the gas3electrolyte interface. This is ensured
by the structure of the active layer containing a car-
bon-supported catalyst and hydrophobic pores formed
in a mixture of carbon black and fluoroplastic taken
at certain ratios.
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Abstract-A procedure was developed for preparing esters of secondary alcohols with 7-aminoheptanoic
and 8-aminooctanoic acids.

Esters of primary alcohols with 7-aminoheptanoic
and 8-aminooctanoic acids raise the permeability of
skin [1, 2]. Also, such compounds are of interest
as starting substances in synthesis of dendrimers by
the convergence scheme when the dendrimer branches
(dendrons) are prepared first and are then linked to
the dendrimer core [3].

Proceeding with studies of compounds of this
class, we developed a simple route to esters of sec-
ondary alcohols with 7-aminoheptanoic and 8-amino-
octanoic acids, involving treatment of appropriate
alcohols with amino acid chloride hydrochlorides in
dry chloroform, followed by conversion of the result-
ing hydrochlorides to free amino esters by treatment
with triethylamine:

COOCH(CH )2 mCH3 ,
g

CH3

I3VIII

H N(CH )2 2 n
1. CH3(CH2 )

777777
2.(C2

76
mCHOHCH3

H )35 N

H N(CH ) COCl3 2 n
+

Cl .
3

6

Cl . H3N(CH2)nCOOH + SOCl2
+3

777

wheren = 6, m = 4 (I ), m = 5 (II ), m = 6 (III ), m = 7
(IV ); n = 7, m = 4 (V), m = 5 (VI ), m = 6 (VII ),
m = 7 (VIII ).

The required acid chlorides were prepared from the
corresponding amino acid hydrochlorides, since con-
version to the hydrochloride is the simplest and the
most efficient way to protect the N3H bond [4]. The
amino acid hydrochlorides were treated with thionyl
chloride at 30335oC (at higher temperatures the reac-
tion is accompanied by polymerization). Esters of
7-tetradecanol with 7-aminoheptanoic (IX ) and 8-ami-
nooctanoic (X) acids were prepared similarly.

After being purified by column chromatography,
all the esters are colorless highly viscous oils; yield
55375%.

Tests performed according to [5] showed that
amino estersI3X are less active, compared with the
corresponding esters of isomeric primary alcohols, as
agents raising the permeability of skin.

EXPERIMENTAL

The starting hydrochlorides of 7-aminoheptanoic
and 8-aminooctanoic acids were prepared by acid
hydrolysis of the corresponding lactams [6]. The IR
spectra were taken on a Nicolet Impact 400 IR spec-
trophotometer in CDCl3, and the1H NMR spectra,
on a Tesla BS 497 spectrometer in CDCl3 (internal
reference TMS).

7-Tetradecyl 8-aminooctanoate (X).A solution of
1.96 g (0.01 mol) of 8-aminooctanoic acid hydrochlo-
ride in 15 ml of thionyl chloride was stirred for 0.5 h
at 30335oC. Excess thionyl chloride was removed in
a vacuum, and the residue was treated with absolute
toluene (30 ml). After removal of toluene, 2.14 g
(0.01 mol) of 7-tetradecanol in 40 ml of absolute
chloroform was added, the mixture was refluxed for
3 h with stirring, the solvent was removed, and the
residue was dried in a vacuum desiccator over KOH.
The crude amino ester hydrochloride was dissolved
in 50 ml of water, and the aqueous phase was washed
with diethyl ether (30 20 ml) and treated with 20 ml
of triethylamine. Amino esterX was extracted with
diethyl ether (30 20 ml), the combined extract was
dried over magnesium sulfate, the solvent was re-
moved, and the residue was purified chromatographi-
cally on crystalline cellulose (0.0230.05 mm, 50 g);
eluent diethyl ether. Yield of amino esterX 2.21 g
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(62%). IR spectrum,n, cm31: 1378, 1464, 1720, 2820,
2850, 2920, 2958.1H NMR spectrum,d, ppm: 0.89 t
(6H, 2CH3, J 6.5 Hz), 1.2031.80 m (34H, 6CH2 +
5CH2 + 5CH2 + NH2), 2.31 t (2H, CH2CO, J 6.5 Hz),
2.73 br.s (2H, CH2N), 4.91 m (1H, OCH).

Found, %: C 74.56, 74.60; H 13.01, 13.20; N 3.64, 3.75.

C22H45NO2.

Calculated, %: C 74.37, H 12.68, N 3.94.

CompoundsI3X were prepared similarly.

2-Heptyl 7-aminoheptanoate (I).IR spectrum,n,
cm31: 1378, 1468, 1720, 2820, 2850, 2920, 2958.1H
NMR spectrum,d, ppm: 0.88 t (3H, CH3, J 6.5 Hz),
1.20 d (3H, CH3, J 6.5 Hz), 1.27 m (8H, 4CH2),
1.46 m (8H, 4CH2), 1.80 br.s (2H, NH2), 2.31 t (2H,
CH2CO, J 6.5 Hz), 2.72 br.s (2H, CH2N), 4.90 m
(1H, OCH).

2-Octyl 7-aminoheptanoate (II). IR spectrum,n,
cm31: 1377, 1468, 1720, 2818, 2850, 2922, 2958.1H
NMR spectrum,d, ppm: 0.88 t (3H, CH3, J 6.5 Hz),
1.21 d (3H, CH3, J 6.5 Hz), 1.28 m (10H, 5CH2),
1.46 m (8H, 4CH2), 1.85 br.s (2H, NH2), 2.31 t (2H,
CH2CO, J 6.5 Hz), 2.72 br.s (2H, CH2N), 4.91 m
(1H, OCH).

2-Nonyl 7-aminoheptanoate (III). IR spectrum,n,
cm31: 1378, 1467, 1719, 2820, 2855, 2924, 2962.1H
NMR spectrum,d, ppm: 0.89 t (3H, CH3, J 6.5 Hz),
1.20 d (3H, CH3, J 6.5 Hz), 1.29 m (12H, 6CH2),
1.46 m (8H, 4CH2), 1.80 br.s (2H, NH2), 2.32 t (2H,
CH2CO, J 6.5 Hz), 2.74 br.s (2H, CH2N), 4.92 m
(1H, OCH).

2-Decyl 7-aminoheptanoate (IV).IR spectrum,n,
cm31: 1378, 1468, 1726, 2820, 2848, 2920, 2954.1H
NMR spectrum,d, ppm: 0.89 t (3H, CH3, J 6.5 Hz),
1.21 d (3H, CH3, J 6.5 Hz), 1.29 m (14H, 7CH2),
1.46 m (8H, 4CH2), 1.77 br.s (2H, NH2), 2.31 t (2H,
CH2CO, J 6.5 Hz), 2.72 br.s (2H, CH2N), 4.92 m
(1H, OCH).

7-Tetradecyl 7-aminoheptanoate (IX). IR spec-
trum, n, cm31: 1375, 1466, 1720, 2820, 2850, 2918,
2958. 1H NMR spectrum,d, ppm: 0.89 t (6H, 2CH3,
J 6.5 Hz), 1.2031.80 m (32H, 6CH2 + 5CH2 + 4CH2 +
NH2), 2.32 t (2H, CH2CO, J 6.5 Hz), 1.80 br.s (2H,
NH2), 2.73 br.s (2H, CH2N), 4.90 m (1H, OCH).

2-Heptyl 8-aminooctanoate (V).IR spectrum,n,
cm31: 1378, 1468, 1720, 2819, 2850, 2920, 2956.1H
NMR spectrum,d, ppm: 0.89 t (3H, CH3, J 6.0 Hz),

1.20 d (3H, CH3, J 6.0 Hz), 1.28 m (10H, 5 CH2),
1.46 m (8H, 4CH2), 1.80 br.s (2H, NH2), 2.32 t (2H,
CH2CO, J 6.5 Hz), 2.72 br.s (2H, CH2N), 4.90 m
(1H, OCH).

2-Octyl 8-aminooctanoate (VI). IR spectrum,n,
cm31: 1378, 1465, 1720, 2826, 2854, 2922, 2955.1H
NMR spectrum,d, ppm: 0.88 t (3H, CH3, J 6.0 Hz),
1.20 d (3H, CH3, J 6.0 Hz), 1.28 m (10H, 5 CH2),
1.46 m (10H, 5CH2), 1.85 br.s (2H, NH2), 2.32 t (2H,
CH2CO, J 6.5 Hz), 2.73 br.s (2H, CH2N), 4.91 m
(1H, OCH).

2-Nonyl-8-aminooctanoate (VII). IR spectrum,n,
cm31: 1378, 1468, 1720, 2825, 2852, 2920, 2954.1H
NMR spectrum,d, ppm: 0.88 t (3H, CH3, J 6.5 Hz),
1.20 d (3H, CH3, J 6.5 Hz), 1.29 m (12H, 6CH2),
1.46 m (10H, 5CH2), 1.85 br.s (2H, NH2), 2.30 t (2H,
CH2CO, J 6.5 Hz), 2.73 br.s (2H, CH2N), 4.92 m
(1H, OCH).

2-Decyl 8-aminooctanoate (VIII). IR spectrum,n,
cm31: 1378, 1470, 1722, 2821, 2853, 2925, 2936.1H
NMR spectrum,d, ppm: 0.89 t (3H, CH3, J 6.5 Hz),
1.20 d (3H, CH3, J 6.5 Hz), 1.28 m (14H, 7CH2),
1.46 m (10H, 5CH2), 1.80 br.s (2H, NH2), 2.32 t (2H,
CH2CO, J 6.5 Hz), 2.74 br.s (2H, CH2N), 4.92 m
(1H, OCH).
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Abstract-A procedure was developed for evaluating the efficiency of substance purification by vacuum
distillation with vapor dephlegmation in a heated condenser. A technology and apparatus are proposed for
obtaining high-purity potassium by this method. The potassium quality is assessed using a set of chemical and
physical techniques.

High-purity potassium is necessary for manufacture
of photoelectric devices, illuminating lamps, high-
temperature heat pipes, and low-melting heat carriers.
The quality of technical-grade potassium, produced in
conformity with GOST (State Standard) 10588375
and containing up to 2 wt % Na and 0.8 wt % heavy
metals (in terms of lead), gives no way of using it in
manufacture of some kinds of materials and apparatus
and performing precision scientific investigations.
In addition to the controlled impurities, technical-
grade potassium contains oxides, carbonates, calcium,
organic impurities, chloride and hydroxide ions, and
a number of other impurities.

For purifying potassium to remove oxygen, hy-
drogen, calcium, magnesium, iron, titanium, and other
impurities, it has been proposed to make impurities
pass into metallic lithium, which is poorly soluble
in potassium [1, 2]. However, the achieved purifica-
tion level (Ca 0.003, Mg 0.003, Fe 0.0005 wt %)
was insufficient, and the consumption of lithium (in
volume ratio of 1 : 1 to potassium to be purified),
high, with its content in the purified potassium not
determined. Zone smelting was found to be inefficient
for deep purification of potassium [3].

Although the distillation methods are more ver-
satile, equilibrium distillation cannot ensure, judging
from the separation coefficients calculated with ac-
count of component activities of sodium3potassium
alloys [4], deep purification of potassium to remove
sodium impurity. Introduction of oxygen into tech-
nical-grade potassium in an amount no less than that
stoichiometrically necessary for sodium oxidation
makes higher the degree of potassium purification to

remove sodium in subsequent distillation; however,
the residual content of sodium is in this case more
than 0.01 wt % [5].

It has been reported that distillation in a column
was used to obtain potassium with Na impurity con-
tent less than 1%, from which 99.99% purity potassi-
um was produced by further purification. However, no
information about the employed technology of deep
purification and analytical procedures was given. For
the potassium manufactured abroad, its guaranteed
content is at the level of 99.95 wt % (see catalogs of
Aldrich, US; Fluka, Switzerland, etc.) Distillation of
potassium containing 0.331.0 wt % sodium at residual
gas pressure of 100 Pa in a column filled to a height
of 1000 mm with steel ring packing gave a product
containing (wt %) Na 0.01530.05, Fe>0.002, SO4

23

>0.004, and Cl 0.001330.0064 [7].

The aim of this study was to develop an industrial
technology for manufacture of high-purity potassium
with content of sodium impurity not exceeding
0.01 wt % at the minimum possible amount of other
impurities. As starting materials were used technical-
grade potassium and potassium3sodium alloys ob-
tained as wastes in distillation of cesium3rubidium3
potassium3sodium alloys of varied composition [8].
The possibilities of the previously proposed method of
vacuum distillation with equilibrium dephlegmation
of vapor in a heated condenser were studied. In this
process, the temperature and vapor pressure of the
substance being purified markedly vary between dif-
ferent apparatus zones. Since the procedure for eval-
uating the efficiency of component separation in
this process has not been reported previously, it is
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described here for the example of potassium3sodium
alloys.

EXPERIMENTAL

The composition of the initial vapor in the equi-
librium distillation process is determined by the com-
position of the starting alloy and the process tempera-
ture. In condensation of an infinitely small amount of
vapor, the material balance equation has the form [10]

yG = (G 3 dL)(y + dy) + xdL,

whence follows

dy = dL(y 3 x)/G. (1)

Equation (1) allows evaluation of the content of the
low-boiling component (LBC) in the vapor at varied
fraction of the condensed product on the basis of the
known analytical dependencef (x). This equation
has been used previously in the cases when vapor
dephlegmation was performed at constant pressure,
since in this case it can be solved using the graphical
dependencey = f (x). If the distillation process with
dephlegmation is performed in a vacuum, with the
vapor temperature and pressure steadily decreasing,
this way of solving Eq. (1) is inapplicable.

Let us assume that the initial vapor contains an
insignificant amount of impurity. Then it may be con-
sidered that the molecular weight of the vapor after
dephlegmation is equal to that of the initial vapor, and
the vapor pressure is determined by the vapor pressure
of the basic component of the alloy. The vapor pres-
sure of pure alkali metals is described with high preci-
sion by the equation

ln P = A 3 B /T. (2)

The amount of vapor coming in unit time to dephleg-
mation is given by the Langmuir equation

G = aSP(M /2pRT)1/2, (3)

where M is the molecular weight of vapor,S is the
evaporation (condensation) surface area,P is the vapor
pressure at temperatureT, R is the universal gas con-
stant, anda is the coefficient of evaporation (con-
densation). EliminatingT from expression (3) with
the use of relation (2), we obtain

G = aSP[M(A 3 ln P) /2pRB]1/2, (4)

whence follows

dL = 3dG = aSP(M /2pRB)1/2

0 [(A 3 ln P) 3 0.5](A 3 ln P)31/2dP. (5)

Substituting (4) and (5) into Eq. (1), we have

3(A 3 0.5) + lnP
dy = ÄÄÄÄÄÄÄÄÄÄÄÄÄ (y 3 x)dP. (6)

P(A 3 ln P)

At low impurity contents, the Henry law is valid, and,
consequently, in the case of LBC purification to re-
move a high-boiling component (HBC),

y = bx + (1 3 b), 0 < b < 1; (7)

and in the case of HBC purification to removeLBC,

y = bx, b > 1. (8)

In Eqs. (7) and (8),b = f (P).

With x eliminated from Eq. (6) with the use of
relations (7) and (8), the equation

P2
1 3 y2 (A 3 0.5) 3 ln P 1 3 b

lnÄÄÄÄÄ = 3
{

}
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄdP (9)

1 3 y1 P(A 3 ln P) b
P1

is valid for the case of LBC purification to remove
HBC, and

P2
y2 (A 3 0.5) 3 ln P b 3 1

lnÄÄÄ = 3
{

}
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄdP, (10)

y1 P(A 3 ln P) b
P1

for the case of HBC purification to removeLBC. In-
dices 1 and 2 denote, respectively, the initial and final
stages.

Equation (9) makes it possible to calculate by how
many times decreases the HBC content in the vapor
[(1 3 y2)/(1 3 y1) = 1/K], and Eq. (10), by how many
times the vapor is enriched with LBC.y2/y1 = K,
depending on the dephlegmation process parameters.

Equations (9) and (10) were applied to evaluate the
efficiency of sodium purification to remove potassium
impurity and potassium purification to remove sodium
impurity.

The temperature dependences of the vapor pressure,
obtained by processing of the recommended experi-
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Table 1. Coefficients in Eq. (2)*
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Metal
³ Coefficient ³

T, KÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´
³ A ³ B ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Na ³ 8.1526 ³ 2331 ³ 5833943
K ³ 7.9451 ³ 1891 ³ 5533943

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Pressure given in pascals.

mental values [11] and used in our calculations, are
presented in Table 1.

The approximate interpolation equationsb = f (P)
(Table 2) were obtained from they = f (x) diagrams
calculated for the sodium3potassium system with ac-
count of the component activities in the melt.

The equations obtained upon substitution of the
dependencesb = f (P) into formulas (9) and (10)
were integrated approximately, using the method of
trapezoids.

The results of calculations are presented in Figs. 1a
and 1b. Figure 1a shows how grows the logarithm of
the content of potassium impurity in sodium, and
Fig. 1b, howdecreases the logarithm of the content of
sodium impurity in potassium, in equilibrium de-
phlegmation of saturated vapor in the case of cooling
of a saturated vapor in a prescribed temperature range.
For this purpose, it suffices to subtract from the
ordinate corresponding to the higher temperature that
corresponding to the lower temperature.

As seen from Figs. 1a and 1b, the purification effi-
ciency depends on the degree of dephlegmation. In
cooling a vapor by a certain temperature difference, it
also depends on the initial vapor temperature: the
lower the initial temperature, the more efficient the
separation (concentration) of the impurity in dephleg-
mation. However, on lowering the initial temperature
of the vapor, its amount decreases, as also does, con-
sequently, the process productivity.

Table 2. b = f (P) dependences
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Metal ³ Applicability limits ³

b = f (P)

³
rms deviation ofb = f (P)ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³

base
³

impurity
³

P, Pa
³ limiting impurity content ³ ³ values from reference

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³ ³ ³ at. % ³ wt % ³ ³

points, %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Na ³ K ³ 0.663130 ³ 2.5 ³ 4.18 ³e2.21923 28.37P ³ 5.74

³ ³ ³ ³ ³ ³Na ³ K ³ 130313 000 ³ 2.5 ³ 4.18 ³e2.21923 19.33P ³ 3.2
³ ³ ³ ³ ³ ³K ³ Na ³ 0.66313 000 ³ 25 ³ 16.4 ³e2.0026+ 23.61P ³ 4.67

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

With the content of impurity in the starting metal
increasing beyond the limits in Table 2, the process
efficiency must decrease because of the unfavorable
change in the coefficientsK in Eqs. (9) and (10). In-
deed, in the case of LBC purification to removeHBC,
b grows with the impurity content increasing beyond
the limiting value, and, consequently, falls the factor
(1 3 b)/b in Eq. (9), i.e., the numeratordecreases re-
maining positive and the denominator increases. In a
similar way decreases the factor (b 3 1)/b in Eq. (10)
with increasing LBC content, because of the decrease
in the b value in this case.

With a knowledge of how the impurity content
varies with (or, in fact, the separation coefficients
depend on) the conditions under which the equilibri-
um dephlegmation is performed, we can find the
composition of the products formed in the process.
Let us denote byx the mole fraction of LBC in the
metal being distilled, byy the mole fraction of LBC
in the vapor remaining after dephlegmation, and
by W the amount of the metal being distilled.

Let dW of vapor be removed from the process in
an infinitely short time. If the amount of metal present
in the dephlegmator in the form of vapor and reflux is
neglected, then the material balance equation has
the form

xW = (W 3 dW)(x 3 dx) + ydW,

whence follows

dW/W = dx /(y 3 x). (11)

Equation (11) is virtually identical to the Rayleigh
equation [10] for equilibrium distillation, differing
only in the type of they = f (x) dependence. In calcula-
tions, the purification in the metal evaporation stage
was disregarded since the efficiency of equilibrium
distillation is low at high temperatures.

It was shown above that the change in the impurity
content in the course of vapor dephlegmation is only
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T, K

(a)

T, K

(b)

Fig. 1. Concentrations of (a) sodium impurity in potassium
and (b) potassium impurity in sodium upon vapor cooling
from temperatureT to 553 K. (K) Separation coefficient.

determined by the initial and final temperatures of the
vapor, but is independent of its composition in a wide
range of impurity concentrations, which makes it
possible to solve Eq. (11). Let us consider these solu-
tions separately for the cases of LBC purification to
remove HBC impurity and HBC purification to re-
move LBC impurity.

In the case of LBC purification to remove HBC
impurity, we obtain, assuming that the composition of
the vapor coming to dephlegmation is identical to the
composition of the metal being purified and disregard-
ing the purification in the evaporation stage, that

1 3 x = K(1 3 y). (12)

If the initial amount of metal isW0, and its im-
purity content, 13 j (j, mole fraction), then, sub-
stituting (12) into (11) and solving the obtained equa-
tion, we find

K 1 3 y
ln (W/W0) = 3ÄÄÄÄÄ lnÄÄÄÄÄ

K 3 1 1 3 j

or

1 3 j
1 3 y = ÄÄÄÄÄÄ (W/W0)(K 3 1)/K. (13)

K

Equation (13) makes it possible to find the content
of impurity in the condensate formed at the given in-
stant of time. IfQ is the fraction of metal that passed
into the distillate, then the average content of impurity
in it is given by

Q

(1 3 y)av = Q31{
}

(1 3 y) dQ.

0

Since W/W0 = 1 3 Q,

1 3 j
1 3 y = ÄÄÄÄÄÄ (1 3 Q), (14)

K

Q

(1 3 y)av = Q31{
}

(1 3 j)K31(1 3 Q)(1 3 K)/K dQ

0

= (1 3 j)[1 3 (1 3 Q)1/K]Q31, (15)

Equation (15) can be used to determine the average
content of impurity in the distillate in relation to the
impurity content of the starting metal, process condi-
tions, and fraction of evaporated metal.

The composition of the first, purest vapor portion
can be calculated using Eq. (13), provided that
W = W0:

1 3 j
(1 3 y)0 = ÄÄÄÄÄÄ, (16)

K

In LBC evaporation in a still, the LBC impurity
accumulates. As seen from Table 2, Eq. (13) and other
equations obtained on its base are applicable if the
content of HBC in the still does not exceed the limit-
ing values listed in Table 2. The corresponding limit-
ing impurity concentration in the distillate is given by

(1 3 x)lim
(1 3 y)lim = ÄÄÄÄÄÄÄÄ, (17)

K

Substituting (17) into (14), we obtain

K[ln (1 3 y)lim 3 ln (1 3 j) + lnK]
ln (1 3 Q)lim = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ. (18)

K

Equation (18) enables calculation of the extent of
alloy evaporation at which the impurity content in the
bottoms does not exceed the maximum permissible
value.
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To obtain potassium containing no more than
0.001 wt % sodium (0.0017 at. %) at a sodium con-
tent in the bottom alloy of 25 at. %, a coefficient is
necessaryK > 25/1.70 1033

; 1.50 104, which, as
seen from Fig. 1a, must not pose any difficulties.
Below are givenQlim values in relation to the content
of sodium in the starting alloy, calculated atK = 1.50
104 by Eq. (18) (the content of sodium in the purified
metal does not exceed 0.001 wt %):

Content of sodium in the starting Qlim, % relative
potassium, wt % to the initial value

0.05 99.7
0.5 96.95
1.0 93.9
1.5 91.5
2.0 88.8

In HBC purification to remove a low-boiling im-
purity, the impurity concentrations in the distillate and
the starting metal are related by

y = Kx. (19)

If the initial amount of metal isW0, and the content
of impurity in it is j, then, substituting (19) into (11),
we obtain

ln (W/W0) = (K 3 1)31 ln (x/j) or x = j(W/W0)K 3 1. (20)

Equation (20) can be used to find the content of
impurity in purified metal, which, as in the preceding
case, depends on the impurity content in the starting
metal, process conditions, and amount of unevap-
orated metal. Equation (20) is applicable atx < xlim
(Table 2). At thesex values, Eq. (19) is also applic-
able. We assume that, atx > xlim, an alloy is evap-
orated containingylim of LBC. Then wehave from the
material balance equation

ylim Q l̀im + xlim(1 3 Q l̀im) = j,

j 3 xlim j 3 xlim
Ql̀im = ÄÄÄÄÄÄÄÄÄÄÄ 3 ÄÄÄÄÄÄÄÄÄÄÄÄ, (21)

ylim 3 xlim xlim 3 (K 3 1)

where Ql̀im is the fraction of metal which is to be
evaporated in order that Eq. (20) should be applicable
to the remaining metal.

After evaporation ofQl̀im, Eq. (20) is applicable
to the remaining metal, which makes it possible to
determine what part of it,Qlim, can be obtained under
the given process conditions with a prescribed im-

Table 3. Expected minimum yield of products in puri-
fication of technical-grade sodium (potassium content
0.25 wt %) by distillation with vacuum dephlegmation
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Yield of sodium, %, at indicated content

K ³ of potassium in purified product, wt %
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ 1032 ³ 1033 ³ 1034

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
27 ³ 88.43 ³ 80.98 ³ 74.17

220 ³ 98.56 ³ 97.54 ³ 96.54
1170 ³ 99.68 ³ 99.48 ³ 99.28
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

purity content x:

Ql̀im = (x/xlim)1/K 3 1. (22)

The total yield of metal of prescribed purity is
given by the product

Qlim = Qlim(1 3 Q l̀im)0100. (23)

The obtained equations were used to evaluate the
efficiency of sodium purification in vapor cooling
from temperatureT (653, 753, and 853 K) to 553 K.
As seen from Fig. 2, the respective values ofK =
y2/y1 are 27, 220, and 1170.

As seen from Table 3, sodium can also be thor-
oughly purified to remove potassium impurity, since
the temperatures at which theK values used in cal-
culations can be achieved are quite practicable.

Thus, the calculations demonstrated that the meth-
od of vacuum distillation with equilibrium dephleg-
mation of vapor can be used to obtain pure metals in
sufficiently high yield from technical-grade sodium
and potassium. The process is the most efficient in
purification of LBC to remove HBC impurity and it
was used for purifying technical-grade potassium to
remove sodium impurity.

The investigations were carried out on an installa-
tion shown schematically in Fig. 2. It comprises a
still 1, dephlegmator2 with a pouring-in extension3,
cover4, still heating furnace5, melting device6, con-
tainer 7 for collecting the metal being distilled from
condenser8, and the main9 and auxiliary10 vacuum
lines. The still could be charged with 15 kg of potas-
sium. Pockets 11315 accommodating Chromel3
Alumel thermocouples were welded to thebottom,
middle, and top parts of the dephlegmator, and in the
cover and bottom of the still. The dephlegmatorcase
was heat-insulated with a layer of a clay-chamotte
mixture, and the upper third and the cover of the
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Table 4. Conditions and results of experiment on potassium purification
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Metal,

³ Temperature,oC ³

Mass, g

³

Sodium con-

³

K

³ Evaporation rate
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ´ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

fraction
³

cover
³ dephlegmator section ³

still
³ ³

tent, wt %
³ ³

kg day31
³

g dm32 h31³ ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´ ³ ³ ³ ³ ³
³ ³ 1 ³ 2 ³ 3 ³ 4 ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Initial ³ ³ ³ ³ ³ ³ ³ 5010 ³ 1.98 ³ ³ ³
Fraction: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

1 ³ 270 ³ 280 ³ 300 ³ 310 ³ 415 ³ 460 ³ 3500 ³ 0.0007 ³ 10 000³ 8.45 ³ 112.1
2 ³ 400 ³ 400 ³ 400 ³ 450 ³ 500 ³ 550 ³ 1450 ³ 0.2 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

dephlegmator, with an additional layer of Sovelite.
A steel crosspiece was mounted in the bottom part of
the dephlegmator on a specially designed annular
shoulder16, and packing17 in the form of briquettes
of cuttings was placed on the crosspiece. The packing
bed height was 530 mm. Separate units of the installa-
tion could be shut-off by means of liquid3metal
(18321) or vacuum (22, 23) valves. The main vacuum
line was used for continuous evacuation of the distiller
during the process, and the auxiliary line, for evacuat-
ing containers during their replacement.

Fractions of distilled metal were collected into
specially designed metallic containers equipped with
three level gages. The rate of metal evaporation was
continuously monitored with batch meter24 con-
nected to the discharge extension and container.

To heat the installation in the course of distillation
and in its final stage for complete removal of the
metal from the dephlegmator packing, additional re-
movable heaters were mounted onto the dephlegmator

Fig. 2. Schematic of installation for potassium purification
by distillation with dephlegmation. For explanations, see
text.

case. The metal poured in the still was heated by an
electric furnace.

To preclude the possible influence of oxygen [5] on
the experimental results, technical-grade potassium
was preliminarily distilled in a vacuum and then an
additional amount of sodium metal was introduced to
bring the impurity content to the required level.

The experiment was carried out as follows. An as-
sembled installation was evacuated, tested for leaks,
and heated. Potassium was charged through the pour-
ing-in extension, and the valve in the pouring-in
extension was closed. The metal poured in the still
was heated to a prescribed temperature, with the
evaporating metal gradually heating the dephlegmator
to a certain temperature. The evaporated metal was
collected in the condenser extension and discharged
through the batch meter into the receiving container.
The rate of metal evaporation was continuously moni-
tored, together with the temperature regime. When
filled with metal, the containers were replaced. For
this purpose, the valves in the discharge extension of
the distiller, auxiliary vacuum line, and container were
closed and a filled container was disconnected. Then,
the next container was connected, the valves in the
container and auxiliary vacuum line were opened, the
container was evacuated, and the valve in the dis-
charge extension of the distiller was opened.

The exhaustion of metal in the still was inferred
from a decrease in the apparatus cover temperature
and in the rate of metal evaporation at invariable
power consumed by the still-heating furnace. Then,
additional heating furnaces were mounted on the
dephlegmator, the apparatus was heated to 4003500oC
to completely remove the metal from the packing, and
the installation was cooled. The conditions and results
of an experiment on potassium purification by vacu-
um distillation with partial dephlegmation in a heated
condenser are listed in Table 4. It can be seen that the
metal was obtained in about 70% yield, with the sodi-
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um impurity content in the metal at the sensitivity lim-
it of the available analytical methods. The main part
of sodium did not find its way into the condenser, be-
ing [smeared] over the installation parts. Even though
the efficiency of separation (K value) was less than
expected (possible reasons: higher temperature of the
central part of the vapor flow arriving at the condens-
er; poor metal agitation in the still, leading to enrich-
ment of the surface layer of the melt with sodium; in-
sufficient accuracy of determination of minor amounts
of sodium because of sample contamination from the
ambient), it was sufficiently high for practical pur-
poses. Fraction 2, contaminated with sodium, was
obtained in evaporating the metal from the packing.

Further, the charge was raised to 15 kg. After
evaporation of 60370% of the charged metal, 103
12 kg of technical-grade potassium was twice intro-
duced additionally. At the end of the process, 0.43

0.5-kg fractions were obtained. With this experimental
procedure, the yield of potassium into the pure frac-
tion (sodium content 0.000530.002 wt %) was made
as high as 98.2%, with sodium concentrated at the end
of the process in an alloy containing 40360% sodium.

The developed technologies and apparatus also
allow successful separation of potassium3sodium
alloys. For example, distillation of 12.35 kg of an
alloy of this kind, containing 48.93 wt % sodium,
gave in 99.78% yield potassium with sodium impurity
content of 0.001 wt %. The evaporated sodium con-
tained 0.03 wt % potassium, which is presumably due
to contamination of distilled sodium in the condenser
containing residual potassium.

The finishing purification of potassium was done
by repeated distillation at 2503270oC and residual gas
pressure of no more than 6.70 1033 Pa. The purified
metal was analyzed by atomic-absorption and spectral
methods with preliminary chemical enrichment with
impurities. The quality of potassium purified by the
developed technology is characterized below (im-
purity; content, wt %): Na <50 1034, Rb <10 1033,
Cs <10 1033, Cu <10 1036, Ag <80 1037, Mg <20
1035, Ca <1.50 1034, Zn <2.50 1035, Al <1 0 1035,
Ga <201036, In <201036, Tl <4 01036, Ti <5 01036,
Sn <50 1036, Pb <50 1036, Sb <10 1035, Bi <2 0

1036, V <1 0 1036, Cr <50 1036, Mo <50 1036,
Mn <1 0 1036, Fe <1.40 1035, Co <30 1036, and
Ni <1 0 1036.

The ratio of the residual electrical resistancer0 (at

T 6 0) of high-purity potassium to the resistance1

at 293 K was 1.50 1034, which corresponds to a total
content of impurities of about 0.001%.

CONCLUSIONS

(1) A procedure is proposed for calculating the ef-
ficiency of component separation by vacuum distilla-
tion with partial dephlegmation of vapor in a heated
condenser. It is shown that this process must ensure
effective purification of potassium to remove sodium
impurity and sodium to remove potassium impurity.

(2) Apparatus designs and process regime ensuring
efficient potassium purification to remove sodium
impurity were developed.

(3) Additional purification by high-vacuum distil-
lation gives potassium surpassing in quality the best
of the available foreign commercial samples.

(4) The developed technology and apparatus made
it possible to set up industrial manufacture of high-
purity potassium in conformity with TU (Technical
Specifications) 48-4-476386.
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Abstract-The influence of silicon concentration and of the mode and time of heat treatment in air on the
refractoriness and phase composition of ZrB23Si materials was studied. Recommendations are given for
preparing refractory coatings on graphite in air using the given materials.

Coatings of ZrB2 on a carbon material have been
obtained in argon at 1900oC [1].

In this work we studied the feasibility of using
ZrB23Si materials for obtaining refractory coatings on
graphite in air at lower temperature. We studied how
the silicon concentration and the mode and time of
heat treatment influence the refractoriness and phase
composition of the material.

Oxidation of ZrB2 has been described in the litera-
ture [234]. Up to 1000oC ZrB2 is oxidized only slight-
ly, but at higher temperatures the oxidation accelerates
sharply. The primary components of the oxide film
are zirconium dioxide and hydrated boron(III) oxide,
which evaporates at high temperatures. A scale formed
on zirconium diboride shows no protective properties,
because, owing to porosity, it does not impede oxygen
diffusion into the sample. Zirconium diboride is used
as refractory material. It is incorporated in a number
of the composite alloys operating at high temperatures
in an oxidizing medium. Also, it is a coating com-
ponent. Thus, it is necessary to enhance its resistance
to oxidants.

This is provided by addition of silicon-containing
compounds [537]. Doping of the boride alloys with
silicon or metal silicides yielding volatile oxides
results in the formation of the oxide film that mainly
consists of borosilicate glass and reliably protects the
alloy from oxidation. According to the published data,
boride materials with addition of silicon-containing
compounds are prepared by hot pressing or sintering
of the appropriate mixtures in inert medium. In this
work, samples in the form of slip castings were used
without additional heat treatment. The samples were
dried to constant weight at room temperature.

The samples for studying refractoriness were heated
in an electric furnace with silicon carbide heaters in

air under the static conditions at 1400oC for 5, 15,
30, and 60 min.Three samples were heated for each
time. The heat resistance was judged from the weight
change (mg cm32) of the sample heated for the given
time.

The open porosity of the samples was determined
by water absorption. The phase composition of the
surface after heating was studied on a DRON-2.0 dif-
fractometer (CuKa radiation, Ni filter). The micro-
structure of the samples was studied on an MIM-8M
metallographic horizontal microscope. Zirconium
diboride (pure grade) and silicon (KR-1 grade) were
finely dispersed powders with particles no larger than
63 mm. The materials studied are presented in Table 1.

Each charge was mixed for 20min. Then, slip cast-
ing was used for preparing the samples as castings.
The binder was a 2% solution of carboxymethyl cellu-
lose. The samples were 1.50 1.50 0.5 cm in size.
The samples were dried in air for 233 days.

We studied how the silicon concentration and the
mode and time of heat treatment affect the refractori-
ness and composition of the ZrB23Si samples. The
obtained results are plotted in the figure and given
in Tables 1 and 2.

The figure shows the weight change of the samples
heated in air at 1400oC as a function of the heating
time. As seen, the silicon-containing samples are oxi-
dized less intensely than zirconium diboride. Heating
of the samples is accompanied by complex processes
including oxidation of the initial components with
atmospheric oxygen, interaction of the resulting com-
pounds with each other, formation of borosilicate
glass, volatilization of boron(III) oxide, and partial
evaporation of silicon from the sample surface. The
total contribution of all the occurring processes is re-
flected in the figure.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

REFRACTORINESS AND PHASE COMPOSITION OF ZrB23Si MATERIALS 1077

Table 1. Crystalline phases on the surface of the ZrB23Si samples heat-treated at 1400oC in air
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Materi-
³ Composition, wt %³ Phase composition* after heating for indicated time, min
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄal no. ³ ZrB2 ³ Si ³ 5 ³ 15 ³ 30 ³ 60 ³ 300 ³ 600

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 100 ³ ³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2 ³ZrB2 (traces), ³ZrB2 (traces),

³ ³ ³ ³ ³ ³ ³ZrO2 ³ZrO2
2 ³ 95 ³ 5 ³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2 ³ZrB2 (traces), ³ZrB2 (traces),

³ ³ ³ ³ ³ ³ ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4
3 ³ 90 ³ 10 ³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2, ³ZrB2, ZrO2, ³ZrB2, ZrO2,

³ ³ ³ ³ ³ ³ZrSiO4 ³ZrSiO4 ³ZrSiO4
4 ³ 80 ³ 20 ³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2, ZrO2³ZrB2 (traces),³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4

³ ³ ³ ³ ³ ³ZrSiO4 ³ ³
5 ³ 70 ³ 30 ³ZrB2, ZrO2³ZrB2, ZrO2³ZrO2, ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4

³ ³ ³ ³ ³ZrSiO4 ³ ³ ³
6 ³ 60 ³ 40 ³ZrB2, ZrO2³ZrB2, ZrO2³ZrO2, ³ZrSiO4 ³ ³

³ ³ ³ ³ ³ZrSiO4 ³ ³ ³
7 ³ 50 ³ 50 ³ZrB2, ZrO2³ZrB2, ZrO2,³ZrB2, ZrO2,³ZrB2, ZrO2, ³ ³

³ ³ ³ ³ ³ZrSiO4 ³ZrSiO4 ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Monoclinic ZrO2.

Table 2. X-ray phase analysis of the surface of the heat-treated ZrB23Si samples
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material no.
³ Phase composition* after heating in indicated mode
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ I ³ II ³ III

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ZrB2, ZrO2 ³ZrB2, ZrO2 ³ZrO2
2 ³ZrB2, ZrO2 ³ZrO2 ³ZrO2
3 ³ZrB2, ZrO2, ZrSiO4 ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4
4 ³ZrB2, ZrO2, ZrSiO4 ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4
5 ³ZrO2, ZrSiO4 ³ZrB2, ZrO2, ZrSiO4 ³ZrB2, ZrO2, ZrSiO4

³ ³ZrSiO4 ³ZrSiO4c, a-cristobalite
6 ³ZrSiO4 ³ZrO2, ZrSiO4 ³ZrO2, ZrSiO4c, a-cristobalite
7 ³ZrB2, ZrO2, ZrSiO4 ³ZrO2, ZrSiO4c, a-cristobalite ³ZrO2, ZrSiO4c, a-cristobalite

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Monoclinic ZrO2.

The new phases, ZrO2 (monoclinic) and ZrSiO4,
are revealed on the surface of the ZrB23Si samples
in the course of heat treatment (Table 1). In samples
with 5 wt % silicon, zirconium silicate is formed after
5 h. At higher silicon concentrations the time of zir-
conium silicate formation is shorter: 1 h at 10320%
and even 30 min at 30%.

The open porosity of the heat-treated samples de-
creases with increasing silicon concentration and
heating time. The porosity of the zirconium diboride
samples kept for 5 min at 1400oC is 40%, and the
porosity of those kept for 10 h, 29%. As the silicon
concentration increases, the porosity of the samples
kept for 5 min decreases to 26% and of those kept for
10 h at the same temperature, to 16%. Table 2 shows
how the heat treatment mode affects the phase com-

Dm, mg cm32

t, min
Weight changeDm of ZrB23Si samples heated in air
at 1400oC vs. heating timet. The curve numbers are the
same as the material numbers in Table 1.
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position of the sample surface. Three modes were
used for heating samples: (I) samples placed into the
furnace preheated to 1400oC were kept there for 1 h,
(II) samples placed into a furnace at room temperature
were heated to 1400oC (with a rate of 10 deg min31),
and (III) samples were placed into the furnace at room
temperature, heated there to 1400oC, and then they
were kept at this temperature for 1 h. In all cases, the
heat-treated samples were withdrawn from the furnace
and cooled in air.

Table 2 shows that modes II and III yielda-cristo-
balite having a high expansion coefficient, which is
undesirable in preparing coatings on graphite.

The results of studying the material in air were
used for preparing refractory coatings on graphite.
The coatings are nonporous and strongly adherent to
graphite. Their microstructure is heterogeneous. Crys-
talline grains of the initial zirconium diboride and new
phases formed during heat treatment are distributed
uniformly throughout the glassy matrix.

The coatings obtained can be recommended for use
at up to 1600oC. The X-ray phase analysis of the
coating surface revealed the crystalline phases of zir-
conium silicate and zirconium diboride.

CONCLUSIONS

(1) With increasing silicon concentration the re-
fractoriness of the compound increases owing to for-
mation of new crystalline phases and of the encap-
sulating matrix of borosilicate glass.

(2) The X-ray phase analysis of the samples heated
at 1400oC revealed the crystalline phases of ZrB2,
ZrO2, ZrSiO4, and a-cristobalite on the surface.

(3) With the silicon concentration increased to
30%, zirconium silicate is formed on the surface even
within 30 min.
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Abstract-Oxidation of granulated polycrystalline zinc selenide (grain size 0.236.5 mm) with atmospheric
oxygen at 4303700oC was studied. The optimal conditions for the oxidation were found. An installation
for the oxidation of kilogram amounts of zinc selenide was designed and fabricated.

Published data on the oxidation of zinc selenide as
single crystals, polished plates, and powders include
estimates of the oxidation rate at 3003950oC, com-
position of the reaction products, and suggested equa-
tions for the oxidation [135]. However, there are a
number of contradictions in the determination of com-
position of the nonvolatile oxidation products. For
instance, according to [133], zinc oxide is the only
nonvolatile product, but in [4] significant amounts
(up to 18%) of zinc selenite were found in the range
4903560oC along with zinc oxide. According to [5],
zinc selenite is the main product of the oxidation
at 300oC; as the temperature increases, its fraction
appreciably decreases as compared to zinc oxide.
Volatile oxidation products either were not inves-
tigated at all [1, 2, 5] or only their qualitative com-
position as a mixture of selenium and selenium di-
oxide [3, 4] was established. The effect of the grain
size of the initial zinc selenide on the rate of its oxida-
tion is still obscure, and probable oxidation mech-
anisms were not discussed.

In this work the study was concerned with waste
polycrystalline zinc selenide of various grain size,
formed from production of optical parts for IR tech-
nique [6]. One of the ways of processing waste prod-
ucts is their oxidizing calcination. In this connection,
the aims of this work were to study the oxidation
kinetics of granulometric zinc selenide samples of
various grain size, to identify the products of the oxi-
dation at 4303700oC, and also to study the mech-
anism of the oxidation with atmospheric oxygen.

EXPERIMENTAL

First we carried out a thermodynamic analysis of
the system zinc selenide3air. Though the oxidation

conditions were far from equilibrium, the thermo-
dynamic analysis is important for the estimation of
the relative contents of products both in gas and con-
densed phases. The calculation was carried out at
various stoichiometric ratios of the initial reactants.
The calculated equilibrium concentrations of com-
ponents (in moles per total number of moles of atoms
in the initial substances) for the system zinc selenide3

air in excess oxidant (molar ratio zinc selenide3

oxygen in the experiments was 1 : 4.5) are given in
Fig. 1. Apparently, within the whole temperature

(a)

(b)

T, K

Fig. 1. Temperature dependence of the equilibrium com-
position of the system zinc selenide3oxygen. (C) Equilibri-
um concentration [mol (mol of atoms)31]. Phase: (a) gas
and (b) condensed.
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t, min
Fig. 2. Kinetic curves of zinc selenide oxidation: (a) con-
version and (t) time. Temperature (oC): (1) 700, (2) 600,
(3) 550, (4) 500, and (5) 430.

Fig. 3. Variation with relative oxidation timet/t` of
the zinc selenide conversiona. Temperature (oC): (1) 550
and (2) 700.

range (50031500 K) the main reaction product in the
gas phase is selenium dioxide. The content of the
other selenium species (Se, Se2, Se3, etc.) is lower
by several orders of magnitude. In the condensed
phase selenium dioxide exists only within a narrow
temperature range.

The installation for oxidation consisted of an in-
clined quartz reactor (30 mm in diameter and 400 mm
in length) and a condenser for volatile oxidation prod-
ucts. When the reactor is heated in a tubular electric
furnace, a steady-state convection air stream arises.
The temperature in the oxidation zone was varied
from 430 to 700oC during experiments. The accuracy
of temperature determination did not exceed 3%. The
granulometric compositions of powders were deter-
mined by sieving. The particle size of zinc selenide
varied from 0.20 to 6.50 mm. Samples of powders
(18.00+0.01 g) were placed in quartz boats (600250
15 mm). The composition of the nonvolatile products
remaining in the decomposition zone was determined
by X-ray phase analysis. The qualitative composition
of the volatile products condensed in the receiver was
determined by chemical methods based on reactions

with sodium thiosulfate, thiourea, and a mixture of
concentrated potassium iodide and hydrochloric
acid [7].

We found that the main nonvolatile product in the
temperature range under study is zinc oxide, with the
total content of zinc selenide, selenite, and selenate
being lower than 5%. The volatile product is a mix-
ture of selenium and its dioxide. To determine the
amounts of individual components, the volatile prod-
ucts were dissolved in distilled water, the solution was
filtered, and the precipitated selenium was dried and
weighed. We found that the proportion of selenium
and its dioxide in volatile products varies in the
course of reaction [8]. This allowed us to offer the
following equation for oxidation of zinc selenide:

ZnSe + (0.5 + y)O2 76 ZnO + xSe + ySeO2,

In this equation factorsx andy change in the course of
the process, but the sum of them is equal to unity [9].

The variation of the molar ratio selenium : selenium
dioxide in volatile oxidation products requires an in-
dependent study and was not considered in this work.
To estimate the kinetic features, we studied only the
nonvolatile oxidation products. The prevalence of zinc
oxide in these products allowed us to estimate the
degree of conversion of the initial zinc selenide by the
gravimetric analysis. The time dependence of the zinc
selenide conversion at 4303700oC is shown in Fig. 2.

To reveal the kinetic features of the oxidation, we
examined the variation of the zinc selenide conversion
(a) with the relative oxidation timet/t` (t is current
time and t` is time of complete conversion). The
dependences for 0.631.5-mm particles at 550 and
700oC are shown in Fig. 3.When studying the kinet-
ics of processes in gas3solid systems, in particular of
calcination of solid materials, it is common to take the
model of a spherical particle with unreacted nucleus
[10] as a basic model. According to this model, the
limiting stage is characterized by the dependence of
the conversion on the contact time, particle size, and
temperature. The comparison of theoretical curves and
our experimental data (Fig. 3) suggests that the oxida-
tion process under consideration is controlled by
internal diffusion [10].

The dependence of the time of 90% oxidation of
zinc selenide (i.e., the reciprocal of the oxidation rate)
on the particle size of the initial zinc selenide is
plotted in Fig. 4. Particle sizes correspond to the mean
values within the ranges (mm) 0.230.3, 0.330.4, 0.43
0.6, 0.631.5, 1.532.5, 2.533.5, 3.534.5, and 4.535.5.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

OXIDATION OF POLYCRYSTALLINE ZINC SELENIDE 1081

d, mm

t90, h

Fig. 4. Rate of zinc selenide oxidation as a function of its
particle sized: (t90) time of 90% conversion.

It is evident that the reaction rate grows considerably
with decreasing particle size (the right branch of the
curve), which also confirms the assumption on the
internal diffusion control of the process.

At the particle size decreased further (the left
branch of the curve), the oxidation rate decreases,
which seems to be due to the effect of another limit-
ing stage, namely, diffusion of oxygen through a bed
of the solid product [10]. This mechanism was dis-
cussed in the literature as applied to oxidation of FeS2
in the industrial production of sulfuric acid [11].

From our experimental data we plotted the tem-
perature dependence of the reaction time in the coor-
dinates log (1/t)31/T and determined the apparent ac-
tivation energy of 83 kJ mol31 for the range 4303
700oC. It follows from the theory of diffusion kinetics
of gas3solid phase interactions that the activation
energy of processes controlled by internal diffusion is
approximately a half of the activation energy of a
chemical reaction [10]. The activation energy for the
oxidation of polycrystalline plates of zinc selenide is
known to be 170 kJ mol31 [2]. In this case the activa-
tion barrier seems to be caused by the proper reaction
between zinc selenide and oxygen, i.e., the reaction is
kinetically controlled. The obtained apparent activa-
tion energy is approximately half of the value given in
[2], which supports the assumption on the internal
diffusion mode of the process.

The kinetic features allowed us to find optimal
conditions for the oxidation of polycrystalline zinc
selenide. This made it possible to design and fabricate

an installation for the oxidation of kilogram amounts
(0.631.5 kg) of zinc selenide [8].

CONCLUSION

Zinc oxide was found to be the main nonvolatile
product of zinc selenide oxidation at 4303700oC.
The oxidation is apparently controlled by internal dif-
fusion. The temperature of 600oC and the particle size
of 1.534.5 mm are the optimal for the oxidation of
powdered polycrystalline zinc selenide by atmospheric
oxygen.
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Abstract-Solubility in the system CuBr23CdBr23H2O at 25oC was determined by the method of isothermal
saturation. The obtained data were examined from the viewpoint of competitive formation of acido complexes
in aqueous solutions.

Revealing relations between types of interparticle
interactions in solutions and the corresponding solid
phase is one of the most important problems of in-
organic chemistry. Regular trends in these relations
should form a basis for predicting types and properties
of solid-phase compounds crystallizing in water3salt
systems. These trends are useful for the development
and improvement of hydrometallurgical processes and
methods for concentrating mineral raw materials
and separating elements. They can also form a basis
for the development of procedures for directed syn-
thesis of compounds with specified properties from
solutions.

Previously we considered the formation of solid
compounds in systems with dominating processes of
association, hydration, and complex formation. The
revealed regular trends were described in [133]. In
this work we considered the solution3solid phase
equilibrium in systems containing two complex-form-
ing cations. Systems containing copper(II) and cadmi-
um halides were selected as objects of the research.
Solubility in the system CuBr23CdBr23H2O was
not studied previously. Data for the system CuCl23
CdCl23H2O were taken from [4].

The solubility was determined by the isothermal
saturation method.

The systems were kept at prescribed temperature
(+0.2oC) for 1 day. The copper content was deter-
mined by iodometric titration, and the total content of
copper and cadmium, by EDTA titration. The cadmi-
um content was calculated as the difference. The solid
phase composition was determined by the Schreine-
makers method. The results are given in the table and
in Fig. 1.

The interactions occurring in solution can be

judged from the presence or absence of crystallization
branches of complex compounds in the solubility iso-
therm and from the lengths of the crystallization
branches of initial compounds, the salting-in or salt-
ing-out effects; also, the interactions can be mani-
fested as dehydration of the initial compounds.

Particular manifestations of the interactions depend
on the contributions of their types, i.e., on the com-
petition between them. In the systems under consider-
ation the shape of the solubility isotherms is deter-
mined first of all by the competition between the
complex formation processes.

Figure 1 shows that the solubility isotherms of the
bromide and chloride systems differ considerably. The
main principal distinction is the absence of the crys-
tallization branch of a double halide in the bromide

mCdX2, mol kg31 H2O

mCuX2
, mol kg31 H2O

Fig. 1. Solubility in the systems (1) CuBr23CdBr23H2O
and (2) CuCl23CdCl23H2O at 25oC. (mCuX2

, mCdX2
) Solu-

bilities of CuX2 and CdX2, respectively.
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system. According to the X-ray diffraction and spectral
(Raman and IR) data, the compound CuCl2 .CdCl2 .
4H2O is a solid-phase heteronuclear complex of
copper and cadmium with bridging chloride ligands.
The copper and cadmium chloride complexes exhibit
similar stability (the logarithm of the first-step
stability constant logK1 is 1.55 for CdCl+ and 0.98
for CuCl+ [5]). This fact favors formation of pre-
cursors of the heteronuclear complexes in concen-
trated solutions (the similarity in the chemical species
in saturated solution and solid phase was confirmed
by Raman spectroscopy) and their further transition to
the solid phase. The high stability of cadmium chlor-
ide complexes determines the uniformity of their co-
ordination sphere in the solid compound, whereas
copper ions are surrounded with both chloride and
aqua ligans. As for the bromide system, the much
greater stability of cadmium bromide complexes, as
compared to copper(II) complexes {logK1 0.32
(CuBr+) and 2.30 (CdBr+) [5]}, makes formation of
heteronuclear bridged complexes unfavorable.

The different stability of copper and cadmium
complexes in chloride and bromide systems also af-
fects the length of the crystallization branches and
the salting-in and salting-out of the initial compounds.
In the system CuCl23CdCl23H2O only salting-out of
the components is observed, whereas in the system
CuBr23CdBr23H2O a clear transition from salting-out
to salting-in takes place. The ratio of salting-out and
salting-in of the components in the systems under
consideration (Fig. 2) is determined by the hydration
of ions and by the stability of acido complexes and
fully corresponds to the ratio that could be predicted
from the ratio of stability constants of the halide
complexes.

The addition of the second electrolyte to a saturated
solution of cadmium or copper halide is accompanied
by two interdependent oppositely directed effects. On
the one hand, the presence of an additional amount of
halide ions will enhance the complex formation,
which is accompanied by the detachment of water
from the hydration spheres of the ions and increases
the solubility [6]. On the other hand, the increase in
the total concentration of ions results in greater bind-
ing of water and in decreasing solubility of the salt in
the forming ternary solution, as compared to the bin-
ary solution. It should be expected that the first effect
would make a greater contribution in the case of sys-
tems with stronger acido complex formation. In fact,
the salting-out of copper chloride is weaker than that
of copper bromide [Kst(CuCln

23n) > Kst(CuBrn
23n)]. In

the case of cadmium halides, which are characterzed

Solubility in the system CdBr23CuBr23H2O at 25oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Liquid phase ³

Solid phase
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´
CdBr2 ³ CuBr2 ³ CdBr2 ³ CuBr2 ³

compositionÄÄÄÄÄÄÁÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄ´
wt % ³ m, mol kg31 H2O ³

ÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
0 ³ 55.79 ³ 0 ³ 5.65 ³CuBr2
1.06 ³ 54.89 ³ 0.09 ³ 5.58 ³"
2.21 ³ 53.83 ³ 0.18 ³ 5.48 ³"
3.27 ³ 53.08 ³ 0.27 ³ 5.44 ³"
4.57 ³ 52.21 ³ 0.39 ³ 5.41 ³"
8.51 ³ 49.12 ³ 0.74 ³ 5.19 ³"

18.01 ³ 42.80 ³ 1.69 ³ 4.89 ³"
22.06 ³ 39.83 ³ 2.13 ³ 4.68 ³"
23.57 ³ 39.07 ³ 2.32 ³ 4.68 ³"
29.82 ³ 35.50 ³ 3.16 ³ 4.58 ³"
30.10 ³ 35.21 ³ 3.19 ³ 4.54 ³"
30.76 ³ 35.11 ³ 3.31 ³ 4.61 ³"
31.30 ³ 34.65 ³ 3.38 ³ 4.56 ³"
31.39 ³ 34.48 ³ 3.38 ³ 4.52 ³"
32.40 ³ 34.49 ³ 3.59 ³ 4.66 ³"
33.37 ³ 34.37 ³ 3.80 ³ 4.77 ³CuBr2 + CdBr2
33.50 ³ 34.33 ³ 3.83 ³ 4.78 ³"
33.07 ³ 34.16 ³ 3.71 ³ 4.67 ³CdBr2
32.45 ³ 33.84 ³ 3.54 ³ 4.49 ³"
32.09 ³ 32.63 ³ 3.34 ³ 4.14 ³"
32.48 ³ 31.48 ³ 3.31 ³ 3.91 ³"
32.97 ³ 29.73 ³ 3.25 ³ 3.57 ³"
33.92 ³ 27.83 ³ 3.26 ³ 3.36 ³"
34.33 ³ 27.36 ³ 3.29 ³ 3.20 ³"
36.06 ³ 25.50 ³ 3.45 ³ 2.97 ³"
37.61 ³ 22.62 ³ 3.47 ³ 2.55 ³"
39.24 ³ 19.73 ³ 3.51 ³ 2.15 ³"
41.32 ³ 17.87 ³ 3.72 ³ 1.96 ³CdBr2 + CdBr2 .

³ ³ ³ ³4H2O
41.18 ³ 17.72 ³ 3.68 ³ 1.93 ³"
41.86 ³ 15.71 ³ 3.62 ³ 1.66 ³CdBr2 .4H2O
42.21 ³ 15.26 ³ 3.65 ³ 1.61 ³"
42.58 ³ 15.09 ³ 3.70 ³ 1.60 ³"
45.13 ³ 8.57 ³ 3.58 ³ 0.83 ³"
45.84 ³ 7.36 ³ 3.60 ³ 0.70 ³"
46.98 ³ 5.39 ³ 3.62 ³ 0.51 ³"
47.44 ³ 4.44 ³ 3.62 ³ 0.41 ³"
52.86 ³ 0 ³ 4.12 ³ 0 ³"

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

by even stronger acido complex formation, the salting-
out of cadmium chloride is replaced by salting-out3

salting-in of cadmium bromide [Kst(CdCln
23n) <

Kst(CdBrn
23n)].

The greater stability of cadmium complexes, as
compared to copper(II) complexes, results in a redis-
tribution of ligands from copper to cadmium.[Vacant
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mol kg31 H2Omol kg31 H2O

, ,

Fig. 2. Salting-out3salting-in of (a) CuX2 and (b) CdX2 in CuX23CdX23H2O systems. X3: (1) Cl3 and (2) Br3.

positions] in the coordination sphere of copper ions
are filled with water molecules, which results in de-
creasing content of[free] water in solution and in
salting-out of the copper halide. In the bromide sys-
tem this effect is stronger owing to the large differ-
ence in the complex formation of cadmium and
copper. At the same time, because of the competition
of copper and cadmium complex formation, the salt-
ing-out in the systems under consideration is stronger
than in the ternary solutions CuX23MX23H2O and
CdX23MX23H2O (M2+ is Mg2+, Ba2+) [7, 8].

The difference in the complex formation of cadmi-
um halides also affects conditions of the dehydration
of hydrates of these salts in the solid phases. The ob-
served dehydration can be considered as a result of the
replacement of water molecules in cadmium aqua
halide complexes in solution by halide ions. This
process should be more pronounced in the bromide
system, as compared to the chloride system, which is
observed experimentally. In this case the competition
with copper(II) complex formation is manifested in
that the point of the transition from the tetrahydrate
to the anhydrous salt is displaced to larger concentra-
tions of the second component, as compared to the
systems containing double-charged noncomplexing
cations.

Thus, solubility in the systems containing cadmium
and copper(II) halides is determined by the competi-
tion of cadmium and copper complex formation. In
the chloride system the similar contributions of these

processes favor formation of solid heteronuclear com-
plexes with chloride bridges and weaker salting-out of
copper chloride dihydrate and stronger (compared to
the bromide system) salting-out of cadmium chloride
hydrate. Considerable redistribution of bromide ions
in favor of cadmium bromide results in a change of
the solid phase from the terahydrate to the anhydrous
salt at relatively low concentrations of the second
component.

REFERENCES

1. Skripkin, M.Yu. and Chernykh, L.V.,Zh. Neorg. Khim.,
1994, vol. 39, no. 10, pp. 174731751.

2. Chernykh, L.V. and Skripkin, M.Yu.,Zh. Obshch.
Khim., 1996, vol. 66, no. 1, pp. 26330.

3. Chernykh, L.V. and Skripkin, M.Yu.,Koord. Khim.,
1996, vol. 22, no. 5, pp. 4133416.

4. Bassett, H. and Strain, R.N.C.,J. Chem. Soc., 1952,
no. 5, pp. 179531802.

5. Sillen, L.G. and Martell, A.,Stability Constants of
Metal3Ion Complexes, New York: Pergamon, 1976.

6. Kumok, V.N., Kuleshova, O.M., and Karabin, L.A.,
Proizvedeniya rastvorimosti (Solubility Products),
Novosibirsk: Nauka, 1983.

7. Schreinemakers, F.A.H. and Baat, W.C. de.,Z. Phys.
Chem., 190831909, vol. 65, pp. 5553559.

8. Benrath, A. and Lechner, K.,Z. Anorg. Chem., 1940,
vol. 244, pp. 3593365.



1070-4272/01/7407-1085$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 7, 2001, pp. 108531087. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 7,
2001, pp. 105731059.
Original Russian Text CopyrightC 2001 by Sechkarev, Prosvirkina, Larichev, Utekhin,Kol’miller.

INORGANIC SYNTHESIS
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND INDUSTRIAL INORGANIC CHEMISTRY

Composite Silver Bromide Based T-Crystals of Epitaxial Type

B. A. Sechkarev, E. V. Prosvirkina, T. A. Larichev, A. N. Utekhin, and A. A. Kol’miller

Kemerovo State University, Kemerovo, Russia

Received December 7, 2000

Abstract-The process was studied in which heterocontact microcrystals based on silver bromide are obtained
in bulk crystallization. The influence exerted by parameters of the crystallization process on the epitaxial
growth was revealed. The conditions were determined for obtaining the AgBr/AgCl and AgBr/AgSCN
epitaxial systems with the use of substrate-type tabular AgBr microcrystals (T-crystals of AgBr).

Epitaxial crystals constitute an extremely interest-
ing system as regards both carrying out fundamental
studies of the mechanism of microcrystal growth in
bulk crystallization and solving practical problems of
interaction between photographically active (sensitiz-
ing, stabilizing, antifogging, developing, etc. agents)
substances with the surface of a heterophase micro-
crystal. That is why these crystals attract close atten-
tion of researchers all over the world [133]. Recently,
numerous attempts have been made to create a materi-
al based on epitaxial microcrystals. Quite a number
of rather unexpected effects have been revealed, with
no scientific explanation provided so far [4, 5].

Here we made an attempt to reveal basic mechan-
isms and driving forces of the processes in which
heterocontact microcrystals of epitaxial type are
formed in bulk crystallization. Heterocontact systems
were studied in bulk crystallization of AgBr/AgCl and
AgBr/AgSCN epitaxial microcrystals. Simultaneous-
ly, we made an attempt to determine the possibilities
opened up by the use of epitaxial systems in studying
the fundamental problems of modern photographic
chemistry.

EXPERIMENTAL

As substrate were used tabular AgBr crystals
(T-crystals of AgBr) with average equivalent diameter
d = 2.0+0.2 mm, coefficient of size variationCv =
40%, and crystallographic uniformityST = 90%. The
epitaxial systems were grown in the absence of any
growth modifiers or organic dyes.

It is known from the literature that an important
parameter of the epitaxial growth is the structural-
geometric similarity of the planes growing together
[6]. Thus, epitaxy of silver chloride and bromide is
seemingly possible because of the isomorphism of

these compounds and their close lattice constants.

However, it was found that no epitaxial growth is
observed upon addition of a fine-grained emulsion
(FGE) of AgCl to the substrate and subsequent co-
crystallization atT = 60oC and pAg 7.6. Alternate
introduction of AgNO3 and KCl into an aqueous gela-
tin solution with substrate-type T-crystals of AgBr
does not lead to epitaxial system growth, either.

It was established that addition of potassium iodide
to the AgBr matrix and subsequent alternate introduc-
tion of AgNO3 and KCl leads to growth of silver
chloride epitaxial microcrystals on substrate-type
T-crystals of AgBr. In the course of the experiment,
the concentrations of the delivered reagent solutions
were varied between 0.01 and 0.1 M. It was demon-
strated that angular epitaxy of silver chloride is ob-
served even at reagent solution concentrations of
0.02 M (Fig. 1).

Also noteworthy is the fact that, at high concentra-
tions of the supplied reagent solutions, nonepitaxial
growth of the chloride phase is observed over the

Fig. 1. Electron micrograph of a carbon replica of T-AgBr
with AgCl epitaxial microcrystals. Internal reference latex;
d = 0.914 mm; Cv = 5%.
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Fig. 2. Electron micrograph of a carbon replica of T-AgBr
with nonepitaxial AgCl regions.

entire AgBr T-crystal surface that is not defect-free
(Fig. 2). On separate parts of the surface of AgBr
T-crystals, relatively large pyramidal structures are
discernible, smoothly adjoining the surface of the sub-
strate microcrystal. Possibly, this is due to the non-
uniform deposition of silver iodide over the substrate
surface. It may be assumed that those parts of the
AgBr T-crystal surface which are covered with a layer
of silver iodide serve as effective crystallization cen-
ters for AgCl epitaxial microcrystals. In this case,
deposition of excess silver bromide from solution onto
the silver iodide free parts of the surface and growth
of the base microcrystal in the direction perpendicular
to the {111} plane to form a pyramidal structure are
possible when pAg increases steeply. Such a behavior
of the system can, in our opinion, be accounted for
by the fact that ion exchange occurs in cocrystalliza-
tion of silver chloride and bromide: chlorine ions are
introduced into the AgBr crystal lattice, whereas silver
ions cannot form nuclei with chlorine ions because of
the Coulomb repulsion from silver ions belonging to
the substrate lattice.

Under the chosen crystallization conditions, iodide
ions cannot penetrate inside the AgBr lattice because
of the large difference between the solubilities of
silver iodide and bromide. Therefore, they are ad-
sorbed on the crystal lattice surface and serve as crys-
tallization centers for silver chloride epitaxial micro-
crystals.

In this set of experiments, the optimal rate of
reagent solution supply in crystallization was found to
be 0.002 mmol min31.

Rather unexpected was the observed strong in-
fluence exerted by the crystallization process condi-
tions (temperature, concentration of reagent solutions,
and their delivery rate) on the epitaxial growth of
AgSCN. It is known that silver thiocyanate is a good

solvent for any silver halide [7] and, therefore, no
significant dependence of the epitaxial growth on
crystallization conditions would be expected. The
observed dependence can be understood on making
the following assumptions. It is known that formation
of epitaxial microcrystals is preceded by the stage of
solute adsorption on the substrate [6]. Therefore,
differences in adsorption may lead to difference in
epitaxial growth. In its turn, the adsorption is strongly
affected by conditions in the sorption system (tem-
perature, concentration of sorbates, etc.). In particular,
the surface concentration of the adsorbate strongly
depends on temperature and the solute concentration.
It may be assumed that, on raising the concentration
of silver thiocyanate in solution at 50oC, the adsorp-
tion of silver on the surface of AgBr T-crystals is
unhindered. Naturally, the adsorption primarily pro-
ceeds in those areas where the surface energy is
reduced to the maximum extent by adsorption. These
places of preferential adsorption are the active ele-
ments of the AgBr T-crystal surface: edges and ver-
tices. However, adsorption also occurs on the surface
of basal (large) and lateral faces of the AgBr T-crystal
because of the higher activity of {111} planes, com-
pared with {100}. The edges and vertices are degene-
rate fast-growing faces of the crystal and, by the virtue
of this fact, they are places of the most intensive mass
exchange with the sorption medium. Local egress of
ions may give rise to a surface with even higher effec-
tiveness of silver thiocyanate adsorption.

In this case, the new surface becomes thermo-
dynamically stable upon thiocyanate adsorption.
Therefore, an effect similar to crystal etching is ob-
served on repeatedly performing the given process
(Fig. 3a). Silver bromide cannot fill the forming etch-
ing pits since the surface is protected by firmly ad-
sorbed silver thiocyanate. In this case, deposition of
silver bromide occurs in some other place of the crys-
tal, in all probability on its basal planes, since under
the crystallization conditions the growth of the {111}
surface is rather effective. In the absence of silver
thiocyanate, physical ripening of substrate crystals
under the same conditions does not lead to formation
of etching pits since there exists no hindrance to their
being filled with silver bromide and the difference
between the surface energies of the {111} and {100}
faces is insufficient for effective mass transfer to
occur. With increasing temperature, the situation
changes. At 60oC, adsorption on the surface of the
basal planes of the T-crystal becomes less effective.
In this case, the edges and vertices of the T-crystal
(where the matching of the AgBr and AgSCN lattices
is the best) may primarily act as places of effective
adsorption. Therefore, silver thiocyanate is accumu-
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(a) (b) (c)

Fig. 3. Electron micrographs of carbon replicas of T-AgBr/AgSCN, obtained at different temperatures. Temperature (oC):
(a) 50, (b) 60, and (c) 70.

lated in solution in the course of crystallization (super-
saturation grows fast), which leads in the end to
heterogeneous nucleation on the surface of the exist-
ing monolayer of AgSCN. In this way grows the
epitaxial microcrystal, with the region of epitaxy
limited to that of the effective adsorption of silver
thiocyanate under the given conditions (Fig. 3b).
However, in the case of a very low degree of super-
saturation (low rate of reagent solution introduction),
the adsorption on the surface of AgBr T-crystals
becomes a more effective channel of silver thiocya-
nate consumption and the situation at 50oC is re-
produced (Fig. 4). Finally, at 70oC, adsorption be-
comes ineffective even at vertices and edges. In this
case, silver thiocyanate is accumulated in solution
(supersaturation grows) until the critical level of
homogeneous nucleation is reached. Under these
conditions, AgSCN microcrystals nucleate and grow
in the form of a separate independent phase (Fig. 3c).

A study of the influence exerted by epitaxial micro-
crystals of the indicated composition on the chemical
sensitization of heterocontact systems AgBr T-crys-
tal/AgCl revealed the following general features: for
epitaxial systems, the time of chemical sensitization,

Fig. 4. Electron micrograph of a carbon replica of
T-AgBr/AgSCN.

i.e., the time in which the maximum light sensitivity
is achieved, is shorter than that for the conventional
emulsion-type AgBr T-crystals. When the maximum
light sensitivity is achieved, the optical density of the
fog of the epitaxial systems much exceeds that for the
reference. It is shown that a smaller amount of a sen-
sitizing agent is required for achieving the highest
sensitivity of the epitaxial systems, and, therefore,
photographic materials based on AgBr T-crystals with
epitaxial microcrystals must be more stable in storage.

CONCLUSIONS

(1) A study of how heterocontact silver bromide
based microcrystals are obtained in bulk crystalliza-
tion revealed the influence of parameters of the crys-
tallization process on the epitaxial growth.

(2) The effectiveness of epitaxial growth is deter-
mined by the possibility of adsorption of the material
constituting the epitaxial microcrystals on the matrix
of the AgBr T-crystal and by conditions in the sorp-
tion system.
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Abstract-The method is developed for fabrication of nonaggregated submicrocrystalline chemically active
corundum from the production waste of capacitor aluminum foil. Such corundum is practically free of alkali
metal impurities and has good rheological properties.

Many up-to-date technologies use corundum ce-
ramics, which is hard, chemically inactive, and corro-
sion-resistant, has high compression strength and low
friction coefficient, and is compatible with biological
objects [1, 2]. Potentialities of corundum ceramics are
highly appreciated [3]. However, the dynamic friabil-
ity and low tensile strength limit its applicability.
Studies showed that the properties of the ceramics
could be appreciably improved by increasing diffusion
coefficient and decreasing particle size. A universal
route for preparing ceramics with prescribed proper-
ties is taking the components in the ultradisperse state
(with no more than 1003150-nm particles). In such
ultradisperse ceramics a unique combination of me-
chanical properties can be attained, including high
hardness and superelasticity [2, 437].

To prepare such corundum ceramics, it is necessary
to usea-Al2O3 as pure, nonaggregated powder with
submicrorystalline (100340 nm) or nanocrystalline
(4031 nm) particles. Its high dispersity and the mini-
mal content of impurities facilitate mineralization in
the course of formation of the ceramic structure,
decrease the sintering temperature, retard particle
growth, and increase the mechanical strength and heat
resistance [1]. The necessity of disaggregating corun-
dum powders is dictated by the fact that aggregated
particles are sintered first, whereas between the ag-
gregates coarse pores are formed, remaining in the
ceramics, which decreases its density and results in
nonuniform crystallization [8].

Ultradisperse monofractional powders can be ob-
tained by various methods [2, 6311]. Among them are
the chemical and physical procedures, thermal decom-
position of disperse chemical compounds with modi-
fiers [12], and mechanical disintegration [13, 14].
Certain physicochemical methods allow attainment
of a 100310-nm dispersity. At the same time, they

have a number of disadvantages, including complex-
ity, high cost, and specificity. Mechanochemical treat-
ment allows ceramic materials with the similar dis-
persity to be synthesized under milder conditions,
provides control of their structure and properties, and
intensifies sintering [15]. However, after the limiting
particle size is attained, the disintegration ceases, and
ultradisperse particles start to interact via van der
Waals forces to form dense molecular aggregates
[16, 17].

The final stage of high-temperature sintering of
ceramic materials, when open (intergranular) porosity
is mainly removed, is recrystallization [1, 18]. The
studies showed that the original corundum crystals
133 mm in size start growing at 7.5310% porosity.
At a porosity of 2.5 and 0.531% their size increases
to 6 and 1838 mm, respectively [1]. Evidently, for
preparing nonporous corundum, it is necessary to
retard crystal growth till complete removal of pores
from the cake.

To intensify sintering, decrease its temperature,
and retain small ceramic grains, it is recommended to
perform sintering in the presence of dopants protect-
ing the crystals of the growing phase and retarding
their fast growth [12, 19]. The sintering temperature
of corundum can be decreased by mechanical activa-
tion [20]. For fabricating nanocrystalline nonag-
gregated corundum, a method has been developed in-
cluding mechanical activation ofa-Al2O3 at 40g load
in the presence of disaggregating substance, removal
of the latter by boiling of disintegrated corundum with
hydrochloric acid, and sintering of purified corundum
at 1270oC to obtain submicrocrystalline ceramics [21].

Fabrication of ultradisperse (0.531.0 mm) a-Al2O3
with a low content of alkali impurity (0.023
0.06 wt % Na2O) in hydrochemical, thermochemical,
mechanochemical, and radiation-thermal reprocessing
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of aluminum hydroxides and oxides of different origin
in the presence of dispersing and disaggregating in-
organic and organic substances has been studied pre-
viously.

In this work, a method involving sequential ther-
mochemical and mechanochemical activation was
developed for preparing nonaggregated submicrocrys-
talline high-purity a-Al2O3 from cheap disperse in-
dustrial aluminum hydroxide.

EXPERIMENTAL

Anodic sludge, a large-tonnage residue of the pro-
duction of capacitor foil by electrolytic pickling of
aluminum, was the raw material. The composition of
the initial anodic sludge was (wt %) 6.25 Na2O, 0.056
SiO2, and 0.006 Fe2O3 at a 60% moisture content.
The aggregate size was 3310 mm. and the size of the
aggregate single crystals, 0.533 mm. The sludge was
washed with distilled water and treated hydrochemi-
cally [22]. The resulting anodic aluminum hydroxide
(AAH) had the bayerite structure and contained
(wt %) 0.04 Na2O, 0.053 SiO2, and 0.006 Fe2O3
(based on Al2O3). The main part (~80%) consisted of
individual single crystals (0.531 mm) and ~20%, of
loose friable aggregates (335 mm).

The thermochemical activation of AAH was per-
formed in the presence of ultradisperse mineralizers
(ammonium fluoride, aluminum acetate, and alumi-
num citrate) and modifiers (manganese acetate tetra-
hydrate and manganese citrate hydrate). The minerali-
zers and modifiers were added to AAH as saturated
solutions at pH 333.5. The mixture was thoroughly
agitated and dried in air. Such a procedure assists the
uniform distribution of the additive particles in the
bulk of Al(OH)3, which is preserved on further heat-
ing of the mixture, thus intensifying interaction of its
components and decreasing the temperature of poly-
morphous transitions. The thermal decomposition
of AAH containing additives was performed in an
electric furnace withSilit heaters at 100031200oC
(heating rate 7 deg min31) for 0.535 h.

The a-Al2O3 powder formed under the optimal
conditions of the thermochemical treatment of baye-
rite was subjected to mechanical treatment for a short
time (1310 min) in the presence of microadditives
(0.0130.07 wt %) of OP-7 nonionic surfactant in a
planetary mill at comparatively low centrifugal load,
(8315)g.

To confirm the feasibility of fabricating ultra-
disperse corundum ceramics from mechanochemically
treated submicrocrystalline corundum, the latter was

Content of mineralizers and modifiers for fabricating ultra-
disperse corundum with a low content of alkali impurities
by thermochemical treatment of AAH (1025oC, 2 h)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Formula-
³ Content, wt %
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄtion*
³ 1 ³ 2 ³ 3

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
I ³ 3.3 ³ 4.2 ³ 0.9

³ 3.5 ³ 3.6 ³ 0.8
³ 3.9 ³ 3.0 ³ 0.8
³ ³ ³II ³ 3.5 ³ 3.9 ³ 0.9
³ 3.8 ³ 3.3 ³ 0.8
³ 4.2 ³ 2.8 ³ 0.8

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Components: (I) (1) aluminum acetate, (2) manganese acetate

tetrahydrate, and (3) ammonium fluoride; (II) (1) aluminum
citrate, (2) manganese citrate hydrate, and (3) ammonium
fluoride.

sintered at 100031350oC for 135 h in single tests with
addition of magnesium acetate (0.2 wt % in terms of
MgO) and citric acid (0.05 wt %) into the charge.

The content of impurities in the samples was deter-
mined by standard methods of analysis [23]. The
phase composition and the size of the single crystals
and aggregates were determined by the crystal optical
method on a POLAM P-112 polarization microscope
[23]. The size of submicrocrystallites was determined
by X-ray diffraction on a DRON-4 apparatus from
broadening of the reflection maximahkl [24].

Based on the results obtained, we determined the
optimal content of mineralizers and modifiers (see
table) and the optimal conditions of thermochemical
treatment of AAH (1025oC, 2 h). a-Al2O3 formed
under these conditions contains about 0.008 wt %
Na2O and consists mainly (90%) of separate single
crystals 0.20030.003 mm in size, with the remainder
(~10%) being unstable aggregates of 335 single
crystals.

Such ultradisperse corundum subjected to mecha-
nochemical treatment under the optimal conditions
(centrifugal load 15g, 5 min, 0.07 wt % OP-7) con-
tains virtually no aggregates and alkali impurities and
consists of separate single crystals 0.08030.085 mm
in size. It is chemically active, shows good rheologi-
cal properties, and forms dense submicrocrystalline
corundum ceramics when sintered with the modifier
and dispersant at 1350oC for 3 h.

Numerous studies showed that the solid phase
formed in a multistep topochemical process inherits
the structure of the preceding solid phase [25]. This
suggests that the properties of the resulting submicro-
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crystalline corundum were established in the stage of
formation of the anodic sludge and AAH.

Because the anodic sludge was formed at electro-
chemical activation of aluminum, its particles have
excess energy. They are colloid-polymeric discrete
formations in the form of aggregates of aluminum hy-
droxide with the electrolyte (NaCl). The majority of
electrolyte ions in the anodic sludge is physically
sorbed in pores, and the remaining ions are incor-
porated into Al(OH)3 micelles instead of the hydrox-
ide ions and protons and are held there owing to
chemical affinity [26]. After the hydrochemical treat-
ment [22] with the dispersant, the activity and dis-
persity of AAH grow.

The thermochemical activation is caused by the
presence of dispersing, disaggregating, and mineraliz-
ing thermally unstable chemical substances upon
AAH decomposition. The organometallic compounds
of aluminum and manganese decompose in the tem-
perature interval of the bayerite3boehmite transforma-
tion when their most finely dispersed and active state
is realized owing to formation of anionic vacancies
upon water removal. In the process are formed nano-
metric particles of hydroxides and oxides of alumi-
num and manganese [27], which in the bulk of baye-
rite become centers of crystallization of ultradisperse
a-Al2O3 and facilitate dispersion and disaggregation
of its crystals. Manganese(II) oxide formed by trans-
formation of the Mn2+ salt has enhanced reactivity
(the Headwall effect), which favors formation of alu-
minum3manganese spinel MnAl2O4 above 1000oC
[25]. With addition of Mn2+ ion whose radius (0.91A)
is larger than that of Al3+ (0.57A), theg-Al2O3 phase
becomes less stable, and new vacancies are formed
owing to tensile stresses [28]. As a result, diffusion is
facilitated, which leads to the decrease in the apparent
activation energy and temperature of theg-Al2O33
a-Al2O3 transition and to the increase in the corun-
dum dispersity.

The gases evolved upon decomposition of NH4F
and organometallic compounds aresorbed by Al(OH)3,
AlOOH, and g-Al2O3 and diffuse into the space free
from crystals and aggregates, which increases the
g-Al2O3 dispersity and accelerates its transformation
into a-Al2O3 at lower temperatures. The gases react
with the alkali metal ions migrated onto the surface of
the bayerite and boehmite crystals with the formation
of salts evaporating upon calcination.

The positive technological effect of the mechanical
treatment of ultradisperse corundum subjected to
thermochemical activation is attained owing to the
change in its physicochemical properties [13, 14, 29,

30] resulted from the stress field relaxation after
mechanical action. Due to mechanochemical activa-
tion, centers, predominantly of radical origin, are
formed on the surface [31], and the near-surface layers
of the particles undergo elastic deformation to form
dense molecular aggregates. For the formation of non-
aggregateda-Al2O3, apart from the mechanical action,
the surface physicochemical phenomena responsible
for the aggregation also play the important role [16].
Such physicochemical phenomena may be provided
by introduction of surfactants [32]. The surfactant
as monomolecular layer wets the whole surface of
ground and activateda-Al2O3 grains and diffuses
along the steric structural defects, thus facilitating
disintegration under the action of capillary forces,
preventinga-Al2O3 aggregation and assisting disag-
gregation of the initial powders [33]. The mechamism
of such mechanosorption effect involves mechanical
cracking of the sorbed surfactant molecules onto more
active unsaturated free radicals [14, 29, 34, 35],
their chemical interaction with active centers on the
a-Al2O3 surface, diffusion along the structural defects,
and formation of dense molecular aggregates from
dispersed particles. The mechanosorption effect assist-
ing corundum disintegration can attain 6003800%
[17]. The mechanochemical activation in the presence
of OP-7 assisted not only disintegration and disag-
gregation ofa-Al2O3 particles, but also their passage
into the nonequilibrium state characterized by en-
hanced reactivity, better plasticity, lower sintering
temperature, and slower grain growth.

The submicrocrystalline corundum activated by
mechanochemical treatment was sintered with the
modifier (Mg) and dispersant (citric acid). Magnesium
acetate added to the charge decomposes above 400oC
with formation of nanosized highly reactive MgO
[27]. The latter is distributed throughout the boundary
of thea-Al2O3 phase as thin layer, and above 1000oC
it forms aluminum3magnesium spinel MgAl2O4 im-
peding uncontrollable recrystallization of the corun-
dum grains up to formation of a practically nonporous
cake.

Like MgAl2O4, aluminum3manganese spinel
MnAl2O4 entering the charge along witha-Al2O3 is
the structural modifier of corundum ceramics. The
presence of manganese(II) in the slip ensures forma-
tion of the melt wetting wella-Al2O3 crystals, de-
creases the sintering temperature, facilitates formation
of the finely crystalline ceramic structure, and en-
hances the strength, plasticity, and endurance of the
ceramics [36, 37]. Small amounts of citric acid control
rheological properties of the molded masses on the
basis of ultradispersea-Al2O3 having the high surface
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and bulk energy and high surface tension [38]. The
citric acid molecules, being adsorbed on the corundum
grain boundaries and diffusing into the intercrystal
space, assist spontaneous disintegration of grains,
facilitate disaggregation owing to break of inter-
molecular interactions, stabilize aqueous corundum
dispersion, and decrease the sintering temperature.

CONCLUSIONS

(1) Submicrocrystalline corundum with high
purity, low tendency to aggregation, good rheological
properties, and high sinterability was prepared from
the capacitor foil production waste sequentially
subjected to hydrochemical treatment under mild con-
ditions, low-temperature thermochemical activation,
and low-intensity mechanochemical activation in the
presence of dispersants and disaggregators (without
additional operations for their removal).

(2) In reprocessing into submicrocrystalline corun-
dum, anodic sludge and anodic aluminum hydroxide
have undoubted advantages over technical-grade alu-
minum hydroxide and aluminum oxide, because
anodic sludge is a cheap and ultradisperse material (33
10-mm grains against 203150 mm in technical-grade
aluminum hydroxide) from which alkali metal impuri-
ties can be almost completely washed out (95398%
against 20350% in technical-grade aluminum hy-
droxide).
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Abstract-Ways to improve the existing process for iodine and bromine production from iodine-containing
drill waters were studied.

Various types of mineral raw materials, such as
seawater, brine of salt lakes, solutions from process-
ing potassium-containing minerals, and underground
waters and brines, are used in the iodine and bromine
production. Depending on the type and characteristics
of the raw materials, various methods and flowsheets
are used, including highly expensive and obsolete.
Therefore, it is urgent to improve the existing tech-
nology for processing of iodine- and bromine-con-
taining raw materials and to develop new high-perfor-
mance processes increasing the economic efficiency
and environmental safety of the iodine and bromine
production.

In the existing process [1] of treatment of drill
water containing 9310 mg l31 of iodide ions and up to
750 mg l31 of bromide ions as salts, first extracted
is bromine and then iodine. The drill water after re-
moval of bromine is directed to iodine extraction. It
contains up to 60 mg l31 of oxidants, including ele-
mental bromine and chlorine and also iodate ions. For
iodine adsorption on coal, iodate ions should be pre-
liminarily reduced with sodium sulfite. Simultane-
ously, redox reactions of sodium sulfite with chlorine
and bromine proceed in drill water, and the consump-
tion of sodium sulfite in side reactions exceeds its
amount required for the reduction of iodate ions.

The necessity of reducing iodate ions rises the cost
of the iodine extraction from raw materials and makes
the process of iodine production insufficiently profit-
able. Therefore, the development of efficient processes
for treatment of drill water with primary extraction
of iodine is of practical interest.

Conventional oxidants (compounds of active chlor-
ine) failed to solve the problem of selective oxidation
of iodide ions in drill water containing considerable
amounts of bromide ions (compared to iodide ions),
because of simultaneous oxidation of bromide ions (to

elemental bromine). The use of sodium nitrite and
nitrosylsulfuric acid, which selectively oxidize iodide
ions in a weakly acid medium, results in the liberation
of highly toxic nitrogen oxides, which should be re-
covered for reuse [1, 2].

A procedure was published [3] for the isolation of
iodine from drill waters by oxidation of iodide ions to
iodate ions in a part of drill waters with ozone at pH
738, subsequent acidification of this part of waters
by sulfuric acid, and mixing with 435 parts of the
initial drill water. The yield of iodine in this case
reaches 96%. The drawbacks of this procedure are the
formation of a precipitate on alkalization of the ini-
tially weakly acidic drill waters and also the liberation
of elemental bromine in water oxidized with ozone
due to partial oxidation of bromide ions.

Of interest are the data [4] on oxidation of iodide
ions in a liquid medium containing up to 150 g of
NH4I per 100 g of water with oxygen or an oxygen-
containing gas in the presence of compounds of transi-
tion metals [Fe(III), Co(II), Ni(II), Cu(II), etc.] and
a weak acid or hydrophosphates. The oxidation is
carried out at 203100oC and oxygen partial pressure
of 0.2310 kg cm32. The yield of iodine is 50382%.

Taking into account the goal of the study and the
above-discussed processes, we examined selective
oxidation of iodide ions to iodine in iodine- and
bromine-containing drill water by atmospheric oxygen
with ozone added to initiate oxidation, and also with
iron(II) salt added to prevent the accumulation of
bromine released from the oxidation of bromide ions
in the drill water. As a reducing agent we used iron(II)
chloride, which was obtained from 30% solution of
FeCl3 (a waste of bromine production) and iron
shavings. Drill water was acidified with hydrochloric
acid and oxidized with an ozone3air mixture contain-
ing 0.530.8 mg l31 of ozone.
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Table 1. Oxidation of iodide and bromide ions in drill water by an ozone3air mixture
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run

³
Acidity of

³
Specific con-

³
Weight ratio

³ Concentration of I2 ³ Concentration of Br2
³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

no.
³ drill water, ³ sumption of ³ Fe2+/I3 ³ mg l31, in oxidized water at indicated ozonation time, min
³ ³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
³

mequiv l31

³

ozone3air mix-

³
in water

³ 1 ³ 2 ³ 3 ³ 5 ³ 1 ³ 2 ³ 3 ³ 5³ ³ture, l l31 min31
³ ³ ³ ³ ³ ³ ³ ³ ³

ÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
1 ³ 0.15 ³ 0.1 ³ 3 ³ 2.25 ³ 2.58 ³ 5.07 ³ 6.63 ³ 2.1 ³ 1.4 ³ 2.4 ³ 1.9
2 ³ 0.50 ³ 0.1 ³ 3 ³ 3.92 ³ 7.72 ³ 9.16 ³ 9.29 ³ 0.6 ³ 0.2 ³ 0.5 ³ 0.6
3 ³ 1.00 ³ 0.1 ³ 3 ³ 6.54 ³ 7.27 ³ 7.80 ³ 7.59 ³ 0 ³ 0.6 ³ 0.1 ³ 1.0
4 ³ 3.00 ³ 0.1 ³ 3 ³ 5.77 ³ 5.91 ³ 9.57 ³ 9.67 ³ 0 ³ 1.8 ³ 1.3 ³ 0.7
5 ³ 0.50 ³ 0.1 ³ 0.66 ³ 2.23 ³ 3.00 ³ 7.39 ³ 8.37 ³ 0 ³ 0 ³ 0 ³ 0
6 ³ 1.00 ³ 0.1 ³ 3.9 ³ 6.26 ³ 7.69 ³ 8.11 ³ 7.71 ³ 0 ³ 0 ³ 0 ³ 0
7 ³ 1.50 ³ 0.1 ³ 0.66 ³ 6.09 ³ 6.97 ³ 8.11 ³ 9.37 ³ 0 ³ 0 ³ 0 ³ 0
8 ³ 3.00 ³ 0.1 ³ 11.6 ³ 2.13 ³ 6.63 ³ 9.05 ³ 10.0 ³ 0 ³ 0 ³ 0 ³ 0
9 ³ 0.50 ³ 0.17 ³ 0.66 ³ 4.72 ³ 4.84 ³ 8.76 ³ 8.76 ³ 0 ³ 0 ³ 0 ³ 0

10 ³ 1.00 ³ 0.17 ³ 3.9 ³ 7.85 ³ 7.98 ³ 9.16 ³ 8.76 ³ 0 ³ 0 ³ 0 ³ 0
11 ³ 1.00 ³ 0.17 ³ 3 ³ 7.00 ³ 6.80 ³ 9.00 ³ 7.71 ³ 0 ³ 0.2 ³ 0.4 ³ 0.7
12 ³ 3.00 ³ 0.17 ³ 11.6 ³ 5.27 ³ 7.91 ³ 9.89 ³ 10.0 ³ 0 ³ 0 ³ 0 ³ 0
13 ³ 3.00 ³ 0.17* ³ 9.6 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0 ³ 0
ÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* In run no. 13 drill water with FeCl3 added and air without ozone were used.

We oxidized drill water from iodine3bromine pro-
duction containing 750 mg l31 of bromide ions and
10 mg l31 of iodide ions as salts, and also prepared on
its basis water samples containing 50 mg l31 of I3 and
150 mg l31 of Br3. The experimental data are given
in Table 1.

Table 1 shows that iodide ions are not oxidized in
acidified drill water in air without ozone even in the
presence of an iron(III) salt (Table 1, run no. 13),
which is probably due to the extremely low reaction
rate at low concentrations of iodide ions. Iodine ap-
pears in the drill water only after air bubbling for
1 h, which is unacceptable for processing large
volumes of waters under production conditions.

When preliminarily acidified drill water is treated
with ozone3air mixture, iodide ions are oxidized fairly
actively at the rate of the mixture feeding of 0.13

0.17 l l31 min31. Depending on the oxidation timet,
the yield of iodine reaches 80 (t = 2 min) and 903
100% (t = 335 min), which allows the process to be
performed in the continuous mode. The consumption
of ozone for the oxidation of iodide ions was much
less than the stoichiometric amount required for the
reaction

2I3 + O3 + 2H+
6 I2 + O2 + H2O.

This fact suggests that iodide ions are oxidized
with atmospheric oxygen, and ozone acts only as the
oxidation initiator.

Table 1 shows that the addition of iron(II) chloride
in the amount of 0.66 wt parts of Fe2+ per 1 wt part
of I3 to drill water prevents the formation of elemental
bromine, which suggests the occurrence of the fairly
fast redox reaction

2Fe2+ + Br2 6 2Fe3+ + 2Br3.

Without iron(II) chloride addition, free bromine
appears in the oxidized drill water in the amount of
132 mg l31, which is not allowed by the existing tech-
nology of iodine sorption on coal.

Thus, our experiments proved that iodide ions can
be selectively oxidized in drill water, and the process
is quite suitable for the existing iodine3bromine pro-
duction.

In bromine production gaseous bromine is ab-
sorbed from a bromine3air mixture by iron shavings
periodically sprayed with water or solutions of iron
bromides. A feature of this process consists in binding
of bromine into iron(II) or (III) bromide. To liberate
bromine from them, chlorine is used in the subsequent
production stage, which results in the formation of
a solution of iron(III) chloride as a liquid waste prod-
uct simultaneously with the main product formation.

The drawbacks of using iron shavings as a bromine
chemisorbent are the formation of the difficult-to-uti-
lize by-product and also the accumulation of bromine-
containing slimes in vessels for bromine chemisorp-
tion, which should be disposed of at regular intervals.
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Table 2. Sorption of bromine from a bromine3air mixture (BAM) by aqueous solutions ofN-(n-pentyl)pyridinium brom-
ide (I ) in a bubbling mode (time of gas3liquid contact about 1 s)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Initial concentration ofI³Averaged concentration of³

Degree of
³

Characteristics of resulting polybromide complexin absorbing solution³ bromine in BAM, mg l31 ³
bromine re-

³
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

M
³

wt %
³

before reactor
³

after reactor
³ moval from³

color
³ bromine content,³density at 18oC,

³ ³ ³ ³ BAM, % ³ ³ wt % ³ kg dm33

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 21.95 ³ 10.3 ³ 1.050 1032 ³ 99.9 ³Light cherry³ 40.5 ³ 1.659
2 ³ 42.05 ³ 9.5 ³ 9.80 1033 ³ 99.7 ³Cherry ³ 53.7 ³ 1.907
3 ³ 60.69 ³ 11.8 ³ 1.020 1032 ³ 99.2 ³Dark cherry³ 66.0 ³ 2.136
4 ³ 78.23 ³ 7.7 ³ 8.30 1033 ³ 99.0 ³" ³ 74.1 ³ 2.283

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

The application of soluble bromine sorbents is free
of these drawbacks. Quarternary ammonium salts are
of a special interest for the process of bromine produc-
tion. They are safe in handling (nonvolatile, low-toxic,
fire- and explosion-proof) and are not steam-distilled.
They can be used as aqueous solutions binding brom-
ine into polybromide complexes on contact with a
bromine3air mixture. Bromine is readily desorbed
from such complexes at moderate heating, and then
it can be blown off with air or steam.

The preparation of quarternary ammonium salts by
quaternization of tertiary amines with alkyl halides
in polar solvents was studied in sufficient detail [539],
and their application as bromine absorbents has been
described in [10, 11].

Comparative examination of the data on the opera-
tion of liquid absorbents in bromine sorption3desorp-
tion showed thatN-alkylpyridinium bromides show
the most promise for bromine production [12314].

In view of the aforesaid, we studied the absorbing
properties of solutions ofN-(n-pentyl)pyridinium
bromide with respect to bromine in bromine3air mix-
tures under conditions close to those of bromine
manufacturing. The choice of the salt was governed
by the fact of production ofn-pentyl bromide at the
iodine3bromine plant.

N-(n-Pentyl)pyridinium bromide was prepared from
equimolar amounts of pyridine andn-pentyl bromide
in the presence of water (5310 wt %) [5] in a quartz
round-bottomed reactor with a reflux condenser at
90395oC by the reaction

5Ng
�

�

�

�

�

�

�

�

�

�

�

�

Br

+

3

5N
+ CH (CH ) CH Br3 3 6

CH (CH ) CH2 3 32

2 2 .5Ng
�

�

�

�

�

�

�

�

�

�

�

�

Br

+

3

5N
+ CH (CH ) CH Br3 3 6

CH (CH ) CH2 3 32

2 2 .

At the 233 h synthesis time the yield of the salt

was 95%. The unchanged initial components were
removed from the salt using a separatory funnel.

For the sorption of bromine from a bromine3air
mixture we used 20380% aqueous solutions of
N-(n-pentyl)pyridinium bromide. The sorption was
carried out in a quartz round-bottomed reactor at room
temperature and the phase contact time of about 1 s.
A polybromide complex formed from the bromine
sorption was accumulated on the reactor bottom as a
separate layer of a cherry-colored heavy oily liquid
immiscible with the absorbing solution. The sorption
of bromine vapor was terminated on complete satura-
tion of the N-(n-pentyl)pyridinium salt in the absorb-
ing solution. The data on the sorption of bromine
vapor by N-(n-pentyl)pyridinium bromide solutions
are given in Table 2.

Our experiment showed that the bromine content in
the polybromide complex increases with increasing
initial concentration ofN-(n-pentyl)pyridinium brom-
ide in the absorbing solution and reaches 40375 wt %
at the degree of bromine sorption from the bromine3

air mixture equal to or greater than 99%. As the con-
centration of bromine in the polybromide complex in-
creases, the color of the complex changes from light
cherry through red-brown to dark cherry, and its
density increases from 1.659 to 2.283 kg dm33.

Bromine was desorbed from the polybromide com-
plex by heated air or steam in the same reactor in
which bromine was sorbed from a bromine3air mix-
ture. The bromine3air mixture (or a mixture of brom-
ine vapor and steam) formed from the decomposition
of the complex was directed to a reflux condenser
with the aim to return water completely or partially
(when steam was used) into the reactor, so as to keep
a high rate of bromine desorption. The results of the
experiments on the bromine desorption from the poly-
bromide complex are given in Table 3.
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Table 3. Desorption of bromine from the polybromide complex (initial concentration of bromine in the complex
49.81 wt %)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Weight ratio ³ Rate of air feeding³
t,

³ Temperature,oC ³ Average concentra-³ Degree of
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ³complex/water,
³

for bromine desorp-
³ min ³in reactor still³ in dephlegmator³

tion of bromine
³

bromine desorp-
mcom/mw ³ tion,* l min31 g31 ³ ³ ³ ³ in BAM, mg l31 ³ tion, %

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1.66 ³ 1.500 1032 ³ 165 ³ 953105 ³ 22345 ³ 189 ³ 93.8
2.50 ³ 1.250 1032 ³ 150 ³ 963105 ³ 22.45 ³ 232 ³ 87.2
1.66 ³ 1.800 1032 ³ 180 ³ 1103118 ³ 48383 ³ 56 ³ 36.3
0.50 ³ 1.500 1032 ³ 180 ³ 963105 ³ 21.24 ³ 222 ³ 40.1
1.66 ³ 2.300 1032 ³ 180 ³ 85392 ³ 29345 ³ 47 ³ 38.9

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* In calculations of the rate of air feeding,mcom was expressed in grams.

Table 3 shows that the efficiency of bromine distil-
lation from the polybromide complex depends on a
number of factors: temperature in the still and in the
dephlegmator, amount of solvent (water) for pyrydini-
um salt in the reaction mass, and space velocity of air
(or steam) fed for the bromine desorption.

Our experiments showed that the maximal rate of
bromine desorption, and also a high bromine concen-
tration in a bromine3air flow, are observed at the
beginning of bromine distillation when the content of
polybromide complexes is high. As their concentra-
tion decreases in the course of bromine distillation,
the rate of bromine desorption from the complex and
the concentration of Br2 vapor in the bromine3air flow
decrease.

The optimal temperature of the complex decom-
position is 953105oC. Below this temperature the rate
of bromine desorption starts to decrease, whereas at
higher temperatures water is actively boiled off and
removed through the dephlegmator, which results in
the dehydration of the reaction mass and drastic
deceleration of the bromine desorption rate.

The optimal temperature of the dephlegmator,
intended for the complete (or partial) return of the
condensed water into the reactor, is determined by
the surface area of the dephlegmator and the space
velocity of air (or steam) fed for bromine desorption.

The optimal weight ratio polybromide com-
plex : water in the reactor approaches 1 : 1.5. The
higher ratio (e.g., 1 : 0.5) results in decreased rate
of bromine desorption, whereas at the lower ratio
(1 : 2.5) the desorption rate does not increase further.

An optimal specific consumption of air or steam
for the bromine desorption approximately corresponds
to the ranges 1.2531.75 m3 (air) and 232.5 kg (steam)
per kilogram of the polybromide complex and de-

pends on the reactor design and also on the dephleg-
mator operation mode.

The 85390% degree of bromine desorption from
the complex was reached in 2.533 h of heat treatment
of the complex. The bottom residue is a solution of
pyridinium bromide containing 5310 wt % bromine. It
can be repeatedly directed to the sorption of bromine
vapor from a bromine3air mixture.

To obtain liquid bromine, bromine vapor was
blown off from the complex with steam. The resulting
steam3bromine mixture was fed from the steam distil-
lation column to a heat exchanger. Its condensation
at 20325oC gave crude bromine and bromine water
containing about 3 wt % bromine. After separation of
liquid bromine, the bromine water was fed to single-
stage bromine extraction by the initial organic brom-
ide. As a result, the bromine content in the bromine
water sharply decreased (to 0.003 wt %).

In the case of air desorption of bromine from the
complex, the content of bromine in the bromine3air
flow gradually decreases from 100031200 (at the
start of the process) to 1003150 g m33 (at the end of
desorption). Such a flow with a variable bromine con-
tent can be used for[mild] bromination in syntheses
of various bromine-containing products (salts, certain
organic compounds, etc.).

CONCLUSIONS

(1) The feasibility was confirmed for selective
oxidation of iodide ions in the presence of bromide
ions in acidified drill water by atmospheric oxygen
with ozone added to initiate the oxidation of iodide
ions and with an iron(II) salt added to prevent brom-
ine liberation. The conditions eliminating bromine
formation in the solution and simultaneously ensuring
the yield of iodine in the range 703100% were deter-
mined.
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(2) The sorption of bromine from a bromine3air
mixture by aqueous solutions ofN-(n-pentyl)pyridini-
um bromide with the formation of a polybromide
complex containing up to 75 wt % bromine was
studied. The conditions of bromine desorption from
the polybromide complex providing the yield of brom-
ine in a gaseous or liquid product of no less than 853

90% was determined.
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Abstract-Extraction of palladium(II) and platinum(IV) from acidic chloride solutions with solutions of
3,7-dimethyl-5-thianonane-2,8-dione in toluene and chloroform and complexation of this reagent with plati-
num metals in aqueous acetone were studied by1H and 13C NMR and IR spectroscopy. The possibility of
extractive separation of palladium(II) from platinum(IV) and their separation from Cu(II), Ni(II), Co(II),
Mn(II) and Fe(III) with solutions of 3,7-dimethyl-5-thianonane-2,8-dione in organic solvents was studied.
The apparent concentration constants of extraction of palladium(II) and platinum(VI) with 3,7-dimethyl-
5-thianonane-2,8-dione and the corresponding thermodynamic parameters were determined.

It is known that g-oxo sufides are efficient and
selective extractants for palladium(II), gold(III), and
silver(I) [1]. For example, the reagents of this type
allow selective separation of palladium(II) from plati-
num(IV) by extraction from acidic chloride solutions.
A major portion of the works devoted both to syn-
thesis of g-oxo and g,g-dioxo sulfides by alkylthio-
methylation of ketones and to study of their extraction
power toward metals was performed at the Institute of
Organic Chemistry, Ufa Scientific Center, Russian
Academy of Sciences. However, extraction of plati-
num metals withg,g-dioxo sulfides practically was not
studied. In this work we synthesized 3,7-dimethyl-
5-thianonane-2,8-dione (DTD) and studied extraction
of palladium(II) and platinum(IV) from acidic chlor-
ide solutions with this reagent and its complexation
with the platinum metals.
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3,7-Dimethyl-5-thianonane-2,8-dione can be readi-
ly prepared by thiomethylation of butanone with a
mixture consisting of formaldehide and sulfur-contain-
ing reagents. Suitable sulfur-containing reagents are
not only pure potassium hydrosulfide [2] and sodium
sulfide and hydrosulfide [3], but also spent sulfite
alkaline solutions from the gas- and petroleum-proc-
essing plants [4] containing various amounts of these
compounds.

In this work DTD was prepared with the use of
solutions containing 8.25 and 5.62 wt % sulfur in the
sulfide and hydrosulfide forms, respectively, formed
by treatment of the gas flow with 10320% NaOH to
remove hydrogen sulfide in production of additives
to lubricating oils.

Synthesis of 3,7-dimethyl-5-thianonane-2,8-
dione. 0.82 mol of formaldehyde (35% aqueous solu-
tion) and 0.82 mol of butanone (78 ml) were added
to 100 g of a sulfite alkaline solution containing
13.87 wt % (0.82 mol) of sulfide and hydrosulfide (re-
calculated on S23). This mixture was stirred at room
temperature for 1 h. The reaction progress was moni-
tored by determination of the sulfide content by poten-
tiometric titration with an [Ag(NH3)2]NO3 aqueous
solution [5]. After reaction completion the organic
phase was separated and the aqueous phase was
treated by contacting with chloroform. The chloro-
form extract was combined with the organic phase,
washed successively with 10% HCl and water, and
dried with magnesium sulfate. Thereafter chloroform
was evaporated and the residue was distilled in a
vacuum. The yield of DTD was 78% (68 g).

We studied extraction of palladium(II) and plati-
num(IV) chloride complexes from aqueous hydrogen
chloride solutions of required concentration with the
solutions of DTD in toluene and chloroform. The
palladium and platinum chloride solutions were
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prepared from palladium(II) chloride and hexachloro-
platinic acid hexahydrate, respectively. The working
concentrations of the platinum metals and the ex-
tractant were varied within the range 0.00230.2 M
and 0.0130.1 M, respectively. The concentration of
palladium(II) and platinum(IV) in both the initial solu-
tions and raffinates was determined on a Hitachi 508
atomic-absorption spectrophotometer equipped with
lamps with a hollow cathode made from the metal to
be determined. The samples were sprayed into an
acetylene3air flame.

The extraction was performed in temperature-con-
trolled separatory funnels at 25+1oC. The constant
volume ratio of the aqueous and organic phases was
1 : 1. After the stirring was stopped, the phases was
separated within several seconds, and a sharp stable
phase boundary was formed. In the course of the ex-
traction no second organic phase was formed. The
extracted complexes were precipitated from the extract
by addition of hexane.

The extractable complexes of palladium(II) and
platinum(IV) were prepared also by the direct reaction
between the corresponding reagents. Potassium tetra-
chloropalladate(II) and potassium hexachloroplati-
nate(IV) were used as the initial platinum metal com-
pounds. The calculated weighed portions of the disul-
fide and the platinum metal salts were fully dissolved
in acetone and water, respectively. These solutions
were combined and kept with stirring with a magnetic
stirrer at room temperature until the complexation was
completed, as judged from the solution decolorization
and precipitation of poorly soluble compounds.
These compounds were filtered off, successively
washed with water and hexane, and dried. The1H and
13C NMR spectra of DTD and its complexes with the
platinum metals in deuterochloroform were registered
on a Bruker AM300 NMR spectrometer (300 MHz,
stabilization by the residual signals of chloroform).
The IR spectra were recorded on an Specord 80 spec-
trophotometer (mull in Vaseline oil, KRS-5 windows).

In preliminary experiments we found that the time
of contacting the aqueous and organic phases required
for attainment of the extraction equilibrium was
15 min for palladium(II) and 2 h for platinum(IV).
The real contacting time was 20 min and 2 h, respec-
tively. The distribution of palladium(II) and plati-
num(IV) between the aqueous solution and the ex-
tractant was also studied in relation to acidity. Fig-
ure 1 shows that the platinum metals are most effi-
ciently extracted from low acidic solutions (CHCl <
0.5 M). It is known [6] that in the 0.130.5 M hydro-
gen chloride solutions Pd(II) and Pt(IV) predominant-

, M

Fig. 1. Distribution factors of palladium(II) and plati-
num(IV) D in their extraction with DTD as influenced by
HCl concentration in aqueous phase (CHCl). CDTD =
0.1 M; the same for Fig. 3. (1) CPd = 0.02 M, chloroform;
(2) CPd = 0.02 M, toluene; (3) CPt = 0.025 M, toluene; and
(4) CPt = 0.025 M, chloroform; the same for Fig. 3.

Fig. 2. Isotherms of (1) palladium(II) and (2) platinum(IV)
extraction from 0.1 and 0.05 M aqueous hydrogen chloride
solutions, respectively, with DTD solution in chloroform
at 25oC. (XM, YM) Equilibrium concentrations of the plati-
num metals in the raffinate and extract, respectively;
(3) Calculated values.

ly exist in the form of anionic complexes [PdCl4]23

and [PtCl6]23, respectively. Therefore, we studied the
extraction of palladium(II) and platinum(IV) from 0.5
and 0.1 M HCl solutions, respectively. Comparison
of the isotherms of palladium(II) and platinum(IV)
extraction with dioxo sufide (Fig. 2) shows that this
reagent more efficiently extracts palladium(II) than
platinum(IV). At the phase contact timet = 20 min
palladium and platinum are separated with a factor of
~104. In extraction of palladium(II) and platinum(IV)
with DTD from hydrogen chloride solution containing
Cu(II), Ni(II), Co(II), Mn(II), and Fe(III), these metals
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Table 1. Elemental composition and several physicochemical characteristics of DTD and its complexes with Pd(II) and
Pt(IV) prepared by (E) extraction technique and (D) direct synthesis
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Medium
³Prepara-³

M: DTD
³

Composi-
³ Calculated/found, % ³

Appear-
³

mp, oC³ ³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³
³
tion tech-

³ ³ tion ³ C ³ H ³ S ³ M ³ Cl ³ ance ³
³

nique ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

³ ³ 3 ³DTD ³49.6/49.5³8.3/8.5³14.5/14.8³ 3 ³ 3 ³Mobile yel-³1143115*
³ ³ ³ ³ ³ ³ ³ ³ ³low liquid ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³Neutral, ³ D ³1 : 2, ³PdCl2(DTD)2³41.3/41.7³6.2/6.5³11.0/10.5³18.3/19.0³12.2/12.7³Bright ³1173119

water3 ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³yellow ³
acetone ³ ³ ³ ³ ³ ³ ³ ³ ³powder ³
0.5 M HCl3 ³ E ³1 : 2, ³" ³ ³ ³ ³ ³ ³ ³
chloroform ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³ ³
0.5 M HCl3 ³ D ³1 : 2, ³" ³ ³ ³ ³ ³ ³ ³
toluene ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³ ³

³ ³ ³ ³ ³ ³ ³ ³ ³ ³Neutral, ³ D ³1 : 2, ³PtCl4(DTD)2³32.4/32.1³4.9/4.9³8.6/8.2 ³26.3/26.7³19.1/18.9³Yellow ³(290)**
water3 ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³powder ³
acetone ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
0.5 M HCl3 ³ E ³1 : 2, ³" ³32.4/32.2³4.9/4.9³8.6/9.0 ³26.3/26.7³19.1/18.8³Yellow- ³1253127
chloroform ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³brown ³
0.5 M HCl3 ³ E ³1 : 2, ³" ³ ³ ³ ³ ³ ³powder ³1253127
toluene ³ ³2 : 1 ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Boiling point at 133.32 Pa.

** Decomposition point.

do not noticeably pass to the organic phase. Using the
techniques of saturation and shift of the extraction
equilibrium, we determined that the solvation number
q in the extractable complexes of platinum metals in
question is two. Elemental analysis of the extractable
complexes (Table 1) showed that palladium(II) and
platinum(IV) are extracted with DTD in the form of
compounds with the M : Cl : DTD ratio of 1 : 2 : 2
and 1 : 4 : 2, respectively.

To elucidate the mechanism of extraction of pal-
ladium(II) and platinum(IV) with DTD, their com-
plexes with DTD were prepared in neutral aqueous
acetone. The results of elemental analysis and several
physicochemical characteristics of the prepared com-
plexes are listed in Table 1. These data show that
palladium(II) and platinum(IV) react with DTD to
form the complexes PdCl2(DTD)2 and PtCl4(DTD)2,
irrespective of both the ratio between the metals and
reagent and the experimental conditions.

In Tables 2 and 3 are given the parameters of the
1H and 13C NMR spectra of DTD and its complexes
with the platinum metals. These data show that in
passing from DTD to the complexes the maximal ad-
ditional downfield shift occurs for the protons (d =
0.330.6 ppm) and the carbon atoms (d ~4 ppm) of
the methylene groups (d) in thea-position to the

sulfur atom. The signal of the carbon atoms of the oxo
groups (b) is shifted upfield by 1.531.7 ppm. At the
same time, the position of the proton and carbon atom
signals of the methyl groups (a) closest to the oxo
groups remains virtually unchanged. These results
show that complexation of DTD with palladium(II)
and platinum(IV) involves coordination of the plati-
num metals to the sulfur atom. This conclusion was
confirmed by the results of IR spectroscopic studies.

In passing from DTD to its complexes with Pd(II)
and Pt(IV) the strong absorption bands in the IR spec-
tra at 1710 and 1358 cm31 due to n(C=O) and
ds(CH) vibrations in the3C(=O)3CH3 group of DTD
molecule are slightly shifted toward higher fre-
quencies. This spectroscopic effect shows that the
oxygen atoms do not participate in complex forma-
tion. At the same time, as a result of complexation,
the weak absorption band at 720 cm31 due tov(C3S)
vibrations is shifted toward low frequencies by 203

50 cm31. The position and intensity of the other ab-
sorption bands remain virtually unchanged. A series
of the absoption bands in the long-wave region of IR
spectrum of the Pd(II) complexes, observed irrespec-
tive of their preparation technique, includes a strong
absorption bandn(PdCl) at 358 cm31 and a medium-
intensity bandn(Pd3S) at 292 cm31, indicating the
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trans configuration of the coordination center [7].
A strong absorption band at 345 cm31 and a weak
absorption band at 320 cm31 in the spectrum of
PtCl4(DTD)2 prepared by the direct synthesis can be
assigned ton(Pt3Cl) and n(Pt3S) vibrations, respec-
tively, in the complex with thetransconfiguration [8].
At the same time, in the spectrum of the identical
complex prepared by the extractive technique a broad
absorption band of the medium intensity with a
maximum near 311 cm31 is observed. It is possible
that this band is due to superposition of the close-
lying absorption bands corresponding to the stretching
vibrations Pt3Cl and Pt3S in cis-PtCl4(DTD)2 [8].
Thus, as opposed to palladium(II) complex, the struc-
ture of the PtCl4(DTD)2 coordination sphere depends
on the synthesis technique.

Thus, extraction of palladium(II) and platinum(IV)
from hydrogen chloride aqueous solutions with DTD
involves formation of trans-PdCl2(DTD)2 and cis-
PtCl4(DTD):

[PdCl4]23 + 2DTD 6

4
PdCl2(DTD)2 + 2Cl3,

[PtCl6]23 + 2DTD 6

4
PtCl4(DTD)2 + 2Cl3.

The apparent concentration extraction constants
~
KPd and

~
KPt were calculated by the equations

[PdCl2(DTD)2][Cl3]2 y(2y + CH)2
~

KPd = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ,
[PdCl4

23][DTD] 2 x(S0 3 2y)2

[PtCl4(DTD)2][Cl3]2 y(2y + CH)2
~

KPt = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ,
[PtCl6

23][DTD] 2 x(S0 3 2y)2

where x and y are the equilibrium metal concentra-
tions in the aqueous and organic phases, respectively
(M), S0 is the initial extractant concentration (M), and
CH is the hydrogen chloride concentration equal to
0.5 M.

The apparent concentration constants of palladi-
um(II) and platinum(IV) extraction with DTD solution
in chloroform are 18400+400 and 3.55+0.30, respec-
tively. From these values we calculated the equilibri-
um concentrations of palladium(II) and platinum(IV)
in the aqueous and organic phases. Figure 2 shows
that the calculated and experimental values are in
good agreement.

It is known that effect of diluent on the efficiency
of metal extraction is determined by the difference in
its solvating power with respect to the extractable
complex and extractant. Figure 1 shows that the use of

Table 2. Proton chemical shiftsd and additional chemical
shifts (Dd, in parenteses) in the1H NMR spectra of DTD
and its metal complexes

CHcCcCH
a b c d

gg

O
g

CH
e

( cCH )2S2

3

3CHcCcCH
a b c d

gg

O
g

CH
e

( cCH )2S2

3

3

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ Proton chemical shifts, ppm
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ e ³ a ³ c ³ d

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
DTD ³ 1.18 d ³ 2.19 s ³ 2.51 sex³ 2.79 t
PdCl2(DTD)2:³ ³ ³ ³
D, E ³ 1.22 ³ 2.19 ³ 2.75 ³ 3.12

³ (0.04) ³ (0.00) ³ (0.24) ³ (0.33)
PtCl4(DTD)2:³ ³ ³ ³
D ³ 1.25 ³ 2.22 ³ 2.80 ³ 3.18

³ (0.07) ³ (0.03) ³ (0.29) ³ (0.39)
E ³ 1.19 ³ 2.19 ³ 2.53 ³ 3.00

³ (0.01) ³ (0.00) ³ (0.07) ³ (0.21)
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (D, E) Direct and extraction synthesis.

Table 3. 13C chemical shiftsd and the additional chemical
shifts (Dd, in parenteses) in the13C NMR spectra of DTD
and its extractable complexes
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ 13C chemical shifts, ppm
ÃÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ a ³ b ³ c ³ d ³ e

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
DTD ³ 16.37³ 210.47³ 46.35³ 35.09³28.63
PdCl2(DTD)2³ 16.73³ 208.76³ 46.85³ 38.88³28.69

³ (0.36)³ (31.71)³ (0.50)³ (3.79)³(0.06)
PtCl4(DTD)2³ 16.97³ 209.02³ 45.62³ 39.14³28.80

³ (0.60)³ (1.45) ³(30.73)³ (4.05)³(0.17)
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

Table 4. Thermodynamic functions of extraction of palla-
dium(II) and platinum(IV) from hydrogen chloride solu-
tions with DTD organic solutions at 25oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄ

Extracted metal
³

CHCl,
³ DH ³ DG ³

DS,³ ÃÄÄÄÄÄÁÄÄÄÄ´and organic diluent³ M ³ kJ mol31 ³J mol31 K31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄ
Pd(II), toluene ³ 0.5 ³ 16 ³ 3 ³ 3

Pd(II), chloroform ³ ³ 311 ³ 324 ³ 44
Pt(IV), toluene ³ 0.1 ³ 77 ³ 3 ³ 3

Pt(IV), chloroform³ ³ 10 ³ 33 ³ 44
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄ

toluene as the diluent ensures the more efficient re-
covery of platinum(IV). At the same time, palladi-
um(II) is more efficiently extracted with solution of
DTD in chloroform. This fact is consistent with the
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Fig. 3. Temperature dependence of logD in extraction of
palladium(II) from 0.5 M and platinum(IV) from 0.1 M
hydrogen chloride aqueous solutions with DTD solution
in toluene.

order in which the extractive recovery of Pd(II) from
hydrogen chloride solution with solution of octylthio-
methylacetophenone in organic solvents decreases:
chloroform > dichloroethane > benzene > carbon
tetrachloride, this order correlates with the decrease in
the negative nonideality in the extractant3diluent sys-
tems [1]. Deviation from this order in the case of ex-
traction of platinum(IV) with DTD is apparently due
to the difference in the chemical features of platinum
metals concerned and their extractable complexes.

The thermodynamic functions of extraction of pal-
ladium(II) and platinum(IV) with DTD were evaluated
from the temperature dependence of the distribution
factors (Fig. 3). The extraction enthalpy was deter-
mined graphically [9]. The calculated values of the
thermodynamic functions of the extraction are listed
in Table 4. Figure 3 (curves2, 3) shows that with in-
creasing temperature the recovery of palladium(II) and
platinum(IV) with DTD solution in toluene increases.
The mutual arrangement of curves2 and 3 is indica-
tive of the larger heat absorption in extraction of pla-
tinum(IV), as compared to palladium(II), with solu-
tion of DTD in toluene. The heat absorption in extrac-
tion of platinum(IV) with DTD solution in chloroform
is considerably lower than that in extraction with
DTD solution in toluene. In contrast to the other ex-
traction systems concerned, recovery of palladium(II)
with DTD solution in chloroform is accompanied by
heat liberation. Thus, the enthalpy characteristics of
extraction of palladium(II) and platinum(IV) with
DTD solutions in organic diluents are consistent with
the correlation between the diluent nature and the
extraction efficiency.

CONCLUSIONS

(1) The optimal conditions were found for extrac-
tion of palladium(II) from hydrogen chloride solutions
with 3,7-dimethyl-5-thianonane-2,8-dione (DTD),
and thermodynamic parameters of extraction and the
apparent concentration constants were determined.
DTD can be used as a highly efficient selective ex-
tractant for recovery of palladium(II) from aqueous
solutions containing along with platinum(IV) several
nonferrous metals and iron.

(2) Palladium(II) is more efficiently extracted from
hydrogen chloride aqueous solutions with 3,7-di-
methyl-5-thianonane-2,8-dione solution in chloroform,
whereas in extraction of platinum(IV) the better
diluent is toluene.

(3) Palladium(II) and platinum(IV) are bound to
the sulfur atom of DTD to formtrans-PdCl2(DTD)2
(irrespective of preparation technique),cis-
PtCl4(DTD)2 (extraction technique), andtrans-
PtCl4(DTD)2 (direct synthesis).
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Abstract-Process parameters of sulfur removal from the active mass of lead battery scrap, the main type of
lead-containing secondary raw materials, were discussed.

Modern technology of processing lead battery scrap
involves sulfur removal from the active mass (desul-
furization), which is the most important from the
environmental viewpoint [134]. The process consists
in the conversion of lead(II) sulfate from the active
mass to lead(II) carbonate, hydroxocarbonate, or hy-
droxide, i.e., to compounds which are readilyreduced
by carbon reagents at relatively low temperature
without evolution of noxious gaseous products. At
the same time, sulfur passes to the aqueous phase and
is thus totally utilized. Aqueous solutions of sodium
hydroxide and sodium carbonate are the most ap-
propriate reagents for the sulfur removal [2, 3]. The
reaction is based on significantly lower solubility
products of lead hydroxide or carbonate compared to
PbSO4. For example, in the case of lead(II) sulfate
pLPbSO4

is 7.80, and it changes slightly as tempera-
ture increases, whereas pLPb(OH)2

and pLPbCO3
are

15.3 (20oC) and 13.1 (25oC), respectively.

Certain preliminary conclusions on the desulfuriza-
tion with both sodium hydroxide and carbonate can be
made on the basis of our previous studies [538] and
published data [9313]. In the case of desulfurization
with sodium hydroxide, the preferable concentration
range is 20340 g l31, and the preferable temperature
is 50oC. For the stoichiometric ratio [OH3] : [SO4

23]
of 2 : 1 the desulfurization degree is 94396%. A 103
20% excess of alkali with respect to the stoichiometry
of the reaction

PbSO4(s) + 2NaOH(aq) = Pb(OH)2(s) + Na2SO4(aq) (1)

is required to increase the conversion of lead(II)
sulfate. However, at excess of alkali a minor amount
of Pb(II) ions pass into solution, and addition of sul-
furic acid is required to precipitate them. After solu-
tion evaporation, sodium sulfate meeting the standards

with respect to the content of heavy metals and other
impurities can be obtained [8].

Antimony, which enters the active material of posi-
tive and negative plates owing to corrosion electro-
chemical processes during battery operation, does not
pass to the aqueous phase upon desulfurization with
sodium hydroxide [7, 14].

Desulfurization of the active mass by sodium car-
bonate, which was studied in a greater detail, has
received wider acceptance [2, 3]. In this case, an
excess of the reagents relative to reaction (2) is also
required.

PbSO4(s) + Na2CO3(aq) = PbCO3(s) + Na2SO4(s). (2)

In contrast to desulfurization with sodium hydrox-
ide, lead(II) ions are not detected in solution in excess
of Na2CO3, but in this case up to 6% of the total
antimony content in the active material passes into the
aqueous phase [7, 14]. According to [15], the solid
phase consists mainly of lead carbonate, but in other
publications [9, 10] it was found that, depending on
solution pH, Na2SO4 concentration, and other process
conditions, hydrocerussite Pb3(CO3)2(OH)2 or the
double salt NaPb2(CO3)2OH can form by the follow-
ing reactions:

3PbSO4(s) + 4Na2CO3 + 2H2O = Pb3(CO3)2(OH)2(s)

+ 3Na2SO4 + 2NaHCO3(aq), (3)

2PbSO4(s) + 3Na2CO3 + H2O = NaPb2(CO3)2OH(s)

+ 2Na2SO4 + NaHCO3(aq). (4)

The occurrence, to certain extent, of reactions (3) and
(4) affects the actual consumption of sodium carbo-
nate, which can be determined by reaction (2). The
rate of PbSO4 conversion is controlled, irrespective of
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, deg
Fig. 1. Diffraction patterns of the (I) initial active mass
and (II ) active mass after desulfurization. (I) Intensity of
reflection lines and (2q) Bragg angle. Phase: (1) PbSO4,
(2) PbO2, (3) Pb3(CO3)2(OH)2, and (4) PbCO3.

, min
Fig. 2. Variation of pH in the course of desulfurization
(for explanations, see text). (t) Time.

the process mechanism, by the diffusion of CO3
23 ions

through the bed of reaction products. Changes in the
composition and porosity of the solid phase caused
by changes in the composition and temperature of the
solution are factors primarily controlling the process
rate. For the most part the reaction between pure lead
sulfate and Na2CO3 solution is complete within
30 min at 20oC and 15 min at 50oC [3]. The experi-
ments [3, 6, 7] show that a 10320% excess of sodium
carbonate over its amount required for reaction (2) is

necessary for complete desulfurization of the active
mass. The concentration of solution must provide the
weight ratio of the solid and liquid phases (s : l) in
the range from 1 : 5 to 1 : 3. According to the experi-
mental data, the optimal temperature range is 403

60oC; however, there are indications that the process
can be performed at a lower temperature but for a
longer time. For example, Lyakovet al. [12] carried
out the desulfurization at 23oC for 5 h.

At 40360oC, with sufficient agitation, the recovery
of SO4

23 ions into solution reaches 80385% in the first
minutes and 90% within 30 min. Subsequent accumu-
lation of Na2SO4 in the solution retards the process. It
was of interest to obtain additional data on the per-
missible content of accumulated SO4

23 ions and on
their effect on the solution pH.

The main components of the active mass of lead
batteries are PbSO4 and PbO2. Among other possible
components are Pb2OSO4, Pb2O3, metallic lead, and
small amounts of certain impurities. According to
[16], more complex compounds like 3PbO.3PbSO4 .
H2O, 4PbO.PbSO4 can also be present in the active
mass. In [11] the following average chemical com-
position of the dried active mass was reported (wt %):
Pb 73.5, Sb 0.3, As<0.04, Ca 0.1, Fe 0.05, and
SO4

23 16.7.

In our experiments the dried active mass containing
47 wt % PbSO4 was subjected to desulfurization. The
X-ray diffraction patterns of the active mass before
and after desulfurization are shown inFig. 1. The
data were obtained using CrKa radiation on a BGO
diffractometer equipped with an HZG-4 goniometer.
There are two major phases, PbO2 and PbSO4, in
the starting sample. After desulfurization the content
of PbSO4 abruptly decreases, and the PbCO3 and
Pb3(CO3)2(OH)2 phases are present. Several intense
peaks are also observed in the diffraction pattern of
the sample after desulfurization, but, unfortunately,
we failed to identify them with the use of the avail-
able database.

Desulfurization experiments were carried out at
50oC under continuous stirring. Crushed active mass
(80 g) was added in small portions to the solution
(240 ml) which contained Na2CO3 in the amount
calculated for the complete desulfurization of the
active material. The solution pH was controlled during
the experiments. After the experiments the desul-
furized active mass was washed, dried at 903100oC
for 536 h, crushed, and analyzed for the PbSO4 con-
tent. The concentrations of Na2CO3 and NaHCO3
were determined in the mother liquor. The fact that
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the starting solution in addition to Na2CO3 contained
sodium sulfate with a concentration of 150 g l31 was
a specific feature of the experiments. In addition to
the active mass of various grain size, a synthetic mix-
ture of finely divided crystalline powders of PbSO4
and PbO2 with the same content of lead sulfate as in
the active mass was subjected to desulfurization.
The time dependence of pH for these experiments is
shown in Fig. 2. In thecase of the synthetic mixture
(curve 1) even within 30 min a constant value of pH
is attained, and the PbSO4 content in the solid phase
is reduced to 1 wt %. In the case of the active mass
with the particle size less than 0.15 mm (curve2)
desulfurization is slower, and after 2 h the PbSO4
content is 2 wt %. In the case of the active mass with
the particle size less than 0.50 mm (curve3) even
after 2 h the PbSO4 content decreases only to 7 wt %.
The experiments also showed that NaHCO3 is accum-
ulated in the solution owing to possible reactions (3)
and (4). For example, after a single desulfurization ex-
periment the solution contains 7 g l31 of NaHCO3 and
67 g l31 of Na2SO4 (solution density 1.07 g cm33),
and after repeated use, 19 and 138 g l31, respectively
(density 1.13 g cm33). After the third cycle the
NaHCO3 content in the solution attains 35, and that of
Na2SO4, 208 g l31 (1.19 g cm33). The time of com-
plete desulfurization (to obtain the residual content
of PbSO4 in the active mass less than 3 wt %) in-
creases from 60 to 120min, and for the third cycle,
to 150 min.

It was shown in special experiments that the use of
NaHCO3 as a reagent for desulfurization instead of
Na2CO3 accelerates the process. Thus, the accumula-
tion of Na2CO3 is the factor which retards the desul-
furization at repeated use of the mother liquor.

Our experiments and earlier studies [5314] allow
the following conclusions. The most important factor
affecting the extent of desulfurization is crushing of
the active mass. At appropriate particle size and tem-
perature, the accumulation of sodium sulfate strongly
affects the desulfurization rate and the possibility of
reusing the mother liquor. At the same time, the ac-
cumulation of HCO3

3 ions does not inhibit the process.
Monitoring of the desulfurization completeness by pH
variation is appropriate only in the case of a single-

pass desulfurization without recirculation of the
mother liquor.
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Abstract-The kinetics of crystallization of a number of salts from aqueous solutions of ethanol was studied
under isothermal conditions on a setup enabling simultaneous automated recording of the electrical conduc-
tivity, optical transmission, and light scattering (at an angle of 90o to the incident light beam) of a super-
saturated solution in salt crystallization. The rate coefficients of crystal growth were determined.

Control over processes of industrial bulk crystalli-
zation requires a knowledge of their mechanism.
However, despite the great number of studies carried
out in this direction, the question is far from being
clear. Recent investigations have shown that crystalli-
zation is frequently accompanied by aggregation of
crystals [135]. Coarse crystals can be formed not only
through growth, but also as a result of aggregation of
fine, submicroscopic crystals [134]. The existing
theoretical concepts and methods for processing of
experimental data on crystallization do not always
take this factor into account. It is unclear whether bulk
crystallization is invariably accompanied by aggrega-
tion of the forming crystals. In [1, 2], crystal aggrega-
tion was observed at solution supersaturation of 5 and
more. Crystal aggregation was also observed in study-
ing the spontaneous crystallization of potassium and
sodium chlorides from aqueous and aqueous-alcoholic
solutions, but at much lower supersaturations [6, 7].

The aim of the present work was to study further
the kinetics and mechanism of salt crystallization
from aqueous-alcoholic solutions. Since the super-
saturation in a solution was created by introducing
into it ethanol, it was of interest to reveal the possible
influence of ethanol on the kinetic parameters of
crystal growth.

The advantage of the method chosen for creating
supersaturation consists in the ease of control over
crystallization processes and in the possibility of
obtaining in some cases compounds that cannot be
isolated in the conventional way from aqueous solu-
tions [8, 9]. Therefore, the given method of crystalli-
zation has found increasing industrial application
recently.

EXPERIMENTAL

Salts with different solubilities and properties were
taken for study. The experiments were carried out on
a setup that enabled simultaneous automated recording
of the electrical conductivity, optical transmission,
and light scattering (at an angle of 90o to the incident
light beam) of a supersaturated solution in salt crystal-
lization. The salt concentration was determined from
the electrical conductivity of a solution with the use of
calibration curves. The supersaturation was created
by introducing diluted ethanol into an unsaturated
solution of a salt. To prevent formation of local super-
saturations, ethanol was poured-in in the form of a
thin jet, with vigorous agitation of the solution with
a magnetic stirrer. Spontaneous crystallization started
in a supersaturated aqueous-alcoholic solution of a
salt after a certain time (induction period). After the
crystallization was complete, the stirrer was switched
off and the variation of the optical transmission of the
solution in sedimentation of the formed crystals was
recorded. The obtained curve was used to calculate the
granulometric composition of the crystalline product
and the optical absorption constantKs of the salt [10].

In the process of supersaturation lifting, the solu-
tions in the crystallization cell were thermostated
with water flow from a UT-15 thermostat to within
+0.05oC. The error in measuring the light scattering
intensity and optical transmission of solutions consti-
tuted +1.5%, the rms deviation of the measured elec-
trical conductivities was 0.2%. The crystalline product
formed in each run was subjected to X-ray phase
analysis, which demonstrated that the phase composi-
tion of the product remained unchanged and corre-
sponded to the composition of the starting salts.
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Further processing of the experimental data was done
using the formulas

W = a + bC, (1)

dC KS
3ÄÄÄ = ÄÄÄ (C 3 Csat)

n, (2)
dt V

D = log (I0/I) = KsS, (3)

Ú ¿
³ rs ³2

N = (D/4.84Ks)
3³ÄÄÄÄÄÄÄÄÄÄÄ³ , (4)
³ (Cin 3 C)MV ³
À Ù

Ú ¿
³6(Cin 3 C)MV³1/3

3
d = ³ÄÄÄÄÄÄÄÄÄÄÄ³ , (5)

³ pNrs ³À Ù

whereW is the electrical conductivity of a salt solu-
tion (S);a, b are regression coefficients;Csat, Cin, and
C are the concentrations of a saturated salt solution,
initial supersaturated salt solution, and that at instant
of time t, respectively (M);K is the rate coefficient
of crystal growth (m s31); S is the total surface area
of the crystals formed in a solution (m2); V = 250
1036 m3 is the solution volume in the crystallization
cell; D is the optical density of the salt solution in the
course of its crystallization;I0, I is the optical trans-
mission of the salt solution at the initial instant of
time and at instant of timet (%): M is the molar
weight of the salt (g mol31); N is the total number of
salt crystals formed in the solution;

3
d is the average

crystal diameter (m); andrs is the density of salt
crystals (kg m33).

Equation (1) describes the electrical conductivity of
salt solutions in the concentration range studied,
Eq. (2) gives the rate of supersaturation lifting in
a solution in the course of crystallization, and for-
mula (3) represents Wagner’s law [10], according to
which the optical density of a suspension with a minor
amount of the solid phase is directly proportional to
the total surface area ofsolid particles contained in
solution. The range of supersaturations of the salts
under study was chosen in such a way that Wagner’s
law was always observed in their crystallization, i.e.,
the optical density of the forming suspensions was
directly proportional to the total surface area of the
precipitating crystals. This was verified in special
experiments. Formulas (4) and (5) make it possible to
calculate the number and average diameter of the
crystals formed in crystallization.

If the average volume of salt crystals isv, then,
under the assumption that the shape of the crystals is
nearly spherical, their average diameter is given by

3
d = (6v/p)1/3, (6)

and the average surface area of a crystal, by

3
Sc = pd = p(6v/p)2/3 ; 4.84v2/3. (7)

Expressingv in terms of a change in the solution
concentration in crystallization and the total numberN
of formed salt crystals, we obtain formula (5). In a
similar manner, with account of the fact thatS = NSc,
we derive Eq. (4) from (3), (6), and (7). It can be
shown that the calculation of the number of crystals
formed in solution by means of formula (4) is suf-
ficiently correct if the crystals have nearly spherical
shape.

The ordern of Eq. (2) describing the rate of salt
crystallization is commonly equal to 1 or 2 [11, 12].
Joint solution of Eqs. (1)3(3) gives the rate coefficient
of crystal growth and the ordern of the crystallization
equation. In the simplest case ofn = 1 this solution
has the form

KsV W 3 Wsat
K = 3ÄÄÄÄÄÄÄÄ lnÄÄÄÄÄÄÄÄ, (8)

D(t 3 t0) Win 3 Wsat

whereWsat is the electrical conductivity of a saturated
salt solution (S);Win is the electrical conductivity
of a supersaturated salt solution at the initial instant
of time (S); andt0 is the duration of the induction
period of crystallization, found from measurements of
the electrical conductivity of solutions (s).

Basic data on crystallization of the salts under
study are listed in Table 1. Figure 1 presents the ex-
perimental curves describing the variation of light
scattering intensityIs, optical transmissionI, and elec-
trical conductivity W of a solution in the course of
KNO3 crystallization (recording ofI, Is, and W was
started immediately after ethanol was introduced into
the salt solution). At the initial instant of crystalliza-
tion, the electrical conductivity of the solution starts
to change somewhat, whereas the intensity of light
scattering and the optical transmission remain un-
changed for a certain time. This corresponds to the
induction period of salt crystallization, with the dura-
tion of the induction period forI, Is, andW being not
the same, which reflects the different sensitivities of
the employed measurement techniques. For example,
in KNO3 crystallization, the induction period duration
is zero judging from electrical conductivity measure-
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Table 1. Kinetics of crystallization of the salts studied*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Salt
³

Run
³

Calc,
³

T,
³ Cin ³ Csat ³

nc,
³ K0106 ³ Sn 0 106 ³

nn³ ³ ³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´
³ no. ³ vol % ³ oC ³ M ³ min31 ³ m s31 ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
NaNO3 ³ 4 ³ 29.72 ³ 20.0 ³ 4.058 ³ 3.905 ³ 400 ³ 7.86 ³ 0.19 ³ 6

³ ³ ³ ³ ³ ³ ³ ³ ³CaSO4 .2H2O ³ 2 ³ 17.83 ³ 21.0 ³ 0.0113 ³ 0.0037 ³ 400 ³ 4.65 ³ 0.27 ³ 9
³ 10 ³ 17.83 ³ 20.5 ³ 0.0106 ³ 0.0037 ³ 500 ³ 6.26 ³ 0.27 ³ 9
³ ³ ³ ³ ³ ³ ³ ³ ³KNO3 ³ 2 ³ 12.85 ³ 18.0 ³ 2.053 ³ 1.568 ³ 400 ³ 30.98 ³ 1.37 ³ 13
³ 3 ³ 7.73 ³ 18.0 ³ 2.259 ³ 1.978 ³ 400 ³ 42.45 ³ 1.55 ³ 7
³ ³ ³ ³ ³ ³ ³ ³ ³NaNO2 ³ 7 ³ 29.72 ³ 18.0 ³ 5.114 ³ 5.029 ³ 400 ³ 25.02 ³ 5.02 ³ 4
³ 9 ³ 32.20 ³ 18.0 ³ 5.114 ³ 4.733 ³ 400 ³ 14.74 ³ 3.97 ³ 13
³ ³ ³ ³ ³ ³ ³ ³ ³K2SO4 ³ 1 ³ 5.15 ³ 21.0 ³ 0.628 ³ 0.450 ³ 400 ³ 14.18 ³ 0.17 ³ 14
³ 5 ³ 10.31 ³ 20.5 ³ 0.573 ³ 0.316 ³ 400 ³ 11.80 ³ 0.34 ³ 17
³ ³ ³ ³ ³ ³ ³ ³ ³Ba(NO3)2 ³ 1 ³ 14.85 ³ 19.5 ³ 0.271 ³ 0.177 ³ 400 ³ 33.13 ³ 1.74 ³ 16
³ 2 ³ 5.94 ³ 19.0 ³ 0.311 ³ 0.262 ³ 400 ³ 56.95 ³ 1.29 ³ 15

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Salt
³

Run
³

N0 0 1035
³

K2 0 1010,
³

N
i
0 1035

³
Sk 0 1010,

³
nk

³
3
dn 0 106 ³

3
df

³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
³ no. ³ ³ s31 ³ ³ s31 ³ ³ m

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
NaNO3 ³ 4 ³ 1820.1 ³ 3.28 ³ 89.3 ³ 0.22 ³ 7 ³ 5.73 ³ 31.3
CaSO4.2H2O ³ 2 ³ 571.2 ³ 0.175 ³ 114.7 ³ 0.021 ³ 13 ³ 4.38 ³ 13.3

³ 10 ³ 121.3 ³ 0.153 ³ 79.1 ³ 0.039 ³ 17 ³ 7.60 ³ 14.5
³ ³ ³ ³ ³ ³ ³ ³KNO3 ³ 2 ³ 6.96 ³ 839.6 ³ 0.223 ³ 117.9 ³ 15 ³ 37.8 ³ 368.1
³ 3 ³ 0.84 ³ 1807.4 ³ 0.107 ³ 181.3 ³ 11 ³ 87.1 ³ 391.7
³ ³ ³ ³ ³ ³ ³ ³NaNO2 ³ 7 ³ 49.3 ³ 78.9 ³ 4.32 ³ 11.6 ³ 5 ³ 18.3 ³ 66.8
³ 9 ³ 4136.2 ³ 25.1 ³ 14.8 ³ 2.4 ³ 14 ³ 3.63 ³ 73.2
³ ³ ³ ³ ³ ³ ³ ³K2SO4 ³ 1 ³ 65.6 ³ 244.8 ³ 0.376 ³ 27.67 ³ 17 ³ 15.9 ³ 245.2
³ 5 ³ 60.0 ³ 55.1 ³ 2.58 ³ 8.70 ³ 18 ³ 17.3 ³ 146.1
³ ³ ³ ³ ³ ³ ³ ³Ba(NO3)2 ³ 1 ³ 151.8 ³ 55.6 ³ 3.90 ³ 7.2 ³ 17 ³ 9.70 ³ 97.5
³ 2 ³ 76.0 ³ 164.3 ³ 1.45 ³ 11.9 ³ 17 ³ 9.51 ³ 109.7

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Calc is the volume fraction of alcohol in solution;ns, the rotation frequency of the stirrer;Sn, nn, the standard deviation and number

of K measurements;K2, the rate coefficient of crystal aggregation;Sk, nk, the standard deviation and number ofK2 measurements;
din, df, the average diameter of the forming crystals immediately after the end of the induction period of crystallization and at the
end of experiment, respectively;N0, N

i
, the total number of salt crystals in solution immediately after the end of the induction

period of crystallization and at the end of experiment, respectively; andT, the solution temperature.

ments, 28 s forIs, and 24 s forI (Fig. 1). With the salt
precipitating from the solution,Is, I, and W first
change and then level off, indicating the completion
of crystallization. Similar dependences were observed
in crystallization of other salts.

Experimental data processing demonstrated that the
kinetics of crystallization of the salts studied is de-
scribed by Eq. (2) withn = 1. Typical kinetic curves
in the coordinates of the integral form of this equation
are presented in Fig. 2,whence follows that at the end
of the crystallization period, when the total surface
area of the formed crystals is virtually constant, the
dependence becomes linear. A calculation of the rate

coefficients of crystal growth by formula (8) demon-
strated that theK value remains constant during the
entire period of salt crystallization. This also indicates
that n = 1. Examples of experimental data processing
by means of formulas (1)3(5) and (8) are given in
Table 2.

For some of the salts, higherK values were ob-
served in the initial stage of crystallization (e.g.,
KNO3; Table 2), which was due to the high trans-
parence of the crystals and the influence of light dif-
fraction (owing to the small size of salt crystals at
the beginning of crystallization). This gave under-
estimated optical densities of the solutions during this
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period [10], which is confirmed by calculation of the
diameters of formed crystals by means of formula (5).
As seen from the data in Table 2, the diameter of
KNO3 crystals formed in solution, calculated using
formula (5), is larger at the beginning of crystalliza-
tion, compared with the diameter at its end. The crys-
tal size varies nonmonotonically with time: first de-
creases and then starts to increase. This contradicts the
available published data. Therefore,[true] values of
D,

3
d, and N were calculated for the initial stage of

crystallization with the use of average rate coefficients
of crystal growth (Table 1). The calculated true values
of D,

3
d, and N are given in parentheses under the

experimental values (Table 2).

It can be seen from Table 2 that no phenomena of
this kind are observed in NaNO3 crystallization. The
optical density of the solution from the very beginning
corresponded to its true value, the rate coefficient of
crystal growth remained approximately constant
during the entire crystallization period, and the diam-
eter of the formed crystals steadily increased.

The rate coefficientsK (average values) of crystal
growth for other salts are listed in Table 1. The ob-
tained values indicate the kinetic mode of crystal
growth under the experimental conditions. For exam-
ple, in the diffusion mode of the process

K ; D1/d, (9)

where D1 is the diffusion coefficient of the salt in
solution (m2 s31) and d is the thickness of the diffu-
sion layer around a crystal (m).

If account is taken of the fact that, for aqueous salt
solutions,D1 ; 1039 m2 s31, d ; 103631035 m [6, 7],
then the rate coefficients of crystal growth can be
evaluated in the diffusion mode of the process as
K ; 103431033 m s31. This value much exceeds the
determined values (Table 1).

The obtained results are in agreement with the data
of [6, 7, 13] and indicate that the rate coefficients of
salt crystal growth decrease with increasing volume
fraction of alcohol. This can be attributed to a de-
crease in the solvent permittivity, resulting in a
stronger interaction between the salt molecules and
ions in solution with their hydrate shells, and also to
a change in the solution structure upon introduction of
alcohol.

It should be noted that the crystal diameter is 3.633
87.1 mm after the completion of the induction period
of crystallization and increases 3310-fold by the end
of the process (Table 1).

Is

t, s

t, s

W, S

I, Is, %

Fig. 1. Light scattering intensityIs, optical transmissionI,
and electrical conductivityW of solution in KNO3 crystalli-
zation (run no. 3) vs. timet.

t, s

ln [(W 3 Wsat)/(Win 3 Wsat)

Fig. 2. Kinetic curves of crystallization, plotted in the co-
ordinates of the integral form of Eq. (2) (n = 1). (t) Time;
the same for Fig. 3. (1) KNO3, run no. 2; (2) NaNO3,
run no. 4.

Calculations by means of formula (4) demonstrated
(Table 2) that in the course of crystallization the total
number N of salt crystals formed in solution de-
creases, i.e., there occurs aggregation of the crystals.
This phenomenon accompanies crystallization of any
of the salts studied, irrespective of its nature, proper-
ties, and initial supersaturation of a solution.N is the
largest at the initial instant of crystallization (imme-
diately after the completion of the induction period).

Assuming [6, 7] that the kinetics of aggregation of
crystals obeys the same laws as the coagulation of
colloid particles, we transform the known Smolu-
chowski formula [14] describing the coagulation of
colloid particles

n = n0(1 + K1n0t)
31 (10)

to a form convenient for our calculations

N = N0[1 + K2N0(t 3 t0)]31, (11)
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Table 2. Calculation by formulas (1)3(5) and (8) of the parameters of bulk crystallization of KNO3 (run no. 3) and
NaNO3 (run no. 4)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

t, s ³ W, S ³ C, M ³ ln [(W 3 Wsat)/(Win 3 Wsat] ³ D ³ K01036, m s31³
3
d 0 105, m ³ N 0 1033

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
KNO3 crystallization

Kc = 114 m32, t0 = 0 s, rs = 2110 kg m33, M = 101.1 g mol31

0 ³ 0.1942 ³ 2.259 ³ 0 ³ 0 ³ 3 ³ 3 ³ 3

24.7 ³ 0.1923 ³ 2.235 ³ 30.083 ³ 0.0021 ³ 4571 ³ 937.8 ³ 0.0001
³ ³ ³ ³ (0.226)* ³ ³ (8.71)* ³ (83.7)*

29.6 ³ 0.1923 ³ 2.235 ³ 30.083 ³ 0.0235 ³ 340.88 ³ 83.80 ³ 0.093
³ ³ ³ ³ (0.189)* ³ ³ (10.44)* ³ (48.2)*

38.5 ³ 0.1908 ³ 2.217 ³ 30.154 ³ 0.2052 ³ 55.61 ³ 16.80 ³ 20.30
³ ³ ³ ³ (0.269)* ³ ³ (13.73)* ³ (45.7)*

49.5 ³ 0.1883 ³ 2.178 ³ 30.285 ³ 0.4027 ³ 40.73** ³ 16.51 ³ 41.25
61.3 ³ 0.1852 ³ 2.155 ³ 30.475 ³ 0.4818 ³ 45.84** ³ 17.17 ³ 42.86
80.0 ³ 0.1818 ³ 2.109 ³ 30.736 ³ 0.5232 ³ 50.12** ³ 23.53 ³ 26.38

106.7 ³ 0.1805 ³ 2.095 ³ 30.857 ³ 0.5446 ³ 42.04** ³ 24.70 ³ 24.89
136.4 ³ 0.1786 ³ 2.074 ³ 31.066 ³ 0.5594 ³ 39.80** ³ 27.14 ³ 21.20
181.8 ³ 0.1761 ³ 2.043 ³ 31.429 ³ 0.5729 ³ 39.11** ³ 30.94 ³ 16.70
239.1 ³ 0.1739 ³ 2.019 ³ 31.917 ³ 0.5787 ³ 39.48** ³ 34.03 ³ 13.95
474.3 ³ 0.1704 ³ 1.978 ³ 3 ³ 0.5887 ³ 3 ³ 39.17 ³ 10.71

NaNO3 crystallization
Kc = 34.07 m32, t0 = 57.3 s, rs = 2257 kg m33, M = 85 g mol31

0 ³ 0.1253 ³ 4.058 ³ 0 ³ 0 ³ 3 ³ 3 ³ 3

37.5 ³ 0.1253 ³ 4.058 ³ 0 ³ 0 ³ 3 ³ 3 ³ 3

57.3 ³ 0.1253 ³ 4.058 ³ 0 ³ 0 ³ 3 ³ 3 ³ 3

80.0 ³ 0.1246 ³ 4.039 ³ 30.131 ³ 0.6392 ³ 7.69** ³ 0.573 ³18.200104

99.8 ³ 0.1238 ³ 4.017 ³ 30.305 ³ 0.8559 ³ 7.15** ³ 0.923 ³ 9.380 104

120.6 ³ 0.1229 ³ 3.994 ³ 30.547 ³ 0.9280 ³ 7.93** ³ 1.329 ³ 4.910104

154.2 ³ 0.1221 ³ 3.972 ³ 30.824 ³ 0.9402 ³ 7.71** ³ 1.762 ³ 2.830104

189.7 ³ 0.1212 ³ 3.948 ³ 31.271 ³ 0.9590 ³ 8.52** ³ 2.209 ³ 1.840104

254.9 ³ 0.1205 ³ 3.929 ³ 31.846 ³ 0.9720 ³ 8.18** ³ 2.556 ³ 1.390104

411.1 ³ 0.1196 ³ 3.905 ³ 3 ³ 0.9402 ³ 3 ³ 3.135 ³ 0.890104

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* The true values are given in parentheses.

** The K values used to calculate the average rate coefficient of salt crystal growth (Table 1).

wheren, n0 are the concentrations of colloid particles
at the initial instant of time and at a timet; N, N0 is
the total number of salt crystals in solution at the ini-
tial instant of crystallization (immediately after the
completion of the induction period) and at instant
of time t.

The coagulation constant of colloid particles,K1,
in Eq. (10) is related to the aggregation rate coeffi-
cient K2 by the expressionK2 = K1V31. An example
of experimental data processing by means of for-
mula (11) is given in Fig. 3. It can be seen that during
the initial period of crystallization the dependences are
linear. This confirms the validity of formula (11).
However, as the equilibrium state is approached, a
certain departure from linearity is observed, pre-

sumably due to the fact that the aggregation rate
coefficient K2 decreases as the supersaturation in
solution is lifted, this making lower the probability of
crystal coalescence [15, 16]. Nevertheless, Eq. (11)
can be used to describe approximately the kinetics
of aggregation of crystals (correlation coefficient
0.6030.99).

The results obtained in calculations by formula (11)
are presented in Table 1. It can be seen that theN0
and K2 values may differ by several orders of magni-
tude in crystallization of different salts. For example,
in crystallization of NaNO3, N0 = 1820.10 105, K =
3.280 10310 s 31, whereas in the case of KNO3 crys-
tallization (run no. 3),N0 = 0.840 105, K2 = 1807.40
10310 s31. With increasing alcohol concentration in
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t, s
Fig. 3. Kinetic curves of crystal aggregation, plotted in the
coordinates of Eq. (11). (N) Total number of crystals in
solution by instant of timet. (1) NaNO2, run no. 7;
(2) Ba(NO3)2, run no. 3.

solution,K2 decreases andN0 grows. This is observed
in crystallization of nearly all of the salts studied,
being presumably associated with the increasing vis-
cosity of the solution and its growing supersaturation.
The latter is supported by data on CaSO4 .2H2O crys-
tallization, according to which theN0 value grows
with increasing supersaturation at the same alcohol
concentration in solution. TheK2 value is largely
determined by the hydrodynamic state of a solution
and, therefore, must decrease with its viscosity in-
creasing upon introduction of alcohol. As known, the
number of originally formed crystals,N0, depends on
the initial solution supersaturation and must increase
with growing supersaturation, which does occur in
crystallization of CaSO4 .2H2O. Unfortunately, it was
impossible to analyze, as before [6, 7], the granulo-
metric composition of crystals upon crystallization,
the relevant data being lost.

CONCLUSION

A study of bulk crystallization of a number of salts
from aqueous solutions of ethanol revealed that, irre-
spective of the nature of a salt and the initial super-
saturation in solution, spontaneous crystallization is
always accompanied by aggregation of the forming
crystals. The greatest number of crystals is formed at
the initial instant of crystallization (immediately after
the completion of the induction period). Their further
aggregation is approximately described by Smolu-
chowski’s coagulation equation. With increasing
alcohol concentration in solution, the rate coefficients
of salt crystal growth and aggregation decrease. The

growth of the forming crystals of the salts studied is
described by a reaction equation of first order with
respect to supersaturation.

REFERENCES

1. Melikhov, I.V. and Kelebeev, A.S.,Kristallografiya,
1979, vol. 24, no. 2, pp. 4103412.

2. Melikhov, I.V., Mikheeva, I.E., and Rudin, V.N.,
Teor. Osn. Khim. Tekhnol., 1985, vol. 19, no. 6,
pp. 7423748.

3. Tkhai Ba Kau and Torocheshnikov, N.S.,Teor. Osn.
Khim. Tekhnol., 1980, vol. 14, no. 4, pp. 5013508.

4. Ryall, R.G., Ryall, R.L., and Marshall, V.R.,J. Cryst.
Growth, 1986, vol. 76, no. 2, pp. 2903298.

5. El Moussaouiti, M., Boistelle, R., Bouhaouss, A., and
Klein, J.P.,J. Cryst. Growth, 1996, vol. 169, no. 1,
pp. 1183123.

6. Linnikov, O.D.,Zh. Prikl. Khim., 1989, vol. 62, no. 5,
pp. 104231048.

7. Linnikov, O.D.,Zh. Prikl. Khim., 1990, vol. 63, no. 2,
pp. 2973302.

8. Nyvlt, J.,Chem. Prum., 1983, vol. 33, no. 8, pp. 4023
405.

9. Chivate, M.R., Palwe, B.G., and Tavare, N.S.,Chem.
Eng. Commun., 1979, vol. 3, no. 3, pp. 1273133.

10. Kouzov, P.A.,Osnovy analiza dispersnogo sostava
promyshlennykh pylei i izmel’chennykh materialov
(Fundamentals of Analysis of the Dispersion Compo-
sition of Industrial Dusts and Powdered Materials),
Leningrad: Khimiya, 1971.

11. Matusevich, L.N.,Kristallizatsiya iz rastvorov v khi-
micheskoi promyshlennosti(Crystallization from Solu-
tions in Chemical Industry), Moscow: Khimiya, 1968.

12. Konak, A.R.,J. Cryst. Growth, 1973, vol. 19, no. 4,
pp. 2473252.

13. Treivus, E.B.,Kristallografiya, 1982, vol. 27, no. 1,
pp. 1653169.

14. Smoluchowski, M., inKoagulyatsiya kolloidov(Coag-
ulation of Colloids), Moscow: ONTI, 1936, pp. 7339.

15. Shchukin, E.D., Amelina, E.A., Yusupov, R.K.,et al.,
Dokl. Akad. Nauk SSSR, 1973, vol. 213, no. 1,
pp. 1553158.

16. Melikhov, I.V., Kuleshova, O.V., Berdonosov, D.G.,
and Burlakova, E.V.,Kolloidn. Zh., 1991, vol. 53,
no. 1, pp. 3753378.



1070-4272/01/7407-1112$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 7, 2001, pp. 111231117. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 7,
2001, pp. 108431090.
Original Russian Text CopyrightC 2001 by Samonin, Grigor’eva, Dalidovich.

SORPTION
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND ION-EXCHANGE PROCESSES

Composite Sorbents Based on Inorganic Adsorbents
and Binders

V. V. Samonin, L. V. Grigor’eva, and V. V. Dalidovich

St. Petersburg State Technological Institute, St. Petersburg, Russia

Received October 9, 2000; in final form, March 2001

Abstract-The routes of fabricating and the main properties of composite sorbents based on mineral ad-
sorbents as fillers and inorganic binders are considered.

The possibilities and methods of fabricating and
the properties of composite sorbents (CSs) based on
mineral adsorbents as fillers and organic polymers as
binders were considered in [135]. In many cases, such
CSs were unsuitable for repeated exploitation, because
the temperatures for regeneration of sorbents incor-
porated into CSs exceed the range of stability of or-
ganic polymeric matrices.

Synthesis of such CSs and their possible structure
have been reported previously [4]. The polymeric
nature of some inorganic compounds of silicon and
aluminum [6, 7] suggests that interaction of the initial
sorbent with the inorganic polymer should occur
similarly as with organic binder.

In this work we prepared and stuided CSs based on
inorganic sorbents and polymeric binders of various
origins and structures.

EXPERIMENTAL

Inorganic sorbents were silica gel (KSMG grade),
NaX zeolite, AOA-1 grade active aluminum oxide
(AAO), and coarse-pore water-resistant silica gel
(OSG grade) impregnated with lithium and calcium
chlorides.

Silicic acid sol (SAS), aqueous sodium silicate
solution (water glass, WG), and potassium tetrasilicate
(PTS) based cement were inorganic binders. They are
readily available and have the enhanced thermal
stability as compared to organic materials, which
is essential in view of necessity of recovering inor-
ganic sorbents at high temperatures (from 1803200oC
for silica gel to 3503400oC for zeolite). Moreover,
the different structure of these polymeric systems
allows the mechanism of the formation of CSs based
on inorganic polymers to be analyzed in more detail.

The CS as consolidated mixture was prepared in
the shell of the adsorber, which is the main part of
its body.

The filler used with a WG binder was NaX zeolite
mixed with active aluminum oxide (AOA-1 grade)
in the 1 : 1 ratio. The mixture of this composition is
optimal for synthesizing, for example, mineral filters
intended for complex purification of freons to remove
moisture and degradation products of freon oils. After
vibration packing of granules, the aqueous binder
solution was poured through the mixture and then the
fabricated CS was dried for 436 h at 2003350oC
depending on the initial sorbent. The WG had the
ratio m = 2.2 of the number of SiO2 and R2O groups
in sodium silicate and contained 40 wt % sodium
silicate. The coagulants (aqueous solutions containing
5325 wt % H3PO4, NH4OH, or CaCl2) were added to
it preliminarily. The coagulant fraction was varied
within 10365 wt % of WG, the latter amounting to
20 wt % of CS.

CS as consolidated mixture with SAS binder was
prepared similarly. SAS with a density of 2.5 g cm33,
containing 20 wt % substance, with micelle size of
25 nm and pH 10.5, was used in the experiments.
The initial SAS was diluted by a factor of 2 or 3, if
necessary. The SAS aqueous solution in an amount of
50% of the volume of the initial sorbent was poured
through the mixture.

CS with PTS binder in the form of consolidated
mixture was also prepared in the shell of the adsorber.
The binder used in this work was the calcination prod-
uct of the K2O3SiO2 (30 mol % K2O) system ensur-
ing the best strength characteristics of cement stone
upon tempering and solidification [8]. According
to X-ray phase analysis, PTS is a mixture of potassi-
um tetrasilicate (monoclinic crystal system, density
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Table 1. Static a and dynamicad sorption capacities for water vapor of CSs fabricated with WG
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄ

Coagulant, wt %
³ Weight ratio ³ P /Ps = 0.85 ³ P /Ps = 0.13 ³

ad,
³

k³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³

of coagulant
³a, cm3 g31 ³ Da01011, m2 s31 ³ a, cm3 g31³ Da01011, m2 s31³ g g31

³³ and binder ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄ

NH4OH, 25.0 ³ 0.65 ³ 0.26 ³ 10.8 ³ 0.20 ³ 4.1 ³ 0.20 ³ 0.81
CaCl2, 5.0 ³ 0.50 ³ 0.26 ³ 7.2 ³ 0.20 ³ 2.3 ³ 0.19 ³ 0.70
H3PO4, 7.0 ³ 0.10 ³ 0.28 ³ 7.8 ³ 0.22 ³ 3.1 ³ 0.18 ³ 0.70

CS without coagulant ³ 0.15 ³ 1.5 ³ 0.13 ³ 3 ³ 3 ³ 3

Starting stock NaX + AOA-1 ³ 0.28 ³ 29.0 ³ 0.25 ³ 17.0 ³ 0.25 ³ 0.90
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄ
* (k) Utilization factor of the equilibrium dynamic capacity, and (Da) apparent diffusion coefficient.

2.335 g cm33, mp 765oC) and potassium disilicate
(PDS) (rhombic crystal system, density 1.538 g cm33,
mp 1045oC) [8]. The PTS : PDS molar ratio is 60 : 40,
as determined by the initial stock composition of the
K2O3SiO2 system. The grain size of the PTS powder
(about 1mm) was calculated from its specific surface
area [9]. Theinitial sorbent was mixed with PTS,
formed as layer in the shell of the adsorber, kept for
6 days at room temperature, and heat-treated for 334 h
at 3503400oC. The PTS amount was varied from 1 to
30 wt % CS.

The sorption properties and pore structure of CSs
were studied using the methods described in [10, 11].
Dynamic study was performed at a 60365% relative
humidity of the initial water vapor3air flow, its
temperature of 20oC, and the flow velocity of
0.5 l min31 cm32, with a 20-mm CS bed. The specific
surface area of samples was determined from low-
temperature desorption of argon [12]. The hydraulic
resistanceR was measured as in [13] and the crushing
strength, as in [14].

CSs prepared by different procedures were a
blown-through mixture consolidated in the shell of the
adsorber. The hydraulic resistance of the sorbing bed
to humid air flow upon formation of the consolidated
mixture increased from 50 in the starting stock to
2503300 Pa in the CSs synthesized with sodium sili-
cate solution. The crushing strength of the article
formed outside the shell of the adsorber was (132)0
105 Pa.

The main sorptive properties and the degree of
blocking of sorbent pores with binder were studied on
both composite and initial sorbents. The properties
with respect to water vapor under static and dynamic
experimental conditions for CSs with WG are given
in Table 1.

Table 1 shows that the sorption capacity of CSs
with WG is somewhat lower (by 7320%) than that of

the initial sorbents. Also, the apparent diffusion coef-
ficient Da calculated from the kinetic sorption curves
obtained on single grains decreases considerably (33
5-fold) compared to the initial stock. The similar
phenomenon is observed for both values (0.13 and
0.85) of the relative water vapor pressureP/Ps. How-
ever, the deterioration of CS sorption properties com-
pared to the properties of the initial stock was more
pronounced forP/Ps = 0.13 than forP/Ps = 0.85.

Most likely, this is due to the fact that the silicon3
oxygen xerogel matrix formed at alkaline pH values
has coarse-grain structure and, consequently, con-
siderable sorption capacity only at high relative water
vapor pressures. The formed matrix partially blocks
fine pores of the sorbents, thus decreasing the sorption
capacity at low pressures (P/Ps = 0.13). At higher
pressures the coarse-pore structure of the forming
matrix makes certain positive contribution to the CS
sorption capacity. Along with this, the dynamic
capacity ad of CSs decreases by 20328% in com-
parison with the initial sorbent (Table 1). The utiliza-
tion factor of the equilibrium dynamic capacityk =
ad/aeq decreases by 15%,i.e., the kineticcharacter-
istics of the water vapor absorption by the consoli-
dated mixture are satisfactory (ad is the dynamic
capacity of the sorbent corresponding to 10% break-
through of the water vapor andaeq is its equilibrium
capacity corresponding to the moment when the water
vapor concentration behind the stock becomes equal
to the initial concentration).

Hence, the study performed shows that the use of
WG with a coagulant allows preparation of sufficient-
ly active CSs.When WG is used without coagulant,
the absorption capacity of the initial stock sharply
decreases because of the blocking of the sorbent
pores with sodium silicate impermeable film formed
on the surface of the initial sorbent. The formation
of a permeable silicate film appeared to be possible
only with coagulants (Table 1), which, affecting the
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sodium silicate solution, cause gelation of silicic acid
in its volume. The latter forms xerogels with open
porosity. However, some decrease in the sorption
capacity and a more considerable decrease in the
equilibrium capacityDeq of CS for water vapor shows
that the initial sorbent pores are partially blocked
with the matrix.

From this standpoint, it is more reasonable to use
SAS binder, which is a coarser disperson system than
sodium silicate solution. The fact that the molecules
in SAS are initially rolled up favors formation of a
permeable system upon drying. The lower viscosity of
SAS as compared to WG solution is also the positive
factor facilitating its penetration into pores of the ini-
tial stock and ensuring efficiency of the CS fabrica-
tion. Comparatively coarse sol macromolecules may
block pores of the initial sorbent if it contains even
coarser pores (as in coarse-pore silica gel and AAO).
For zeolite sorbent this process is improbable. It
should be noted that successful approbation of SAS
for preparation of granulated sorbents from silica gel
powders and AAO has been described in the literature
[3, 5], and we can expect the positive result when
using SAS for the fabrication of CSs from granulated
commercial sorbents. Therefore, in the next stage we
studied the feasible routes of fabrication and the
main properties of CSs based on various inorganic
granulated sorbents and SAS, as well as the behavior
of SAS upon CS synthesis.

The process parameters and properties of CSs are
given in Table 2. The presented data show that CSs
synthesized with SAS binder have the sorption charac-
teristics virtually identical to those of the initial sor-
bent. The main characteristics (Ws andSsp) of the ini-
tial sorbent surpass by no more than 5% the analogous
characteristics of CSs fabricated with sol binder.
The De and k values of CSs differ from those of the
initial sorbents by less than 10%. TheR values of CSs
exceed those of the initial sorbent only slightly (by no
more than 10%), with the exception of those with
OSG. For CS with the latter sorbentR increases
13-fold, which may be due to some other mechanisms
of the process and to the formation of a voluminous
loose film of silicic acid xerogel upon interaction of
SAS with calcium and lithium chlorides.

In this work, along with the analysis of the changes
in the sorption and hydraulic characteristics of the
materials, the variation of pH of the initial sol on the
surface of the initial sorbent was also estimated from
measurements of the pH value with test paper. For
example, for AAO and zeolite pH of the sol decreases
insignificantly (Table 2) as compared to silica gel and

OSG (silica gel impregnated with potassium and lithi-
um chlorides). Compared to the initial sorbent, the
Ssp value of CSs slightly decreases in the first case,
whereas in the second case it slightly increases.

This difference is presumably due to different
mechanisms of the film formation on the surface of
granules of the initial sorbent depending on its origin.
As known [15], the sorption surface of silica gels ex-
hibits acid properties arising from partially polarized
hydroxy groups, whereas that of AAO and zeolite
exhibits amphoteric and base properties, respectively,
owing to specific chemical nature of alumogels and
aluminosilicates [16]. The experimental pH values of
the silica gel aqueous extracts and SAS lie within
536. At the same time, for AAO and zeolite, they are
7 and 8, respectively. The necessary amount of SAS
was added by pouring it through the initial sorbent.
Owing to its low viscosity, the process is fast and
practically no excess sol requiring removal is formed.
A thin SAS film formed on the surface of AAO and
zeolite granules undergoes no significant chemical
transformations, which is confirmed by a small de-
crease in the SAS pH (Table 2). At the same time,
Ssp of CSs obtained by interaction of SAS with AAO
decreases by 10% as compared with the initial AAO,
which shows that some macromolecules of the initial
sol penetrate into the sorbent pores, blocking the ac-
tive surface. Then, on the surface of sorbent granules
a strong porous SAS film is formed upon drying.

When the silica gel sorbent (with and without im-
pregnation) is used for CS fabrication, pH of the ini-
tial sol in contact with the initial sorbent decreases
from 10.5 to 637 (Table 2) andSsp increases by
637%. Most likely, this effect may be due to another
mechanism of the film formation on the silica surface.
Silica gels, including impregnated ones, initiate re-
condensation of SAS followed by its gelation when
coming in contact with the sorbent. At the same time,
AAOs and zeolites with the base properties of the sur-
face do not behave as pronounced SAS destabilizers.
The effect of sol destabilization is the most pro-
nounced under the action of impregnating additives
(Table 2, OSG + SAS) yielding hydroxides and sili-
cates, which are not sufficiently soluble under the
conditions considered. As a result, a voluminous film
is formed, which, along with amorphous silica, con-
tains potassium silicates and hydroxides. This film
blocks CS pores and considerably enhances the hy-
draulic resistance of the article.

The PTS cement is another representative of sili-
cate binders considered in this work. The character-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

COMPOSITE SORBENTS BASED ON INORGANIC ADSORBENTS 1115

Table 2. Properties of PSs fabricated with mineral sorbents and SAS
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ

Sorbent
³

Degree of
³

Sol to sorbent
³ Ssp,

³ P /Ps = 0.85 ³
k

³
R,

³
pH varia-³ ³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³

³ sol dilution ³ volume ratio ³ m2 g31
³ a, cm3 g31³ Da01011, m2 s31 ³ ³ Pa ³ tion

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄ
AAO ³ 3 ³ 3 ³ 163 ³ 0.60 ³ 18.4 ³ 0.78 ³ 49 ³ 3

AAO + SAS ³ 1 : 3 ³ 0.8 : 1 ³ 141 ³ 0.58 ³ 19.5 ³ 0.72 ³ 51 ³ 0.5
Zeolite ³ 3 ³ 3 ³ 3 ³ 0.25 ³ 38.0 ³ 0.90 ³ 51 ³ 3

Zeolite + SAS ³ 3 ³ 1.0 : 1 ³ 3 ³ 0.25 ³ 35.0 ³ 0.81 ³ 59 ³ 0.5
Silica gel ³ 3 ³ 3 ³ 904 ³ 0.42 ³ 13.0 ³ 0.28 ³ 74 ³ 3

SG + SAS ³ 1 : 2 ³ 5.0 : 1 ³ 967 ³ 0.40 ³ 12.1 ³ 0.32 ³ 85 ³ 3.0
OSG ³ 3 ³ 3 ³ 94 ³ 3 ³ 41.7 ³ 3 ³ 49 ³ 3

OSG + SAS ³ 1 : 1.5 ³ 1.0 : 1 ³ 132 ³ 3 ³ 39.1 ³ 3 ³ 640 ³ 4.0
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 3. Properties of CSs from PTS and shaped spherical zeolite NaX
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Sorbent

³ a, cm3 g31 ³ Da01011, m2 s31 ³

ad (H2O),

³

k

³Ws (C6H6)³ V
S

³

Pcr,

³

R,
ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄ´ ³
³ at indicated P /Ps (H2O) ³

cm g31 ³ ³
cm3 g31

³
MPa

³
PaÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³ ³ ³ ³

³ 0.13 ³ 0.85 ³ 0.13 ³ 0.85 ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
PTS ³ 0.13 ³ 0.55 ³ 13.0 ³ 15.0 ³ 3 ³ 3 ³ 0.08 ³ 0.15 ³ 0.12 ³ 3

NaX + PTS* ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
70 : 30 ³ 0.17 ³ 0.35 ³ 24.0 ³ 35.0 ³ 0.12 ³ 0.48 ³ 0.14 ³ 0.20 ³ 3.0 ³ 290
80 : 20 ³ 0.19 ³ 0.30 ³ 28.0 ³ 60.0 ³ 0.21 ³ 0.84 ³ 0.20 ³ 0.35 ³ 2.5 ³ 200
90 : 10 ³ 0.20 ³ 0.27 ³ 35.0 ³ 62.0 ³ 0.22 ³ 0.82 ³ 0.25 ³ 0.49 ³Low strength³ 3

NaX ³ 0.24 ³ 0.26 ³ 45.0 ³ 65.0 ³ 0.23 ³ 0.90 ³ 0.25 ³ 0.60 ³ 3 ³ 49
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
* Weight ratio.

istics of the CSs obtained with this binder are given
in Table 3.

Study of the fabricated articles show that, as the
binder amount increases, the properties of the result-
ing CSs change regularly. The equilibrium adsorption
of water vapor at its relative pressure of 0.13 de-
creases. In this case, the limiting volume of the sorp-
tion spaceWs of CSs with respect to benzene, as
determined at a relative pressure of benzene vapor
P/Ps = 1, and its total pore volumeVS, as calculated
from the difference in the reciprocal values of the
apparent and pycnometric densities of the sorbents,
decrease relative to the initial zeolite [10]. Most prob-
ably, owing to formation of polymeric crystal hydrates
[17], the binder forms a dense film, impeding sorbate
diffusion into zeolite pores upon formation of the
cement matrix. Nevertheless, theDe values suggest
that the PTS film covering granules of the initial sor-
bent is sufficiently permeable, which is in line with
the published data. At the high relative water vapor
pressure (P/Ps = 0.85) the sorption capacity of CSs
grows with increasing PTS concentration, which is

due to the formation of crystal hydrates of the poly-
meric matrix under these conditions. The same was
not observed atP/Ps = 0.13.

The study of the routes of high-temperature re-
generation show that multiple regeneration of the
articles obtained with the inorganic polymeric binder
of the PTS type does not deteriorate the CS sorption
(Table 4). The dynamic sorption capacityad and the
utilization factor of the dynamic sorption capacityk
remain virtually unchanged.

The analysis of the CS characteristics obtained
with the use of various polymeric inorganic systems
shows that articles with PTS considerably surpass in
strength (Pcr = 2.533.0 MPa) those with sodium sili-
cate and sol binders (Pcr = 0.130.2 MPa, Tables 1 and
2, respectively). However, their hydraulic resistanceR
to the air flow is considerably higher (536-fold) than
that of CS with SAS and is virtually the same as that
of SC with WG.

Also, Tables 133 evidently show that for articles
fabricated with the binder in various dispersion states
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Table 4. Sorptive characteristics of NaX + PTS articles
after regeneration
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
NaX : PTS weight ratio³ ad, cm3 g31 ³ k
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

First regeneration

80 : 20 ³ 0.21 ³ 0.84
70 : 30 ³ 0.12 ³ 0.48

Second regeneration

80 : 20 ³ 0.20 ³ 0.80
70 : 30 ³ 0.12 ³ 0.50

Third regeneration

80 : 20 ³ 0.21 ³ 0.80
70 : 30 ³ 0.12 ³ 0.50

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

the De value (as determined atP/Ps = 0.85 for the
close values of the binder concentration in CSs) dif-
fers from the analogous characteristic of the initial
sorbent. With molecular solution (WG)De decreases
by a factor of 2.733.7, whereas with sol binder (SAS),
by 639%, and with coarsely dispersed binder (PTS),
by 538%. This indicates that the binder forms films of
different structure on the sorbent surface. Thus, the
articles fabricated from CSs with sols and coarsely
dispersed silicate systems as binders have enhanced
kinetic parameters as compared to those fabricated
from CSs with solutions, even in the case when
coagulants favoring formation of porous and more
permeable film are added into the system.

Table 5 shows how the state of the polymeric sili-
cate system correlates with the CS structure and prop-
erties. The binders used for preparing CSs were poly-
meric systems differing in the degree of dispersity.
Sodium silicate solution was a molecular solution of

Table 5. Correlation between the state of the polymeric silicate system and the CS structure and properties
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

State of polymeric ³
Molecular solution (WG)

³
Colloid (SAS)

³ Coarsely dispersed system
structure ³ ³ ³ (PTS)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CS structure ³ ³ ³³ ³ ³

³ ³ ³
³ ³ ³
³ ³ ³
³ ³ ³

Physical shape of article³ CM ³ CM ³ CM
³ SE ³ SE ³ SE
³ ³ ³

Field of CSs application³Dynamic conditions ³Dynamic conditions ³Dynamic conditions
³ Static conditions³ Static conditions³ Static conditions

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (CM) Consolidated mixture and (SE) structural element.

the polymer, silicic acid sol was an inorganic colloid,
and PTS was a coarsely dispersed system.

The set of the obtained data allows a conclusion
that, with binder used as molecular solution, dense
weakly permeable film of sodium silicate is formed
on the sorbent surface. The materials obtained have
considerable strength and equilibrium sorption capac-
ity. At the same time, they have poor kineticcharac-
teristics and considerable hydraulic resistance. This is
due to the fact that the binder film formed upon inter-
action of sorbent with viscous WG solution has con-
siderable thickness. It is appropriate to fabricate
articles based on molecular solutions of inorganic
polymers in the form of structural elements intended
for operation under static conditions.

The film formed on the surface of sorbent granules
upon interaction with sol is nonuniform, ensuring free
access of adsorbate molecules inside the article.
Owing to permeability of the binder film, the capacity
and kinetic characteristics of the articles are retained
at a level of those of the initial sorbent. The low vis-
cosity of the sol ensures the low residual amount of
the binder in the article at the hydraulic resistance
close to that of the initial sorbent. At the same time,
this produces the negative effect on the strength of
sol-bound CSs. It ispreferable to prepare the latter
CSs in the form of consolidated mixture in the shell
of the adsorber and to use them under conditions of
a flow-type reactor.

The combination of the initial sorbent with coarse-
ly dispersed binders allows fabrication of articles in
the form of both consolidated mixture and single
structural element. The strength of a CS is determined
by the number of sorbent and binder particles in con-
tact per unit volume of the article, and its sorptive
properties, by the binder amount in the article. When



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

COMPOSITE SORBENTS BASED ON INORGANIC ADSORBENTS 1117

the binder amount is 20% of the article weight, strong
materials are formed, characterized by high hydraulic
resistance and low kinetic parameters. It is appropriate
to use such materials under static conditions and at
high mechanical loads. The CSs with less than 10%
binder content allow fabrication of articles as a mix-
ture consolidated in the absorber. Such articles have
low hydraulic resistance, high kinetic factors, and are
suitable for operating in the dynamic mode.

By analogy with the classification of organic poly-
meric systems [4], the correlation between the state of
the polymeric system used for CS fabrication and the
structure and properties of the fabricated articles and
areas of their application is demonstrated in Table 5.
The preferable modes of application of CSs fabricated
by different methods are printed italic. The structural
elements formed with solution are the most suitable
for operation under static conditions. For a flow-type
reactor we can recommend a consolidated mixture
prepared by interaction of the initial sorbent with sol.
Coarsely dispersed systems allow fabrication of both
types of CSs, i.e., for static and dynamic conditions.

CONCLUSIONS

(1) Strong composite sorbents in the form of block
articles or a mixture consolidated in the absorber can
be fabricated on the basis of inorganic granulated sor-
bents and silica matrices. The optimal process param-
eters are determined, providing high strength and con-
siderable sorption capacity of the articles. The materi-
als of this type exhibit high sorption characteristics
inferior to those of the initial sorbent by no more than
5320%. They have sufficiently high strength and low
hydraulic resistance to water vapor3air flow when
operating under dynamic conditions.

(2) Use of silicic acid sol and coarsely dispersed
binder like potassium silicate cement allows the pore
structure of the initial granulated sorbents to be pre-
served in the course of formation of block articles.
At the same time, with sodium silicate solutions the
active sorbents can be fabricated only with coagulants.
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Abstract-Published data on the interaction of lithium with aqueous solutions of alkali metal hydroxides are
discussed. The behavior of lithium in aqueous solutions of LiOH and KOH was studied experimentally.

One of promising chemical power cells is that
based on the lithium3water system [1, 2]. Use of lithi-
um in water-activated chemical power cells is enabled
by the formation of a passivating film of complex
structure on the lithium surface brought in contact
with an electrolyte. Presumably, this film consists of
an outer porous layer of hydrated lithium hydroxide
impregnated with electrolyte and an inner porous layer
of lithium oxides of indeterminate composition,
adjacent to the metal [3]. This film is stable in an
electrolyte with the LiOH concentration exceeding
1.5 m, where m is molality unit (mol/1000 g H2O) [4].
The film has pores 13103 nm in size [5]. The total
surface area of the pores constitutes approximately
5325% of the total surface area of thefilm at a lithium
hydroxide concentration in the electrolyte of 5.03

3.5 m [6, 7].

The rate of interaction between the alkali metal and
the electrolyte (rate of lithium corrosion) depends
on the solution composition and temperature. For
example, the rate of lithium corrosion in solutions of
the system LiOH3H2O (3.1 <m < 4.8) decreases from
9.801034 to 3.901034 kg m32 s31 with the lithium
hydroxide concentration in solution increasing from
3.1 to 4.0 m [8]. Raising the content of LiOH in solu-
tion further has little effect on the amount of corrosion
losses. At the same concentration of an alkali metal
hydroxide in the electrolyte, the rate of corrosion in-
creases in going from LiOH solutions to solutions of
NaOH, KOH, and CsOH (Fig. 1) [8, 9], although the
activity of water decreases in this series of electrolytes
[10, 11]. Such a discrepancy is possibly due to occur-
rence of reactions between lithium and alkali metal
ions in solution:

Li + Na+ = Li+ + Na, (1)

Li + K + = Li+ + K, (2)

Li + Cs+ = Li+ + Cs. (3)

The changes in the Gibbs energy for reactions (1)3

(3) at 298 K are, respectively,330, 310, and30.8 kJ.
Since the intensity of interaction between alkali
metals and water increases in going from lithium to
sodium, potassium, and cesium, the occurrence of
reactions (1)3(3) may lead to lithium corrosion rate
increasing in the following order of electrolyte solu-
tions: LiOH < NaOH < KOH < CsOH.

The temperature dependence of the rate of lithium
corrosion in aqueous solutions of alkali metal hy-
droxides is well described by the Arrhenius equation
[3, 9, 12, 13]. As seen from the table, the activation
energies of lithium interaction with water decrease in
going from the system LiOH3H2O to KOH3H2O.

Lithium corrosion in aqueous electrolyte solutions
is a spontaneous electrochemical process which can be
represented, in the case of solutions of the system
LiOH3H2O, as conjugated electrochemical reactions

Li = Li + + e, (4)

H2O + e = OH3 + 1/2H2, (5)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Li + H2O = LiOH + H2. (6)

Fig. 1. Lithium corrosion ratevc vs. molal concentration
m of alkali metal hydroxide in solutions: (1) LiOH,
(2) NaOH, (3) KOH, and (4) CsOH.
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The state of the system lithium3aqueous solution
of lithium hydroxide can be characterized by the sta-
tionary potential of the lithium electrode in this solu-
tion. The stationary potentialE of the lithium elec-
trode in solutions of the system LiOH3H2O (3.1 <m
< 4.8) is virtually independent of the solution concen-
tration, being equal to32.76+0.01 V relative to the
standard hydrogen electrode (s.h.e.) [8]. In solutions
of the systems NaOH3H2O, KOH3H2O, and CsOH3
H2O, the stationary potential of the lithium electrode
32.84 < E < 32.79 V is affected by the occurrence
of not only reaction (6), but also reactions (1)3(3).
Since hydrogen reduction on lithium by reaction (5) is
characterized by a higher overvoltage of about 2 V
[3, 14, 15], then, as believed by Littauer and Tsai [3],
it is the rate of this electrochemical reaction that
determines the overall rate of corrosion.

Anodic dissolution of lithium in aqueous solutions
of alkali metal hydroxides

Li + OH3 = LiOH + e (7)

proceeds at pore bases through the inner protective
layer with thickness of, in all probability, only several
molecular layers [3].

Presently, there exists no unified standpoint on
what stage is rate-determining in anodic dissolution of
lithium in aqueous solutions of alkali metal hydrox-
ides. Cooperet al. [16] believe that the anodic dis-
solution of lithium is controlled by dissolution of the
forming lithium hydroxide in the aqueous solution.
According to [17], the anodic dissolution of lithium is
limited by water diffusion in the film formed on the
metal. In [13], it was assumed that the rate-determin-
ing stages of the electrochemical process are both
water transfer from the solution bulk to the electrode
surface and removal of the products formed in the
electrochemical reaction. According to our previous
study [18], the rate-determining stage of the anodic
dissolution of lithium in aqueous solutions of alkali
metal hydroxides is LiOH diffusion from the anode
surface into the solution bulk.

In anodic polarization of the lithium electrode in
aqueous solutions of alkali metal hydroxides from the
stationary potential to values32.5 < E < 32.3 V rela-
tive to s.h.e., the rate of metal corrosion decreases and
the current of anodic dissolution of lithium increases,
approaching its limiting value (Fig. 2) [15]. The limit-
ing current decreases with increasing concentration of
alkali metal hydroxide in solution [18322]. In Fig. 2,
the rate of lithium corrosion is expressed in electrical
units in the form of the current density for the equiv-

Activation energiesEa of lithium reaction with water
in electrolytes of various compositions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Electrolyte concen-³

Ea,
³ ³

Refer-
tration m, ³

kJ mol31 ³ T, K ³
ences

mol/1000 g H2O ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

LiOH3H2O

4.0, 4.5 ³ 64.9 ³ 2773333³ [3]

NaOH3H2O

4.9, 6.8, 9.4 ³ 52.4 ³ 2933313³ [12]
6.0 ³ 56.5+2.5 ³ 2933313³ [9]

KOH3H2O

5.9 ³ 43.4350.7 ³ 2783298³ [13]
7.7 ³ 52.4+1.7 ³ 2983313³ [9]

10.0 ³ 58.2+2.5 ³ 2983313³ [9]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

valent process of hydrogen reduction,jH2
. With the

electrode potential shifted to positive values, the rate
of electrochemical lithium oxidation [reaction (4)] in-
creases and that of electrochemical hydrogen reduc-
tion [reaction (5)] decreases, which leads to lower
corrosion loss and, consequently, to higher efficiency
of utilization of the active paste of the anode. As seen
from Fig. 2, the highest values of the lithium utiliza-
tion efficiency in the alkali metal hydroxide solutions
studied at 298 K are 81 <h < 88%. According to
[23], the efficiency of lithium utilization in a 4.5 m
LiOH solution at 291 <T < 328 K may be as high as
98 <h < 99%. At T > 328 K, the efficiency of utiliza-
tion of the active paste of the anode decreases sub-
stantially because of the dramatic increase in the rate
of lithium corrosion.

ja, kA m32 ja, kA m32(a) (b)h, % h, %

E, V E, V

jH2, eu

jH2, eu

Fig. 2. (1) Discharge current densityja, (2) corrosion rate
jH2

, and (3) lithium utilization efficiency h vs. potential

E in solutions of systems MOH3H2O. (a) 3.2 m LiOH and
(b) 6.2 m KOH1.
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U, V
(a)

(b)
P, W

j, kA m32

j, kA m32

(A)

U, V

P, W

(a)

(b)

(B)

j, kA m32

Fig. 3. (a) Discharge voltageU and (b) powerP vs. dis-
charge current densityj for chemical power cells with
(A) LiOH3H2O and (B) KOH3H2O electrolytes with varied
molal concentration.m: (A) (1) 4.5, (2) 4.3, (3) 4.1, (4) 3.9,
(5) 3.7, and (6) 3.5; (B) (1) 11.4, (2) 10.0, (3) 9.0, (4) 8.0,
(5) 7.0, and (6) 6.0.

It should be noted that the efficiency of lithium
utilization largely depends on the chemical power cell
design, and, therefore, the results obtained in an elec-
trochemical cell can only serve as guidelines in choos-
ing the power cell operation mode.

Current3voltage characteristics of chemical power
cells with pressure electrodes and electrolytes based
on aqueous solutions of the systems LiOH3H2O and
KOH3H2O were measured at 291+1 K and power
values at certain current densities were calculated. As
seen from Figs. 3A and 3B, the power of a chemical
power cell decreases with increasing content of alkali
metal hydroxide in solution. With aqueous solutions
of potassium hydroxide used as electrolyte, higher
power of chemical power cells can be achieved, com-
pared with the case of the conventional electrolytes of
the system LiOH3H2O. In discharge of chemical
power cells with 3.5 m LiOH and 6 m KOH as elec-
trolytes in constant-current mode (discharge current
density 0.2 and 0.3 A cm32), lithium utilization effi-
cienciesh = 51 and 50%, respectively, were obtained.

Thus, the obtained results indicate the advisability
of using solutions of the system KOH3H2O in chemi-
cal power cells with lithium anode and aqueous elec-
trolyte.
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Abstract-The influence exerted by addition ofa-hydroxynaphthoic acid and combined additive Hg + Pb +
a-hydroxynaphthoic acid on the corrosion and self-discharge of a porous zinc electrode in alkali solution was
studied.

One of disadvantages of nickel3zinc (NZ) power
cells is the poor corrosion resistance of the zinc elec-
trode in alkaline solution. As is known, the corrosion
rate of the zinc anode depends on the hydrogen over-
voltage on zinc in a given electrolyte. To diminish
the corrosion of the zinc electrode, it is recommended
that metals with high hydrogen evolution overvoltage
(Hg, Pb, Cd) should be introduced into the active
paste of the electrode [1]. However, all these additives
are rather toxic.

An important task is a search for zinc corrosion
inhibitors that can simultaneously serve to make lower
the content of toxic compounds of mercury, lead, and
cadmium. One of ways to lower the corrosion activity
of zinc in an alkali solution is to select surfactants that
can adsorb onto the zinc electrode and make higher
the hydrogen evolution overvoltage. However, the
selection of such additives is limited because of the
weak adsorption of surfactants on the electrode as
a result of competing adsorption of OH3 ions.

In [2], mention was made of the inhibiting action
of polyoxyethylene ether on the corrosion of the
Zn3In alloy. It was found that this additive has no
effect on the rate of zinc corrosion and inhibits the
corrosion of the alloy. The inhibition efficiency grows
with increasing inhibitor concentration.

Wei Jie et al. [3] studied the effect of suppression
of zinc corrosion by introduction of oleic and linoleic
acids into a 40% KOH solution. Both the acids hinder
the corrosion of zinc by forming on the metal a film
of chemisorbed molecules of a fatty acid. However,
the authors did not demonstrate the effect of these
acids on the anodic dissolution of zinc and capacity
characteristics of the zinc electrode.

Introduction into electrolyte of potassium salts of
perfluorinated aliphatic carboxylic acids makes higher

the hydrogen evolution overvoltage in alkaline solu-
tions [4]. Shi Lian-zhenet al. [4] found that introduc-
tion of both Pb and surfactant lowers the discharge
rate of H2O molecules. Particularly effective is com-
bining the given additives. However, even though
the proposed surfactant additive is effective, it is dif-
ficultly available for manufacture of power cells with
zinc anode. Therefore, it was necessary to search for
a surfactant exerting the same effect, but simultane-
ously readily available and nontoxic.a-Hydroxy-
naphthoic acid (a-HONA) was chosen as an additive
of this kind.

With account of the fact that mercury and lead are
introduced into the active paste of the zinc electrode,
an attempt was made to introduce into the electrolyte,
to diminish corrosion, ana-HONA additive used in
manufacture of acid batteries for hindering the corro-
sion of lead [1].

EXPERIMENTAL

Sincea-HONA has been recommended for dimin-
ishing lead corrosion proceeding with hydrogen de-
polarization in acid medium, it was of interest to
study its influence on hydrogen evolution on zinc in
alkali. Investigations were carried out in concentrated
alkali (10 M). This is due to the fact that, with in-
creasing concentration of the working electrolyte, the
self-discharge of the positive electrode becomes much
weaker [5], which is exceedingly important for de-
signing cells and lowering the corrosion of zinc
through a shift of the potential of the hydrogen elec-
trode to more negative values.

The potentiodynamic method was applied to study
the effect ofa-HONA and deposited Pb (Pbd) on hy-
drogen evolution on the zinc electrode from an alkali
electrolyte.
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It was found that introduction ofa-HONA additive
into alkali solution has virtually no effect on the hy-
drogen evolution on zinc. A strong inhibited influence
on the corrosion process with hydrogen depolarization
on zinc is exerted by a combined additive composed
of lead anda-HONA. In this case, a stronger, com-
pared with that in the presence of only lead, decrease
in the hydrogen evolution rate was observed (Fig. 1a).

The hindrance to hydrogen evolution on the zinc
electrode may be due to adsorption ofa-HONA onto
lead.

The ability of a-HONA to adsorb on zinc was
studied by the Rebinder method. It was found that
deposition of lead onto zinc shifts the zero-charge
potential to negative values by approximately 20 mV.
In the presence ofa-HONA in solution, the peak in
the curve is shifted to the positive side, which is
due to the formation of chelate complexes between
lead anda-HONA [6]. No a-HONA adsorption was
observed in the absence of lead.

It was also found that these additives hinder some-
what the anodic dissolution of zinc (Fig. 1b). The
lowered anodic activity of zinc is presumably due to
blocking of active centers of zinc dissolution by
chelate complexes formed between Pb anda-HONA.

The decrease in the rate of zinc corrosion in the
galvanic couple Zn3Pb (Fig. 2) in the presence of
a-HONA in alkali solution is confirmed by the polari-
zation diagram.

In the presence of thea-HONA additive, the corro-
sion currentIcor decreases from 9.7 to 6.7 mA, and the
rate of zinc dissolution, from 4.9 to 3.39 g m32 h31.
The efficiency of a-HONA action (%) can be cal-
culated by the formula

K1 3 K0
Z = ÄÄÄÄÄÄÄÄ 0 100, (1)

K1

where K1, K2 are the rates of zinc dissolution when
in contact with lead without and witha-HONA,
respectively.

The protective effectZ of the additional introduc-
tion of a-HONA is 30.8%.

As already noted, mercury is one of the mosteffec-
tive corrosion inhibitors. An active paste is known of
a porous zinc electrode of a power cell, containing
13% mercury and 0.132.0% lead. However, when
electrodes with so high mercury content are used, the
amount of active paste per unit capacity of a power
cell also increases. In addition, since the mercury

j, mA cm32 (a)

3E, V

j, mA cm32

3E, V

(b)

Fig. 1. (a) Cathodic and (b) anodic polarization curves
measured on zinc with additives. Sweep rate 4 mV s31,
alkali concentration 10 M. (j) Current density and (E) po-
tential (vs. s.h.e.). Sample: (1) control, (2) with addition
of a-HONA (in solution), (3) Pbd, and (4) Pbd + a-HONA
(in solution).

E, mV

I, mA

Ec1
Ec2

Fig. 2. Corrosion diagram for the galvanic couple Zn3Pb.
(E) Potential vs. zinc reference electrode and (I) current.
Cathode, lead; anode, zinc. Alkali concentration 10 M;
(1) no additive and (2) with a-HONA additive.

content exceeds its solubility in zinc (2.5 wt %), it
may aggregate into drops short-circuiting the power
cell. With account also taken of the high toxicity of
mercury, its use in so high amounts is undesirable [7].
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Effect of a-HONA on the capacity and self-discharge of
zinc electrode containing 3% Pb and varied amount of
mercury Storage time 300 h at 50oC; electrolyte: 10 M
KOH + 15 g l31 LiOH .H2O; jd = 4 mA cm32

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Additive content ³Capacity, A h g31³

Self-ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ´
in elec-³ a-HONA in ³ before ³ after ³discharge,

trode, %³electrolyte, g l31³ storage³ storage³ %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
6 ³ 3 ³ 0.629 ³ 0.535 ³ 14.9
3 ³ 3 ³ 0.634 ³ 0.496 ³ 22
3 ³ 0.731.2 ³ 0.629 ³ 0.514 ³ 18.3
1 ³ 3 ³ 0.596 ³ 0.522 ³ 12.4
1 ³ 0.731.2 ³ 0.757 ³ 0.707 ³ 6.6
0 ³ 0.731.2 ³ 0.447 ³ 0.368 ³ 17.6

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

In accordance with the existing technology [5],
zinc electrodes are amalgamated to diminish corrosion
by introducing 2310% metallic mercury relative to
zinc mass. The authors of [8] recommend introducing
mercury in amounts of 1.6534.5%, noting that making
the content of mercury even higher virtually fails to
further decrease the hydrogen evolution rate.

To decrease the content of mercury in the active
paste of the zinc electrode to improve the environ-
mental safety of manufacture, it is of particular prac-
tical interest to search for ways to make lower the
content of toxic additives in the negative electrode
without impairing the corrosion resistance of zinc.
Introduction ofa-HONA into the active paste of the
zinc electrode or into the electrolyte makes it possible
to lower the content of mercury in the electrode from
336 to 1% and simultaneously diminish its self-
discharge (see table).

U, V

t, h
Fig. 3. Effect of additive on the discharge voltageU and
discharge timet of a nickel3zinc cell. Jd = 4 mA cm32,
alkali concentration 10 M. Sample: (1, 3) control, (2,
4) with a-HONA additive in electrolyte, and (3, 4) after
storage (300 h at 50+1oC).

It can be seen from the obtained data that lowering
the content of mercury from 6 to 3% enhances the
self-discharge of the zinc electrode. With the content
of mercury decreased further (to 1%), the amount of
self-discharge decreases substantially, presumably as
a result of increased electrochemical activity of zinc.
If no mercury is contained in the active paste of the
zinc electrode, it is impossible to achieve the required
decrease in its self-discharge.

As revealed in the study, the presence ofa-HONA
exerts a positive influence on the preservation of
the zinc electrode. However, one of conditions for
possible use of this additive in an NZ cell is the ab-
sence of a negative influence on the counterelectrode.
It was found in the study that the additive has no
effect on the discharge voltage and time of an NZ cell
and, consequently, does not impair the working
capacity of the nickel oxide electrode (NOE) both
before and after its storage at 50oC (Fig. 3). There-
fore, it can be recommended for use in NZ cells.

Thus, introduction ofa-HONA into the electrolyte
of primary alkali3zinc power cells makes it possible
to substantially reduce the content of mercury in the
active paste of the zinc electrode and to diminish its
self-discharge.

CONCLUSIONS

(1) A study of the influence exerted bya-HONA
additive, Pb, and combined additive Pb +a-HONA on
the rate of hydrogen evolution on the zinc electrode
revealed that introduction of the combined additive
markedly hinders hydrogen evolution on zinc in alka-
line electrolyte.

(2) The a-HONA additive is only adsorbed onto
the zinc surface in the presence of lead, which is
presumably due to formation of chelate complexes
between lead and the acid. The anodic activity of zinc
decreases in the presence of this additive.

(3) Introduction of a-HONA additive into the
active paste of the zinc electrode or into the electro-
lyte of alkali3zinc power cells allows a 336-fold
decrease in the content of mercury in the negative
electrode containing mercury and lead additives, with
its self-discharge diminished simultaneously.

(4) The recommended additive exerts no negative
influence on the counterelectrode (nickel oxide elec-
trode) in the nickel3zinc cell, which demonstrates the
possibility of its use in primary power cells of the
given system.
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Abstract-Optimal conditions were determined for purification of sulfate rhodium-plating electrolyte to
remove ions of iron(III) and nonferrous metals. Electrochemical and chemical purification techniques were
developed.

The sulfate rhodium-plating electrolyte used to
deposit anticorrosive coatings in radio engineering and
instrument-making is commonly prepared from rhodi-
um trichloride RhCl3 .4H2O of pure grade [1]. This
salt contains minor impurities of nonprecious metals,
in the first place iron(II) etc. Therefore, a freshly pre-
pared rhodium-plating electrolyte with an Rh content
of about 5310 g l31 commonly contains nonferrous
metal ions in the following concentration (mg l31):
Fe3+ < 10; Cu2+, Zn2+, Sn2+ < 2. Such an impurity
content exerts no significant influence on the kinetics
of rhodium reduction.

In the course of rhodium plating, ions of nonfer-
rous metals (copper, zinc, and tin) are gradually ac-
cumulated in the sulfate electrolyte used for this
purpose. The reduction potentials of these impurities
being close to the reduction potential of rhodium
(Rh3+/Rh +0.27, Cu2+/Cu +0.34, Sn2+/Sn 30.14 V),
they can strongly affect the cathodic process at con-
centrationsCM > 0.20 mg l31, impairing the quality
of the plated coatings.

The method presently used in industry to purify
rhodium-plating electrolytes is based on extraction
with CCl4 of diethyldithiocarbamates of nonprecious
metals, formed in the electrolyte upon addition of
sodium diethyldithiocarbamate [1]. A shortcoming of
this method consists in the low limiting concentration
of extracted complexes in CCl4, requiring use of large
solvent volumes and additional purification of the
electrolyte to remove organic impurities.

The aim of this study was to determine the optimal
conditions for recovery of iron and nonferrous metals
from sulfate rhodium-plating electrolytes.

EXPERIMENTAL

As objects of study were chosen two rhodium-
plating electrolytes: (I) prepared from RhCl3 .4H2O
and contaminated in use with Fe3+, Cu2+, Zn2+, and
Sn2+ ions and (II) prepared from rhodium-containing
industrial waste.

Electrolysis was carried out in a 0.5-l glass elec-
trolyzer. Platinum foil served as anode, and pre-
liminarily rhodium-plated (hRh = 2 mm) copper foil
of area 2 cm2, as cathode. Table 1 presents the com-
position of the electrolytes under study.

Two purification techniques were studied: electro-
chemical and chemical.

The optimal electrolysis conditions ensuring depo-
sition of nonferrous metals at the cathode were deter-
mined on the basis of the fact that the current density
of rhodium reduction is directly proportional to the
concentration of rhodium in the electrolyte. At rhodi-
um concentrations of 4310 g l31, the optimal current
density was in the range 0.431.0 A dm32. Voltam-
metric studies of sulfate rhodium-plating electrolytes
have shown that at cathode current densitiesic <

Table 1. Concentrations of rhodiumCRh and impurity
metalsCM in electrolytes under study (CH2SO4

= 0.1 M)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electro-
³ CRh,

³ CM, mg l31

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
lyte ³ g l31

³ Fe ³ Cu ³ Zn ³ Sn
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

(I) ³ 6.37 ³ 293.5 ³ 384.0 ³ 118.5 ³ 36.5
(II) ³ 5.85 ³ 80.0 ³ 108.0 ³ 32.0 ³ 10.0

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
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0.2 A dm32 (CRh > 4 g l31) the current efficiency
by metal was less than or equal to 10% [2]. Therefore,
for purifying the rhodium-plating electrolyte to re-
move nonferrous metal impurities, electrolysis was
carried out at ic = 0.130.2 A dm32.

Table 2 and the figure present the concentrations of
rhodium and impurity metals in relation to the amount
of electricity passed through electrolytes (I) and (II).
In both cases,ic = 0.2 A dm32. It can be seen from
Table 2 that, on passing 0.105 A h l31 of electricity
through the electrolyte, the concentration of copper
in solution decreases by a factor of 7.3, reaching a
value acceptable for the rhodium-plating electrolyte.
The concentrations of zinc and tin remain virtually
the same and that of iron decreases only slightly.
Despite this fact, the electrochemical purification
technique can find application in plating since rhodi-
um-plating electrolytes are mainly contaminated with
copper ions when in use.

The chemical method for purification of rhodium-
plating electrolyte to remove impurity metals is based
on the ability of rhodium hydroxide Rh(OH)3 .2H2O
to lose crystallization water at 200oC. On further heat-
ing it decomposes with oxidation of Rh(III) to Rh(IV)
and formation of rhodium dioxide RhO2 (2003
450oC), which is, in turn, reduced toa-Rh2O3 at
750oC [3]. Rhodium oxides are insoluble in any of the
known acids or mixtures of these.

Hydroxide compounds of rhodium and nonferrous
metals were precipitated from the rhodium-plating
electrolyte with a 40% KOH solution. After filtration
and washing with distilled water, metal hydroxides
were calcined at 500oC for 5 h. Iron and nonferrous
metals were separated from the obtained mixture of
oxides by boiling in HCl (1 : 1). To synthesize rho-
dium-plating electrolyte, rhodium in the form of fil-
tered-off and washed mixture of oxides was converted
into a water-soluble form by fusion with Na2S2O7.
Metal hydroxide was precipitated from a rhodium
sulfate solution and dissolved in a calculated amount
of concentrated H2SO4 to obtain the rhodium-plating
electrolyte.

Table 3 presents the composition of the initial elec-
trolyte (I) and that after purification by the chemical
method (Ia). It can be seen that the concentration of
impurity metals decreases 2.5322-fold, reaching
values acceptable for rhodium-plating electrolytes.

The loss of rhodium is 2.532.8 and 3.533.7%
in, respectively, electrochemical and chemical puri-
fication.

Q, mA h l31

CM, mg l31

Concentration of impurity metals in rhodium-plating
electrolyteCM vs. amount of electricityQ passed through
electrolyte.

CONCLUSIONS

(1) The optimal conditions for purification of sul-
fate rhodium-plating electrolyte to remove impurities
of iron and nonferrous metals were determined.

(2) An electrochemical purification technique
based on electrolysis atic = 0.130.2 A dm32 was
developed, lowering the concentration of copper in
the electrolyte approximately sevenfold.

(3) A chemical purification technique based on

Table 2. Concentrations of rhodiumCRh and impurity
metalsCM in relation to the amount of electricityQ passed
through electrolyte
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Q,
³ CRh,

³ CM, mg l31

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
A h l31

³ g l31
³ Cu ³ Zn ³ Sn ³ Fe

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
0 ³ 6.37 ³ 384.0 ³ 118.5 ³ 36.5 ³ 293.5
0.080 ³ 6.34 ³ 349.5 ³ 112.5 ³ 36.5 ³ 291.0
0.083 ³ 6.31 ³ 301.0 ³ 106.8 ³ 36.7 ³ 280.0
0.087 ³ 6.29 ³ 257.5 ³ 108.8 ³ 36.2 ³ 271.5
0.091 ³ 6.22 ³ 200.5 ³ 107.6 ³ 34.1 ³ 273.0
0.095 ³ 6.21 ³ 156.4 ³ 107.9 ³ 34.0 ³ 271.9
0.100 ³ 6.20 ³ 104.8 ³ 108.1 ³ 39.9 ³ 272.3
0.105 ³ 6.19 ³ 52.4 ³ 107.8 ³ 38.5 ³ 270.4

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

Table 3. Concentrations of rhodiumCRh and impurity
metals CM before and after chemical purification
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electro-
³ CRh,

³ CM, mg l31

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
lyte ³ g l31

³ Fe ³ Cu ³ Zn ³ Sn
ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

(I) ³ 6.37 ³ 384.0 ³ 118.5 ³ 36.5 ³ 293.5
(Ia) ³ 6.14 ³ 17.6 ³ 49.0 ³ 11.30 ³ 13.34

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
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precipitation of hydroxides of all metals with their
subsequent calcination at 500oC and washing with
hydrochloric acid was developed, making it possible
to decrease the concentration of iron, copper, zinc, and
tin in rhodium-plating electrolytes 2.5322-fold.
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Abstract-The rate of sulfur dioxide oxidation on a supported vanadium catalyst and the influence exerted
by the chemical composition of the catalyst on its activity were studied.

The main service characteristic of any catalyst is its
activity. As characteristics of activity can serve both
the conversion and the rate constant at an appropriate
temperature. The most effective procedure for deter-
mining the rate constant and directly the reaction rate
is the differential flow-through-circulation conversion
of sulfur dioxide [1]. However, implementing this
technique requires rather complex kinetic installations,
which are frequently difficult to assemble, particularly
under industrial conditions of catalyst manufacture
and at plants where catalysts are used. Also, reliable
data on the activity of the manufactured catalysts are,
as a rule, necessary together with monitoring for
assessment of the stability of catalyst operation in
industrial reactors. In this case, it is advisable to use
flow-through installations [1, 2] which make it poss-
ible to determine the conversion in a wide temperature
range and then to calculate, by means of a chosen
kinetic equation, the reaction rate constant.

As is known, sulfur dioxide is oxidized using
vanadium catalysts of various kinds. All of these
contain vanadium(V) oxide as the main active com-
ponent, alkaline promoters, and support. The composi-
tion of the active component of the catalyst can be
expressed as V2O5 .mK2O.nSO3 [133]. As a catalyst
works, the ratio of the oxides in it changes, depending
on temperature, initial concentrations of gas phase
components, and the extent of SO2 oxidation into
SO3. The m value is determined by synthesis condi-
tions, whereasn varies, depending on reaction con-
ditions, between 2m and 4m.

EXPERIMENTAL

A spherical supported vanadium catalyst was
chosen for the study. In chemical composition the

catalyst is close to the industrial SVD catalyst [1].
The catalyst grain size was 1.5 or 0.75 mm. The
dependence of the degree of sulfur dioxide oxidation,
x, on temperature and space velocityV is shown for
the chosen samples in Figs. 1a and 1b. The experi-
ments were done on a flow-through kinetic setup
under the standard conditions specified by Boreskov
[133]. The virtually complete coincidence of the
results for particles 1.5 and 0.75 mm in size guaran-
tees the kinetic control of the process. The curves in
Fig. 1 exhibit a characteristicpeak determined by the
relative rates of the forward and reverse reactions,
with the optimal temperature mode corresponding to
the maximumx value. With increasing space velocity,
the maximum conversions decrease and the optimal
temperatures, correspondingly, increase.

The obtained experimental relationships can be
used to calculate the reaction rate constant using vari-
ous kinetic equations [1, 4], e.g.,

dx/dt = k/a(xeq 3 x)0.8/x0.8(b 3 ax/2) 0 273/Tb, (1)

where a is the initial sulfur dioxide concentration;
b is the initial concentration of oxygen;t is the time
of contact under normal conditions;x is the conver-
sion; xeq is the equilibrium conversion under given
conditions; andb is the correction factor defining
the increase in concentration, caused by a decrease
in the total volume of the gas mixture as a result
of the reaction; in the experiments it was close to
unity and, therefore, is not taken into account in what
follows.

Equation (1) was used in calculations, with conver-
sions taken from Fig. 1b, and dx/dt values, from
Fig. 2. The equilibrium conversions(for a gas phase
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(a)x, %

x, %

T, oC

(b)

Fig. 1. Effect of temperatureT on the conversionx of
sulfur dioxide.V (h31): (1) 3750, (2) 7500, (3) 11270, and
(4) 14670. Catalyst grain size (mm): (a) 0.75 and (b) 1.5.

composition 7% SO2 + air) were taken from the litera-
ture.

The rate constants calculated by means of Eq. (1)
were 5.45, 3.25, and 2.86 at, respectively, 520, 500,
and 485oC.

The rate constants obtained in calculations by
Eq. (1) for a crushed industrial vanadium catalyst
SVD virtually coincide with the above values. The
closeness of the activities of the catalysts in question
is also indicated by their close activation energies.

Vanadium catalysts have different activities at low
and high temperatures [1, 2, 4]. The activity changes
in the temperature range 4003470oC, which is due to
chemical transformations of the active component of
the catalyst. The authors were primarily interested in
the working range of high temperatures, for which the
activation energy was calculated. According to the
Arrhenius equation, the dependence of the reaction
rate constantk on temperature is as follows:

ln k = 3E/RT + lnk0,

where E is the apparent activation energy,k is the

x, %

t, s

Fig. 2. Extent of SO2 oxidation x vs. time of contactt
at different temperatures. Temperature (oC): (1) 490,
(2) 500, and (3) 520.

a
g

103/T, K31

Fig. 3. Reaction rate constantk vs. temperatureT.

reaction rate constant, andk0 is the pre-exponential
factor in the Arrhenius equation.

The slope of the straight line in the coordinates
log (k 3 1)/T is 3E/R, which makes it possible to
determineE. The slope tana is found from Fig. 3 and
then the activation energy is determined:

E = 2.303Rtana, (2)

where R = 8.31 J mol31 deg31, tana = 5 0 103.

Consequently,E = 2.3030 8.310 5 0 103 = 95.50
103 J mol31.

Calculation of the activation energy for the SVD
catalyst by Eq. (2) gives virtually the same value
[1, 4].

CONCLUSION

Analysis of the presented data on rate constants and
activation energies confirms once again the Bores-
kov’s concept that the chemical composition, and in
the first place the content of the main active com-
ponent and promoter, rather than the preparation
method, determine the primary service characteristic
of a catalyst, its activity (the first catalyst of those
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studied is supported and the second is of mixed type).
It is highly important that the samples should have
similar pore structures ensuring a sufficient reaction
surface area and[free] mass transfer.
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Abstract-Evolution in the activity and texture of the Al3Co3Mo catalyst in hydrofining of black oil is
studied. The catalyst efficiency in desulfurization, deasphalting, and demineralization of black oil is estimated
as dependent on the catalyst pore structure and process conditions.

The steadily growing demands for the quality of
petroleum products, on the one hand, and production
of motor fuels by thorough-going processes, on the
other hand, make the development of processes of
hydrofining of heavy oil cuts particularly important.
Furthermore, the growing shear of sulfur-bearing and
sour oils in petroleum production [1] makes this prob-
lem even more pressing. A thorough-going method for
production of low-sulfur fuel oil and raw materials for
manufacture of pollution-free motor fuel is hydrofin-
ing of petroleum residues, primarily, black oil. How-
ever, such processes find no wide applications in in-
dustry yet, because their implementation is a rather
difficult problem, first of all due to the nature of
heavy oil cuts, which represent a complex colloid sys-
tem in which asphaltenes are dispersed in mutually
soluble oil resins and polycyclic hydrocarbons. In
other words, the petroleum residues represent a multi-
component heterogeneous system whose constituents
are characterized by variable elemental composition,
structures, and physicochemical characteristics.

About 60380% of the total sulfur remains in resid-
ues after oil distillation at atmospheric pressure [2],
and about 20% is contained in resins and asphaltenes
[3]. The fraction of asphaltenes (the most complex
and difficultly decomposable component of oil) in-
cludes a part of metals contained in oil.

Asphaltenes have a strong decelerating effect on
hydrodesulfurization of petroleum residues [4]. This is
probably due to the fact that, owing to the low diffu-
sion rate in the liquid phase and catalyst pores, they
hinder the access of hydrogen and sulfurous com-
pounds to the inner surface of the catalyst, thus de-
creasing the desulfurizing activity. Another possible
reason is irreversible sorption of asphaltenes on the

catalyst surface with formation of condensation prod-
ucts (CPs) of them. It should be pointed out also that
sulfur contained in asphaltenes is the most difficultly
removable. All these facts require giving particular
attention to the catalyst activity in the course of de-
composition of the asphaltic-resinous components
of the raw material.

The specific features of hydrofining of heavy oil
cuts place a series of constraints on the catalyst,
among them the presence of a zone of coarse pores,
which reduce the diffusion hindrance and increase the
coverage of the catalyst surface. The available relevant
information is rather contradictory, which may be
due to a wide variety of the compositions of the raw
materials studied. Thus, the problem of optimization
of the catalyst texture should be solved individually
for each particular raw material and required product
quality [5].

Previously we demonstrated [6] how the pore struc-
ture of the Al3Co3Mo catalyst controls its activity
in hydrodesulfurization of black oil produced from
West-Siberian oil. The goal of this work is to clarify
the nature of evolutions in the activity and size of par-
ticular zones of the pore structure of the Al3Co3Mo
catalyst in hydrofining of black oil, and also theeffect
of the size of macropores (more than 100 nm in diam-
eter) on the catalyst performance in various process
pathways.

EXPERIMENTAL

In the work we studied test samples of varied pore
structure, having various concentrations of active
sites. Theg-Al2O3 support was synthesized by the
nitrate technique, and its pore structure was controlled



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

EFFECT OF PORE STRUCTURE OF Al3Co3Mo CATALYST 1133

by introducing varied amounts of a 25% NH3 .H2O
solution into the aluminum hydroxide paste being
formed. The catalysts were prepared by successive im-
pregnation with solutions of ammonium paramolyb-
date and cobalt nitrate of the support calcined at
550oC. The resulting catalyst mass was allowed to
stand in air for 24 h and dried at 60370oC for 233 h
under an IR lamp with intermittent stirring and then
in an oven at 120oC for 4 h. The dried samples were
calcined in air at 4503550oC for 6 h. The specific
surface area of the oxide catalystSsp thus obtained
was determined from nitrogen thermal desorption data
obtained by the dynamic method. The pore structure
was studied by mercury porosimetry.

The catalyst activity was tested in a high-pressure
flow-through (no recycling) setup. Prior to testing the
samples were sulfidized at 400oC. The testing time
was 243110 h, temperature 3803420oC, pressure
5310 MPa, and hydrogen consumption at normal con-
ditions 1000 nl l31. The catalyst grain size was 0.43
3 mm. The space velocity of black oil across the cata-
lyst bed was 1330 h31.

In special-purpose experiments we demonstrated
that there is no external-diffusion hindrance of the
process under the experimental conditions.

The initial black oil contained sulfur, asphaltenes,
resins, and the fraction distilled below 360oC in
amounts of 1.7, 2.0, 25, and 9 wt %, respectively.
The V and Ni contents were 27 and 18 ppm, respec-
tively. As a raw material we used also such model
compounds as benzene and cyclohexane. In addition
to the desulfurizing activity we also assessed the
catalyst activity with respect to deasphalting, demin-
eralization, cracking, hydrogenation, and isomeriza-
tion. To characterize all the indicated types of the
catalyst activity and their evolution during the tests,
hydrogenizate samples were periodically taken and
analyzed. Sulfur in the initial black oil and hydrogeni-
zates was determined by the burning method [7],
asphaltenes, by precipitation withn-heptane, and V
and Ni, by the atomic absorption method on Saturn
and AAS-1N spectrometers using white spirit as a
solvent [8]. To determine the fraction distilled below
360oC in the initial black oil and hydrogenizates, they
were distilled. The composition of benzene and cyclo-
hexane hydrogenizates was determined chromato-
graphically. As the measures of the catalyst activity
we used the conversiona and the average apparent
rate of the processW.

After the raw material feed was terminated, the
reactor was cooled under hydrogen, the pressure was
relieved, and the spent catalyst was washed with

a, %

t, h

Fig. 1. Activity a of the catalyst as a function of timet
in hydrofining of black oil. Temperature 420oC, hydrogen
pressure 10 MPa, space velocity of black oil 1 h31, catalyst
grain size 3 mm; the same for Fig. 2. Reaction: (1) desul-
furization, (2) deasphalting, (3) cracking of the fraction
boiling above 360oC, (4) conversion of cyclohexane to
methylcyclopentane, and (5) hydrogenation of benzene.

diesel fraction. Prior to study of the pore structure and
determination ofSsp and the degree of coking, the
catalyst was vacuum-treated at 100oC and 233 mm Hg.
The amount of condensation products deposited on
the catalyst surface was determined by burning.

Figure 1 demonstrates evolution in the activity of
the catalyst sample (Mo 9 and Co 3.6 wt %) in a
100-h experiment on hydrofining of black oil. The
experiment was carried out in the cyclic mode at
420oC and 10 MPa. Every 10 h throughout the ex-
periment benzene and cyclohexane were passed in
turn (for 2 h each) instead of blackoil, to characterize
the hydrogenizing and isomerizing activity of the
catalyst. The hydrogenizates were sampled for analy-
sis in each cycle. The samples were collected in the
last 4 and 0.25 h of passing black oil and the model
hydrocarbons, respectively.

In the first 40 h of catalyst operation the desulfuri-
zation level was practically unchanged, and then the
catalyst activity gradually decreased (Fig. 1, curve1).
The deasphalting level (Fig. 1, curve2) remained
practically unchanged throughout the experiment
(only in the first hours it slightly declined). Similar
trends were observed for demineralization. The ben-
zene hydrogenation level drastically decreases in the
first hours from 37 to 7%, and then the activity sta-
bilizes (Fig. 1, curve5). The cracking and isomerizing
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V, cm3 g31 Ssp, m2 g31

t. h

Fig. 2. Evolution of (1) Ssp and (234) pore volumeV
of the catalyst in black oil hydrofining. (t) Time. Pore
radius (nm): (2) 4310, (3) 103100, and (4) >100.

activities totally decay in the first 30 h of the catalyst
operation (Fig. 1, curves3, 4), which is probably
due to rapid poisoning of the acidic sites on the cata-
lyst surface. Such a strong difference in the nature of
evolution of the two latter types of activity and the
desulfurization activity in time indirectly suggests the
lack of a close correlation between the desulfurization
activity and acidity of the catalyst.

The observed dissimilarity in the dynamics of the
catalyst activity with respect to desulfurization, hy-
drogenation, and cracking (Fig. 1, curves1, 5, 3) is
consistent with the existing views of the hydrocrack-
ing mechanism of sulfur-containing compounds [9],
according to which cleavage of the C3S bond of a
thiophene ring and hydrogenation of the hydrocarbon
fragment proceed by the concerted mechanism on
specific active sites of layered MoS2-like structures.

Refining of such a heavy raw material as black oil
is accompanied by vigorous coking of the catalyst sur-
face. In this work we demonstrated that the amount
of condensation products in the sample operated for
110 h as a catalyst in black oil refining was about
21 wt %. Concentration of such amounts of CPs
should initiate considerable transformation of the cata-
lyst texture and decrease in the catalyst effective area,
which can be one of the most significant causes of
deterioration of the efficiency and selectivity of hy-
drofining. Let us consider how the pore structure and
Ssp of the test sample change in the course of black oil
hydrofining (Fig. 2).

Even in the initial stage of hydrofiningSsp starts to
decrease. It continues to decrease for about 70 h, then
remaining practically unchanged. In the initial 50 h

we also observed an abrupt reduction in the volume of
fine pores (radius 4310 nm), suggesting that these
pores contribute significantly toSsp. The volume of
pores with a radius of 103100 nm starts to gradually
decrease even only 40 h of the catalyst operation.
We observed no noticeable blocking of macropores
(>100 nm) throughout the experiment.

The results show a clear correlation between evolu-
tion of the degree of desulfurization and the volume
of pores with a volume of 103100 nm (Figs. 1, 2).
Evidently, hydrogenolysis of sulfur-containing com-
pounds contained in black oil occurs primarily on the
surface of pores of this size, while fine pores (43

10 nm) do not contribute significantly to desulfuriza-
tion, as being blocked because of coking of the cata-
lyst. In this process the macropores (>100 nm) fulfil
only the transport function.

On the contrary, the observed direct correlation
between the volume of fine pores (4310 nm) and the
degree of hydrogenation of benzene suggests that the
process occurs essentially on the surface of these
pores, which is consistent with small size of benzene
molecules and also with considerable contribution
of the fine pores toSsp.

The invariability of the volume of macropores
(>100 nm) in the course of the process as well as of
the catalyst activity with respect to deasphalting
suggest that only these pores are accessible for bulky
asphaltene macromolecules. Analogous conclusion
may be expanded to metal-containing structures either.

Figures 1 and 2 demonstrate that it is the pores
over 10 nm in radius that mainly provide the transport
and catalytic functions in hydrogenolysis of sulfur-
containing compounds and in cracking of the highest-
molecular-weight components of black oil. In this
case the macropores (>100 nm) are, evidently, of
primary importance in transportation of the raw ma-
terial to the inner surface of the catalyst.

To study in more detail the role of the macropores
(>100 nm) in hydrofining, let us consider how their
volume influences the coverage of the catalyst surface
(catalyst efficiency index) in various hydrofining proc-
esses. Therefore, we tested a series of Al3Co3Mo
catalysts with variable volume of macropores, Mo
concentration (4.839.0 wt %), Co/Mo weight ratio
(0.330.5), and Ssp (1203180 m2 g31). In the series
the volume of pores 103100 nm in radius was 0.33
0.05 cm3 g31. The test time was 24 h. The desulfuri-
zation level was maintained to be rather low (253

35%), which was realized by varying the raw material
feed rate, depending on the sample activity. The tests
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were performed with catalyst samples with coarse
(3 mm) and fine (0.4 mm) grains at 380oC and
10 MPa. Grinding to 0.4 mm ensures the reaction to
proceed practically in the kinetic control mode, as was
demonstrated in a series of experiments with the cata-
lysts with various grain sizes.

The catalyst efficiency index was estimated relating
the average apparent reaction rate on coarse grains to
that on the fine grains. The results are given in Fig. 3.
The observed data scattering can be attributed to the
spread in values of the Mo and Co concentrations and,
therefore, of the catalyst activity and the diffusion to
reaction rate ratios. Despite this fact the results clearly
demonstrate that the pore structure of the catalyst has
different effects on various hydrofining pathways.
The coverage of the catalyst surface in cracking of
asphaltenes drastically increases with increasing
volume of the macropores. Under conditions of ther-
mal motion in hydrocarbon medium, the asphaltene
micelles have a sufficiently long free path. Estimated
from the molecular kinetic data on motion of colloid
particles in solution (asphaltene concentration 2 wt %;
molecular size 5310 nm), the free path (up to 60 nm
[10]) exceeds the size of certain fraction of the pores
in the catalyst structure. With increasing fraction of
macropores the contribution of molecular diffusion
should increase relative to the Knudsen component,
facilitating the transport of asphaltenes to the inner
surface of the catalyst and increasing its coverage.
Previously we observed such a drastic increase in the
catalyst efficiency factor with increasing volume of
macropores in demineralization of black oil [11].

In the case of hydrodesulfurization (Fig. 3, curve1)
the effect of the amount of macropores is considerably
lower. However, the trend to increasing effective sur-
face area of the catalyst with increasing volume of
macropores is observed in this case also. Evidently, in
transportation and conversion of sulfur-containing
compounds fine pores (103100 nm) play a crucial
role.

Let us consider next how the pore structure of the
catalyst influences the desulfurization and deasphalt-
ing of black oil at various process conditions.

Figure 4 demonstrates the effect of the volume of
macropores on the amounts of sulfur removed and
condensation products (V + Ni) in 100 h of the cata-
lyst operation at 380oC and various hydrogen pres-
sures (Mo and Co concentrations in the catalyst 738
and 2.5 wt %, respectively). The initial process level
was 35370%. Increase in one of the varied parameters
(P, Vmp) results in decreasing sensitivity of the proc-

h, %

Vmp, cm3 g31

Fig. 3. Effect of the volume of macroporesVmp on the
coverage of the catalyst surfaceh (grain size 3 mm) in
(1) desulfurization and (2) cracking of asphaltenes at 380oC
and 10 MPa.

Q, mg g31 cat.

q, g g31 cat.

p, MPa

Fig. 4. Effect of the hydrogen pressurep on the amount
of sulfur removedq and the total amountQ of V + Ni
deposited in 100 h at 380oC. Catalyst grain size 3 mm.
Volume of macropores (cm3 g31): (1) 0.1, (2) 0.2, and
(3) 0.3.

ess to variation of the other parameter. The higher
Vmp, the weaker the effect of the hydrogen pressure
on the catalyst performance, and vice versa, the effect
of macropores decreases with increasing pressure.
Evidently, with increasingP and, therefore, decreas-
ing free path and diffusion coefficient [12, 13], the
contribution of macropores decreases. The pressure
has a considerable effect only at sufficiently strong
diffusion hindrances, i.e., at a small fraction ofmacro-
pores.

Note that deposition of V and Ni considered sep-
arately is described by similar dependence as deposi-
tion of their sum (V + Ni, Fig. 4). Thedegree of re-
moval of V from black oil is higher by a factor of
1.532.0 than that of Ni.

Cracking of asphaltenes is sensitive toP and Vmp
to similar extent as demineralization.

With respect to desulfurization the indicated trends
are less pronounced (Fig. 4), additionally confirming
the lower contribution of the diffusion factor to this
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process. Furthermore, it is worth noting that the desul-
furization efficiency only slightly depends on the hy-
drogen pressure. According to the existing views of
the hydrogenolysis mechanism of thiophene as a
model compound [9], desulfurization proceeds via
concerted electron and hydrogen transfer across the
system of chemical bonds of the sulfide bimetallic
catalyst, and the first step (adsorption of the sulfur-
containing electron-donor molecule) occurs on a Co
cation (it acquires acidic properties as a result of
oxidative addition of hydrogen with formation of a
strongly bound occluded form in the catalyst matrix).
The amount of this form of hydrogen is controlled by
the number of atoms of the active component of the
catalyst; therefore, apparently, the effect of the total
hydrogen concentration in the system on the desul-
furization efficiency is insignificant.

CONCLUSION

The cracking and isomerizing functions of the
Al3Co3Mo catalyst totally decay in the first hours of
operation in hydrofining of black oil under the ex-
perimental conditions. The reduction in the efficiency
of desulfurization, deasphalting, and demineralization
of black oil is caused to a considerable extent by
changing texture of the catalyst. The relative decrease
in the volume of particular fractions of pores in the
catalyst structure in the course of the process was
found to be 90, 45, and 0% for pores 4310, 103100,
and >100 nm in radius, respectively, i.e., thisparam-
eter decreased with increasing pore size. Desulfuriza-
tion of black oil proceeds essentially on the surface of
pores 103100 nm in radius. The catalyst efficiency in
deasphalting and demineralization as well as the
coverage of the catalyst surface in these processes are
controlled by the volume of coarse pores (>100 nm).
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Abstract-Effect of the composition of Al3Co3Mo catalysts on their desulfurizing, deasphalting, and demin-
eralizing activities in hydrofining of black oil and interrelation of these activities with coking and deactivation
of the catalyst are studied.

Study of physicochemical and catalytic character-
istics of catalysts for hydrofining of heavy oil cuts is
important in view of growing spread of this process.
Thus, in the United States the annual output capacity
of heavy cut hydrofining installations in refineries
increased by 33 million tons in the period from 1980
to 1996 [1, 2]. This tendency is initiated primarily
by steadily increasing atmospheric pollution with SO2
(about 160 million tons of SO2 is annually released all
over the world to the atmosphere as a result of black
oil and coal combustion), so that the steadily growing
demand for environmentally clean motor fuels should
be satisfied by hydrofining of heavy cuts.

In this connection optimization of the composition
of catalysts is one of the most important problem.

Here we report on the effect of the concentration of
the active component of the Al3Co3Mo catalyst on its
desulfurizing, deasphalting, and demineralizing activi-
ties and formation of condensation products (CPs)
on the catalyst surface in hydrofining of black oil
produced from West-Siberian crude oil.

EXPERIMENTAL

In experiments we used samples with various con-
centrations of the active components and phase com-
positions. Theg-Al2O3 support for the catalysts was
prepared by the nitrate method. The catalysts of fixed
composition were prepared by impregnation of the
support calcined at 550oC with solutions of ammoni-
um paramolybdate and cobalt nitrate. The resulting
catalyst mass was air-dried for 24 h, dried at 60370oC
under an IR lamp with intermittent stirring, and in

an oven at 120oC for 4 h. The dried samples were
then calcined in air for 6 h at a fixed temperature from
the range 4503550oC.

The samples thus obtained varied not only in the
Mo and Co concentrations, but also in the relative
content of crystallized Co and Al molybdates and the
degree of their crystallinity. The phase composition
was varied as in [3, 4] using data on the effects of the
sequence of application of Mo and Co to Al2O3 and
the mode of oxidative thermal treatment of the cata-
lyst mass. The Co/Mo atomic ratio in the samples was
0.40+0.03. The phase composition of the catalysts
was studied by X-ray diffraction analysis on a
DRON-1.5 diffractometer (CuKa radiation, graphite
monochromator for reflected beam). In data process-
ing we used the external reference method. As refer-
ence mixtures we usedg-Al2O3 + MoO3, g-Al2O3 +
Al2(MoO4)3, and g-Al2O3 + CoMoO4.

The catalyst activity was tested in a high-pressure
flow-through (no recycling) setup. Prior to testing the
samples were sulfidized at 400oC. The testing time
was 243110 h, temperature 3803420oC, pressure
10 MPa, and hydrogen consumption at normal condi-
tions 1000 nl l31. The experimental space velocity
of black oil across the catalyst bed provided the desul-
furization level of 25335%.

In special-purpose experiments we demonstrated
that there is no external-diffusion hindrance of the
process under the experimental conditions. Further-
more, at a grain size of 0.4 mm internal-diffusion
hindrance is not manifested also, which allows an
adequate estimation of the effect of the chemical
composition of the catalyst on its activity.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

1138 LUR’E et al.

W1,2, g g31(Mo) h31

W3, mg(U + Ni) g31(Mo) h31

C 0 104, g m32

Fig. 1. Average apparent rates of (1) desulfurization, (2) de-
asphalting, and (3) demineralization as functions of the
Mo concentrationC in the catalyst. Temperature 380oC,
hydrogen pressure 10 MPa, catalyst grain size 3 mm; the
same for Figs. 2 and 3. (W1,2) Desulfurization and deas-
phalting rates and (W3) demineralization rate.

The initial black oil contained sulfur, asphaltenes,
tars, and the fraction boiling point of below 360oC in
amounts of 1.7, 2.0, 25, and 9 wt %, respectively. The
V and Ni contents were 27 and 18ppm, respectively.
To characterize the catalyst activity with respect to
desulfurization, deasphalting, and demineralization,
hydrogenizate samples were periodically taken and
analyzed. Sulfur in the initial black oil and hydro-
genizates was determined by burning [5], asphaltenes,
by precipitation withn-heptane, and V and Ni, by
the atomic absorption method on Saturn and AAS-1N
spectrometers using white spirit as a solvent [6]. As
the measures of the catalyst activity we used the
average apparent rate of the processW at the indicated
process level.

After the raw material feed was terminated, the
reactor was cooled under hydrogen, the pressure
was relieved, and the spent catalyst was washed with
diesel fraction. Prior to determination of the degree
of coking, the catalyst was vacuum-treated at 100oC
and 233 mm Hg. The amount of condensation prod-
ucts deposited on the catalyst surface was determined
by burning.

The Mo concentration differently influences the
rates of desulfurization, deasphalting, and deminerali-
zation (Fig. 1). The catalyst activity (estimated per
Mo unit mass) in hydrogenolysis of sulfur-containing
compounds decreases with increasing Mo content;
in demineralization the effect is only slightly pro-
nounced; and as for deasphalting, no clear correlation
is observed, suggesting that the indicated processes
demonstrate different sensitivity to the composition
and structure of the effective catalyst layer.

The observed decrease in the specific desulfurizing

activity with increasing Mo concentration irrespective
of the phase composition of the catalyst can be attri-
buted to increasing aggregation of Mo species and,
hence, decreasing fraction of Mo accessible for sulfur-
containing components of black oil.

In deasphalting the highest activity is demonstrated
by the catalysts whose oxide precursors contain more
cobalt molybdate as compared to aluminum molyb-
date. In this case the specific activity (per Mo unit
mass) increases with increasing crystallinity of the
former. The possible reason is that catalytic cracking
of an asphaltene micelle requires simultaneous break-
down of a large amount of bonds. Therefore, in this
case an active catalytic center should be much greater
in size than in hydrogenolysis of ordinary sulfur-
containing molecules.

The fact that the activity of the sulfide form of the
catalyst depends on the dispersity of Mo in the oxide
precursor is consistent with data of [7, 8] demonstrat-
ing that this dependence is maintained on passing of
the Al3Co3Mo system from the oxide to the sulfide
form.

Demineralization of black oil is practically insensi-
tive to variations in the chemical and phase composi-
tions of the catalyst (Fig. 1).

Hydrofining of heavy oil cuts is accompanied by
a considerable coking of the catalyst surface, which is
the major factor responsible for decreasing catalyst
activity. Since the raw material has a complex com-
position, questions arise as to what components of the
reaction mixture are the principal monomers in forma-
tion of the condensation products and how the latter
process is associated with the other reactions occur-
ring in hydrofining. In [9, 10] it was suggested that
asphaltenes having high adsorption capacity and tend-
ing to coking are, most likely, precursors of the con-
densation products. However, it was demonstrated
that decreasing asphaltene content in oil residues by a
factor of 9 reduces the amount of CPs by a factor of
1.4 only [11], and that introduction of asphaltenes in
the cracked distillate even somewhat decelerates for-
mation of CPs [12], which has cast some doubt on
the determining role of asphaltenes in coking of the
catalysts.

Figure 2 demonstrates the dependence of the
amount of CPs deposited on the catalyst surface on
the Mo concentration. Figures 1 and 2 show that de-
creases in the desulfurization activity and amount of
deposited CPs with increasing Mo concentration are
correlated processes, which is consistent with results
obtained in [13] for a series of catalysts with vari-
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ous chemical compositions and desulfurizing activi-
ties, demonstrating a direct correlation between the
amounts of sulfur removed and CPs deposited in
24-h runs. Thus, one may suggest occurrence of a
rather close relation between hydrogenolysis of sulfur-
containing compounds and formation of CPs. For
cracking of asphaltenes such a relation is not found
(Figs. 1, 2).

As for metal-containing components of black oil,
their concentration is too low to contribute significant-
ly to formation of CPs.

Evidently, CPs are formed primarily from strongly
coke-forming unsaturated products of hydrogenolysis
of sulfur-containing compounds. This conclusion is
confirmed by data on contributions of model organic
compounds (with benzene and thiophene) to coking of
the Al3Co3Mo catalyst using a radioactive tracer [13].
The contribution of thiophene was demonstrated to be
higher by more than two orders of magnitude as com-
pared to benzene. Such a close relation between hy-
drogenolysis of sulfur-containing compounds and
coking of the catalyst suggests that the degree of
catalyst deactivation directly depends on the desul-
furization level.

It was demonstrated with an example of the sim-
plest model reaction [14] that the deactivation of
catalysts can decrease when internal-diffusion hind-
rance occurs. It is advisable to check this result for
consistency in the case of hydrofining of oil residues.
Note that comparison of the degree of reduction of the
desulfurizing activity of the catalysts should be made
taking into account the presence in the raw material of
a broad spectrum of sulfur-containing compounds
differing in the molecular weight, reactivity, structure,
and coke-forming capacity of hydrogenolysis products
as precursors of CPs. Changing desulfurization level
is not an extensive phenomenon. It results in different
qualitative composition of the major monomers of
CPs, i.e., itchanges the coke-forming capacity of the
reaction mixture. Therefore, comparison of deactiva-
tion of any catalysts of hydrodesulfurization (includ-
ing the kinetically and diffusion-controlled zones of
the reaction) can provide adequate results only at
close desulfurization levels. In this work the experi-
ments were carried out at a desulfurization level of
30+5%, i.e., the above condition was met. We tested
the catalysts with fine (0.4 mm) and coarse (3 mm)
grains. The results showed that in the former case the
initial desulfurization rate was higher by a factor of
1.131.2, and the amount of CPs was higher by a factor
of 1.331.5. In estimating thedegree of deactivation it
should be taken into account that in the case of the

C 0 104, g m32

A, g g31(Mo)

Fig. 2. Amount of CPsA as a function of the Mo concen-
tration in the catalystC.

DAd 0 102, h31

DAk 0 102, h31

Fig. 3. Correlation between the differential changes in the
desulfurization rate on coarse (DAd) and fine (DAk) grains.

fine-grain catalyst, in order to obtain the desulfuriza-
tion level close to that for the coarse-grain catalyst,
we were forced to use a higher space velocity. There-
fore, the catalyst efficiency (amount of sulfur re-
moved) is higher with fine grain also. To take this
factor into account in comparison of the deactivation
of the catalysts, the difference between the initial
and final (after a 24-h run) desulfurization rates was
related to the amount of sulfur removed in this time
per unit weight of the catalyst. The results show
(Fig. 3) that the differential change in the activity of
the catalytic system is practically independent of the
conditions of mass transfer, but is controlled by the
amount of sulfur removed. Thus, we experimentally
confirmed that deactivation of the catalysts for hy-
drofining of oil residues is caused essentially by cok-
ing with products of hydrogenolysis of sulfur-contain-
ing components of the raw material.

CONCLUSION

The rates of desulfurization, deasphalting, and
demineralization differently depend on the composi-
tion of the Al3Co3Mo catalyst. The specific (per unit
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weight of Mo) desulfurizing activity decreases with
decreasing Mo content. The deasphalting activity is
controlled by the amount of crystallized cobalt molyb-
date. Demineralization is practically insensitive to
changing phase composition of the catalyst as well as
the Mo content over the experimental range of its
variation. The degree of coking of the catalyst and its
deactivation increase with increasing extent of desul-
furization.

REFERENCES

1. Wisdom, L., Peer, E., and Bonnitay, P.,Oil Gas J.,
1998, vol. 96, no. 6, pp. 58360.

2. Bagrii, E.I. and Nekhaev, A.I.,Neftekhimiya, 1999,
vol. 39, no. 2, pp. 83397.

3. Milova, L.P., Plyasova, L.M., Zaidman, N.M.,et al.,
Izv. Akad. Nauk SSSR, Neorg. Mater., 1981, vol. 17,
no. 1, pp. 1483152.

4. Milova, L.P., Zaidman, N.M., Plyasova, L.M.,et al.,
Kinet. Katal., 1982, vol. 23, no. 1, pp. 1503154.

5. Zhestkov, D.K.,Metody analiza organicheskikh soedi-

nenii nefti, ikh smesei i proizvodnykh(Methods for
Analysis of Petroleum Organic Compounds, Their
Mixtures, and Derivatives), Moscow: Nauka, 1969.

6. Kholodnaya, G.S., Goncharova, N.K., and Dorogo-
va, I.V., Available from TsNIITEneftekhim, January 16,
1989, no. 118-NKh89.

7. Topsoe, N.,J. Catal., 1980, vol. 64, no. 2, pp. 2353
237.

8. Okamoto, Y., Imanaka, T., and Teranishi, S.,J. Catal.,
1980, vol. 65, no. 2, pp. 4483460.

9. Absi-Halabi, M., Stanislays, A., and Trimm, D.L.,
Appl. Catal., 1991, vol. 72, no. 2, pp. 1933215.

10. Furimsky, E.,Erdol Kohle, 1979, vol. 32, no. 8,
pp. 3833390.

11. Eigenson, A.S., Berg, G.A., Khabibullin, S.G.,et al.,
Khim. Tekhnol. Topl. Masel, 1974, no. 1, pp. 133.

12. Kapustin, V.M., Matveeva, N.K., and Smidovich, E.V.,
Khim. Tekhnol. Topl. Masel, 1990, no. 5, pp. 13315.

13. Lur’e, M.A., Storozheva, L.N., Kurets, I.Z., and Lipo-
vich, V.G., Kinet. Katal., 1993, vol. 34, no. 3,
pp. 5723576.

14. Kumbilieva, K., Kiperman, S.L., and Petrov, L.,Kinet.
Katal., 1995, vol. 36, no. 1, pp. 82388.



1070-4272/01/7407-1141$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 7, 2001, pp. 114131146. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 7,
2001, pp. 111031115.
Original Russian Text CopyrightC 2001 by Sigaeva, Usmanov, Budtov, Monakov.

CATALYSISÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

Effect of Organoaluminum Compound on Kinetic
Nonuniformity and Structure of Active Centers of Neodymium

Catalytic Systems in Butadiene Polymerization

N. N. Sigaeva, T. S. Usmanov, V. P. Budtov, and Yu. B. Monakov

Institute of Organic Chemistry, Ufa Scientific Center, Russian Academy of Sciences, Ufa,
Bashkortostan, Russia

Received September 12, 2000; in final form, March 2001

Abstract-The effect of organoaluminum compound nature on the kinetic nonuniformity of the active centers
of neodymium-containing catalytic systems at butadiene polymerization was studied. The concentrations
of each type of active centers were calculated.

Previously [1, 2] we used the Tikhonov’s regulari-
zation method [3, 4] to characterize the activity of the
lanthanide-containing systems in diene polymerization
and found that, irrespective of the diene nature and
polymerization conditions, macromolecules are syn-
thesized on lanthanide catalysts with participation of
four types of active centers (AC). In this work, we
studied the effect of the nature of organoaluminum
compound (OAC) on the kinetic nonuniformity and
structure of the active centers of neodymium catalytic
systems in butadiene polymerization.

Using the Tikhonov’s regularization method and
experimental curves of molecular-weight distribution
(MWD) of 1,4-cis-polybutadiene (PB) [336] (Figs. 1,
2), we characterized the activity of the NdCl3 .3TBP3
OAC catalytic systems in butadiene polymerization as
a function of the molecular weight of the polymer
formed. Here TBP is tributyl phosphate and OACs are
Al( i-C4H9)3 (TIBA), Al(C 2H5)3 (TEA), Al(C6H13)3
(THA), and Al(C8H17)3 (TOA).

Irrespective of the nature of OAC used, all the
curves of the kinetic activity are characterized by a
polymodal form and have four maxima. Each point on
the curve characterizes the fraction of ACs generating
macromolecules with the molecular weightMi with
the probability of the chain termination equal toyi.
The functionp(lnb) shows the kinetic nonuniformity
of the catalytic systems, and four maxima of this func-
tion indicate the existence of at least four AC types
differing in their structure.

As seen, the multimodality of they(lnb) curves is
observed even at the lowest butadiene conversions
(Fig. 1). This shows that ACs of all the four types

arise in the initial stage of the process. Thus, the
catalytic system is initially nonuniform.

The curve of the kinetic activity of the NdCl3 .
3TBP3TEA catalytic system differs from they(lnb)
curves for the systems with TIBA, THA, and TOA
(Fig. 2). For the system with TEA, two pronounced
maxima corresponding to ACs forming the lowest-
molecular-weight (Mw 1033104) and highest-molecu-
lar-weight (Mw ~ 106) polymer fractions are typical.
ACs of these two types generate the major fraction of
the polymer, while the part of ACs giving macro-

Fig. 1. Kinetic activity of the NdCl3 .3TBP3TIBA catalytic
systems in butadiene polymerization. Polymerization condi-
tions: toluene;Cm = 1.5 andCAl = 3 01032 M; Al/Nd = 30;
T = 25oC; the same for Figs. 3 and 4. (b) Polymerization
statistical parameter equal to the ratio of the total rate of
the chain terminationWt to the rate of the chain propaga-
tion Wp: b = (1/m)(Wt /Wp) (m is the monomer molecular
weight); (M) molecular weight; the same for Fig. 2. Con-
version (%): (1) 3.61, (2) 11.1, (3) 17.4, (4) 25.6, (5) 55.6,
(6) 67.8, (7) 87.9, and (8) 88.8.
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Fig. 2. Kinetic activity of the NdCl3 .3TBP3OAC catalytic
systems in butadiene polymerization. Conversion~40%.
OAC: (1) TEA, (2) THA, and (3) TOA.

(a) (b)

U, % U, %

Fig. 3. Position of the maxima of (a) lnM and (b) kinetic
activity Sn of centers of butadiene polymerization as a
function of the monomer conversionU. Catalytic system
NdCl3 .3TBP3TIBA.

molecules with intermediate weights is small. Prob-
ably, specifically due to such a feature of the NdCl3 .
3TBP3TEA catalytic system the resulting PB has
bimodal MWD [7].

Assuming random character of activity deviations
from the maxima, we presented the experimental
curves as a sum of Gaussian functions. The area under
each Gaussian component corresponds to the fraction
of the polymer generated on AC of the given type.
Such a consideration allows estimation of the con-
tribution of each AC type and its variation.

Figure 3a shows the position of such Gaussian
peaks for the NdCl3 .3TBP3TIBA catalytic system as
a function of the degree of the monomer conversion.
The changes in the position are small, i.e.,each AC
synthesizes macromolecules of the definite length.

The active centers of the neodymium catalytic sys-
tems with TIBA, THA, and TOA produce polymer
fractions with the same molecular weight. For the

system with TEA, the position of the first (low-
molecular-weight) peak somewhat differs, and the
corresponding AC produces polymer with slightly
lower molecular weight as compared to the systems
with TIBA, THA, and TOA.

The activity of each AC presented as the corre-
sponding peak area changes during polymerization.
Figure 3b illustrates this for the NdCl3 .3TBP3TIBA
catalytic system. As seen, ACs corresponding to the
first maximum on the distribution curve (generation of
low-molecular-weight polymers) are characterized by
low activity, which slightly increases during poly-
merization. For the second AC type, the activity de-
creases. For the third type, the increase with satura-
tion, and for the fourth, the steady increase are ob-
served during polymerization. Certain scattering in
data is explained by the random nature of the poly-
merization. Nevertheless, the trend in the activity of
various ACs can be estimated.

In Fig. 4A, curves of the activity of the NdCl3 .
3TBP3OAC catalytic systems are grouped together for
each type ofACs. The figure reveals the trend in the
kinetic nonuniformity of the catalytic systems with
various OACs. As seen, with TIBA, THA, and TOA
the activities of all four types of ACs vary similarly
with increasing monomer conversion (though to a dif-
ferent extent). ACs generating low-molecular-weight
fraction increase their activity during polymerization
(for the catalytic system with TEA the activity of this
center decreases). The activities of the centers corre-
sponding to the second and third peaks decrease for
all the catalytic systems studied. For the fourth AC
type, the activity steadily grows with all OACs.

For all the four AC types, we measured their activi-
ties at various Al/Nd ratios. As in the case of conver-
sion curves, with TIBA, THA, and TOA the depen-
dences of the kinetic activity on the Al/Nd ratio are
similar. For the NdCl3 .3TBP3TEA catalytic system,
the first maximum, in contrast to the other catalysts, is
high. It slightly decreases with increasing Al/Nd ratio.
The behavior of the fourth maximum also differs from
that for the other catalytic systems: with increasing
the TEA content its intensity increases.

We found that the kinetic activity of ACs of the
NdCl3 .3TBP3OAC catalytic systems is practically
independent of the catalyst concentration at the con-
stant OAC content.

Figure 4B shows the effect of the polymerization
temperature on the activity of the catalytic systems
studied. As seen, the intensities of the first and the
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(A)
(a) (b)

(c) (d)

U, % U, %

(B)
(a) (b)

(c) (d)

T, oC T, oC

Fig. 4. Kinetic activity Sn of the centers of butadiene polymerization as a function of the (A) monomer conversionU and
(B) temperatureT. Catalytic systems NdCl3 .3TBP3OAC. OAC: (1) TIBA, (2) THA, (3) TOA, and (4) TEA. Peak: (a) no. 1,
(b) no. 2, (c) no. 3, and (d) no. 4.

second peaks corresponding to ACs forming low-
molecular-weight polymers increase with temperature.
On the other hand, the third and fourth peaks (genera-
tion of high-molecular-weight polymers) decrease.
This shows that the ACs forming high-molecular-
weight fractions are less stable as compared to the
ACs forming low-molecular-weight polymers. Simi-
larly to conversion dependences, the activities of ACs
corresponding to the second and third peaks are very
low for the catalytic system with TEA.

Sharp difference between the system with TEA,
on the one hand, and systems with TIBA, THA, and
TOA, on the other hand, can be explained by the dif-
ference in the association degree of free OAC mole-
cules in the polymerization system. Association sharp-
ly increases with decreasing length of the hydrocarbon
radical (TIBA is not capable of association because of
branching of its hydrocarbon radicals) [8]. Probably, it
is the greater tendency of TEA molecules to associa-
tion in comparison with TIBA, THA, and TOA that is
responsible for the observed differences in the activity
of ACs.

As mentioned above, the peak area of the separate
Gaussian components of the activity curveSi charac-
terizes the fraction of the chains formed onith AC and
is equal to the ratio of the number of these chainsQ0i
to the total chain numberQ0:

Si =Q0i / Q0. (1)

Let us assume that

m = Cm0Cai x /SCai (2)

is the fraction of the monomer consumed on theith
AC by the time corresponding to conversionx, where
Cai is the concentration of theith center andCm0 is
the initial concentration of the monomer.

Then, the quantity

km iCm + kAl iCAl
ÄÄÄÄÄÄÄÄÄÄÄÄÄm (3)

kp iCm

determines the amount of the[dead] chains formed on
the ith center by transfer to the monomer and OAC by
the time corresponding to conversionx, wherekmi and
kAl i are the rate constants of transfer to the monomer
and OAC, respectively, andkpi is the rate constant
of the chain propagation onith AC.

The total number of macromolecules formed on the
ith center is

km iCm + kAl iCAl Cm0Cai
Q0i = Cai + ÄÄÄÄÄÄÄÄÄÄÄÄÄ ÄÄÄÄÄÄÄx, (4)

kp iCm SCai

where the first termCai characterizes the number of
[living] chains.

The total number of chainsQ0 is the ratio of the
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Concentrations of various types of ACs of the NdCl3 .3TBP3OAC catalytic systems in butadiene polymerization
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

OAC
³ Cai 0 105, M ³ SCai 0 105 ³ �Ca� 0 105

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ Ca1 ³ Ca2 ³ Ca3 ³ Ca4 ³ M

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
TIBA ³ 3.9 ³ 21.7 ³ 7.5 ³ 5.7 ³ 38.8 ³ 40.1
THA ³ 0.05 ³ 0.9 ³ 1.5 ³ 0.8 ³ 3.3 ³ 3.0
TOA ³ 23.9 ³ 6.2 ³ 6.9 ³ 28.7 ³ 65.6 ³ 65.0
TEA ³ 6.8 ³ 3.9 ³ 3.0 ³ 6.8 ³ 20.5 ³ 25.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

amount of the converted monomer to the number-
average degree of polymerizationPn:

Q0 = Cm0x /Pn. (5)

Taking into account Eqs. (8) and (9), Eq. (5) can be
transformed after simple operations into

Si Cm0x Cm0kmi CAl kAl i Cm0� �

ÄÄÄÄÄÄ = Cai�1 + ÄÄÄÄÄÄÄÄx + ÄÄÄÄÄÄÄÄÄx�. (6)
Pn kp iSCai Cmkp iSCai� �

Let us assume that

Si Cm0x /Pn = Ai.

The position of the maximum on the kinetic activ-
ity curve characterizes the degree of polymerization
Pni of the polymer fraction formed on the correspond-
ing ACs, which, in turn, is defined as the ratio of the
amount of the monomerm converted on theith center
to the number of chainsQ0i formed on it. Using (6),
we obtain

Cm0Cai
Pni = ÄÄÄÄÄÄÄÄx. (7)

Q0iSCai

For the initial instant of polymerization (t 6 0),
taking into account that the conversion is determined
as x = 1 3 e3tS kpi Cai, we can assume

x ; tSkpi Cai = t�kp �SCai, (8)

where �kp� is the overall rate constant of the chain
propagation. Then, taking into account (8), we can
write Eq. (7) as

Pni = Cm0�kp � t. (9)

It is follows from Eq. (9) that the slope of the
Pni(t) curves att 6 0 is constant for all the ACs
and characterizes the given catalytic system. Thus, the

shift of the maxima in Fig. 3a in the initial stage of
polymerization is the regular phenomenon.

By substitution of Eq. (4) into (7) we obtain the
following equation for analysis ofPni:

Cm0Cai x
Bi = ÄÄÄÄÄÄÄÄ

Pn iSCai

km iCm + kAl iCAl Cm0Cai
= Cai + ÄÄÄÄÄÄÄÄÄÄÄÄÄ ÄÄÄÄÄÄÄx. (10)

kp iCm SCai

Extrapolation of the dependence ofAi or Bi on the
monomer conversionx to zero conversion in accor-
dance with Eqs. (6) and (10) allows determination of
Cai, which is the concentration of each type of AC,
and of the total concentration of all ACsSCai.

The concentrations of the separate ACs in butadi-
ene polymerization on the catalytic systems studied
are listed in the table.�Ca� is also the total AC con-
centration, but it is determined from the analysis of
the polymerization kinetics by the equationWp =
kpCm/�Ca�. As seen, a good agreement is observed
for results calculated by both methods. This confirms
the adequacy of the model used.

Introduction of OAC into the polymerization sys-
tem initiates processes yielding ACs. The soluble
complex of neodymium chloride with TBP reacts with
OAC molecules, which initially abstract TBP mole-
cule, and desolvated neodymium chloride starts to
precipitate as the coordination polymer (NdCl3)n with
chloride bridges. Simultaneously NdCl3 is alkylated
with formation of NdCl2R. As shown in [9], TBP is
practically removed from the catalytic complex. The
excess AlR3 (Al/Nd ~ 30) can give complexes

NdCl2 R + AlR3

R

R
Al
ddjj

jj
....

R

Clj
j

....
Nddd
jj

R

Cl
6cccNdCl2 R + AlR3

R

R
Al
ddjj

jj
....

R

Clj
j

....
Nddd
jj

R

Cl
6ccc

It should be noted that the above processes can occur
simultaneously, affecting each other.
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The catalytic systems containing no organoalumi-
num compound are known [10, 11]. Hence, OAC is
not the necessary component of the catalytic complex
controlling cis stereoregulation, although the presence
of OAC makes the catalyst substantially more active.
This means that ACs do not necessarily contain OAC
fragments.

It was shown in [10, 11] that centers formingcis
units are the compounds with the formula LnX2R (X
is electronegative group), when individual lanthanide
organic compounds are used as catalysts of diene
polymerization; triorganolanthanides LnR3 are the
catalysts oftrans polymerization, and the compounds
LnXR2 are inactive in polymerization.

Taking into account these facts, we can assume the
existence of ACs differing in the degree of alkylation
of neodymium chloride and in the content of the or-
ganoalunimum component. Structurea is formed by
alkylation of one Nd3Cl bond (see scheme). Struc-
ture b arises when, in addition to alkylation, com-
plexation with OAC molecule occurs. When two
Nd3Cl bonds are alkylated, active centersc andd are
formed.
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EXPERIMENTAL

Butadiene polymerization was performed at 25oC
in the presence of the NdCl3 .3TBP3OAC catalytic
systems (OAC = TIBA, TEA, THA, and TOA). The
NdCl3 .3TBP complex was synthesized according to
[9]. The catalyst was preparedin situ, i.e., in the solu-
tion of the monomer in toluene (Cm = 1.5 M) initially
OAC (CAl = 3 0 1032 M) and then NdCl3 .3TBP were
introduced. The Al/Nd ratio was 30.

The content of 1,4-cis units in polybutadiene was
90395% and that of 1,2 units was less than 1%, the
remainder being 1,4-trans units.

The molecular weights and MWD of polybutadiene
were determined on a KhZh-1302 gel chromatograph;

four columns packed by Waters styrogel with a pore
size of 30 10235 0 106 A were used. The separation
temperature was 25oC. Chloroform was used as an
eluent. The column system was calibrated against
polystyrene references with narrow MWD (Mw/Mn <

1.2) using the universal Benoit dependence [12] and
the equation correlating the polybutadiene molecular
weight with the intrinsic viscosity [13].

The chromatograms and molecular weights were
corrected with regard to device broadening by the
special method [14]. The approximation method of
solving the Tung equation [15, 16] was taken as a
[testing] method.

The distribution with respect to the kinetic nonuni-
formity of the NdCl3 .3TBP3OAC catalytic system
was calculated by the Tikhonov’s regularization
method [3, 4]. The minimum of the Tikhonov’s func-
tional was attained at the regularization parametera

equal to 9.40 1035 with the root-mean-square error
d2 0.0001. The unbalance was 1.070 1034. The
method used and the IUPR procedure allow variation
of the error in the choice of the integral equation core.
However, because the core, which is the Schultz3

Flory function, was selected as a model, the error was
taken to beh 6 0.

CONCLUSIONS

(1) Irrespective of the nature of organoaluminum
compound used in the neodymium catalytic system
and conditions of the process, butadiene polymeriza-
tion proceeds on four types of active centers formed
at the start of polymerization and generating polymers
with different molecular weight.

(2) The method was developed for determination
of the concentrations of each type of active centers
in the neodymium catalytic systems, and these con-
centrations were calculated.

(3) The possible structures of the active centers in
the neodymium catalytic systems differing by the con-
tent of organoaluminum compound in the catalytic
complex were proposed.
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Abstract-Carbon-supported oxide catalysts of oxygen electroreduction were prepared from Co(III)3M(II)
ethanolamine complexes. The electrochemical properties of these catalysts were studied. The apparent activa-
tion energies of the reduction were measured.

Development of new electrocatalysts free from
noble metals and electrodes on their base for chemical
current sources is an urgent problem [1]. One of the
most promising catalysts for oxygen electroreduction
in metal3air chemical current sources and electro-
chemical generators ared-metal N4 complexes [235].
Catalysts with required properties can be prepared by
variation of the ligands and the central metal. Thermal
treatment of carbon materials modified with organo-
metallic N4 complexes enhances their catalytic activ-
ity in electrochemical reduction of oxygen and in-
creases the discharge voltage and capacity of voltaic
cells. The structure of catalytically active centers
depends on the ligand nature and on the temperature
and atmosphere of pyrolysis. For example, the active
centers of the catalysts prepared by thermolysis of
cobalt(II) and iron(II) polyacrylonitrile complexes
at 8003900oC are anchored to the carbon support via
nitrogen atoms [2]. When a carbon material modified
with products of condensation of ethylenediamine and
formaldehyde withd-metals are used as the precursors,
the most active catalysts are formed at 5003600oC
[3]. Effective catalysts of oxygen electrochemical
reduction were prepared by heat treatment of poly-
meric cobalt(III) complexes withp-phenylenediamine
and 2,6-diaminopyridine at 92331123oC in a vacuum,
with the catalytic activity increasing with the tem-
perature of the heat treatment. Tarasevich and Ra-
dyushkina [5] showed that effective catalysts based on
cobalt(II) and iron(II) porphyrin and phthalocyanine
complexes can be prepared by calcination at 8003

900oC. Among the best catalysts are 3d-metal oxides
with the spinel structure [6]. However, the electrical
conductivity of these oxides is low, and preparation of
catalysts with high surface conductivity by application
of these oxides to carbon support is rather complex

problem. The electrocatalytic activity of oxides is
known [1, 7] to depend mainly on the nature of sur-
face cations and structural defects. The aim ofthis
work was to prepare catalysts of electrochemical oxy-
gen reduction by pyrolysis of cobalt(III)3d-metal(II)
triethanolamine complexes on carbon support to form
metal oxides with the spinel structure.

EXPERIMENTAL

Catalysts of electrochemical reduction of oxygen
were prepared by treatment of AG-3 activated carbon
with methanolic or aqueous-methanolic solutions of
[Co(HTEA)H2TEA]2 .M(OOCCH3)2 (where H3TEA
is triethanolamine and M is Mn2+, Ni2+, Cu2+, or
Zn2+).

The initial complexes were prepared by addition of
a 0.2 M methanolic or aqueous methanolic solution
(10 ml) of appropriated-metal (Mn2+, Ni2+, Cu2+, or
Zn2+) acetates to 0.004 M methanolic solution (5 ml)
of cobalt aminoalcoholate [Co(HTEA)H2TEA]2 pre-
pared by the procedure in [8]. Methanol was used as
the solvent of nickel acetate and zinc acetate and
water3methanol mixture (1 : 1), as the solvent for
manganese acetate and copper acetate. Manganese(II)
acetate was prepared by dissolving metallic manga-
nese in glacial acetic acid, followed by recrystalliza-
tion from water. The other acetates were of analytical-
ly pure grade. AG-3 activated carbon (1 g) with par-
ticles smaller than 50mm and the BET specific sur-
face area of 850 m2 g31 was added to a solution of
appropriate metal acetate. The mixture was allowed to
stand for 12 h. Then 80% of the solvent was distilled
off. The impregnated carbon was filtered off, washed
with a small amount of isopropanol and then with



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

1148 KUBLANOVSKII, PIRSKII

ether, and dried at 120oC to constant weight. The
weight gain of the activated carbon after sorption of
[Co(HTEA)H2TEA]2.Mn(OOCCH3)2, [Co(HTEA)H2.
TEA]2 .Cu(OOCCH3)2, [Co(HTEA)H2TEA]2.Zn.
(OOCCH3)2, and [Co(HTEA)H2TEA]2.Ni(OOCCH3)2
was 51, 55, 20, and 64%, respectively.

The currents passed through the catalysts were
adjusted depending on the weight of the complex
applied to the carbon.

The triethanolamine complexes have the following
structure:

,

where curve segments denote the3C2H43 fragments.

As seen from this figure, the double-charged metal
located in the equatorial plane is bound via oxygen
bridges to the triple-charged cobalt ions. There are
reasons to believe that this fragment in the form of
spinel or substoichiometric mixed oxides can be
retained on the carbon surface after pyrolysis of the
complexes at definite temperatures. Thermal degrada-
tion of the complexes of this type in a carbon matrix
is known [5] to start from elimination of the terminal
groups. The products are incorporated into the struc-
ture of the carbon matrix.

A weighed portion of carbon-supported metal com-
plexes (200 mg) was placed in a quartz tube furnace.
The sample was gradually heated in an argon counter-
flow to the required temperature, kept at this tempera-
ture for 1 h, and cooled to room temperature. The heat
treatment was performed at temperatures from 200 to
800oC with a 100oC increment. The catalytic activity
of the resulting samples in electrochemical reduction
of oxygen was studied.

The electroreduction of oxygen was performed at
room temperature in 1 M KOH on a floating gas-
diffusion electrode [11] in an electrochemical cell
with separated cathodic and anodic compartments.
The electrochemical measurements were performed
in a PI-50-1.1 potentiostat using an Ag/AgCl refer-
ence electrode. The partial pressure of oxygen before

and after bubbling of oxygen through the electrolyte
was measured by an OP-210/3 microanalyzer [12].

The working floating gas-diffusion electrode was
prepared by the following procedure. A nickel wire
was pressed at a pressure of 50370 kg cm32 in acetyl-
ene black (400 mg) hydrophobized with 30% poly-
tetrafluoroethylene. A thin layer of finely divided
catalyst (<20mm) was applied to the surface of the
resulting single-layer porous electrode (d = 10.15 mm,
density 0.95 g cm33, thickness~1 mm). The com-
posite was pressed at 50360 kg cm32. The amount of
applied catalysts was determined by weighing the
electrode before and after pressing of the catalyst
powder. To determine the state of the catalyst surface
before and after the electrochemical reduction, polari-
zation curves were recorded in an argon atmosphere
with a sweeping rate of 2 mV s31. The potentiostatic
polarization curves were constructed from the current
densities measured at constant potentials adjusted with
a 10 mV increment by a PI-50-1.1 potentiostat. The
current was registered with an M-104 milliammeter
with extrapolation tot 6 i.

Since the thermal treatment was performed in an
inert atmosphere, we suggest that centers active in
the oxygen reduction are metal atoms or their oxides
dispersed in AG-3 activated carbon. As seen from the
kinetic parameters of oxygen electroreduction on the
tested catalysts (see table), the active catalysts are
formed after calcination of the cobalt triethanolamine
complexes on the carbon support at 3003500oC.

The influence of the calcination temperature on
the properties of catalysts based on Co(III)3M(II) tri-
ethanolamine complexes is seen from the results
presented in the table. The maximal exchange currents
are observed for the catalysts prepared at 400oC,
which is probably due to formation of active centers.
With increasing calcination temperature to 800oC,
the currents decrease owing to degradation of these
centers to form inactive species. The slopes of the
stationary polarization curves lie in the following
ranges (mV):b1 = 44364 and b2 = 1003127. The
dependence of oxygen electroreduction at a constant
potentialE = 30.125 V (vs. silver chloride electrode)
on the calcination temperature is shown in Fig. 1.
The maximal current was observed with the catalysts
calcined at 400oC. This is the best temperature for
preparing active catalysts from cobalt(III)3d-metal tri-
ethanolamine complexes. The activity of the tested
catalysts decreases in the following order: Co3Mn >
Co3Zn > Co3Cu > Co3Ni.

The most active catalysts were prepared from
Co3Mn triethanolamine complexes. We suggested that
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Kinetic parameters of oxygen electroreduction in 1 M KOH at 20oC on catalysts prepared by pyrolysis of the
Co(III)3Mn(II) triethanolamine complexes
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Catalyst ³
T, oC

³
Est, V

³
j0 0 103,

³ §E /§ log j, V ³
Wapp, kJ mol31³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´

³ ³ ³ mA cm32
³ b1 ³ b2 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
AG-3 ³ 3 ³ 30.007 ³ 11.35 ³ 0.058 ³ 0.116 ³ 60.1
Co3Mn(AG-3) ³ 3 ³ 30.053 ³ 4.78 ³ 0.061 ³ 0.117 ³ 56.7

³ 200 ³ 30.098 ³ 5.68 ³ 0.046 ³ 0.124 ³ 56.0
³ 300 ³ 30.007 ³ 5.31 ³ 0.049 ³ 0.119 ³ 55.6
³ 400 ³ 30.003 ³ 12.32 ³ 0.064 ³ 0.126 ³ 54.0
³ 800 ³ 30.100 ³ 4.54 ³ 0.048 ³ 0.123 ³ 59.1

Co3Ni(AG-3) ³ 3 ³ 30.084 ³ 2.59 ³ 0.052 ³ 0.115 ³ 60.2
³ 300 ³ 30.092 ³ 1.97 ³ 0.056 ³ 0.109 ³ 59.5
³ 400 ³ 30.073 ³ 2.84 ³ 0.048 ³ 0.103 ³ 58.8
³ 800 ³ 30.097 ³ 1.60 ³ 0.060 ³ 0.118 ³ 60.5

Co3Zn(AG-3) ³ 3 ³ 30.065 ³ 5.38 ³ 0.060 ³ 0.116 ³ 60.6
³ 200 ³ 30.102 ³ 3.81 ³ 0.057 ³ 0.127 ³ 60.4
³ 300 ³ 30.090 ³ 4.69 ³ 0.055 ³ 0.126 ³ 59.5
³ 400 ³ 30.044 ³ 10.0 ³ 0.047 ³ 0.120 ³ 59.0
³ 800 ³ 30.105 ³ 3.09 ³ 0.054 ³ 0.128 ³ 60.4

Co3Cu(AG-3) ³ 3 ³ 30.072 ³ 3.21 ³ 0.047 ³ 0.106 ³ 60.8
³ 200 ³ 30.100 ³ 1.60 ³ 0.047 ³ 0.105 ³ 60.4
³ 300 ³ 30.098 ³ 1.98 ³ 0.044 ³ 0.100 ³ 60.2
³ 400 ³ 30.061 ³ 2.74 ³ 0.046 ³ 0.105 ³ 59.1
³ 800 ³ 30.111 ³ 0.99 ³ 0.046 ³ 0.104 ³ 60.3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* j0 is the exchange current density;b1 and b2 are the slopes of stationary polarization curves.

the Co3Ni catalysts would be the next in the sequence
of the catalytic activity. However, this was not the
case. The X-ray diffraction study showed the absence
of the crystalline phase. Since the complexes contain
oxygen and metal atoms, we suggest that in this case
double metal oxides with spinel or nonstoichiometric

T, oC
Fig. 1. Rate of oxygen electroreduction in 1 M KOH at
20oC on catalysts prepared by pyrolysis of Co(III)3M(II)
triethanolamine complexes on AG-3 activated carbon
as a function of the pyrolysis temperatureT. Potential
E = 30.125 V vs. silver chloride electrode. (j) Current
density. Catalyst: (1) Co3Mn, (2) Co3Ni, (3) Co3Cu, and
(4) Co3Zn.

oxide structure are formed. The catalytically active
centers of this catalyst are formed on structural defects
[1, 7] containing excess oxygen. The defects promote
formation of cationic vacancies and increase the elec-
trical conductivity. As a result, the electrochemical
properties of the catalysts are improved.

These data agree with the results of [13] where
spinel and nonstoichiometric oxides prepared also at
3003400oC were used as catalysts.

The ponetiostatic polarization curves of oxygen
electroreduction on the catalyst prepared from Co3Mn
triethanolamine complexes supported on AG-3 ac-
tivated carbon, AG-3 activated carbon without sup-
ported metal, and hydrophobized carbon black sub-
strate are shown in Fig. 2. As seen from Fig. 2, the
activity of the catalysts is higher than that of AG-3
carbon. The stationary polarization curve of the cata-
lysts is shifted by 50 mV to the positive potentials.
We also calculated the apparent activation energy of
oxygen electroreduction on the catalysts prepared
from Co(III)3M(II) triethanolamine complexes sup-
ported by AG-3 activated carbon. For this purpose the
potentiostatic polarization curves of Co(III)3M(II)
electrocatalysts were measured in an oxygen at-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

1150 KUBLANOVSKII, PIRSKII

3E, V

Fig. 2. Potentiostatic polarization curves of oxygen electro-
reduction measured in 1 M KOH at 20oC on a hydrofibized
carbon black substrate. (j) Current density and (E) elec-
trode poetical. (1) Co3Mn triethanolamine complex on
AG-3 (400oC, Ar), (2) AG-3, and (3) hydrophibized carbon
black.

mosphere at 20, 30, 40, and 50oC to determine the
exchange currents. Then the dependences of the ex-
change currents of oxygen electroreduction on the
reciprocal temperature were plotted. The apparent
activation energy was calculated by the following
equation [14]:

§ ln j0
Wapp = 32.303RÄÄÄÄÄ,

§(T31)

whereWapp is the apparent activation energy of oxy-
gen electroreduction,j0 is the exchange current den-
sity, and T is the temperature.

The calculated apparent activation energies of oxy-
gen electroreduction agree with those for the catalysts
supported by carbon materials and spinels. The activa-
tion energy for the Co3Mn catalysts and AG-3 ac-
tivated carbon is 54.0 and 60.1 kJ mol31, respectively.
Our results show that the apparent activation energy
of oxygen electroreduction decreases with an increase
in the catalytic activity. The values of the apparent
activation energies and the kinetic data show that the
electrochemical reduction is kinetically controlled.

CONCLUSIONS

(1) The best pyrolysis temperature of cobalt3

d-metal triethanolamine complexes in an inert atmos-
phere is 3003400oC. Under these conditions the cata-
lysts of oxygen electroreduction were prepared. The

spinel and nonstoichiometric oxide structure of the
catalysts was suggested.

(2) The most active catalyst was prepared by cal-
cination of Co(III)3Mn(II) triethanolamine complex
on AG-3 carbon support at 400oC in an inert atmos-
phere.
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Abstract-Scientific basis for industrial gas-phase fluorination of fluoroethanes with elemental fluorine
allowing production of higher-fluorinated fluoroethanes from lower-fluorinated compounds is developed.

Fluorine is extremely reactive and its reactions are
highly exothermic. Therefore, at present preparation
of fluorinated organic compounds using fluorine has
almost no industrial application.

Fluorine is commercially available, and its utili-
zation for production of valuable fluorinated prod-
ucts is rather urgent. These products include a series
of fluoroethanes, e.g., 1,1-difluoroethane (DFE,
R152a), 1,1,2-trifluoroethane (R143a), 1,1,1,2-tetra-
fluoroethane (TFE, R134a), pentafluoroethane (PFE,
R125), and hexafluoroethane (HFE, R116), which are
widely used as refrigerants, propellants, fire ex-
tinguishers, reagents for plasmochemical production
of superlarge integrated circuits, gas dielectrics, etc.
[1]. The world’s consumption of these compounds
reaches tens thousands tons per year.

The modern industrial process for production of
fluoroethanes is based on catalytic fluorination of
fluorochloroethanes and ethylenes with hydrogen
fluoride. The initial chlorinated materials used in this
case are ozone-dangerous, and, in accordance with the
Montreal Protocol, their production should be ter-
minated. Moreover, this process yields significant
amounts of hydrogen chloride (by-product) and re-
quires periodical replacement and utilization of the
spent chromium3manganese fluoride catalyst. Thus,
development of alternative procedures for synthesis of
fluoroethanes is urgent. One of such procedures can
be synthesis of higher-fluorinated ethanes by gas-
phase fluorination of lower-fluorinated compounds
with elemental fluorine.

The first data on the gas-phase fluorination are
given in [235]. In particular, the gas-phase fluorina-
tion of ethane with fluorine was studied and the pos-
sibility of preparing HFE was confirmed. However,

the corresponding industrial procedures still are not
developed.

The kinetics of 1,1,1,2-TFE fluorination was
studied in [6]; it was found that industrial synthesis in
the steady-state thermal mode is unsuitable. As shown
in [7], industrial fluorination of fluoroethanes should
be carried out in the nonstationary thermal mode
(wave or combustion modes). In this case fluoro-
methanes are not formed in noticeable amounts at the
initial concentration of fluorine lower than 30 vol %.

Development of the industrial process for fluorina-
tion of fluoroethanes requires understanding of the
principles of scaling the reactor for gas-phase fluorina-
tion operating in the wave mode.

One of the features of combustion is that the reac-
tion profile in a laminar torch comprises tenth frac-
tions of millimeter. In tunnel jets conversion of com-
pounds in the turbulent torch reaches 80% within the
length of five diameters of the crater [8]. Such a struc-
ture of the turbulent torch suggests that, if the thermal
radiation of the gas is negligible, the main conversion
of compounds proceeds at temperature fairly close to
adiabatic. In this case the composition of the products
of 1,1,1,2-TFE gas-phase fluorination in the mode of a
steady-state self-propagating wave should be indepen-
dent of the diameter of the reaction unit and of the gas
flow mode (without taking into account thermal de-
composition of fluoroethanes outside the fluorination
zone). To verify this assumption, we performed a
series of tests with reactors of various diameters.

The tests we carried out using changeable tubes
with an internal diameter of 10, 4, 3, and 2 mm at
flow rates of the cold reaction mixture providing con-
stant velocities of the gas flow. To eliminate the
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Table 1. Experimental parameters and the composition of the reaction products after fluorination of 1,1,1,2-TFE
in the mode of self-propagating thermal wave using reactors of various diameters
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Experimental parameters ³ Product composition
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

d, mm ³ um, m s31 ³ Re ³ a, W m32 K31 ³ C2H2F4 ³ C2HF5 ³ C2F6 ³ FM*
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

10 ³ 1.0 ³ 572 ³ 25.6 ³ 62.4 ³ 31.0 ³ 5.5 ³ 1.1
4 ³ 1.5 ³ 368 ³ 64.1 ³ 64.1 ³ 30.1 ³ 4.9 ³ 0.9
3 ³ 1.4 ³ 140 ³ 85.6 ³ 64.1 ³ 30.0 ³ 5.1 ³ 0.8
2 ³ 1.2 ³ 147 ³ 128.2 ³ 63.8 ³ 30.2 ³ 5.2 ³ 0.8

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* FM is total content of fluoromethanes in the reaction products.

breakthrough of the reaction front up with a gas flow
into a mixer, the internal diameter of the latter was
0.8 mm. The parameters of these tests (reactor diam-
eter d, gas velocityum, Re number, and convection
coefficient of the heat exchange from the reaction
zone to the reactor walla) and the composition of the
reaction products are listed in Table 1; the fluorine
concentration was 30 vol %.

The composition of products formed in the wave
process is independent of the convection coefficient of
the heat exchangea in the 253130 W m32 K31 range,
which confirms our assumption that there is no heat
exchange in the reaction zone of fluorine and 1,1,1,2-
TFE and allows extrapolation of these results to larger
reactors at a constant initial concentration of fluorine.

Thus, the fluorine concentration is a unique param-
eter affecting the composition of the products of the
wave synthesis, which simplifies design and operation
of the reactor.

The kinetic study of the gas-phase fluorination of
1,1,1,2-TFE revealed the autocatalytic character of

h, vol %

CF2, vol %

Fig. 1. Compositionh of the products of 1,1,1,2-TFE fluo-
rination in the wave mode as influenced by fluorine con-
centrationCF2

in the presence of 5310 vol % of hydrogen

fluoride: (1) 1,1,1,2-TFE, (2) PFE, (3) HFE, and (4) total
content of fluoromethanes; the same for Fig. 2.

this process. To explain this feature, we studied the
effect of the formed hydrogen fluoride on the reaction
rate [6].

As-produced fluorine always contains hydrogen
fluoride [1]. Special treatment is required to remove
HF, which increases the cost of its production. Thus,
investigation of the effect of small amounts of hydro-
gen fluoride in the initial mixture on the composition
of the reaction products in the mode of self-propagat-
ing thermal wave is urgent.

The procedure and experimental setup used were
described previously in [7]. Fluorine was mixed with
5310% of hydrogen fluoride, the fluorine concentra-
tion was 11347 vol %, and the flow rate of the cold
reaction mixture was 50375 cm3s31.

As in the case of pure fluorine [7], we observed the
dependences typical for the wave modes. The com-
position of the reaction products as influenced by
the fluorine concentration is shown in Fig. 1. Com-
parison of these results with those determined for pure
fluorine [7] shows that the composition of the reaction
products obtained in the wave mode of PFE synthesis
is almost independent of the concentration of hydro-
gen fluoride (5310 vol %) in the reaction mixture in
the entire range of fluorine concentrations.

This fact allows utilization in the wave synthesis
mode of the electrolysis gas of fluorine production
without additional treatment.

The disadvantage of the wave mode is the require-
ment to perform the reaction at the substoichiometric
concentration of one of the components. In the gas-
phase fluorination of fluoroethanes the maximum
permissible concentration of fluorine is about
30 vol %. At higher concentrations and thus at higher
adiabatic temperature of the wave process the degrada-
tion of fluoroethanes becomes pronounced, and sig-
nificant amounts of fluoromethanes appear in the
reaction products.
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Table 2. Composition of the fluorination products of the mixture of 1,1-DFE (14 vol %) and HFE (85 vol %) in the wave
mode as influenced by the fluorine concentrationCF2

(vol %)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CF2
,
³ Product composition, vol %
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

vol % ³CHF23CH3³CHF23CH2F³CF33CH3 ³CHF23CHF2³CF33CH2F ³ C2HF5 ³ C2F6 ³ CF4 ³ CHF3 ³CH2F2
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

15.4 ³ 6.7 ³ 3.2 ³ 3.2 ³ 1.3 ³ 1.0 ³ 0.20 ³ 83.8 ³ 3 ³ 0.47 ³ 0.15
18.8 ³ 4.6 ³ 2.8 ³ 3.0 ³ 1.2 ³ 1.3 ³ 0.71 ³ 85.8 ³ 3 ³ 0.41 ³ 0.08
19.4 ³ 4.8 ³ 3.7 ³ 3.3 ³ 1.2 ³ 1.8 ³ 1.08 ³ 83.1 ³ 3 ³ 0.36 ³ 0.12
22.1 ³ 4.4 ³ 3.4 ³ 3.3 ³ 1.6 ³ 1.7 ³ 1.11 ³ 83.3 ³ 0.64 ³ 0.44 ³ 0.13
23.0 ³ 4.1 ³ 3.5 ³ 3.1 ³ 2.0 ³ 2.0 ³ 1.48 ³ 82.6 ³ 0.78 ³ 0.36 ³ 0.17
23.6 ³ 4.1 ³ 2.2 ³ 2.4 ³ 1.2 ³ 1.3 ³ 1.21 ³ 85.5 ³ 1.37 ³ 0.41 ³ 0.31
24.3 ³ 3.3 ³ 2.1 ³ 2.0 ³ 1.1 ³ 1.3 ³ 1.08 ³ 86.7 ³ 1.46 ³ 0.41 ³ 0.36
28.6 ³ 2.9 ³ 2.0 ³ 1.7 ³ 1.2 ³ 1.3 ³ 1.32 ³ 86.0 ³ 2.17 ³ 0.47 ³ 0.69
31.7 ³ 2.1 ³ 1.4 ³ 1.3 ³ 0.8 ³ 1.0 ³ 1.34 ³ 86.4 ³ 2.88 ³ 0.72 ³ 1.42

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

Table 3. Experimental parameters and composition of the products in fluorination of 1,1,1,2-TFE to HFE using dilution
with argon
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial mixture, vol % ³ Composition of the reaction gas, vol %
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Ar ³ F2 ³ C2H2F4 ³ C2H2F4 ³ C2HF5 ³ C2F6 ³ CF4 ³ CHF3 ³ CH2F2
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

84.4 ³ 13.9 ³ 1.72 ³ 3 ³ 1.1 ³ 97.6 ³ 3 ³ 0.4 ³ 0.9
88.1 ³ 10.1 ³ 1.80 ³ 0.5 ³ 0.9 ³ 97.3 ³ 3 ³ 3 ³ 1.3
90.7 ³ 7.4 ³ 1.85 ³ 3.9 ³ 6.0 ³ 88.0 ³ 3 ³ 3 ³ 3.2
90.6 ³ 6.6 ³ 2.79 ³ 3.8 ³ 14.6 ³ 76.6 ³ 3 ³ 2.1 ³ 2.8

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Tetrafluoromethane (TFM) boils at3128oC, which
causes the loss of the desired product during distilla-
tion. According to the calculations of the distilla-
tion column, the content of TFM should not exceed
0.5 vol %.

At fluorine concentrations lower than 30 vol %
distillation of the reaction products becomes simpler,
but the conversion of the initial material is relatively
low. The following ways to increase conversion are
used. (1) A certain fraction of the material to be
fluorinated can be replaced by HFE, which does not
participate in the reaction at a fluorine concentration
<30 vol %, or by another inert compound. (2) Fluori-
nation can be performed using several series-con-
nected wave reactors with intermediate cooling of the
reaction mixture. (3) The reaction mixture can be
recycled, with recovery of the unchanged material
from the products of the wave process and its addition
to the initial reaction mixture.

To illustrate the first way, we studied the wave
fluorination of 1,1-DFE to prepare trifluoroethanes
(Table 2); HFE was used as inert diluent, which in-
creases the conversion of the initial material. The ini-

tial 1,1-DFE (14 vol % concentration) contained
0.35% CHF3 and 0.49% CF3CH3. The conversion of
1,1-DFE reached 80%, and the selectivity with respect
to trifluoroethanes was 50%. However, at the concen-
tration of fluorine >20 vol % the content of TFM
became significant. This is probably due to the fact
that at such fluorine concentrations HFE is not ab-
solutely inert to fluorine under the wave synthesis
conditions.

We studied preparation of HFE from 1,1,1,2-TFE
using dilution with argon. The process parameters and
the reaction product composition are given in Table 3.
With excess fluorine, the dilution with argon provides
almost complete conversion of the initial material, and
the selectivity with respect to HFE reaches 97%. The
degradation of fluoroethanes under such conditions is
insignificant. It should be noted that the reaction was
carried out at a temperature of the reaction wall of
2003250oC. At a temperature of the reaction wall of
10oC the gas flow blew off the thermal wave from
the reactor.

A series of tests with a mixture containing 32 vol %
PFE and 68 vol % 1,1,1,2-TFE was carried out to
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h, vol %

CF2, vol %

Fig. 2. Compositionh of the fluorination products of the
mixture of PFE (32 vol %) and 1,1,1,2-TFE (68 vol %) in
the wave mode as influenced by the fluorine concentration
CF2

.

simulate two-step conversion of 1,1,1,2-TFE into
pentafluoroethane. The results are shown in Fig. 2.

In the course of fluorination the content of PFE in
the reaction products passes a maximum (43 vol %)
corresponding to the fluorine concentration of
27 vol %. In this case the content of HFE is 6 vol %,
and fluoromethanes are almost absent. The results
given in Fig. 2 allow estimation of the ratio of the
fluorination rate constants of 1,1,1,2-TFE andPFE.
Assuming that fluorination of 1,1,1,2-TFE and PFE
yields only PFE and HFE, respectively, we obtained
that at a fluorine concentration of 25 vol % (1000 K
adiabatic temperature in the reaction zone) the rate
constant of 1,1,1,2-TFE fluorination is 1.5 times
greater.

The activation energy of PFE fluorination of
53 kJ mol31 was evaluated from the data given in
Fig. 2; the activation energy of 1,1,1,2-TFE fluorina-
tion was taken as 50 kJ mol31 [6].

The activation energy of high-temperature fluorina-
tion of 1,1-DFE of 44 kJ mol31 was calculated from

Table 4. Simulated data on the composition of the inlet,
outlet, and recycling gas flows in conversion of 1,1,1,2-TFE
into HFE on a single-stage wave reactor with recycling of
incompletely fluorinated products
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Flow
³ Composition of the gas mixture, kg h31

ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄ
³ C2H2F4³ C2HF5³ C2F6 ³ CF4 ³ HF

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
Inlet ³ 11.91 ³ 3.59 ³ 31.88³ 0.14³ 0.40
Outlet ³ 0.83 ³ 3.59 ³ 46.84³ 0.21³ 4.43
Recycling ³ 0.83 ³ 3.59 ³ 31.88³ 0.14³ 0.36
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄ

experimental data (Table 2 in [7]), also assuming that
the activation energy of 1,1,1,2-TFE fluorinationE =
50 kJ mol31. In the course of calculations we assumed
that fluorination of 1,1-DFE yields 1,1,1-TFE, 1,1,2-
TFE, 1,1,1,2-TFE, and 1,1,2,2-TFE, whereas in the
case of 1,1,1,2-TFE only PFE and HFE are obtained.

Based on the experimental data on fluorination of
1,1,1,2-TFE, PFE, and their mixtures in thewave
mode, the kinetic model of the process was con-
structed, which involves two main fluorination reac-
tions: hydrogen substitution and cleavage of the C3C
bond with formation of fluoromethanes. Based on
published data on the bond energies in the correspond-
ing molecules [9, 10], we determined the ratio of the
activation energies of these reactions. The ratio of
the rate constants was refined using experimental data.
The composition of the reaction mixture at the inlet
and outlet of the single-stage wave reactor with re-
cycling of incompletely fluorinated products and HFE
was simulated by the PC treatment of the system of
the corresponding equations. The data on the com-
position of the inlet, outlet, and recycling reaction
mixtures at fluorine concentration in the inlet flow of
25 vol % are listed in Table 4 for the reactor with
a capacity of 100 tons per year.

This PC program was improved using the experi-
mental data on fluorination of 1,1-DFE, and fluorina-
tion of 1,1-DFE to prepare PFE and HFE using two-
and three-stage wave reactors at fluorine concentration
of 23 vol % was simulated. The results are shown
in Table 5. The intermediate incompletely fluorinated
products are recycled. The flow compositions are
given for the capacities with respect to PFE and HFE
of 954 and 250 tons per year, respectively.

As seen from Table 5, in the case of three-stage
wave reactor and recycling of incompletely fluorinated
products the 1,1-DFE conversion reaches 90%.

CONCLUSIONS

(1) The gas-phase fluorination of fluoroethanes
with fluorine in the mode of self-propagating thermal
wave was studied.

(2) The principles for scaling of the wave gas-
phase reactor were developed.

(3) In the wave mode the composition of the fluo-
rination products of fluoroethanes is not noticeably
influenced by the presence of hydrogen fluoride.

(4) Based on experimental and theoretical data, the
ways to improve conversion of the initial raw material
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Table 5. Simulated data on the composition of the inlet and outlet gas flows in conversion of 1,1,1,2-TFE into PFE and
HFE on single-, two-, and three-stage wave reactors
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Flow
³ Composition of the gas mixture, kg h31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄ
³CHF23CH3³CHF23CH2F³CF33CH3 ³CHF2CHF23CF3CH2F ³C2HF5 ³ C2F6 ³ FM ³ HF

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄ
First stage inlet ³ 90.0 ³ 11.5 ³ 7.6 ³ 300.1 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³First stage outlet, ³ 48.6 ³ 26.3 ³ 10.6 ³ 303.3 ³ 38.9 ³ 2.7 ³ 3 ³ 27.5
second stage intlet ³ ³ ³ ³ ³ ³ ³ ³

³ ³ ³ ³ ³ ³ ³ ³Second stage outlet,³ 19.4 ³ 25.7 ³ 9.0 ³ 303.0 ³ 91.1 ³ 16.6 ³ 0.9 ³ 56.8
third stage intlet ³ ³ ³ ³ ³ ³ ³ ³

³ ³ ³ ³ ³ ³ ³ ³Third stage outlet ³ 9.0 ³ 11.5 ³ 7.7 ³ 302.5 ³ 120.4 ³ 31.6 ³ 1.6 ³ 84.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄ

and selectivity with respect to the desired product are
proposed, which involve dilution of the initial gas
mixture with an inert compound, recycling of incom-
pletely fluorinated products, and utilization of two-
and three-stage wave reactors.
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Abstract-Possible pathways of alkylation of 5-aminotetrazole with dihalo-substituted compounds and the
alkylation products were studied.

Tetrazoles are widely used in organic and coordina-
tion chemistry, medicine, biology, and agriculture
[135]. At the same time, because of the lack of syste-
matic data on alkylation of 5-aminotetrazole (5-AT)
with dihalo derivatives, the pattern of its reactivity
was incomplete. The enthalpy of formation, the ther-
mal and chemical stability, the solubility in water and
alkaline solutions, and the nitrogen content are higher
in bis derivatives of 5-AT described previously [6].
In this context, we prepared bis(5-aminotetrazolyl)
derivatives, studied their structure and properties, and
examined the feasibility of using them as fungicides.

The selectivity of alkylation of 5-substituted tetra-
zoles is largely determined by the electronic structure
of the substituent at the cyclic carbon atom. Electron-
donor substituents at the 5-position of the tetrazolate
ion favor alkylation at the N1 atom, and electron-
acceptor substituents, at the N2 atom [2, 7]. The ratio
of the alkylation products in an alkaline solution
depends on the nature of the alkylating agent insignif-
icantly [8]. However, with diazomethane (in ether) as
alkylating agent, the N2-alkylated product is formed
irrespective of the nature of the 5-substituent [8].
The selective alkylation at N2 in the reaction with
diazomethane and the insensitivity to the electronic
effect of 5-substituents may be due to the nonpolar
transition state in this reaction. Alkylation of 5-substi-
tuted tetrazoles withtert-butyl, isopropyl, or cyclo-
hexyl alcohol in a strongly acidic medium ensuring
virtually total protonation of the tetrazole ring and
excluding existence of tetrazoles in the anionic and
neutral forms yields exclusively N2-substituted tetra-
zoles [9], irrespective of the nature of the 5-substitu-
ent. Thus, the substituent effect is the most significant
in reactions involving the tetrazolate anion.

Study of the influence of cation on the ratio of the

reaction products in alkylation of 5-phenyltetrazole
salts with dimethyl sulfate in acetonitrile showed [10]
that at substrate concentrations of 103531034 M, at
which its dissociation is practically complete irrespec-
tive of the cation, the reactive species is the 5-phenyl-
tetrazolate anion. The cation in these reactions, how-
ever, affects the ratio of the resulting isomeric tetra-
zoles. With decreasing cationic radius, the degree of
cation coordination in the intermediate increases, and
the fraction of the N1-substituted isomer decreases.
The high selectivity of alkylation of triethylammoni-
um 5-aryltetrazolates with vinyl methyl ketone in
aprotic dipolar solvents (only the N2-substituted prod-
ucts are formed) is due to steric shielding of the N1

atom of the tetrazole ring with the bulky triethylam-
monium cation [8, 10], which forms a hydrogen bond
with the ring. The individual products were isolated
from isomer mixtures by fractional crystallization
[11313], chromatography [14], and selective extrac-
tion [9, 15]. The reactions of 1,1`-bis(chloromethyl)-
ferrocene with sodium tetrazolate, 5-methyltetrazolate,
and 5-nitrotetrazolate in acetone or dimethylforma-
mide (DMF) yielded the corresponding alkylation
products, heteroannular bis(heterylmethyl) ferrocene
derivatives [16]. Analysis of the isomeric composition
of the products by1H NMR spectroscopy showed that
with 5-methyltetrazole alkylation occurs at the N1

positions of both rings, and with 5-nitrotetrazole, at
the N2 position. Alkylation of sodium tetrazolate gave
two reaction products identified as 1,2`- and 2,2̀-alky-
lated derivatives. The third possible isomer, 1,1`-alky-
lated product, was not isolated, probably because of
its low yield. The melting point of the 1,2` isomer
(1013103oC) is lower than that of the 2,2` isomer
(1073108oC) [16].

Reaction of potassium 5-phenyltetrazolate with
1,2-dibromoethane gave 1-(5-phenyltetrazol-1-yl)-2-
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(5-phenyltetrazol-2-yl)- and 1,2-bis(5-phenyltetrazol-
2-yl)ethanes. Their structure was proved by1H NMR
spectroscopy. The yields of the 1,2` and 2,2̀ isomers
are 8 and 29%, respectively. 5-Aryl(heteryl)tetrazoles
in the presence of excess K2CO3 at 130oC in DMF
give the 1,2̀ and 2,2̀ bistetrazole derivatives [18],
with the 2,2̀ isomer prevailing; the content of the
1,2̀ isomer increases in the presence of electron-donor
substituents and decreases in the presence of electron-
acceptor substituents at the 5-position of the tetrazole
ring. The melting points of the 1,2` isomers are lower
than those of the 2,2` isomers.

Different reactivity of the exocyclic amino group
and hydrogen atom at N1 in 5-AT is obvious. This
fact, and also the occurrence of 5-AT in solution in
the imino form [19321] imparted abnormal properties
to the monomeric units and ultimately led to chain
termination in polycondensation and to formation of
oligomers [22]. Therefore, our next task was prepara-
tion of monomers based on 5-AT in which two amino
groups would exhibit similar reactivity. To this end,
we performed alkylation of potassium 5-aminotetrazo-
late (K-5-AT) with dihalo-substituted compounds in
DMF.

The choice of the potassium cation was governed
by conclusions made in [23]. For comparison, we
performed experiments also with sodium 5-amino-
tetrazolate. Under equal other conditions, the yield
of the target product was lower than with K-5-AT by
25330%. As reaction medium we also tested acetone.
However, attempted synthesis of 1,1`-bis(5-amino-
tetrazolyl)methane in acetone failed. No target product
was isolated after heating the reaction mixture for
32336 h at 55356oC. As alkylating agents we used
dibromomethane, 1,2-dibromoethane, 1,3-dibromo-
propane, and 1,4-dibromobutane.

Let us consider the reactivity of these agents in
nucleophilic substitutions. It is known that inSN1
reactions 1,2-dibromoethane is more reactive than di-
bromomethane, whereas inSN2 reactions dibromo-
methane is more reactive. Since in dialkylation the
limiting stage isSN2, dibromomethane will be more
active. When considering the effect of methylene
groups on the reactivity of the compounds, it should
be taken into account that these groups exhibit a +g
effect and will favor displacement of halogen from the
molecule. In the series F3 < Cl3 < Br3 < I3, the stabil-
ity of the anion increases, and hence the R3Hlg bond
will be cleaved more readily in the reaction with di-
bromomethane. When comparing the reactivities of
such compounds asb,b`-dichlorodiethyl ether (Chlor-
ex) andg,g`-dichlorodipropyl ether, it should be taken

into account that the electronic effect of the ether
group in the latter compound is weaker. Thus, all the
alkylating agents can be ranked with respect to de-
creasing reactivity in the order indicated above. Thus,
we predicted the conditions of 5-aminotetrazole alky-
lation.

According to the1H NMR spectra of reaction mix-
tures, alkylation of 5-AT with dibromoalkanes yields
three isomers, irrespective of the nature of the solvent
and counterion. The characteristics of the isolated
alkylation products, previously unknown bis(amino-
tetrazolyl)alkaneI3IX , are listed in Table 1. In alkyla-
tion of 5-AT salts with bis(chloroalkyl) ethers, two
isomers were detected by1H NMR in the reaction
mixtures, identified as 1,1` and 1,2̀ isomers. Pure iso-
meric bis(aminotetrazolyl)alkanes were isolated and
characterized [3]. The influence of solvents and cat-
ions on the reaction selectivity was studied with alky-
lation of 5-AT by 1,2-dibromoethane as example. In
the ranged 4.534.9 ppm in which the1H NMR sig-
nals of the NCH2 protons are detected, neither the
initial compounds nor the reaction by-products have
signals, and all the three isomers give well-resolved
signals with the difference in the chemical shifts of
about 0.15 ppm. Thus, the isomer ration can be deter-
mined from the ratio of the integral intensities of these
signals.

Monoalkylation of tetrazoles via tetrazolate anions
usually involves two stages: deprotonation of the sub-
strate and nucleophilic substitution [24, 25]. However,
not always the solvent suitable for the first stage is
appropriate for the second one, and vice versa. The
following conditions should be met [24]: The base
should deprotonate the substrate; the base and/or sub-
strate should be sufficiently soluble in the solvent to
ensure deprotonation; the substrate anion and/or elec-
trophile should be sufficiently soluble in the solvent
to ensure the reaction; the base should not decompose
the substrate or solvent; the solvent should increase
the nucleophilicity of the substrate anion.

It was shown [3] that, irrespective of the solvent
and counterion, 5-AT anion in the reaction with 1,2-
dibromoethane gives all the three isomeric products:
1,2-bis(5-aminotetrazol-1-yl)ethane (I ), 1-(5-amino-
tetrazol-1-yl)-2-(5-aminotetrazol-2-yl)ethane (II ), and
1,2-bis(5-aminotetrazol-2-yl)ethane (III ). The isomer
ratio depends on the reaction conditions. EthanesI3III
were isolated by selective extraction followed by frac-
tional recrystallization (Table 1). In all cases the major
product was the 1,2` isomer.

The 1H NMR spectra of reaction products in the
range of the chemical shifts of the methylene protons
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Table 1. Characteristics ofI3XIII
ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Com-³

Yield,
³

mp,
³

Rf

³
m, D

³ 1H NMR spectrum,
³ Found, % ³

Formula
³ Calculated, %

³ ³ ³ ³ ³ ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´ ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄpound
³ % ³ oC ³ ³(MNDO)³ d, ppm ³ C ³ H ³ N ³ ³ C ³ H ³ Nno. ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
I ³70375 ³2103212³0.08³ 3.85 ³4.51 s (4H, N1CH2),³24.81,³ 4.53,³71.49,³C4H8N10 ³24.49³ 4.08³71.43

³ ³ ³ ³ ³6.75 br.s (4H, NH2) ³24.74³ 4.58³71.62³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

II ³76378 ³2203222³0.14³ 3.12 ³4.60 t (2H, N1CH2),³24.30,³ 4.11,³71.57,³C4H8N10 ³24.49³ 4.08³71.43
³ ³ ³ ³ ³4.79 t (2H, NCH2), ³24.34³ 4.18³71.40³ ³ ³ ³
³ ³ ³ ³ ³6.04 br.s (2H, NH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.77 br.s (2H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

III ³72374 ³2343236³0.34³ 2.28 ³4.90 s (4H, N2CH2),³25.34,³ 4.33,³71.17,³C4H8N10 ³24.49³ 4.08³71.43
³ ³ ³ ³ ³6.06 br.s (4H, NH2) ³25.16³ 4.50³71.43³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

IV ³ 21 ³2203221³0.10³ 5.55 ³2.22 m (2H, CH2), ³29.02,³ 4.36,³66.21,³C5H10N10 ³28.57³ 4.76³66.67
³ ³ ³ ³ ³4.13 t (4H, N1CH2),³28.87³ 4.44³66.39³ ³ ³ ³
³ ³ ³ ³ ³6.75 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

V ³ 47 ³1173118³0.18³ 5.08 ³2.42 m (2H, CH2), ³28.51,³ 4.77,³66.60,³C5H10N10 ³28.57³ 4.76³66.67
³ ³ ³ ³ ³4.47 t (4H, N1CH2),³28.58³ 4.45³66.75³ ³ ³ ³
³ ³ ³ ³ ³6.05 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

VI ³ 16 ³1523153³0.39³2.24 ³2.42 m (2H, CH2), ³28.51,³ 4.26,³66.07,³C5H10N10 ³28.57³ 4.76³66.67
³ ³ ³ ³ ³4.47 t (4H, N1CH2),³28.58³ 4.50³66.25³ ³ ³ ³
³ ³ ³ ³ ³6.05 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

VII ³ 27 ³1953196³0.11³ 5.87 ³1.71 m (4H, CH2), ³31.78,³ 5.23,³62.14,³C6H12N10 ³32.14³ 5.36³62.50
³ ³ ³ ³ ³4.11 t (4H, N1CH2),³31.95³ 5.29³62.30³ ³ ³ ³
³ ³ ³ ³ ³6.65 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

VIII ³ 42 ³1083109³0.21³ 4.39 ³1.74 m (2H, CH2), ³32.02,³ 4.98,³62.51,³C6H12N10 ³32.14³ 5.36³62.50
³ ³ ³ ³ ³1.79 m (2H, CH2), ³32.06³ 5.27³62.54³ ³ ³ ³
³ ³ ³ ³ ³4.13 t (2H, N1CH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³4.40 t (2H, N2CH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³5.93 br.s (2H, NH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.63 br.s (2H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

IX ³ 15 ³1473148³0.45³ 2.25 ³1.83 m (4H, CH2), ³32.18,³ 5.00,³62.45,³C6H12N10 ³32.14³ 5.36³62.50
³ ³ ³ ³ ³4.41 t (4H, N1CH2),³32.34³ 5.17³62.32³ ³ ³ ³
³ ³ ³ ³ ³5.91 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

X ³ 38 ³ 3 ³0.20³ 4.71 ³4.65 s (4H, N1CH2),³ 3 ³ 3 ³ 3 ³C4H8N10O ³22.64³ 3.77³66.04
³ ³ ³ ³ ³6.68 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

XI ³ 10 ³ 3 ³0.52³ 3.66 ³4.72 s (2H, N1CH2),³ 3 ³ 3 ³ 3 ³C4H8N10O ³22.64³ 3.77³66.04
³ ³ ³ ³ ³4.88 s (2H, N2CH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.08 br.s (2H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

XII ³ 48 ³2103212³0.24³ 8.02 ³3.72 t (4H, CH2), ³29.89,³ 5.63,³58.05,³C6H12N10O³30.00³ 5.00³58.33
³ ³ ³ ³ ³4.23 t (4H, N1CH2),³29.92³ 5.41³58.16³ ³ ³ ³
³ ³ ³ ³ ³6.59 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

XIII ³ 8 ³2323239³0.60³ 5.58 ³3.80 m (4H, CH2), ³ 3 ³ 3 ³ 3 ³C6H12N10O³30.00³ 5.00³58.33
³ ³ ³ ³ ³4.40 m (4H, NCH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³5.98 br.s (2H, NH2),³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.61 br.s (4H, NH2) ³ ³ ³ ³ ³ ³ ³

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
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contain three groups of signals: a singlet at 4.51 ppm,
two triplets centered at 4.60 and 4.79 ppm, and a sin-
glet at 4.90 ppm, belonging to the NCH2 protons in
I3III . The signals were assigned taking into account
the trend observed with alkylated tetrazole derivatives:
The methylene signals of the N2 isomers are shifted
downfield relative to the N1 isomers [16, 26328].
Furthermore, the molecular structure can be judged
from the signal shape: The unsymmetrical 1,2` isomer
gives a multiplet of NCH2 protons [17] which at a
high resolution is resolved into two triplets, whereas
the signals of the symmetrical 1,1` and 2,2̀ isomers
are singlets [28, 29]. In reaction of K-5-AT with
1,2-dibromoethane, the ratio of the isomers 1,1`, 1,2̀,
and 2,2̀ is 1.5 : 2.5 : 1, and with the triethylammo-
nium salt of 5-AT, 1 : 3 : 1. An additional factor in
favor of the given assignment is the trend observed
with the melting points (Table 1): It is known that the
melting point of the 1,1̀isomer is the highest, and
that of the 1,2̀ isomer, the lowest [17].

To identify compoundsI3III , we compared their
dipole moments. In the series of monoalkylated 5-R-
tetrazoles, 1,5-disubstituted products have higher di-
pole moments than the corresponding 2,5 derivatives
[22, 24]. For tetrazolesI3III , no data on dipole mo-
ments is available. For comparison with the monosub-
stituted derivatives, we calculated by the MNDO
method the dipole moments ofI3III (Table 1). The
dipole moments decrease in the order 1,1` > 1,2̀ >
2,2̀. Our conclusions are indirectly confirmed by the
Rf values (Table 1). The 2,2` isomerIII has the high-
est Rf value in the system benzene3acetone (1 : 1),
as it is the least polar and is most readily eluted with
benzene, whereasRf of the most polar 1,1` isomerI is
the lowest. Reactions of the triethylammonium salt of
5-AT with 1,3-dibromopropane and 1,4-dibromobu-
tane yield three isomers each,IV 3VI and VII 3IX ,
respectively; however, accurate determination of the
isomer ratio was impossible because of the overlap of
the proton signals of the isomers. Nevertheless, exper-
iments on isolation of the products showed that in
both cases, similar to the reaction with 1,2-dibromo-
ethane, the 1,2` isomers [1-(5-aminotetrazol-1-yl)-3-
(5-aminotetrazol-2-yl)propane (V) and [1-(5-amino-
tetrazol-1-yl)-4-(5-aminotetrazol-2-yl)butane (VIII ),
respectively] are the major products (Table 1).

The structures of the products were proved by IR
and1H NMR spectroscopy, and also by correlation of
the calculated dipole moments with the TLC data and
by comparison of the melting points. Previous calcu-
lations of the normal vibrational modes and frequen-
cies in tetrazole and its derivatives [30], and also

recent data [4] allowed assignment of the vibrational
frequencies of the tetrazole ring in the IR spectra of
our compounds. To the stretching vibrations of the
tetrazole ring in 5-AT belong the bands at 1605, 1460,
1445, and 1298 cm31 [30]. As in the spectra of mono-
substituted tetrazoles, in the IR spectra ofIV 3IX we
can distinguish three groups of the ring stretching vi-
brations at 1600, 1470 and 1450, and 1265 cm31. An
interesting feature is the low-frequency shift of the
latter band, originating mainly from the C3N and
N3N vibrations of the ring, as compared to 5-AT
(1298 cm31), 1-methyltetrazole (1279 cm31), and
2-methyltetrazole (1352 cm31). Apparently, this band
is the most sensitive to substituents in the ring. The
stretching3bending vibrations of the ring lie at 11603
995 cm31 (in the case ofIV 3IX , at 100031140 cm31).
The out-of-plane bending vibrations of the ring lie
below 700 cm31. In the range 340033200 cm31, there
are two well-resolved medium-intensity and strong
bands, assigned to the stretching vibrations of the
amino group. In the1H NMR spectra of bistetrazoles
IV 3IX , the proton signals of similar groups (NCH2,
CH2, NH2) in the isomers differ by 0.0530.1 ppm.
Alkylation of K-5-AT with bis(chloromethyl) and
b,b`-dichlorodiethyl ethers yielded 1,1` and 1,2̀ iso-
mersX3XIII . From the reaction mixture we were able
to isolate only the 1,1` isomer, 1,5-bis(5-aminotetra-
zol-1-yl)-3-oxapentane (XII ) (Table 1). In the reaction
with dichlorodimethyl ether, formation of two isomers
was proved only by1H NMR spectroscopy and chro-
matography, as the reaction products undergo tarring
in air at attempted isolation. In reactions of 5-AT with
the dihalo derivatives, the major reaction products are
the 1,2̀ isomers.

It is known that the thermodynamic stability of iso-
mers can be evaluated by semiempirical quantum-
chemical calculations. Since in these cases the struc-
turally related molecules are compared, the errors
inherent in calculation procedures are mutually com-
pensated. The enthalpies of formationDHf of I3XIII
were calculated by the PM3 method (Table 2).

In the gas phase, for all the compounds, the 1,1`
isomer is the most favorable, and the 2,2` isomer, the
least stable. However, the products isolated from the
reaction mixture show a different trend: In the reac-
tion with dibromoalkanes the major product is the
1,2̀ isomer. Only in the reactions with dichloro ethers
the isomer ratio is consistent with theDHf values.
In SN2 reactions, of major importance are steric fac-
tors, namely, hindrance of formation of the transition
state at increasing size of the nucleophile and sub-
strate. Hence, along with thermodynamics there are
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Table 2. Enthalpies of formation of bis(aminotetrazolyl)
derivatives I3XIII
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound

³ DHf, kJ mol31,
³ for indicated isomer
ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 1,1̀- ³ 1,2̀- ³ 2,2̀-

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
BistetrazolylethanesI3III ³717.5³ 728.8³ 736.6
BistetrazolylpropanesIV 3VI ³695.3³ 704.1³ 715.7
BistetrazolylbutanesVII 3IX ³683.1³ 684.9³ 688.8
Bistetrazolyl-2-oxapropanesX, ³574.0³ 578.6³ 590.2
XI ³ ³ ³
Bistetrazolyl-3-oxapentanesXII ,³553.2³ 560.1³ 567.9
XIII ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

some other factors affecting the isomer ratio. Since
the reaction was performed in solution at initial reac-
tant concentrations of about 1 M, and dissociation of
tetrazole salts is complete at concentrations of about
1033 M [8], actually the reacting species were ion
pairs, and hence the alkylation site should depend on
the counterion. It is known [29] that the MNDO meth-
od is unsuitable for systems with hydrogen bonds, and
hence it cannot be used for calculating triethylammo-
nium salt of 5-AT. Therefore, we used the AM1 semi-
empirical method [29]. To reduce the calculation time
and improve the convergence of the molecular geom-
etry of the triethylammonium salts, we preliminarily
characterized by molecular mechanics [30] the 5-AT
anion and structuresA3D:
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In such solvents as acetone or DMF, ammonium
or triethylammonium ions form with organic anions
H-bonded complexes [31]. For tetrazolate anions,
various structures are possible. X-ray diffraction study
of 5-AT monohydrate [32], 5-AT hydrazinate [33],
and guanidinium salt of 5-AT [34] showed that hy-
drogen bonds can be formed not only through the ring
hydrogen atom but also through those of the amino

group. For triethylammonium tetrazolate, Bryden [34]
concluded that the most energetically favorable is the
planar structure with the hydrogen bond with the N1

atom of the ring. For triethylammonium salt of 5-ami-
notetrazole were calculated the structures in which the
cation was located over the ring plane and was hydro-
gen-bnded with the ring. In the first stage the steric
hindrance in formation of the transition state is less
important than the electron density distribution in the
ring, and the reaction mainly goes at the N1 position,
which is characteristic of monoalkylation of 5-AT
salts. In this case, with K-5-AT, the yield of the N1

isomer should be higher than in alklylation of the tri-
ethylammonium salt in which, despite large difference
in the charge densities between the N1, N4 and N2, N3

atoms (Table 3), the bulky triethylammonium cation
prevents approach to the N1 atom.

In going to the second stage, the steric hindrance
in formation of the transition state of 5-AT salts with
bromoalkanes containing a bulky heteryl substituent
become decisive, and the reaction mainly occurs at the
N2 atom. The change in the attack direction in going
from the first to the second stage explains predomi-
nant formation of the 1,2` isomer in alkylation with di-
bromoalkanes. In alkylation of K-5-AT with dichloro
ethers, the isomer ratio is different, which is probably
due to the fact that increase in the length of the alkyl
chain (reaction with Chlorex) and introduction into
the alkyl chain of the ether oxygen atom, which is less
bulky than the CH2 group, decrease the steric hin-
drance in the transition state, so that the 1,1` isomer
becomes the major product. Based on these data, we
can predict the behavior of 5-substituted tetrazoles in
alkylations with dihaloalkanes. When the 5-position is
occupied by an electron-withdrawing group, the 2,2`
isomer is the major product, since the steric and elec-
tronic effects act in the same direction, favoring alky-
lation at N2. When the 5-substituent is an electron
donor, a mixture of all the three isomers (1,1`, 2,2̀,
and 3,3̀) can be obtained, with the isomer ratio vary-
ing depending on the reaction conditions. In alkyla-
tion with dibromoalkanes, the thermodynamically
favorable 1,2̀ isomer is the major product.

The 1H NMR spectra were taken on a Bruker WP-
80 spectrometer (80 MHz) in DMSO-d6, internal ref-
erenceTMS. The IR spectrawere taken on an IKS-29
spectrometer (KBr pellets). The reaction progress was
monitored and the isomeric purity checked by TLC on
Silufol UV-254 plates with UV development.

Bis(5-aminotetrazolyl)alkanes I3VI . (a) To a
solution of 7.38 g (0.06 mol) of K-5-AT in 20 ml of
DMF we added dropwise 4.7 g (0.025 mol) of 1,2-di-
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Table 3. Atomic charges, dipole moments, and enthalpies of formation of triethylammonium salt of 5-AT
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Structure
³ Charge on indicated atom, e ³

m, D
³

DHf
0,ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³

³ N1 ³ N2 ³ N3 ³ N4 ³ C5 ³ N6 ³ Hring ³ ³ kJ mol31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
5-AT anion ³ 30.302 ³ 30.183 ³ 30.183 ³ 30.302 ³ 0.02 ³ 30.381 ³ ³ ³

A ³ 30.220 ³ 30.178 ³ 30.168 ³ 30.208 ³ 30.250 ³ 30.268 ³ 0.293 ³ 12.76 ³ 466
B ³ 30.242 ³ 30.045 ³ 30.039 ³ 30.160 ³ 0.049 ³ 30.293 ³ 0.295 ³ 7.51 ³ 365
C ³ 30.208 ³ 30.168 ³ 30.178 ³ 30.220 ³ 30.249 ³ 30.293 ³ 0.293 ³ 12.76 ³ 465
D ³ 30.245 ³ 30.046 ³ 30.039 ³ 30.162 ³ 0.053 ³ 30.300 ³ 0.294 ³ 7.53 ³ 375

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

bromoethane. The mixture was stirred at 1183120oC
for 16 h. The reaction completion was determined by
the Beilstein’s test for bromine. Th KBr precipitate
was filtered off, and the solvent was distilled off.
Total yield of the crude reaction products 4.16 g
(85%). The dry residue was treated with dioxane.
From the dioxane solution, 0.38 g (9% of total yield)
of 1,2-bis(5-aminotetrazol-2-yl)ethane (III ) was iso-
lated, mp 1633164oC (from benzene). After treatment
of the residue with ethanol, 2.26 g (54% of total
yield) of 1-(5-aminotetrazol-1-yl)-2-(5-aminotetrazol-
2-yl)ethane (II ) was isolated from the ethanol solu-
tion, mp 1353136oC. By crystallizatiuon of the re-
sidue from distilled water, 1.08 g (26% of total
yield) of 1,2-bis(5-aminotetrazol-1-yl)ethane (I ) was
isolated, mp 2263227oC. IR spectrum,n, cm31: 3410,
3340, 1630, 825 (NH2), 1585, 1565, 1530, 1515,
1460, 1425, 1300, 1110, 1095, 1025, 1080, 1065,
1040 (ring), 2920, 1390, 1360 (CH2).

(b) A solution of 4.7 g (0.025 mol) of 1,2-dibromo-
ethane in 25 ml of acetone was added to a mixture of
6.18 g (0.06 mol) of 5-AT monohydrate and 6.06 g
(0.06 mol) of triethylamine in 25 ml of acetone. On
stirring with reflux for 1 h, the mixture became homo-
geneous. The stirring and refluxing were continued for
an additional 2 h. After cooling, the mixture ofI3III
was filtered to remove triethylammonium bromide,
and the solvent was evaporated. Total yield of the
crude products 4.27 g (87%). The isomers were sepa-
rated and purified similarly. Yields, g (% of total):I ,
0.76 (18); II , 2.43 (57); III , 0.70 (16).

A solution of 5.05 g (0.025 mol) of 1,3-dibromo-
propane in 25 ml of acetone was added to a mixture
of 6.18 g (0.06 mol) of 5-AT monohydrate and 6.06 g
(0.06 mol) of triethylamine in 25 ml of acetone. On
stirring with reflux for 1 h, the mixture became homo-
geneous. The stirring and refluxing were continued for
an additional 2.5 h. After cooling, the mixture ofIV 3

VI was filtered to remove triethylammonium bromide,
and the solvent was evaporated. Total yield of the

crude products 4.41 g (84%). The dry residue was
treated with dioxane. From the dioxane solution,
0.71 g (16% of total yield) of 1,3-bis(5-aminotetrazol-
2-yl)propane (VI ) was isolated, mp 1523153oC (from
benzene). After treatment of the residue with ethanol,
2.07 g (47% of total yield) of 1-(5-aminotetrazol-
1-yl)-3-(5-aminotetrazol-2-yl)propane (V) was isolated
from the ethanol solution, mp 1173118oC (from ace-
tone). By crystallization of the residue from distilled
water, 0.93 g (21% of total yield) of 1,3-bis(5-amino-
tetrazol-1-yl)propane (IV ) was obtained, mp 2203
221oC (from water). IR spectrum,n, cm31: 3420,
3350, 1640, 835 (NH2), 1595, 1575, 1540, 1525,
1450, 1415, 1290, 1100, 1085, 1015, 1070, 1055,
1030 (ring), 2910, 2870, 1380, 1350 (CH2).

Bis(5-aminotetrazolyl)alkanes VII3IX. A solution
of 5.4 g (0.035 ml) of 1,4-dibromobutane in 25 ml of
acetone was added to a mixture of 6.18 g (0.06 mol)
of 5-AT monohydrate and 6.06 g (0.06 mol) of tri-
ethylamine in 25 ml of acetone. On stirring with re-
flux for 2 h, the mixture became homogeneous. The
stirring and refluxing were continued for an additional
3 h. After cooling, the mixture ofVII 3IX was filtered
to remove triethylammonium bromide, and the solvent
was evaporated. Total yield of the crude products
4.87 g (87%). The dry residue was treated with diox-
ane. From the dioxane solution, 0.73 g (15% of the
total yield) of butaneIX was isolated, mp 1473148oC
(from benzene). After treatment of the residue with
ethanol, 2.05 g (42% of the total yield) of butaneVIII
was isolated from the ethanol solution, mp 1083109oC
(from acetone). By crystallization of the residue from
distilled water, 1.31 g (27% of the total yield) of
1,4-bis(5-aminotetrazol-1-yl)butane (VII ) was iso-
lated, mp 1953196oC (from water). IR spectrum,n,
cm31: 3415, 3370, 1650, 810 (NH2), 1600, 1580,
1555, 1540, 1485, 1470, 1460, 1280, 1110, 1090,
1070, 995 (ring), 2940, 2910, 1355 (CH2).

Bis(5-aminotetrazolyl)alkanes X and XI. To a
solution of 7.38 g (0.06 mol) of K-5-AT in 20 ml of
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DMF we added dropwise 5.4 g of dichlorodimethyl
ether (0.025 mol). The mixture was stirred at 110oC
for 30 h. The reaction completion was determined
from the Beilstein’s test for bromine. The KCl pre-
cipitate was filtered off, the solvent was distilled off,
and the residue was analyzed. Total yield of crude
reaction productsX and XI 2.3 g (44%). IR spec-
trum, n, cm31: 3450, 3340, 1660 (NH2), 1620, 1440,
1260, 1130 (ring), 1100 (C3O3C).

Bis(5-aminotetrazolyl)oxapentanes XII and XIII.
Total yield of crude products 3.66 g (61%). After two-
fold crystallization from acetone, 3.18 g (87% of the
total yield) of oxapentaneXII was obtained, mp 2103
212oC. IR spectrum,n, cm31: 3420, 3330 (NH2),
1605, 1500, 1545, 1470, 1440, 1290, 1160, 1120,
1045, 1005 (C3O3C), 995 (ring), 1270, 1380, 1360
(CH2).

CONCLUSIONS

(1) The pathway of alkylation of 5-aminotetrazole
with dihaloalkanes changes from the first to the sec-
ond stage. The first stage predominantly yields the
N1 isomers, whereas in the second stage the steric
hindrance to formation of the transition complex be-
tween the 5-aminotetrazole salt and bromoalkane be-
comes decisive, and the reaction occurs at the N2

atom. As a result, the 1,2` isomer becomes the major
alkylation product.

(2) The number of isomers increases with increas-
ing electrophilicity of the radical in bis(aminotetra-
zolyl) derivatives. In alkylation, the number of iso-
mers increases with increasing polarity of the amino-
azole molecule.

(3) Alkylated 5-aminotetrazoles exhibit a high-
frequency shift of the absorption bands of the tetrazole
ring in the IR spectra; in the1H NMR spectra, the
signals of the 1,1̀isomer are shifted upfield relative
to the 1,2̀ and 2,2̀ isomers.
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Abstract-The possibility was examined for quantitative determination of 5-(hydroxymethyl)furfural without
reference samples by chromatographic analysis with several internal references whose molar extinction coef-
ficients are known.

Sugar color (SC, E150a) is a concentrated aqueous
solution of saccharose caramelized at 1603180oC. It
is widely used in food industry as coloring agent for
confectioneries and numerous drinks. Therefore, it is
necessary to develop efficient procedures for both
standardization of sugar color and its determination
in various samples [133]. Among substances formed
by caramelization of carbohydrates, the volatile com-
ponents have been studied most comprehensively;
they can be identified by gas chromatography and
GC3MS. The volatile components include numerous
compounds belonging to the main[sequence] of hex-
ose dehydration, C6H12O6 6 C6H10O56 C6H8O46
C6H6O3, and also partially reduced compounds such
as C6H8O3, C6H8O2, and some other products, in par-
ticular, and derivatives of furan [furfural, 5-(hydroxy-
methyl)furfural, 2-acetylfuran, 2-acetyl-3-hydroxy-
furan (isomaltol), substituted 3-hydroxy-2-(5H)- and
4-hydroxy-3(2H)-furanones], 4-pyrone (maltol), etc.
Among diverse carbohydrate oligocondensation prod-
ucts, SC presumably contains caramelan (C24H36O18),
caramelene (C36H50O25), and still more complex
compounds (caramelin). Maltol exhibits a bactericidal
effect and is used as a special additive (E636) to en-
hance the taste and odor of foodstuffs [2]. Also, alde-
hydes of the furan series present in SC impart to it
certain antioxidant effect.

The diversity of components of different chemical
nature and the variability of SC composition compli-
cate its standardization and determination in various
objects. One of ways to solve the problem is to choose
a specific compound among the main products of ther-
mal degradation of hexoses [4] whose chromatograph-
ic parameters would be sufficiently specific for its
separation from concomitant components by gas and
reversed-phase high-performance liquid (HPLC) chro-

matography. In the latter case, the presence of a
chromophore for UV detection is necessary. As such
component in HPLC analysis we can suggest 5-(hy-
droxymethyl)furfural. This work is devoted to identi-
fication of this compound by HPLC and to evaluation
of its content in commercial SC samples without
using reference samples of this product.

EXPERIMENTAL

Commercial SC samples (Meligen Private Compa-
ny, Leningrad oblast) were prepared by thermal treat-
ment of saccharose at 1603180oC for 4 h, followed
by addition of 50 wt % water.

Analysis by reversed-phase HPLC was performed
with a Beckman System Gold chromatograph [UV
detector, Gold V-402 software, Luna C18 column
(1500 4.6 mm, sorbent particle size 5mm), 200
4.6-mm precolumn packed with the same sorbent].
Elution was performed in a step mode with a mixture
of acetonitrile (Kriokhrom Scientific and Production
Complex, St. Petersburg) with 0.05% aqueous triflu-
oroacetic acid (pH~2.0). Isocratic elution (5% aceto-
nitrile, 5 min) was followed by gradient elution with
the acetonitrile content varied from 5 to 100% over
a period of 95 or 40 min. Detection was performed at
220, 229, 254, 284, and 320 nm. Prior to analysis, SC
samples were dissolved in water (1 : 100 ratio); the
dosage was 10ml. To determine the retention indices
(RIs), we measured in parallel the retention times of
reference alkyl phenyl ketones C6H5COCnH2n+1 (n =
133). The RIs of the compounds eluted before the first
reference component (acetophenone) were determined
by extrapolation in the scale of the retention times
squared [5].
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(a) (b)

tR, min tR, min

(c)

tR, min

Fig. 1. Chromatograms of sugar color: (a) initial aqueous solution, (b) after acetylation, and (c) after treatment with hydroxyl-
amine. HPLC analysis UV detection at 254 nm. (A) Optical density and (tR) retention time.

To prepare acetyl derivatives, 0.5 ml of SC was
treated with 0.5 ml of acetic anhydride containing
catalytic amounts of sulfuric acid, and an additional
0.5 ml of the anhydride was added 1 min after the
mixture warmed up. To prepare oximes, to a solution
of 0.5 ml of SC in 2 ml of 50% ethanol we added
0.5 g of hydroxylamine hydrochloride and 0.3 g of
NaOH and stirred the mixture for 3min. Both sam-
ples before chromatographing were dissolved in 50%
ethanol (1 : 100 ratio). For quantitative determina-
tions, samples of SC and internal references (103

25 mg) were dissolved in 50 ml of water or 80%
ethanol, depending on their hydrophobicity.

Statistical treatment of the data was performed
using the software for a CASIO PB 10 programmable
calculator; the hydrophobicity parameters of organic
compounds (logP) were estimated with ACD soft-
ware.

A typical total chromatogram of SC (HPLC, detec-
tion wavelength 254 nm) is shown in Fig. 1. Under
the chosen conditions of gradient elution, only a
single predominant signal of an individual component
(retention time 8.0+0.2 min, RI 619+3) is detected.
The remaining compounds absorbing in the near-UV
range are eluted as a broad band of unresolved peaks
with the retention times in the range 20335 min; the
available columns do not ensure their separation.
Specifically this group of peaks is mainly responsible
for the interfering effect of SC in analysis of SC-con-
taining samples. The only detected individual chroma-
tographic peak is thus the most characteristic manifes-
tation of SC. Therefore, we can formulate the goal of

this work as identification and quantitative determina-
tion of the corresponding component. As already
noted, both problems can be solved without using
reference samples.

Identification of substances by HPLC is based on
the use of chromatographic retention parameters, UV
data, and derivatization reactions. The principal ele-
ment of the logical scheme is transforming the prob-
lem from exploring analysis (identification of an
unknown compound without any additional available
data) to confirming determinations (the nature of the
analytes is assumeda priori). In our case, the hypo-
thesis to be verified is the structure of 5-(hydroxy-
methyl)furfural, the expected main product of thermal
degradation of hexoses [4]. To confirm this assump-
tion unambiguously, it is necessary to prove the pres-
ence of two functional groups (CH2OH and CHO) and
to determine the chromophore type.

One of the simplest ways of derivatization of com-
pounds containing active hydrogen, including that in
aliphatic hydroxy groups, is preparation of their acyl
(in particular, acetyl) derivatives [6, 7]:

X3OH + Ac2O 6 X3OAc + AcOH.

The general chromatographic (including HPLC)
feature of monoacetyl derivatives is the difference
between the RIs of the reaction products and initial
substances, amounting to 126+16 according to [7]
(provided that the molecule contains no intramolecular
hydrogen bonds). Treatment of an SC sample with ex-
cess acetic anhydride yields a single reaction product
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with the retention time of about 22 min and RI 717+3
(Fig. 1b); the RI difference, (717+3) 3 (619+3) =
98+5, is close to the above-indicated range. This
unambiguous result makes it unnecessary to use more
complex derivatization procedures (e.g., treatment
with a mixture of two reagents to determine the num-
ber of functional groups [8]).

The structure of the detected reaction product can
be additionally confirmed by independent evaluation
of the RI of the acetyl derivative of 5-(hydroxymeth-
yl)furfural using a well-known correlation between the
retention indices of organic compounds in HPLC and
their hydrophobicity parameters, namely, logarithms
of the distribution factors in the system 1-octanol3

water logP [9]. To the retention index of 5-(hydroxy-
methyl)furfural (RI 619+3) corresponds the calculated
value of logP of 30.45+0.35; as a second component
we can choose acetophenone [logP 1.73 (experimental
value); RI 800 (by definition)]. For the acetate, the
calculated value of logP is 0.44+0.36; linear inter-
polation gives the expected value of RI of 693+31,
which agrees with the experimental value of 717+3.

To confirm the presence of the formyl group, we
can use oximation:

Y3CHO + NH2OH .HCl + NaOH 6 Y3CH=NOH

+ 2H2O + NaCl.

The chromatogram of the reaction mixture after
treatment of an SC sample with hydroxylamine con-
tains two product peaks with the intensity ratio of
1 : 2.2 (irrespective of the detection wavelength),
belonging to thesyn and anti isomers of 5-(hydroxy-
methyl)furfural oxime (Fig. 1c); their retention times
are 11.6 and 12.4 min, and retention indices, 648+2
and 653+2, respectively. Thus, the qualitative reac-
tions with HPLC monitoring of the reaction mixtures
confirm the presence of the expected functional
groups.

The simplest way to confirm the type of the chro-
mophore in a molecule under conditions of HPLC
analysis is comparison of the experimental relative
optical densitiesArel = A(l1)/A(l2) with reference
data [10]. However, total tabulated UV spectra [11]
are not available for 5-(hydroxymethyl)furfural, and
the molar extinction coefficients are only given for the
peak maxima (l1 = 229+1 nm, loge1 = 3.46+0.12;
l2 = 284+1 nm, loge2 = 4.22+0.01). This means
that for identification of the chromophore it is neces-
sary to compare the areas of the chromatographic
peaks, measured specifically at these detection wave-
lengths, sinceArel = S1/S2. The experimental value of

Arel(284/229) for different SC samples is 5.9+1.9,
which is consistent with the ratio of the molar extinc-
tion coefficients, 104.2233.46 = 5.6+0.5. This ratio is
also close to the relative optical density for unsubsti-
tuted furfural [l1 = 229+1 nm, loge1 = 3.51+0.11;
l2 = 277+1 nm, loge2 = 4.14+0.05;Arel(227/229) =
4.3+0.3], which also proves the nature of the chro-
mophore in the molecule. In addition to the quantity
Arel(284/229), we determined for 5-(hydroxymethyl)-
furfural two similar quantities,Arel(254/220) = 0.43
andArel(320/254) = 2.2, which, if necessary, can also
be used for identification of this compound.

The main methods for quantitative chromatograph-
ic analysis (absolute calibration, external and internal
references, standard addition) imply the availability
of reference samples of a compound to be determined.
However, if such samples are lacking, this does not
mean that quantitative determination is impossible.
Furthermore, development of new analytical proce-
dures without using reference samples is one of the
most urgent problems of modern organic analytical
chemistry [13, 14].

The problems with quantitative determinations in
such a case are the greatest specifically in HPLC
analysis, since the relative sensitivity coefficients of
UV detectors to different compounds, depending on
the chromophore type, can vary within several orders
of magnitude. However, in this case it is possible to
use as internal references any available compounds
with known quantitative characteristics of the UV
spectra [13, 14]. The weightm or concentrationa of
an analyte in the sample is given by

mX(cX) = mref(cref)[(MX /Mref)(eref/eX)](SX /Sref), (1)

where the subscripts X and ref refer to parameters of
the compound to be determined and chosen reference,
M is the molecular weight,e is the molar extinction
coefficient, andS is the chromatographic peak area;
the absolute values ofe and S depend on the chosen
detection wavelength.

The expression in brackets is the coefficient of
relative sensitivity of a UV detector to the compound
being determined relative to the chosen internal refer-
ence:

f (X/ref) = (MX /Mref)(eref /eX). (2)

In our case, among the simplest available sub-
stances we chose four compounds with the known
molar extinction coefficients at 229 and 284 nm [11].
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Initial analytical data and results of evaluating the content of 5-(hydroxymethyl)furfural (I ) (M = 126) in an SC sample
without a reference sample of the compound to be determined
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Internal
³

cSC,
³

l,
³

Mref

³
cref,

³
eref01033

³
eX 01033

³
f (X/ref)

³ SX ³ Sref ³
cX,

³Concentration
³ ³ ³ ³ ³ ³ ³ ÃÄÄÄÄÁÄÄÄÄÄ´ ³

reference ³mg ml31
³ nm³ ³ mg ml31

³ ³ ³ ³ arb. units ³mg ml31
³

of I in SC
³ ³ ³ ³ ³ ³ ³ ³ ³ ³sample, wt %*

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Nitrobenzene³ 10.04 ³ 284³ 123 ³ 0.46 ³ 5.43 ³ 16.6 ³ 0.34 ³ 50.8³ 157.3³ 0.050 ³ 0.50
Acetol ³ 10.04 ³ 229³ 148 ³ 0.35 ³ 7.69 ³ 2.88 ³ 2.3 ³ 13.8³ 59.6³ 0.051 ³ 0.51
Benzoic acid³ 10.98 ³ 284³ 122 ³ 0.28 ³ 0.479 ³ 16.6 ³ 0.030 ³132.7³ 32.1³ 0.034 ³ 0.31

³ 5.27 ³ 284³ 122 ³ 0.24 ³ 0.479 ³ 16.6 ³ 0.030 ³ 70.7³ 23.2³ 0.022 ³ 0.42
Coumarin ³ 5.27 ³ 284³ 146 ³ 0.20 ³ 8.02 ³ 16.6 ³ 0.42 ³ 70.7³ 209.7³ 0.028 ³ 0.53
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Average 0.45+0.09.

According to [14], the set of such internal references
can be arbitrary:

Compound (in the order of e(229)01033
e(284)01033

chromatographic elution)
5-(Hydroxymethyl)furfural 2.88 16.6
(compound to be determined)
Benzoic acid 14.6 0.479
Coumarin 32.0 8.02
Nitrobenzene 2.26 5.43
Acetol 7.69 6.38

In the table are given the initial experimental data
and the results of quantitative determination of 5-(hy-
droxymethyl)furfural in one of typical commercial SC
samples, using all the four above-named substances
as internal references. The mean weight fraction of
5-(hydroxymethyl)furfural is 0.45+0.9 (variation
coefficient 20%). Since the published values ofe used
as reference data were measured under conditions
differing from those of HPLC analysis (for solutions
in ethanol; for nitrobenzene, in aqueous solution), the
reproducibility of the results may be different depend-
ing on the particular reference and detection wave-
length. Indeed, the scatter of thecX values determined
at 229 nm (0.44+0.28) considerably exceeds the
scatter at 284 nm (0.45+0.09). However, the mean
concentrations themselves coincide, which confirms
the reliability of our approach. Along with difference
between the conditions of UV measurements in refer-
ence literature and UV detection inHPLC, another
significant source of the random error, as noted in
[14], is the error of peak integration. Nevertheless, the
content of 5-(hydroxymethyl)furfural (see table) was
determined with the relative standard deviation as low
as 20%, which does not exceed variations in its con-
centration in different SC samples due to specific
features of the production process.

In SC prepared by the other (not used in Russia)

procedures, including sulfite (E150b), ammonia
(E150c), and ammonia3sulfite (E150d) procedures [2],
the content of 5-(hydroxymethyl)furfural should be
lower owing both to a different major pathway of
carbohydrate degradation in basic media [4] and to
reaction of aldehydes with sulfites [15]:

Y3CHO + HSO3
3
6 YCH(OH)SO2O3.

The resulting hydrosulfite derivatives are consider-
ably more hydrophilic and exhibit different UV char-
acteristics.

CONCLUSIONS

(1) 5-(Hydroxymethyl)furfural is one of the most
characteristic components of sugar color (E150a food
additive) in analysis of samples containing sugar color
by reversed-phase HPLC.

(2) A combination of chemical derivatization pro-
cedures with UV examination was suggested for iden-
tification of this compound, and a version of the inter-
nal reference method using several reference com-
pounds with known molar extinction coefficients at
different wavelengths was suggested for its quantita-
tive determination for the case when the reference
sample is not available.
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Abstract-Thermal stability and crystal structure transformations of polyalkoxymetallosiloxanes (metallo-
silicas) prepared by the sol3gel procedure involving hydrolytic polycondensation of tetraethoxysilane with
salts and oxides of Group I, II, and IV metals (Cu, Zn, Hg, Sn, and Pb) were studied.

Incorporation of metal atoms (M) into polysiloxane
structure to form Si3O3M3O3Si groups strongly
affects thermal and hydrolytic stability, adhesion, and
cohesion of the initial silicon polymers and imparts to
them biological activity and some other important
properties [133]. This is due to changes in the steric
and stereoelectronic structure of their crystal lattice
and changes in the nature of the intramolecular inter-
actions. The strength of the Si3O3M fragments ap-
preciably depends on the nature of the heteroatom M
and its ability to form M4 O coordination bonds [1].

Although the structure and properties of hetero-
siloxanes are extensively studied, precise prediction of
their thermal and chemical transformations is difficult
and requires special investigation. This is, in particu-
lar, due to the fact that the structure and properties of
polymetallosiloxanes depend on the preparation proce-
dure and can strongly differ even at almost identical
composition [1, 4].

Taking into account theoretical and practical im-
portance of this problem, we studied thermal trans-
formations of polymetallosiloxanes prepared previous-
ly by the sol3gel procedure [5].

EXPERIMENTAL

Heterosiloxanes (polyalkoxymetallosiloxanes or
metallosilicas) were prepared by hydrolytic polycon-
densation of partially hydrolyzed tetraethoxysilane
(Etilsilikat-40) with Group I, II, and IV metal com-
pounds in the presence of NH4OH as a catalyst. The
products were dried at 120+0.5oC to the xerogel state.

The initial metal compounds were CuO, CuSO4 .
5H2O, CuCl2 .2H2O, Cu(OH)2, Cu(NO3)2 .3H2O,

Hg2(NO3)2 .2H2O, Hg(NO3)2 .0.5H2O, Pb3O4,
Pb(OCOCH3)2 .3H2O, SnCl2 .2H2O, Zn(NO3)2 .
6H2O, and finely dispersed zinc powder.

We studied thermal transformations of the metallo-
siloxanes during programmed heating in air with a
10 deg min31 rate (MOM derivatograph, Hungary).
The structural transformations were studied by powder
X-ray diffraction (DRON-3 diffractometer).

Incorporation of metal atoms into the siloxane
lattice appreciably enhances the thermal stability of
silica xerogels. The DTA curves of ethoxylated xero-
gel contain a weak exothermic peak at 265oC, whereas
several exothermic effects are observed at higher tem-
peratures in the DTA curves of the tested metallo-
siloxanes (Table 1). This is likely due to shielding of
the residual ethoxy groups by the Si3O3M3O3Si frag-
ments and indicates higher thermooxidative stability
of the heterosiloxanes.

The exothermic peaks in the DTA curves of the
metallosilica xerogels containing copper, zinc, and
mercury(II) heteroatoms are usually broad (diffuse)
with the main maxima at 700oC. These peaks are
probably due to several parallel and consecutive
processes.

(1) Thermal degradation of residual ethoxy groups
shielded by the Si3O3Si and Si3O3M bonds. This is
confirmed by the weight loss at 2003600oC (Table 2).

(2) Formation of additional Si3O3M3O3Si groups
in this temperature range by the following condensa-
tion:

=SiOEt + XM3 6 =Si3O3M + EtX,

=SiOH + XM3 6 =Si3O3M + HX,
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Table 1. Thermal analysis of metallosilica xerogels
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Initial metal compound³ Tmax,* oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CuO ³300 w, 720 s
CuSO4 ³260 w, 730 s
CuCl2 ³285 w, 750 s
Cu(OH)2 ³390 s, 490 w, 790 s
Cu(NO3)2 ³280 w, 355 w, 710 s
Hg2(NO3)2 ³260 w, 400 s
Hg(NO3)2 ³445 w, 735 s
Pb3O4 ³300 w, 420 w, 560 w, 620 w
Pb(OCOCH3)2 ³250 w, 350 w, 510 w
SnCl2 ³240 w, 400 s
Zn(NO3)2 ³350 w, 530 w, 740 w
Zn (powder) ³300 w, 405 w
Silica xerogel ³265 w
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Temperature of a maximum of exothermic peaks on the DTA

curves; peaks: (w) weak and (s) strong.

Table 2. Thermogravimetric analysis of metallosilica
xerogels
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial metal
³ Weight loss, wt %, at indicated

compound
³ temperature,oC
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 203200 ³ 2003600 ³ 60031000

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
CuO ³ 4.00 ³ 0.66 ³ +1.67*
CuSO4 ³ 7.24 ³ 4.13 ³ 1.38
CuCl2 ³ 12.34 ³ 5.14 ³ 1.03
Cu(OH)2 ³ 3.76 ³ 7.52 ³ 1.03
Cu(NO3)2 ³ 5.34 ³ 5.34 ³ 1.00
Hg2(NO3)2 ³ 5.34 ³ 5.67 ³ 1.00
Hg(NO3)2 ³ 2.04 ³ 14.29 ³ 4.08
Pb3O4 ³ 12.09 ³ 4.03 ³ 3.02
Pb(OCOCH3)2 ³ 3.34 ³ 2.67 ³ 0.33
SnCl2 ³ 3.43 ³ 3.43 ³ 0.69
Zn(NO3)2 ³ 8.36 ³ 4.70 ³ 1.57
Zn (powder) ³ 7.69 ³ 4.10 ³ +2.05*
Silica xerogel ³ 3.64 ³ 3.15 ³ 1.45
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Weight gain.

where M is the bivalent metal; X is the acid anion or
OH3.

(3) Crystallization of the resulting metallosilicas,
confirmed by X-ray diffraction (Figs. 1a31j).

(4) Structural transformations at elevated tempera-
tures [6] of amorphous silica prepared by the sol3gel
procedure, increasing the porosity of the metallosilica
structure (swelling); this, in turn, affects the heat
capacity of the samples.

The exothermic effects in the DTA curves of met-

allosilica xerogels prepared from CuSO4, Hg2(NO3)2,
PbOCOCH3, and SnCl2 are observed at lower tem-
peratures as compared to the silica xerogel. This can
be due to catalysis of thermal degradation of ethoxy
groups by the heteroatoms. It is also possible that
the resulting highly dispersed polymetallosiloxanes
are compositions of macromolecular structures with
various condensation degree (exothermic peaks at
300oC and higher temperatures) and low-molecular-
weight powders with weak intermolecular interactions
(exothermic peaks at temperatures lower than 300oC).

The metals are incorporated into the siloxane struc-
ture not only by hydrolytic polycondensation to form
endo- and exoskeleton heterosiloxane structures but
also by parallel sorption of the initial metal com-
pounds on the resulting highly porous silica and
metallosilica matrices. This is confirmed by the fact
that the X-ray patterns of the majority of thoroughly
washed metallosilica xerogels dried at 120+0.5oC
contain sharp and strong reflections superimposing on
the diffuse [halo] and coinciding with those of the
initial metal compounds.

The presence of these reflections indicates sorption
of the initial compounds on the surface of silica and
metallosilica matrices. The sorption layer should be
thicker than 10 nm, since reflections from thinner
layers are blurred and cannot be observed against the
background. This is the case, for example, for the
metallosilicas prepared from Cu(NO3)2, CuCl2,
CuSO4, Zn(NO3)2, and Pb(OCOCH3)2.

As seen from Fig. 1, theX-ray diffraction patterns
of the majority of the metallosilicas heated to 900oC
with a rate of 10 deg min31 contains sharp and strong
refections assigned to metal oxides formed probably
by the following reaction:

=Si3O3M3O3Si= 6 =Si3O3Si= + MO.

The X-ray diffraction patterns of the metallosilicas
contain reflections of CuO (d 0.254, 0.233, 0.187,
0.171, and 0.158 nm). Along with copper oxide, traces
of unidentified phase were also detected (d 0.276,
0.198, 0.196 nm). The X-ray diffraction patterns of
metallosilicas prepared form zinc powder and zinc ni-
trate contain sharp strong reflections ofb-cristobalite
[7] (d 0.405, 0.283, 0.251, 0.248, 0.213, 0.203, and
0.191 nm) formed by crystallization of amorphous
silica. Zinc oxide (d 0.247, 0.191, and 0.162 nm) and
appreciable amounts of willemite Zn2SiO4 (d 0.350,
0.263, 0.261, 0.232, 0.203 nm) formed by reaction
of ZnO with SiO2 were also detected.

The weight gain of polymetallosiloxanes prepared
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(a) (b)

2q, deg2q, deg

2q, deg2q, deg

(c) (d)

(e) (f)

2q, deg2q, deg

2q, deg2q, deg

(g) (h)

2q, deg2q, deg

(i) (j)

X-ray diffraction patterns of metallosilicas prepared from (a) CuO, (b) Cu(NO3)2, (c) CuCl2, (d) CuSO4, (e) Cu(OH)2, (f) SnCl2,
(g) Zn(NO3)2, (h) Zn powder, (i) Pb3O4, and (j) Pb(OCOCH3)2 and heated at 900oC.
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from CuO and ZnO (up to 1.67 and 2.05 wt %, re-
spectively) at temperatures from 600 to 1000oC is
due to high-temperature genesis of metal oxides. For
example, copper formed at lower temperature by re-
duction of CuO with eliminated ethanol is oxidized
with atmospheric oxygen to CuO even at 4003500oC:

CuO + CH3CH2OH 6 Cu + CH3CHO + H2O,

Cu + 0.5O2 6 CuO.

The X-ray patterns of metallosilicas prepared from
SnCl2 and heated at 900oC contain reflections of
SnO2 and SnO.

As determined by X-ray diffraction, two crystalline
phases,b-cristobalite and PbO, are present in the lead-
containing silicas. Lead oxide is formed only in the
metallosilica prepared from Pb(OCOCH3)2. Weaker
and broader reflections in the X-ray pattern of the
metallosilica prepared from Pb3O4 indicate smaller
amount and lower degree of crystallizaton ofb-cristo-
ballite in this material.

The X-ray diffraction patterns of mercurosilicas
heated at 900oC contain no reflections of crystalline
phases. This indicates degradation of the mercuro-
silica matrix with mercury liberation:

T1
=Si3O3Hg3O3Si= 76 =Si3O3Si= + HgO,

T2 (>T1)
2HgO 7776 2Hg + O2.

The silica xerogel heated at 120 or 900oC is also
X-ray amorphous.

We suggest that Zn and Pb atoms present in the
siloxane structure as=Si3O3M3O3Si= fragments and
salts and oxides of these metals sorbed on the metallo-
silica matrix catalyzeb-cristobalite formation from
amorphous SiO2 even at temperatures lower than
900oC. This is primarily due to both the nature of the
metal atom M and high molecular uniformity of the
polyheterosiloxane systems. The catalytically active
species are mainly ZnO and PbO formed from xerogel
thermolysis (except for the system with Pb3O4). The
catalytic action of these oxides can be also explained

by the Headwall’s effect, i.e., increased reactivity
of highly dispersed substances with disordered crystal
lattice, formed in the course of phase transformations.

Amorphous SiO2 prepared by the sol3gel procedure
from tetraethoxysilane was previously shown to crys-
tallize into b-cristobalite at 1300oC. This process can
be controlled by the synthesis conditions [6, 8].

Thus, zinc and lead atoms incorporated into the
polysiloxane structure effectively catalyze silica
crystallization.

CONCLUSION

Incorporation of copper, zinc, tin, and lead atoms
into the siloxane skeleton of silica strongly enhances
the thermal stability of the initial xerogel. The lead
and zinc atoms catalyze crystallization of amorphous
silica in the corresponding metallosiloxanes.
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Abstract-Film formation from binary mixtures of latexes of thermodynamically incompatible polymers was
studied. Partial segregation of the polymers in the course of latex film formation, causing asymmetry of the
resulting films, was proved by IR Fourier spectroscopy. The influence of various factors on the segregation
of polymers was examined.

Film preparation from a mixture of two latexes of
thermodynamically incompatible polymers can result
in formation of various structures. The extreme cases
of such structures are (1) uniform distribution of par-
ticles of one polymer in the matrix of the other poly-
mer and (2) total segregation of the two polymers.
It is clear that both these cases are idealized. Never-
theless, even a tendency to predominant formation of
one or another structure creates prerequisites for solu-
tion of many applied problems.

Of particular interest are latex films in which the
polymeric components undergo segregation in the
course of film formation from a mixture of two lat-
exes. Such films, often termed asymmetric films,
owing to different chemical composition of the sur-
faces can find diverse applications: films with an ad-
hesive layer, films with increased surface hardness
and high adhesion to the substrate, films with in-
creased surface electrical conductivity, films with in-
creased hydrophobicity or hydrophilicity, etc. Usually
latex films of such kind are prepared by successive
immersion of a substrate in two different latexes,
with intermediate drying of the film after each immer-
sion [1]. Preparation of an asymmetric film from a
mixture of latexes by a single immersion cycle is a
more promising process.

Numerous studies [235] showed that the polymers
are distributed nonuniformly across the film prepared
from a mixture of latexes. Okuboet al. [2, 3] suggest
that formation of asymmetric films may be due to dif-
ferent sedimentation rate of particles of different size.

Sedimentation stability of latexes is only one of the
factors affecting preparation of asymmetric films. In
this study we attempted to reveal the role of other
factors, such as, e.g., aggregative stability of latexes
and the capability of polymers for specific interactions
with a substrate on which the film is formed.

EXPERIMENTAL

Two types of latexes, poly-n-butyl acrylate and
styrene3n-butyl acrylate (ST3BA) copolymer, were
prepared with the aim to examine the influence of
various factors on the film formation from latex mix-
tures. Usually synthesis was performed in two stages.
In stage 1 we prepared a seeding latex by charging
to the reactor a small amount of the monomers and
(co)polymerizing them to complete conversion. In
stage 2 the monomers were added gradually, and the
process was performed in the semicontinuous mode.

Emulsion copolymerization was performed in 250-
or 500-ml flasks equipped with a reflux condenser,
a stirrer, a dropping funnel for adding monomers, and
a nipple for feeding nitrogen. The following chemicals
were used.

Monomers, styrene (ST) andn-butyl acrylate (BA),
were vacuum-distilled; their characteristics agreed
with the reference data.

Initiators [potassium persulfate (PP), azobis(iso-
butyronitrile (AIBN), and 2,2̀-azobis(2-amidinoprop-
ane) dichloride (AAPDC)] were used without addi-
tional purification.
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Table 1. Conditions of latex preparation and their characteristics*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

Latex***

³ Synthesis conditions** ³
Latex

³

d,

³

s,

³

r
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ´ ³ ³ ³
³ ST : BA ³ initiator ³ surfactant ³ mono- ³

T,
³

t,
³ dry ³

nm
³

mN m31³g cm33
³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³ ³ ³
³

weight
³ wt % ³

mer : water
³ oC ³ h ³

residue,

³ ³ ³³ ratio ³ ³ weight ratio³ ³ ³ wt % ³ ³ ³
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
(BA)-A3 ³ 0 : 100³PP, 0.50 ³SAS, 2.0 ³ 1.0 : 1.5 ³ 80 ³ 3.5³ 39.7 ³ 84³ 49 ³ 1.14
(ST3BA)-A3 ³47.5 : 52.5³PP, 0.50 ³SAS, 2.0 ³ 1.0 : 1.5 ³ 80 ³ 5.5³ 40.5 ³ 83³ 52 ³ 1.10
(BA)-03 ³ 0 : 100³PP, 0.67 ³ ³ 1.0 : 2.34 ³ 80 ³ 10.5³ 29.7 ³ 337³ 54 ³ 1.14
(ST3BA)-03 ³47.5 : 52.5³AAPDC, 0.67³ ³ 1.0 : 1.60 ³ 80 ³ 13.0³ 19.5 ³ 312³ 59 ³ 1.10
(BA)-C+ ³ 0 : 100³AAPDC, 0.75³TMDAC, 2.0³ 1.0 : 1.22 ³ 70375³ 6.5³ 41.0 ³ 300³ 41 ³ 1.14
(BA)-0+ ³ 0 : 100³AIBN, 0.75 ³ ³ 1.0 : 2.33 ³ 70375³ 6.0³ 29.2 ³ 1180³ 59 ³ 1.14
(ST3BA)-N ³48.2 : 51.8³AIBN, 0.78 ³OS-20, 4.0 ³ 1.0 : 3.33 ³ 65 ³ 7.0³ 23.5 ³ 119³ 50 ³ 1.10
(SKF-32)-A3³ ³ ³ ³ ³ ³ ³ 44.9 ³ 200³ 62.1 ³ 1.84
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

* (T) Polymerization temperature, (d) particle diameter, (s) surface tension of the latex, and (r) polymer density.
** Concentrations of the initiators and surfactants are given relative to the weight of the monomers.

*** Designations of the latexes include the chemical composition of the polymer or copolymer, type of surfactant [(A) anionic,
(C) cationic, (N) nonionic, and (0) no surfactant], and particle charge [(+) positive and (3) negative; no sign means no charge];
into (BA)-A3 and (ST3BA)-A3 latexes after synthesis completion we introduced an additional portion of SAS (4% relative to
the polymer weight.

Surfactants [sodium alkylsulfonate C143C16 (SAS),
cationic surfactant trimethyldodecylammonium chlo-
ride (TMDAC), and nonionic surfactant OS-20, a mix-
ture of oxyethylated aliphatic alcohols C14316H29331.
(OCH2CH2)20OH] were used without additional puri-
fication. To prepare thermosensitive latexes, we used
modified oxyethylated alkylphenols C8310H17321C6 .
H4O(CH2CH2O)8310CH2N+(CH3)(C2H5)2 C6H5SO3

3

(leveling agent A) and C8310H17321C6H4O(CH2CH2 .
O)10312SO3

3 Na+ (S-10). Latexes were prepared in
distilled water. The synthesis conditions and charac-
teristics of latexes, and also, for comparison, the char-
acteristics of SKF-32 fluororubber latex (copolymer
of trifluorochloroethylene and vinylidene fluoride) are
listed in Table 1.

The latex dry residue was determined by drying the
latex samples under an IR lamp to constant weight.
The size of the latex particles was determined from
the turbidity spectra, namely, from the dependences
of the optical density of the diluted latex on the inci-
dent light wavelength [6]. The surface tension of lat-
exes, measured by the du Nouy (ring detachment)
method, qualitatively characterizes their adsorption
saturation. Lower surface tension and hence higher
adsorption saturation are characteristic of latexes
prepared in the presence of surfactants of any type.

Several mixtures containing various types of lat-
exes were prepared to study the effect of various
factors on formation of films from latex mixtures.
It should be noted that in each system at least two

factors act simultaneously, which makes it difficult to
distinguish the effects of particular factors. However,
we chose the compositions of latex mixtures so as to
make the effect of one of the factors predominant.

Films from latex mixtureswere cast on different
supports: those from glass, Teflon, and siliconized
paper (SP). In experiments on ionic deposition of
latexes, we used as support an ion-exchange mem-
brane of the Nafion type (copolymer of tetrafluoro-
ethylene with a fluoromonomer containing a sulfonyl
fluoride group which was converted to the sulfonic
acid form by hydrolysis in an NaOH solution fol-
lowed by treatment with boiling nitric acid). For
studying thermal coagulation, we used a heavy glass
support heated to 100oC. For experiments we prepared
100-mm-thick films, unless otherwise stated. The
films were used 24 h after preparation.

The extent of polymer segregation in latex films
was evaluated from the composition of the polymer
compound on the polymer3air (P3A) and polymer3
support (P3S) boundaries. The composition was deter-
mined by IR Fourier ATIR spectroscopy using an
HTR-25 attachment to a Perkin3Elmer (model 1750)
Fourier spectrometer. With a KRS-5 prism (45o), the
effective penetration depth of the light wave was
2.0+0.8 mm depending on the position of the analyt-
ical wavelength and refractive index of the compound.
The wavelength dependence of the penetration depth
was corrected with a special program.

The ST : BA weight ratio was determined from the
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intensity ratio of the bands at 700 (phenyl group of
styrene) and 1729 cm31 (carbonyl group ofn-butyl
acrylate). Coatings prepared from ST3BA/SKF-32
latex mixtures were characterized by the intensity
ratio of the bands at 700 and 509 cm31 belonging,
respectively, to the styrene unit and SKF-32 polymer.

As an example, the figure shows the spectra of two
surfaces of a film prepared on a heated support from
a mixture of (ST3BA)-A3 and (BA)-0+ + S-10 latexes.
Comparison of the intensity of the band at 700 cm31

for these two phase boundaries shows that the P3A
surface is strongly enriched in the ST3BA copolymer.

The role of the sedimentation stability of latexes
was studied with a mixture of (ST3BA)-03 and (SKF-
32)-A3 latexes strongly differing in the particle den-
sity (Table 1). Films were prepared on different sup-
ports and at different temperatures. As seen from
Table 2, in this system the factor of the polymer den-
sity remains decisive. Despite smaller size of SKF-32
particles and low aggregative stability of particles of
the ST3BA copolymer prepared in the absence of
surfactants, in all cases the P3S surface is enriched in
SKF-32. The effect is more pronounced with the
Teflon support exhibiting a higher affinity for the
fluoropolymer.

With decreasing temperature, i.e., with increasing
time of film formation, the effect of polymer segrega-
tion, as expected, is enhanced irrespective of the type
of support. The polymer composition on the P3A sur-
face fully corresponds to the polymer ratio in the
latex mixture. The lack of balance between the poly-
mer ratios on the P3A and P3S surfaces may be due to
complex distribution of polymers in the inner layers
of the film.

The influence of the aggregative stability of the
latexes, as opposed to the sedimentation stability, was
examined with mixtures of latexes of chemically
similar polymers, namely, with two pairs of latexes:
(ST3BA)-A33(BA)-03 and (ST3BA)-033(BA)-A3.
This factor was studied with SP in order to eliminate
possible specific interaction of polymers with the
support.

Table 3 shows that in both systems the P3A surface
is depleted of, and the P3S surface, enriched in the
polymers synthesized in the absence of surfactants,
i.e., polymers with lower aggregative stability of the
particles.

The effect of specific interactions of polymers with
the support was studied with a mixture of latexes
(ST3BA)-N and (ST3BA)-C+, with a Nafion ion-
exchange membrane in the acid form as support. The

, cm31

IR Fourier ATIR spectra of the (1) P3A and (2) P3S sur-
faces of the latex film prepared from the latex mixture
(ST3BA)-A33[(BA)-0+ + S-10] on a glass support at 100oC.
(A) Normalized absorption and (n) wave number.

process is essentially similar to coagulative immersion
of the substrate in the latex, with the polymeric elec-
trolyte used as coagulant. In the process, we used a
mixture of latexes one of which was stabilized with
a cationic surfactant, and the other, with a nonionic
surfactant. In this case we analyzed only the P3A
surface, because it was difficult to separate the formed
film from the support.

Table 4 shows that the P3A surface is enriched in
the ST3BA copolymer whose particles are stabilized
with the nonionic surfactant. The difference between
the polymer ratios in the latex mixture and on the P3A
boundary is maximal in the film formed immediately
after preparing the latex mixture. If the latex mixture
was used 24 h after its preparation, the difference
between the polymer ratios was minimal. Probably,
this is due to redistribution in time of the cationic
and nonionic surfactants between particles of different
latexes.

When a film is formed on a hot support from a
mixture of latexes one of which is thermosensitive,

Table 2. Polymer ratios on the P3A and P3S boundaries
in films prepared from the latex mixtures (SKF-32)-A3

3

(ST3BA)-03*
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Support
³

Film formation
³Weight ratio SKF-32/(ST3BA)

³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³temperature,oC³ P3A ³ P3S

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Teflon ³ 12 ³ 1.0 ³ 2.70

³ 65 ³ 1.0 ³ 2.20
³ ³ ³Glass ³ 12 ³ 1.0 ³ 1.77
³ 65 ³ 1.0 ³ 1.26

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* The weight ratio of the polymers in the latex mixture was

1.0 : 1.0.
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Table 3. Polymer ratios on the P3A and P3S boundaries of
films formed from mixtures of latexes with different ag-
gregative stability*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Latex
³Weight ratio of the polymers (ST3BA)BA
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

mixture ³ latex mixture ³ P3A ³ P3S
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
(ST3BA)-A3 ³ 1.82 ³ 5.60 ³ 1.18
(ST3BA)-A3 ³ 0.50 ³ 0.44 ³ 1.03
(BA)-A3 ³ 1.00 ³ 0.64 ³ 1.72
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Temperature of film formation 20oC; SP support.

Table 4. Polymer ratios in the film prepared on an ion-
exchange membrane from the latex mixture (ST3BA)-N3

(BA)-C+*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Polymer ³

Film formation conditions
weight ratio ³

(ST3BA) : BA³
on P3A ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1.32 ³Support (ion-exchange membrane) is kept

³for 1 min in latex mixture immediately
³after mixture preparation
³1.26 ³Support is kept for 15 min in latex mix-
³ture 30 min after mixture preparation
³1.09 ³Support is kept for 15 min in latex mix-
³ture 24 h after mixture preparation

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (ST3BA)/BA ratio in the latex mixture 0.97,film formation

temperature 18oC.

segregation of the polymers can be expected. The
capability of latexes for thermal coagulation was rea-
lized by introducing thermosensitive additives: level-
ing agent A and S-10. The effect of such additives is
based on complete neutralization of the electric charge
of latex particles with the corresponding ionic groups
of the surfactant. The steric stabilization of particles
due to the presence in the surfactant molecules of
ethylene oxide units under ambient conditions pre-
vents coagulation of the latexes. However, it is known
that at elevated temperatures nonionic surfactants at
certain values of the hydrophilic-hydrophobic balance
can become water-insoluble owing to dehydration [7].
Thus, latexes for which the steric factor is the only
stabilizing factor can coagulate on heating.

When preparing a thermosensitive latex, it is im-
portant to properly choose the sensitizing additive.
At very low concentrations neutralization of the elec-
tric charge of the latex particles is incomplete. On the
contrary, high concentrations can cause particle re-

charging. In both cases the thermal sensitivity of the
latex will be insufficient or lacking at all.

To find the optimal concentration of the additive,
we determined the coagulation temperatureTc of the
latex depending on the additive concentration. We
used latexes prepared in the absence of surfactants,
because we expected that the thermal sensitivity could
be imparted to such latexes at relatively low concen-
trations of the additives. We tested the following com-
binations latex3additive: (BA)-03 + leveling agent A
and (BA)-0+ + S-10. The influence of the concentra-
tion of the thermosensitizing additive on the latex
coagulation temperature is illustrated below:

[Leveling 0.20 0.33 1.00 1.66 2.33 3.00 3.66
agent A], %
of polymer
weight

Tc, oC * * * 55 60 * *

[S-10], % 1.80 2.23 2.43 2.66 2.90 3.33
of polymer
weight

Tc, oC 82384 70 71 75 75.5 95396

* No coagulation at 100oC.

Our results show that in the first system coagula-
tion occurs only in a narrow range of concentrations
of the additive (1.6632.33 wt %). At other concentra-
tions, no coagulation is observed even on heating the
latex to 100oC. In the second system, coagulation
occurs in the entire range of S-10 concentrations.
However, the coagulation temperature is the lowest at
the S-10 content within 2.3332.90 wt %.

In agreement with our results, thermosensitive
latexes were obtained at concentrations of leveling
agent A of 1.66 and of S-10 of 2.43 wt %, ensuring
the lowest coagulation temperature. The additives
were introduced as 5% aqueous solutions. The result-
ing thermosensitive latexes were mixed with the ani-
onic latex at room temperature. Thus, we studied the
thermal coagulation of the following latex mixtures:
(ST3BA)-A33[(BA)-03 + leveling agent A] and (ST3
BA)-A33[(BA)-0+ + S-10].

The films were prepared on glass supports at 100oC
and also, for comparison, at 20oC. Table 5 shows that
in all cases the P3A surface is depleted of the thermo-
sensitive polymer even when the films are formed at
20oC. This result could be expected, since the latexes
prepared in the absence of surfactants, owing to large
particle size, have decreased sedimentation stability.
Preparation of films on heated supports appreciably
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Table 5. Influence of thermal coagulation on film formation from latex mixtures
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Latex mixture
³

Film formation
³ Weight ratio (ST3BA) : BA

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ temperature,oC ³ latex mixture ³ P3A ³ P3S

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
(ST3BA)-A3

3[(BA)-03 + leveling agent A]³ 20 ³ 3.12 ³ 4.59 ³ 3.22
³ 100 ³ 3.12 ³ 5.56 ³ 3.03
³ ³ ³ ³(ST3BA)-A3

3[(BA)-0+ + S-10] ³ 20 ³ 1.00 ³ 2.80 ³ 1.04
³ 100 ³ 1.00 ³ 9.23 ³ 0.51

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

enhances the effect of polymer segregation, especially
in the system (ST3BA)-A33[(BA)-03 + S-10], which
may be due to simultaneous action of several factors,
i.e., to the difference between the latexes not only
in thermal sensitivity but also in sedimentation and
aggregative stability.

The influence of the film thickness on the segrega-
tion of polymers was studied with the system (ST3
BA)-A33[(BA)-0+ + S-10]. The films were formed on
SP at 21oC. The results listed in Table 6 show that the
polymer segregation is enhanced with increasing film
thickness. Presumably, this effect is due to longer
time of formation of thicker films. Similar trends
related to slower film formation at lower temperatures
were discussed above (Table 2). These results seem
to be quite obvious, since the differences in the sedi-
mentation stability of latexes and in their capability
for specific interaction with the support should be
manifested to a greater extent at longer process times.

CONCLUSIONS

(1) Study of films prepared from mixtures of lat-
exes of thermodynamically incompatible polymers
demonstrated the principal possibility of polymer

Table 6. Influence of the film thicknessh on film forma-
tion from a mixture of latexes (ST3BA)-A3

3[(BA)-0+ +
S-10]
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

h, mm
³ Weight ratio (ST3BA) : BA
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ latex mixture ³ P3A ³ P3S

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
50 ³ 1.00 ³ 1.72 ³ 1.10

100 ³ 1.00 ³ 2.44 ³ 0.81
235 ³ 1.00 ³ 3.45 ³ 0.77

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

segregation in the course of film formation. The result
of the segregation is formation of asymmetric films
in which the film3air and film3support surfaces differ
in the chemical composition.

(2) The main factors affecting the polymer segre-
gation were considered: sedimentation and aggregative
stability of latexes, capability of one of the latexes for
specific interactions with the support substance or for
thermal coagulation, and film formation time. The
polymer segregation in the course of film formation
occurs to the greatest extent when several factors act
simultaneously.
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Abstract-A study was made of the ability of the ionic complexes formed by diarylalkadienone chromophores
with poly-1,10-decamethyleneacetamidine to exhibit third-order nonlinear-optical effects. The chemical
structure of the chromophores was correlated with the third harmonic generation efficiency.

In recent decades, materials exhibiting nonlinear
optical (NLO) properties have attracted ever growing
researchers’ attention [1]. This is due above all to
the promise offered by materials able of second and
third harmonic generation (SHG and THG, respective-
ly) in creation of the next generation of computers,
so-called [optical computers] with photons instead
of electrons as working element. At present, NLO-
active devices utilize primarily inorganic materials
such as potassium niobate [2], bariumb-borate [2],
etc. It is generally recognized, however, that the most
promising for this purpose are organic, especially
polymeric NLO-active substances. In contrast to in-
organic materials, the chemical structures of organic
and polymeric compounds and, correspondingly,
the NLO properties can be widely varied. Also, the
film-forming ability of polymeric NLOs significantly
facilitates fabrication of optical devices thereof.

Within a large class of materials exhibiting pro-
nounced NLO response, of greatest importance be-
come those characterized by a refractive index widely
varying with the light intensity, i.e., those able of
THG. As known, practically suitable susceptibilities
c(3) are exhibited by compounds containing a fairly
long p-conjugation system, e.g.,b-carotene, poly-
acetylene, polythiophene, etc. [3]. Despite significant
success achieved in this sphere, preparation of this
type of macromolecular compounds able of film for-
mation or of the guest3host type composite materi-
als is a complex problem. The reason is the low solu-
bility and difficulties posed by synthesis of poly-

conjugated polymers in the former case and thermo-
dynamic incompatibility of the polymer and the low-
molecular-weight substance in the latter.

In [4], we proposed an alternative procedure of
preparing polymeric systems able of THG. It consists
in preparation of ionic complexes between low-
molecular-weight NLO chromophores and polymer
carriers [4], in particular, complexes of di(4-hy-
droxyaryl)alkadienones and poly-1,10-decamethylene-
acetamidine. It was shown that the polymeric com-
plexes with the quinoid structures yielded by ioniza-
tion of chromophores by highly basic poly-1,10-deca-
methyleneacetamidine are heat-resistant and stable for
more than a year, are capable of film formation, and
are able of efficiently generating third harmonic.

In this work, we study the THG efficiency of the
ionic complexes of 1-(4-hydroxyphenyl)-5-(aryl)pen-
ta-1,4-dien-3-one chromophores with poly-1,10-deca-
methyleneacetamidine as influenced by the chemical
structure of the chromophores.

Synthesis of 1-(4-hydroxyphenyl)-5(aryl)penta-1,4-
dien-3-ones followed the scheme

3cHO cCHO + CH COCH3 3

3cHO cQdcCOCH7776
2H5C OH
HCl

3

3cHO cQdcCOcSjcAr7
NaOH, 2H5C OH

776777ArCHO
,

3cHO cCHO + CH COCH3 3

3cHO cQdcCOCH7776
2H5C OH
HCl

3

3cHO cQdcCOcSjcAr7
NaOH, 2H5C OH

776777ArCHO
,
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where Ar = C6H5 (I ), 4-FC6H4 (II ), 4-CH3O3
C6H4 (III ), 4-NO2C6H4 (IV ), 4-N(CH3)2C6H4 (V),
1-naphthyl (IV ), 9-anthryl (VII ), CH=CHC6H5 (VIII ),
CH=CH3C6H4-4-NO2 (IX ), and CH3CONH (X).

4-(4-Hydroxyphenyl)but-3-en-2-one was prepared
by condensing 4-hydroxybenzaldehyde with acetone
as described in [5]. Attempts to condense 4-(4-hy-
droxyphenyl)but-3-en-2-one with substituted aromatic
aldehydes under the same conditions failed. However,
the desired products were obtained in a 40350% yield
by acid-catalyzed crotonic condensation.

Poly-1,10-decamethyleneacetamidine was syn-
thesized by the method described previously in [6],
according to the scheme

NH (CH ) NH2 2 10 +2

77776
150oC

(CH )c2 10Ndjg
CH3

NcHd
CH C(OC2H5)33

CH COOH3 .

NH (CH ) NH2 2 10 +2

77776
150oC

(CH )c2 10Ndjg
CH3

NcHd
CH C(OC2H5)33

CH COOH3 .

A gel-permeation chromatographic (GPC) study
showed that the sample of poly-1,10-methyleneacet-
amidine used in this work had the molecular weight
of 5000 amd the polydispersity coefficient of 2.6.

Complexes of poly-1,10-methyleneacetamidine
with chromophores were prepared by mixing saturated
ethanol solutions of the polymer and chromophore,
followed by removing the solvent.

The thermal-analytical data suggest that the result-
ing complexes are individual polymeric species rather
than mechanical mixtures of the polymer with the
low-molecular-weight compound. Whereas the DSC
curves for poly-1,10-decamethyleneacetamidine ex-
hibit a transition only at 5oC (Tg), those for all the
complexes exhibit only a glass transition in the range
25375oC, depending on the polymer3chromophore
ratio (Fig. 1).

The thermogravimetric curves evidence the onset
of thermal degradation (1% mass loss) of the resulting
complexes at 1953200oC. This suggests the lack of
thermal degradation of the samples during measuring
the NLO characteristics. Thec(3) values obtained
refer specifically to the complexes of interest, rather
than to the products of thermal degradation under
irradiation during measurements (the samples warm
up to 150oC).

It should be noted that the films of the complexes
under study do not change their physical and spectral
characteristics for a long time (no less than a year)
under normal conditions; they are resistant to most
solvents (toluene, ethanol, acetone, ethyl acetate) and
exhibit good adhesion to glass, quartz, and mica.

W, W g31

T, oC

Fig. 1. DCS curves of complexes ofIII with poly-
1,10-decamethyleneacetamidine at different content of the
chromophore in the complex. (W) Heat flux and (T) tem-
perature. Polymer : chromophore molar ratio: (1) 1 : 0.2;
(2) 1 : 0.25, (3) 1 : 0.5, and (4) 1 : 0.75.

High basicity of poly-1,10-decamethyleneacetami-
dine (pKa 10.9) is responsible for deprotonation of the
chromophore and, thereby, affects their spectral char-
acteristics. As seen from the table, formation of the
complexes is accompanied by a bathochromic shift of
the long-wave absorption band by more than 100 nm.
These changes are evidently due to extension of the
p-conjugation system owing to formation of the
quinoid species

3cHO cR<Tfhcgg
O
3

2
gB3

cR<Thcg
ccO7<
<cc

O3
3.

3cHO cR<Tfhcgg
O
3

2
gB3

cR<Thcg
ccO7<
<cc

O3
3.

We showed earlier [4] that such a change in the
conjugation type, namely, a transition from cross-
conjugated to linearp system, is necessary for arising
of the third-order NLO effect in the systems under
study. It should be noted that this idea was exploited
in development of guest3host-type NLO-active sys-
tems from derivatives of squaric acid and polymethyl
methacrylate [7]. Figure 2 presents the UV absorption
spectra of the complexes of poly-1,10-decamethylene-
acetamidine with 1-(4-hydroxyphenyl)-5-(4-methoxy-
phenyl)penta-1,4-dien-3-one at different molar ratios
between the monomer unit of the polymer and the
chromophore. It is seen that with decreasing content
of the chromophore the peak corresponding to the
quinoid species grows in intensity (lmax = 456 nm),
and at a ratio close to 1 : 0.25 the peak corresponding
to the nondeprotonated chromophore (lmax = 377 nm)
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, nm

Fig. 2. Absorption spectra of the complexes ofIII with
poly-1,10-decamethyleneacetamidine at different content of
the chromophore in the complex. (D) Optical density and
(l) wavelength. Polymer : chromophore molar ratio:
(1) 0 : 1, (2) 0.5 : 1, (3) 1 : 1, (4) 1 : 0.75, (5) 1 : 0.5, and
(6) 1 : 0.25.

virtually disappears. For this reason, specifically this
ratio was chosen for studying the NLO properties
of the complexes.

In this work we studied the NLO properties of the
synthesized materials by the GTH method. In view of
the difficulties involved in determining the absolute
values of the exciting radiation intensity for a sample,
the NLO succeptibilities of the materials under study
were determined by the relative procedure, by com-
parison with a reference sample under the same con-
ditions. The reference sample was a 0.5-mm thick
melted quartz plate adjusted to the first maximum of
the third Maker’s beat harmonic intensity [8].

In this case,c(3) can be determined by a simple
expression, by comparing the intensities of the signals
of the third harmonic from the sample and reference:

c(3) = cs
(3) [I1/2(3j)/Ic]/[ Is

1/2(3j)/lc, s],

Here, I(3w) and Is(3w) are the THG intensities for the

Long-wave absorption maxima and THG efficiencies of
the complexes
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Chromophore³ lmax, nm ³ c(3), cgs units
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

I ³ 451 ³ 4.9
II ³ 463 ³ 3.8
III ³ 456 ³ 7.1
IV ³ 487 ³ 3.5
V ³ 471 ³ 6.5
VI ³ 465 ³ 4.7
VII ³ 464 ³ 0.7
VIII ³ 467 ³ 7.7
IX ³ 483 ³ 2.3
X ³ 455 ³ 5.6
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

sample and reference, respectively;Ic and Ic, s are the
respective coherence lengths;cs

(3) = 3.110 10314 cgs
units for SiO2 at l = 1063 nm.

The c(3) values obtained are presented in the table.
It is seen that the majority of the complexes havec(3)

of the order of 10312 cgs units. This is close to the
corresponding values for polyphenylvinylenes [9] and
polythiophenes [10] which are considered by the
majority of investigators as the class of polymers most
suitable as NLO-active media.

The above-said suggests the following. The two-
dimensional growing of thep-conjugation system,
namely, the change from the phenyl to 1-naphthyl
moiety in the chromophore, does not significantly af-
fect the THG efficiency. This is most probably due to
steric hindrance and increase in the dihedral angle
formed by the naphthyl group and the double bond,
which decreases the degree of conjugation. This
assumption is substantiated by the fact that with
9-anthryl instead of 1-naphthyl moietyc(3) decreases
by almost an order of magnitude. This is undoubtedly
due to the sterically hindered rotation about the C3C
bond between the 9-anthryl and ethylene moieties.
One-dimensional growing of thep-conjugation sys-
tem, namely, the change from the phenyl to styrene
moiety, affectsc(3) only insignificantly. It can be as-
sumed that this minor increase is due to steric factors.
Whereas 1,5-diphenylpenta-1,4-dien-3-ones exist as
planar conformers, introduction of an additional
double bond, evidently, disturbs the coplanarp system
and causes the degree of conjugation to increase out
of proportion. This follows from the fact that the
dihedral anglej of the C3C bond in butadiene moie-
ties is known to be equal to 40o350o on the average
and the degree of conjugation, to change proportional-
ly to cos2j.

The tabulated data show that auxochromic substit-
uents introduced in thepara position of the phenyl
ring significantly affect the NLO activity of the com-
plexes. One of the most convenient methods of semi-
quantitative assessment of the influence exerted by
substituents on the conjugated system is that based on
the Hammett correlation approach [12]. Figure 3
shows the NLO response of a series of complexes as
dependent on thes constants of the substituents. The
parameterc(3) correlates well with the electronic
effect of the substituent. As known,c(3) depends on
the polarizability of the electron cloud of the chromo-
phore and on the difference in the dipole moments of
the chromophore in the ground and excited states [2].
As a rule, the molecule in the ground state should
have a sufficiently large dipole moment. In our case,
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the effect of increase in the polarizability prevails,
as indicated by increase inc(3) with enhancing donor
effect of the substituent. The same is indicated by the
lack of correlation betweenc(3) and Hammett con-
stantss1 which, unlikes constants, take into account
only the inductive effect of the substituent.

EXPERIMENTAL

1-(4-Hydroxyphenyl)-5-(4-methoxyphenyl)penta-
1,4-dien-3-one (III). To a stirred solution of 1.6 g
(0.01 mol) of 4-(4-hydroxyphenyl)but-3-en-2-one and
1.45 (0.011 mol) of 4-methoxybenzaldehyde in 15 ml
of ethanol, a solution of 0.8 g (0.02 mol) of NaOH
was added in the form of 40% aqueous solution. The
resulting mixture was heated at 50oC for 1 h and left
overnight at room temperature. Then the mixture was
diluted with a tenfold volume of water, filtered, and
neutralized with 5 ml of dilute acetic acid. The result-
ing precipitate was separated and recrystallized from
ethanol. Yield 1.7 g (65%), mp 169oC. Elemental
analysis:

Found, %: C 76.89, H 5.70.
Calculated, %: C 77.12, H 5.75.

1H NMR (Bruker DRX 500; CD3OD; 25oC; d, ppm):
3.85 (s, 3H, OCH3), 6.84 (d, 2H, Har), 6.98 (d, 2H,
Har), 7.06 (d, 1H,3CH=), 7.10 (d, 1H,3CH=), 7.58
(d, 2H, Har), 7.66 (d, 2H, Har), 7.71 (d, 1H,3CH=),
7.72 (d, 1H, 3CH=).

The other chromophoresI3X were prepared simi-
larly. The elemental analysis data and the spectral
characteristics corresponded to the expected structures.

Solutions of the complexes were prepared by mix-
ing at room temperature solutions of the chromophore
and poly-1,10-decamethyleneacetamidine in ethanol at
the polymer : chromophore ratio of 1 : 0.25 (molar ra-
tio between the polymer units and the low-molecular-
weight compound). The samples for optical studies
were prepared by casting the ethanol solutions of the
complexes onto a rotating glass substrate followed by
evaporating the solvent at room temperature and at-
mospheric pressure. The resulting films were dried in
a vacuum (0.1 torr) to a constant weight before meas-
urements.

The calorimetric measurements were carried out on
a DSC 7 Perkin3Elmer calorimeter in the range from
350 to 250oC at a rate of 10 deg min31. The UV spec-
tra were recorded on a Varian Cary 100 spectro-
photometer from ethanol solutions and thin films for
measuring the NLO characteristics. Thermogravimet-

c(3) 0 1012, cgs units

Fig. 3. Correlation of the efficiencyc(3) of THG genetation
by the complexes under investigation with the Hammett
constantss of substituents in chromophores: (I) H, (II ) F,
(III ) OCH3, (IV) NO2, (V) N(CH3)2, and (VI) CH3CONH.

ric measurements were carried out on a Perkin3Elmer
TGA-7 instrument, in the 303700oC temperature
range, at the heating rate of 10 deg min31.

The samples were excited by a pulse neodymium3
garnet laser; the radiation wavelength was 1063 nm.
The laser operated in the modulatedQ-factor regime;
pusle duration was 15 ns. The energy of radiation
in the pulse was varied within 1330 MJ.

CONCLUSION

The influence of the chemical structure of the
chromophores on the nonlinear-optical properties of
polymeric complexes between diarylpenta-1,4-dien-
3-ones and poly-1,10-decamethyleneacetamidine was
elucidated. The influence exerted by the substituents
on the efficiency of generation by the complexes
of the third-order nonlinear-optical effects can be
described semiquantitatively using Hammetts con-
stants.
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Abstract-Changes occurring in the structural organization of the thermoplastic polyimide derived from
3,3̀-diaminobenzophenone and 3,3`,4,4̀-benzophenonetetracarboxylic dianhydride on heat treatment at tem-
peratures in the range 2503350oC were studied, and the influence of these changes on the rheological behav-
ior of the polymer was examined.

Polyimides (PIs) show considerable promise as
polymeric binders for preparing fibrous composites
with high heat resistance, high softening point, and
enhanced crack resistance. It is well known that these
polymers, on the one hand, withstand heating up to
500oC and, on the other hand, preserve elastic proper-
ties down to the liquid nitrogen temperature [1]. How-
ever, the factors making PIs the most heat-resistant
among the known polymers (rigidity of the polymer
chain and high level of intermolecular interactions)
also make them difficultly processable, which signif-
icantly limits their use as a matrix in composites.

At present, active efforts are made to solve this
problem by developing crystallizing fusible PIs com-
bining the positive properties of thermoplastics (name-
ly, increased viscosity of the matrix failure) with
enhanced heat resistance due to crystallization [2, 3].

Such PIs are particularly attractive owing to their
excellent resistance to heat and to thermal oxidative
degradation, high mechanical and adhesion character-
istics, and resistance to solvents, especially to water
and alkalis:
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BZP33,3̀BZP

As shown in [4], the structure of this PI in its
native state is largely determined by the conditions of
its chemical synthesis. In particular, the BZP33,3̀BZP
polyimide prepared under conditions of low-tempera-
ture chemical imidization in amide solvents is a par-
tially crystalline substance with a low melting point
(2703290oC). The same polyimide prepared by ther-
mal imidization, depending on the reaction conditions,
can be either amorphous or partially crystalline, with
an appreciably higher melting point (3403350oC).

In this work we studied the features of the crystal
structure of the BZP33,3̀BZP polyimide and the in-
fluence of changes in its structural organization on its
rheological behavior. These data are useful for im-
proving the procedures for PI processing to obtain a
matrix of a composite.

EXPERIMENTAL

The initial prepolymer (polyamido acid, PAA) was
prepared as a 25 wt % solution inN,N-dimethylacet-
amide (DMA) from BZP dianhydride (mp 2253226oC)
recrystallized from dry acetic anhydride and diamine
3,3̀BZP (for preparation procedure, see [4]), taken in
a stoichiometric ratio. To prepare the oligoimide (OI),
the amount of the dianhydride was decreased to
0.75 mol per mole diamine, and the reactive terminal
amine groups were converted at the end of the syn-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

1184 YUDIN et al.

T, oC

Endo

Fig. 1. DSC thermograms of BZP33,3̀BZP CPI samples:
(1) initial and (234) additionally heated (2) at 250oC for
40 min, (3) at 300oC for 10 min, and (4) at 300oC for
60 min. (T) Temperature; the same for Figs. 3 and 4.

thesis by reaction with 0.5 mol of phthalic dianhy-
dride.

Powdered PI and OI samples were prepared by
chemical imidization in DMA solution [4]. To ex-
haustively remove residual solvents and agents of the
imidizing mixture, the resulting samples were treated
with diethyl ether in a Soxhlet apparatus for 5 h and
dried under reduced pressure (50 mm Hg) at 1403

150oC.

To prepare carbon-reinforced plastics, an ELUR-P-
01 carbon tape was impregnated with a solution of
BZP33,3̀BZP PAA, dried at 150oC to remove the
solvent, and heated for 15 min at 230oC for thermal
imidization of PAA. From the carbon fabric with the
supported polymer, we prepared a 24-layer prepreg
and pressed at 0.2 MPa under the following condi-
tions: 300oC, 30 min; 350oC, 30 min. When pow-
dered BZP33,3̀BZP PI (OI) was used as binder, it
was added to the initial PAA solution in a 1 : 1 ratio,
and the carbon tape was impregnated with the result-
ing suspension. Subsequent preparation and pressing
of prepregs were performed similarly.

The IR spectra of PI (or OI) powder (KBr pellets)
were taken on a Specord M-80 spectrophotometer.
The degree of imidization was determined from the in-
tensity of the imide absorption band at 1780 cm31 [1].

The viscosity of melts of oligoimide powders was
measured with a PIRSP rheogoniometer (Russia) with
a cone3plane working unit (cone angle 1o, diameter
40 mm) at a constant shear rate of 10 1032 s31 at a
given temperature.

The DSC curves of PIs were recorded on a Mettler
microcalorimeter at a scanning rate of 10 deg min31.

The TGA curves were taken with a modified C

derivatograph (MOM, Hungary) in air at a heating rate
of 10 deg min31.

X-ray diffraction studies were performed on a
DRON-5 diffractometer and an ARS-5 installation
with a KRON-1 camera. The Ni-filtered CuKa radia-
tion was used. For measurements, polyimide powder
was pelletized at room temperature and a pressure
of 2 atm.

The mass-spectrometric thermal analysis (MTA)
was performed with a device based on a magnetic
sector mass spectrometer of the MKh-1320 type. The
field ionization unit of a standard MKh-1320 device
was modified with the aim to provide heating of thin
polymer layers on a metallic support-heater with the
welded thermocouple (support: oxidized 200-mm-thick
Ta foil; thermocouple: Chromel3Alumel, 100 mm in
diameter) in the vacuum chamber in the vicinity of the
ion source. A thin layer of the polyimide powder was
applied directly to the support surface with a putty
knife. The sample weight was 10 mg. The area of the
sample layer was about 20 mm2. The heating rate was
10 deg s31. The rate of release of volatiles from the
sample was judged from the intensity of the corre-
sponding molecular peaks (e.g., 87 for DMA and 18
for water). For each PI sample five runs were per-
formed to measure the rate of release of each volatile
product.

The bending strength of carbon-reinforced plastics
was determined by three-point bending with a 1958U-
10-1 breaking machine at a loading rate of 5 mm min31.
The shear moduli of elasticityGc̀ and lossG"c of car-
bon-reinforced plastics were determined with a torsion
pendulum [5] in the range 203400oC. The glass tran-
sition point of the compositeTgc, close toTg of the
matrix resin, was determined as the temperature at
which G"c reaches a maximum.

The interlaminar failure viscosityGIC (start of the
cleavage crack) of~3-mm-thick carbon-reinforced
plastics was determined by the double cantilever meth-
od [6, 7] using the calculation procedure from [7].

BZP33,3̀BZP polyimide prepared by chemical imi-
dization (CPI) in DMA solution is partially crystalline
and has a low melting point,Tm1 = 295oC (Fig. 1,
curve 1). As CPI is additionally heated to 300oC, the
melting peakTm1 gradually disappears from the DSC
curves (Fig. 1, curves234), and a new melting peak,
Tm2, appears at about 340oC. This fact suggests tran-
sition from one crystalline modification, CM1, of the
CPI polymer to another, CM2, in the course of heat-
ing in the range 2503300oC. In the process,Tm1
somewhat increases: from 295 to approximately
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Table 1. Interplanar spacingsd of PZB33,3̀BZP CPI samples prepared under various conditions of heat treatment
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Sample³

Treatment
³

d, A
³

Modification
no. ³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
³ ³ ³1 ³Initial sample ³ 10.5 4.73 4.43 3.90 3.23³CM1

2 ³250oC/40 min ³ 10.3 5.30 4.70 4.40 4.08 3.94 3.30³CM1 + CM2
3 ³300oC/60 min ³ 10.3 6.52 5.66 5.21 5.03 4.65 4.03 ³CM2
4 ³>350oC ³Halo ~4.8 ³Isotropic

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

310oC. Heating of CPI above 350oC makes it amor-
phous (isotropic). The amorphous polymer is charac-
terized only by the glass transition pointTg = 245oC,
which becomes clearly detectable in the DSC curves
only after heating of the initial CPI to 250oC and
higher (Fig. 1, curves234).

Indeed, according to X-ray diffraction analysis,
heating of CPI at 250 and 300oC is accompanied by
transition from the structural modification CM1 char-
acteristic of the initial CPI to the modification CM2
(Fig. 2, Table 1). Note that in the polymer heated at
250oC the CM1 and CM2 modifications apparently
coexist (Table 1, sample no. 2).

The IR spectra show that the degree of imidization
of the initial native CPI does not exceed 85%, and on
heating to 300oC it increases to practically 100%. The
weight loss (<2%) of CPI samples on heating in the
range 2003300oC, detected by TGA, may be due
specifically to imidization of the residual amido acid
units in the initial CPI on additional heating (so-
called afterimidization) with release of water.

To examine in more detail the changes occurring
in CPI in this temperature range, we studied by MTA
[9] the kinetics of release of low-molecular-weight
substances from the polymer. According to the mass
spectra (Fig. 3), water release has a maximum at
293oC (Table 2). At the same time, approximately in
the same temperature range the residual solvent DMA
in which CPI was prepared is released also (Fig. 3,
Table 2). Both water and the solvent, according to the
mass spectra, are released in a narrow temperature
range close to the melting pointTm1 of the sample
(Table 2). Presumably, afterimidization occurs after
melting of CPI accompanied by release of DMA.
A striking feature is that DMA is released at a very
high temperature, exceeding by almost 140oC its
boiling point.

It is known [10] that the amido acid units of PAA
form with molecules of an amide solvent like DMA
stable complexes decomposing in the course of PAA
heating in the range 1003200oC. In our case the sol-

vent molecules, probably involved in complexation
with the residual amido acid units of CPI, are retained
up to nearly 300oC (Table 2). Presumably, these sol-
vent molecules are incorporated into the ordered CPI
structure and are therefore released from the polymer
only on melting. Apparently, melting of native CPI
at Tm1 [defrosts] the mobility of the polymer macro-
molecules and thus facilitates its afterimidization.
The water release observed in this temperature range
directly confirms this assumption (Fig. 3, Table 2).

I, arb. units

2q, deg

Fig. 2. X-ray diffraction patterns of BZP33,3̀BZP CPI
samples: (1) initial and (2, 3) heated at 250oC for 40 min
and at 300oC for 60 min, respectively. (I) Intensity and
(2q) Bragg angle.

T, oC

dN/dt, arb. units

Fig. 3. Temperature dependences of the release rate dN/dt
of (1) water and (2) solvent (DMA) from CPI samples,
monitored by the corresponding peaks in the mass spectra.
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Table 2. Melting pointsTm1 and mean values ofTmax of
the release of the solvent and water from BZP33,3̀BZP PI
and OI samples
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sample
³ Tmax of DMA ³ Tmax of H2O ³ Tm1
ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ oC

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
CPI ³ 303 ³ 293 ³ 295
OI ³ 252 ³ 268 ³ 275
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Thus, the initial native CPI is characterized by the
presence of the crystalline modification CM1 whose
melting point Tm1 (2903310oC) is abnormally close
to the glass transition point of the polymer (245oC).
The ratio of these temperatures (converted to the Kel-
vin scale) is considerably lower than the ratios com-
monly observed for PI:Tm/Tg = 1.25 [3] or 1.3 [1].
Strictly speaking, the initial CPI is not a 100% imide,
as indicated by the IR data. The MTA data show that
the peaks of release of the solvent and water, accom-
panying afterimidization of CPI, are observed specif-
ically in the range of CM1 melting. This fact suggests
that the CM1 modification is characteristic of the

incompletely imidized CPI sample only. In the course
of heating and afterimidization, CM1 transforms into
the high-melting modification CM2 typical of the
completely imidized CPI sample. At the same time,
Wang et al. show that native partially crystalline CPI
that was rendered amorphous by heat treatment at
310oC and then kept inN-methyl-2-pyrrolidone at
160oC shows a melting peak in the DSC curve at
abnormally low Tm = 300oC [11]. However, X-ray
diffraction data that could prove the CM1 modifica-
tion of the sample withTm = 300oC are lacking in
[11]. Therefore, the possibility of formation of the
CM1 modification in the sample completely imidized
at 310oC is still the matter of discussion and requires
further studies.

Nevertheless, the existence of the CM1 modifica-
tion in the initial BZP33,3̀BZP CPI is extremely
important from the processing viewpoint, because this
thermoplastic at moderate temperatures (3003350oC)
can pass to the viscous-flow state required for its
processing to a matrix of a composite. For more de-
tailed study of the rheological behavior of CPI as
influenced by structural rearrangements in the poly-
mer, we studied OI of the following structure:

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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The oligoimide was also prepared by chemical
imidization in the DMA solution.

Figure 4 shows the DSC curves of the initial native
OI (curve1) and of that additionally heated at 250oC

Endo

T, oC
Fig. 4. DSC thermograms of BZP33,3̀BZP OI samples:
(1) initial and (2, 3) additionally heated at 250oC for 40 min
and at 320oC for 60 min, respectively.

for 40 min (curve2). Two melting points are detected
for OI: Tm1 = 2723276oC with DH = 35336 J g31 and
Tm2 = 324oC with a lowDH = 238 J g31, i.e., for OI,
similar to CPI, the low-melting (about 275oC) crystal-
line modification exists also. According to the X-ray
diffraction data (Table 3), this low-melting crystalline
modification of OI is practically identical to the crys-
talline modification of CM1 detected in CPI (Table 1).

According to IR spectroscopic analysis, the degree
of imidization of OI is no less than 90%. The TGA
data show that the main weight loss, which does not
exceed 1.5%, occurs in the range 2003270oC and is
probably due to afterimidization of the OI samples.
The MTA data (Table 2) show that, similar to CPI,
the solvent and water are released from the OI sample
in essentially the same temperature range close to the
melting point of OI Tm1. The whole set of our data
shows that, similar to CPI, the melting of OI atTm1
is followed by cyclization of the residual amido acid
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Table 3. Interplanar spacingsd of BZP33,3̀BZP OI samples after various heat treatments
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Sam-³

Treatment
³

d, A
³ Modifica-

ple no.³ ³ ³ tion
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

³ ³ ³1 ³Initial sample ³ 5.20 4.70 4.40 3.90 3.30 ³CM1
2 ³250oC/40 min ³ 9.94 5.28 4.73 4.42 4.10 3.96 3.32³CM1 + CM2
3 ³290oC/60 min ³10.1 6.50 5.69 5.19 4.95 4.59 3.96 3.79 3.58 3.31³CM2
4 ³300oC/60 min ³ 4.69 3.93 against background of halo~4.7³m-Phase
5 ³>330oC ³ Halo ~4.7 ³Isotropic
6 ³Annealing of ³10.3 6.59 5.69 5.23 4.98 4.62 3.99 ³CM2

³sample no. 4 ³ ³
³at 290oC/120 min³ ³

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

units and, strictly speaking, the low melting pointTm1
is characteristic of the incompletely imidized sample.

It seemed interesting to compare how the viscosity
of the melt of the initial OI varies in time under iso-
thermal conditions at temperatures betweenTm1 and
Tm2 and aboveTm2, since carbon-reinforced plastics
are pressed specifically at these temperatures. The
rheological behavior of OI at 330oC (Fig. 5, curve4),
i.e., aboveTm2, is typical of thermoplastic PI melts
and suggests the possibility of obtaining stable flow
of the OI melt for at least 1.5 h. Certain increase in
the viscosity in the first minutes of the experiment is
apparently due to increase in the oligomer rigidity
owing to afterimidization. The DSC and X-ray diffrac-
tion data show that in this temperature range (above
330oC) OI passes to the fully amorphous state which
is preserved on cooling the melt to room temperature
at a rate of 10 deg min31.

At 280 (Fig. 5, curve1) and 290oC (curve2), the
viscosity of OI fairly rapidly (within 10320 min) in-
creases to 106 Pa s. As follows from the DSC (Fig. 4,
curve3) and X-ray diffraction (Table 3, sample no. 3)
data, at 290oC OI undergoes the transition from the
crystalline modification CM1 to CM2 (Tm2 = 322oC),
i.e., the increase in the viscosity at 2803290oC is
primarily due to the structural transition of OI from
CM1 to CM2.

At 300oC, the OI viscosity gradually (over a period
of 20340 min) increases from 103 to almost 105 Pa s
(Fig. 5, curve 3). Examination with a polarization
microscope shows that the OI melt passes from the
fully isotropic state to a mesophase. X-ray diffraction
data (Table 3, sample no. 4) confirm that upon anneal-
ing for 1 h at 300oC the first crystalline modification
CM1 transforms into a mesophase characterized by
the presence of two clear reflections against the back-
ground of a halo. Subsequent cooling to 290oC and

annealing at this temperature for 120 min convert this
oligomer from the mesomorphic to fully crystalline
(CM2 modification) state (Table 3, sample no. 6).

The whole set of X-ray diffraction and DSC data
suggest the following scheme of the structural behav-
ior of OI on melting aboveTm1 = 272oC.

Scheme of structural transitions in BZP33,3̀BZP at various
heat treatments
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At 2803290oC, OI passes from the first (CM1) to
the second (CM2) crystalline modification within a
relatively short time (10320 min). At 3003320oC,
the crystalline modification CM1 transforms into a

t, min
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Fig. 5. Viscosity h of BZP33,3̀BZP OI melt as a function
of time t. Temperature,oC: (1) 280, (2) 290, (3) 300, and
(4) 330.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 7 2001

1188 YUDIN et al.

Table 4. Thermomechanical properties of carbon-reinforced plastics based on BZP33,3̀BZP PI
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sample
³

Polymer
³

Vf, %
³ sb, 20oC ³ sb, 200oC ³ Gc̀, 20oC ³

Tgc, oC
³

G1C, J m32³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³
no. ³ ³ ³ GPa ³ ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
1 ³PI ³ 48 ³ 0.9 ³ 0.84 ³ 3.7 ³ 250 ³ 470
2 ³PI + 50 wt % OI ³ 55 ³ 1.0 ³ 0.94 ³ 4.2 ³ 231 ³ 620
3 ³PI + 50 wt % CPI³ 50 ³ 0.96 ³ 0.90 ³ 3.7 ³ 250 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

mesophase, which can be converted to the crystalline
modification CM2 by annealing at 290oC for 2 h
(Table 3, sample no. 6). Above 330oC, OI transforms
into the fully isotropic state.

From BZP33,3̀BZP we prepared carbon-reinforced
plastics and determined some of their thermomechan-
ical characteristics: the volume fraction of fiberVf,
bending strengthsb (at 20 and 200oC), shear modulus
of elasticity Gc̀, and glass transition pointTgc of the
polymeric matrix of the composite. In Table 4 these
characteristics are given for carbon-reinforced plastics
based on the pure thermally imidized binder BZP3

3,3̀BZP PI and on the same binder with addition of
50 wt % OI (sample no. 2) or CPI (sample no. 3).

Addition of CPI and especially OI to the matrix of
the carbon-reinforced plastic somewhat increases the
volume fraction of fiber in the composite, probably
owing to a decrease in the melt viscosity on pressing,
which, in turn, increasessb andGc̀ at room tempera-
ture. The bending strength of the carbon-reinforced
plastics decreases insignificantly as the temperature
is increased from 20 to 200oC, which is due to their
sufficiently high glass transition points. However,
a noticeable decrease in the glass transition point of
the polymeric matrix of the composite prepared with
OI (Table 4, sample no. 2) suggests lower softening
point of the carbon-reinforced plastic in this case.

Table 4 also contains data on the interlaminar fail-
ure viscosityGIC characterizing the crack resistance of
the carbon-reinforced plastics. It is seen that addition
of partially crystalline powdered OI to the binder
noticeably increasesGIC.

Also, we prepared carbon-reinforced plastics using
as prepregs the layers of carbon fabric with the CPI
powder applied by electrostatic spraying. Such a pro-
cedure allowed us to abandon the use of a polyamido
acid solution for impregnation of the carbon fabric
and to prepare the composite on the basis of powdered
partially crystalline CPI only. Samples of thus pre-
pared carbon-reinforced plastic are characterized by
high GIC, at a level of 7303750 J cm32.

As noted above, native partially crystalline OI and
CPI are rendered amorphous by heat treatment at tem-
peratures aboveTm2. Therefore, according to DSC,
the polymeric matrix is amorphous in all the carbon-
reinforced plastics under consideration (the final
pressing temperature was 350oC).

Optimization of the pressing temperature and com-
position of the initial matrix, with the aim to attain
simultaneously high values of strength, softening
point, and failure viscosity of the resulting material,
requires further study of fine structural rearrangements
in the crystallizing fusible polyimide binder under
conditions of temperature and force fields.

CONCLUSIONS

(1) BZP33,3̀BZP polyimide can exist in two crys-
talline modifications: CM1 withTm1 = 2753290 and
CM2 with Tm2 = 3303350oC. Appearance of the crys-
talline modification CM1 in the initial native poly-
imide prepared by chemical imidization in an amide
solvent impedes complete imidization of the polymer,
which is complete only on melting of the crystallites.
Above 350oC the polymer passes into a fully isotropic
state, and restoration of its crystalline state on cool-
ing is practically impossible.

(2) It was shown by the example of the corre-
sponding oligoimide that at temperature close toTm1
an increase in the viscosity of the oligoimide melt is
due to structural transition from the low-melting crys-
talline modification CM1 to the high-melting modifi-
cation CM2. The partially crystalline BZP33,3̀BZP
polyimide in CM1 modification undergoes a similar
structural transition in this temperature range. In the
range betweenTm1 and Tm2, the oligoimide melt can
pass to the mesomorphic state, with increase in the
melt viscosity to 105 Pa s. Annealing of the meso-
phase at 290oC results in crystallization of the oligo-
imide in the CM2 modification.

(3) The partially crystalline BZP33,3̀BZP poly-
imide is a thermoplastic with a unique property:
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Thanks to formation in the chemically imidized poly-
mer of the low-melting crystalline modification CM1,
it can be processed into a matrix of a carbon-rein-
forced composite at temperatures of 3003350oC close
to Tg. The resulting carbon-reinforced plastics exhibit
fairly high softening points (Tgc = 250oC), with high
levels of strength (1 GPa) and failure viscosity (GIC =
750 J m32).
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Abstract-Photoinduced recombination chemiluminescence was applied for monitoring of the network struc-
ture formation under UV exposure of films prepared by esterification with acrylic acid of oligomers such
as UP-612, ED-16, and Oksilin commercial epoxy resins. The chemiluminescence decay was described in
terms of the fractal kinetics model. The spectral dimension parameter, apparent luminescence activation
energies, and glass transition temperatures of the polymers were calculated.

Epoxy3acrylate resins polymerizing under UV ir-
radiation find application as protective coatings for
quartz fibers intended for fiber-optics systems and
printed-circuit boards in radioelectronics [1]. Such
protective coatings must satisfy a number of require-
ments which for the most part determine the proper-
ties of the articles, in particular, resistance to tempera-
ture and mechanical changes and the environment,
tensile strength, etc. [2]. The properties of such poly-
mers are mainly determined by the degree of cross-
linking. There is a number of classic methods for es-
timating the latter parameter, of which we will men-
tioned that based on determining the degree of swell-
ing of polymer in appropriate solvent [3]. In recent
years, methods based on the use of luminophores [4],
measurement of the post-polymerization reaction
heats, UV spectroscopy, etc. have received develop-
ment [5]. However, studies of cross-linked polymers
still lack a uniform experimental approach. This
makes urgent the search for new methods of determin-
ing, e.g., thedegree of cross-linking of polymers, the
active chain length, and the radical curing kinetics
for such systems.

One of the methods for studying polymer proper-
ties that recently have found wide application is re-
combination luminescence [6]. Recombination lumi-
nescence is recorded as a weak light emission arising
on UV exposure of organic glasses, resins, and other
materials; it depends on the physical properties of the
material, radiation energy, and the polarity of the

medium. Irradiation can initiate ionization of molecu-
lar groups characterized by low electron affinity and
photooxidation [739]. In the latter case, the lumines-
cence is due to recombination of the leading radical
oxidation chain and is treated as recombination chemi-
luminescence (CL).

In this work we applied recombination CL to moni-
toring of the network structure formation under UV
exposure of films obtained from oligomers such as
acrylated UP-612, ED-16, and Oksilin commercial
epoxy resins.

EXPERIMENTAL

Epoxy3acrylate resins were synthesized by esteri-
fication with acrylic acid (AA) of equimolar amounts
of epoxy oligomers in the presence of polymerization
inhibitors at 120oC according to the scheme

^̂ ^̂ + HOQS
O

cc76 ^̂ ^̂gg QSg
OH

QSQO
ggOccRccf

O
hcR ,^̂ ^̂ + HOQS

O

cc76 ^̂ ^̂gg QSg
OH

QSQO
ggOccRccf

O
hcR ,

where R is the oligomeric block of epoxy oligomer.

The reaction was monitored by variation of the
refractive index. As epoxy oligomers served UP-612,
Oksilin, and ERD-16. Acrylic acid was purified by
distillation. The resulting oligomer contians (accord-
ing to epoxy numbers) both acrylates (<75%) and
epoxy3acrylates. The assumed structural formulas of
these oligomers can be presented as
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The CL kinetics after photoirradiation were studied
using UP-6123AA, Oksilin3AA, and ED-163AA films
prepared from acetone solutions of the initial oligo-
mers withMw 01033 of 3.5, 3.6, and 3.7, respectively,
containing 5% of benzophenone (BP) as photoini-
tiator. Films were~10 mm thick; they were cut into
0.5 cm2 squares and exposed to light with the
wavelength of 313 nm cut by ZhS-3 and UFS-2 light
filters from the spectra of two SVD-120 lamps (VIO-2
illuminator). The patterns of variation of the CL char-
acteristics with the wavelength of the irradiating light
were obtained using DKSSh-1000 xenon lamp and
MZD-2M wide-aperture monochromator. The irradiat-
ing light intensity was determined with a ferrioxalate
actinometer [10]. Chemiluminescence was recorded
on a photometric setup equipped with a low-inertia
temperature-control unit.

Upon exposure to the light with a wavelength of
313 nm, the preliminarily cured epoxyacrylate films
that were kept for several days exhibit CL whose
typical intensity decay curve is presented inFig. 1.

The CL decay was described in terms of the fractal
kinetics model proposed by Postnikovet al. [8, 11,
12]. According to this model, the observed rate con-
stantk1 of radical recombination varies with time as

kt = k0 t ds/2 3 1,

Here, k0 is a constant;t > 1 (or t ; 1); andd is the
[spectral dimension] parameter which is physically
related to the diffusion-controlled aggregate [8].

The CL decay is described by the equation [8]

Icl = I1(1 + t/t1)ds/2 3 1
a
32,

where Icl is the CL intensity, rel. units;I1 is the CL
intensity at the momentt1 of taking the first reading;
and a is the parameter describing the part of the CL

decay due to radical concentration decrease proper.
The contribution from the parametera is significant
only at fairly long times.

Figure 2 presents, as an example, a set of curves
characterizing the CL decay kinetics for ED-163AA
films cured at different irradiation doses, with the
measurement delay time taken into account. The data
obtained by processing these curves are presented
in the table.

Icl, arb. units

t, s

Fig. 1. CL decay curve of cured ED-163AA film at the
dose of 1.10 1019 photon cm32. (Icl) CL intensity and
(t) luminescence time; the same for Fig. 2.

ln (t + t1) [s]

Fig. 2. Kinetic curves of CL decay for ED-163AA samples
cured by irradiation atl = 313 nm. Irradiation doseQ 0

10319, photon cm32: (1) 1.1, (2) 6.4, and (3) 24.
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Influence of the irradiation dose Q for polymer films on
the spectral dimension parameterds
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Oligomer ³ Q 010319, photon cm32 ³ ds
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
ED-163AA ³ 1.1 ³ 1.36

³ 6.4 ³ 1.26
³ 24.0 ³ 1.16
³ ³Oxilin3AA ³ 1.2 ³ 1.37
³ 5.8 ³ 1.22
³ 26.0 ³ 1.14
³ ³UP-6123AA ³ 0.9 ³ 1.32
³ 6.6 ³ 1.20
³ 24.3 ³ 1.18

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
Note: Spectral dimension is calculated accurately to within 15%.

The spectral dimensionds determined by the type
of inhomogeneous distribution of the reacting par-
ticles tends to decrease with increasing irradiation
dose. This trend can be interpreted with taking into
account formation of interpolymer bonds and three-

102/T, oC

Fig. 3. Steady-state CL intensityI of the ED-163AA film
as a function of the temperatureT in the Arrhenius equation
coordinates. Irradiation doseQ, photon cm32: (1) 1.40
1016, (2) 8.301016, (3) 2.401017, (4) 7.90 1017, and
(5) 1.20 1018.

Ea, kJ mol31

70

50

30

Q 0 1039, photon cm32

Fig. 4. Apparent activation energyEa of steady-state CL as
a function of the irradiation doseD of polymers
(1) UP-6123AA, (2) ED-163AA, and (3) Oksilin3AA.

dimensional structure under irradiation. The parameter
ds determines the space for random motion of peroxy
radicals.

Within fairly long time (233 h after recording the
first point) the CL kinetics become virtually steady-
state, with the CL intensity decreasing by less than
1% per hour even at 70oC. The steady-state character
of the CL is, evidently, due to major diffusion-related
restrictions posed on the reacting particles.

Temperature changes take the system out of the
steady state, but under isothermal conditions the sys-
tem comes to a new steady state. Evidently, under
such conditions the response of the system to the
temperature change is due to the structural changes in
the matrix. Thus, the activation energy calculated
from the temperature dependence of the steady-state
CL intensity can be considered as a characteristic of
the polymer matrix and its evolution during irradia-
tion. The Arrhenius plots, similar to those shown in
Fig. 3 for ED-163AA, allowed calculation ofEa.
Figure 4 shows howEa varies with the irradiation
dose. It is seen that under actual conditions formation
of the polymer and its network structure is complete
at irradiation doses of (50370)0 1019 photon cm32.
For example, for UPK-6123AA, ED-163AA, and
Oksilin3AA systems Emax is equal to 60.7, 48.1,
and 34.8 kJ mol31, respectively. This parameter is,
evidently, a function of the rigidity of the polymer
network and, probably, reflects in an implicit way the
degree of development of the polymer network. Also,
account should be taken of the reactivity of the oligo-
mers with triplet BP. The role of the latter as photo-
initiator is confined to initiating the reaction of homo-
lytic hydrogen detachment from the OH group of the
secondary and tertiary C3H bonds and generating
alkoxy- and carbon-centered radicals.

However, under conditions of long-term stationary
irradiation, on the one hand, and relatively high rate
of hydrogen detachment (k = 1053106 l mol31 s31

[13]), on the other, the reactivity of oligomers with
BP in these systems is insignificant. At the same time,
at low irradiation doses the reactivity of the oligomers
is significant and essentially determines the network
formation rate.

Under linear heating at a rate of about 10 deg min31,
the plot of the CL intensity for the films prepared
from ED-163AA passes through a maximum in the
temperature range 1003140oC. This suggests a glass3
gel transition characterized by the glass transition
temperatureTg in the temperature range indicated
(Fig. 5). Plots for sample cured and kept for several
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I, arb. units

T, oC

Fig. 5. Temperature dependence of the CL intensity for the
polymer based on ED-163AA. Film thickness 10mm, l =
313 nm. (I) Irradiation intensity. Irradiation dose
Q, photon cm32: (1) 1.401016, (2) 8.301016, (3) 2.401017,
(4) 7.90 1017, and (5) 3.30 1018.

Tg, oC

Q 0 10319, photon cm32

Fig. 6. Dependence of the glass transition temperatureTg,
for ED-163AA epoxy3acrylate polymer on the UV irradia-
tion dose Q.

days but not subjected to subsequent photooxidation
do not exhibit maximum in this temperature range
under linear heating conditions. With increasing ir-
radiation dose in the course of curing, the maxima of
the luminescence curves shift to higher temperatures.
Figure 6 shows how the parameterTg varies with ir-
radiation dose. Evidently,Tg, similar to Ea, describes
the network formation during UV curing of epoxy3
acrylate oligomers.

The data in Figs. 4 and 6 show that the irradiation
doses at which the plots flatten out are of the same
order of magnitude. The fact that the plots of the glass
transition temperaturesTg and the activation energies
Ea vs. irradiation dose attain saturation, i.e., that these
parameters become independent of the amount of the
photons taken up during further irradiation, evidences

the maximal possible cross-linking of the polymers
under the actual conditions.

CONCLUSION

Activation energy and glass transition temperature
determined by the recombination luminescence meth-
od characterize the degree of cross-linking of UV-
cured polymers. The spectral dimension decreases
with increasing irradiation dose, while the apparent
luminescence activation energies and glass transition
temperatures for the polymers studied tend to increase.
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Abstract-The Tikhonov regularization method was proposed for correction of gel chromatograms for
instrumental broadening. The results obtained in solving the Tung equation by approximation and regulariza-
tion methods and also in using the Gauss and Pearson distributions as a function of instrumental broadening
were compared.

At present the gel-permeation chromatography
(GPC) is a well-developed method of analysis of
molecular characteristics and molecular-weight distri-
bution (MWD) of polymers.

However, owing to nonideality and irregularity of
chromatographic separation the chromatograms are
smeared and, as a result, the MWD diagrams are
broadened. The necessity of considering the smearing
effect in processing of the experimental chromato-
grams causes significant complications in passing
from gel chromatogram to MWD. A correction of
chromatograms is essential when the MWD character-
istics serve as the initial data for further calculations,
e.g., for identification of the kinetic models of poly-
merization on the basis of the total MWD of a poly-
mer [134].

In the general case the procedure of correction of
chromatograms is reduced to solving the Tung equa-
tion [5, 6]

n2

F (n) = {
}

W(y) G(n 3 y)dy, (1)

n2

whereF(n) is the experimental chromatogram;W(y) is
the required MWD; andG(n 3 y) is the nucleus of the
integral equation which describes the diffusion, con-
centration, and other effects resulting in a deviation
of F(n) from W(y).

In the limiting case, when the diffusion is absent,
G(n 3 y) = 1 and the functionW(y) becomes indenti-
cal to F(n).

Numerous procedures for correction of chromato-
grams with the use of the Tung equation (1) were

suggested [6311]. All these procedures are generally
based on various methods of numerical solution of
the Fredholm integral equation of the first kind [1, 6,
12] and are associated with the incorrectly formulated
problem. The latter is caused by the fact that, first, in
numeral solution of Eq. (1)[oscillations] appear at
the ends of the functionW(y), and, second, small
variations in the slope ofF(n) result in significant
variations in the shape of the resulting functionW(y).

When F(n) is determined from an experiment with
the highest accuracy and the functionG(n 3 y) is
chosen correctly, the solution forW(y) can be ob-
tained by any procedures proposed in [6311]. How-
ever, actually none of these two conditions can be
realized: the analytical form of integral equation (1),
which describes the smearing of the bands of polymer
homologs in the chromatographic system, is unknown
a priori, and a certain errord occurs in all experi-
mental results.

As a rule, this uncertainity of the functionsF(n)
and G(n 3 y) transforms into oscillations ofW(y),
which is clearly pronounced at the ends of chromato-
grams, where the functionF(n) is determined with
the lowest accuracy. The problem becomes still more
complicated in the case of a large smearing or when
the sample contains very narrow peaks.

To avoid these difficulties, the experimental chro-
matograms are usually presmoothed. In the procedures
used in practice this smoothing was carried out in
an explicit or implicit form, and the choice of the cor-
rection procedure was governed by the success of this
operation rather than by the mathematical approach
used [1, 6]. In this case, it should be noted that, when
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the smoothing is rough, a part of characteristics of
the chromatographic curve reflecting the true MWD of
polymer can be lost, and when the smoothing has not
been performed to completion, the oscillations inevit-
ably appear in the solution of Eq. (1).

Thus, the practical experience of using the above
methods shows that at present there is no procedure
eliminating the effect of instrumental broadening in
evaluation of MWD from the results of gel-chroma-
tographic analysis with fair efficiency and minimum
expenditure of time.

The Tung equation is a Fredholm equation of the
first kind. Solving Eq. (1) gives the reverse problem
of W(y) reduction from the approximate values of
Fd(n), which is a feature of incorrectly formulated
problem [13]. The Tikhonov regularization method is
the most developed and efficient method of solving
of the Fredholm integral equation of the first kind (1)
[13, 14]. Therefore, in this work we attempt to use
the Tikhonov regularization method for correction of
chromatograms for instrumental broadening.

The regularizated solutionWa = R[a,Fd(n)], i.e.,
the functionWa(y) at which the minimum of smooth-
ing Tikhonov functional is reached, was selected as
an approximated solution

i iÚ ¿
M
a

(W) = {
}
³ {
}

G(n 3 y) W( y)dy 3 F
d

(n)³
3i 3i

À Ù
iÚ ¿

+ a
{
}
³W2 + (dW/dy)2³dy, (2)

3i

À Ù

wherea is the numerical parameter of regularization,
a > 0.

We used the standard software IUPR for solving
Fredholm single-dimension operator equation. The
software realizes the Tikhonov regularizing algorithm
[15317] with selection of the regularization parameter
by the generalized discrepancy principle [14, 18].

The regularization procedure gives the approx-
imated solutionW(y) on the basis ofa priori data,
e.g., on the errors in the initial data and nucleus
G(n 3 y). Therefore, the proximity of the found solu-
tion to the true solution is governed by the choice of
the nucleusG(n 3 y), which is the function of the in-
strumental broadening. The selection of the function
G(n 3 y) depends on the model in hand, and for vari-
ous levels of approximation to the instrumental
broadening determined experimentally this function
has its own form.

In solving Eq. (1) some researchers [5, 8, 9, 12]
assume that the diffusion obeys the Gauss law; in this
case, G(n, y) is approximated by the Gaussian

1
G(n,y) = ÄÄÄÄÄÄ exp [3(n 3 y)2/2s2]. (3)

s(2p)1/2

However, in this case the[slopeness] of the in-
strumental broadening curves is not considered. The
method of moments, considering the curve asymmetry
[19], requires a great deal of preliminary experiments;
in so doing, these experiments should be repeated
with variation of the chromatographic conditions.
Hence it follows that the choice of the instrumental
broadening function should be not random but should
follow from the features of chromatographic analysis.

We used the approximation of experimental data
on the narrow-dispersion polymeric reference by the
system of the Pearson density functions [20]:

2m1/2
G(21/m

3 1) 21/m
3 1Ú ¿3m

G(x) = A2ÄÄÄÄÄÄÄÄÄÄÄÄÄ ³1 + 4ÄÄÄÄÄÄ (x 3 xc)
2³ ,

pG(m 3 1/2)w w2À Ù
(4)

where x = (n 3 y); the parameters of Eq. (4) were
determined from the correlation of the experimental
chromatogram of the polystyrene reference sample
and the calculated curve by the least-squares technique
to be A = 1.610, w = 1.474, m = 4.695, andxc =
11.265; G(z) is the gamma function

i

G (z) = {
}

t z 3 1 exp (3t)dt. (5)

3i

Previously [1, 19] it was shown that distributions
of this type well approximate both the solution of the
system of differential equations describing GPC proc-
ess and the shape of the chromatogram of individual
components.

Figure 1 presents the results of approximation of
the experimental chromatogram (curve1) of narrow-
disperse polystyrene reference sample by the Gaussian
(curve3) and Pearson (curve2) distribution. As seen,
the smearing in the chromatographic system in hand is
asymmetric and is[sloped] to the range of high eluent
volumes. The use of the Pearson distribution gives
a higher approximation for description of the smearing
of polymer homologs.

As a testing procedure we used the approximation
method of solving the Tung equation [12], in which
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n, ml

Fig. 1. Approximation of the experimental chromatogram
of narrow-disperse polystyrene reference sample. (n) Eluent
volume; the same for Fig. 2. (1) Experimental curve,
(2) Pearson distribution, and (3) Gauss distribution.

n, ml

Fig. 2. Results of processing of (1) experimental chromato-
gram of polyisoprene sample by (2, 3) regularization
technique with the use of the (2) Gauss and (3) Pearson
distributions and (4) by the approximation method.

the nucleus of the integral equation and the sought-for
solution are approximated by the following function:

�
� C1exp (C2x), x < x1,
�

Q(x) = � Pn(x), x1 < x < x2, (6)
�

� C3exp (C4x), x < x2,
�

wherex = y 3 n; Pn(x) is a polynomial of the degreen;
coefficients C13C4 and also the polynomial coeffi-

cients and change-over pointsx1 and x2 are deter-
mined by least-squares fitting.

The function Q(x) is butted end-to-end at the in-
terval boundaries. The required solution ofW(y) is
selected by the least-squares method with optimiza-
tion of the functional

N
y1

F (z) = S [F(ni) 3
{
}

W(y) G(y 3 ni)dy]2, (7)
i = 1 y2

where the elements of vectorz are the variables given
in Eq. (6): C13C4, change-over pointsx1 and x2, and
the polynomial coefficients.

This method has some drawbacks. First, the search
for the solution in the form of function (6) can result
in some cases in the loss of information at the tails of
the chromatograms. In other words, the exponential
form of the functionW(y) at the ends of the curve, on
the one hand, allows elimination of oscillations and,
on the other hand, smoothes all data in these portions
which can contain additional information. Second, the
use of this method for calculation of the true MWD is
time-consuming. In correction of multimodal distribu-
tions there is a need to increase the polynomial di-
mension in Eq. (6), which abruptly decreases the rate
of processing even with the use of modern computers.

Nevertheless, in spite of these drawbacks, as shown
in [12], this method gives data adequate to the true
distribution. In so doing, there are no excessive
maxima common under these conditions, since the
oscillations appearing at the ends of the interval are
suppressed by the form of the chosen function. There-
fore, this procedure of processing of chromatograms
was used for testing the calculations performed by
the method proposed in this work.

The results of correction of chromatograms by the
regularization technique are presented in Fig. 2. For
comparison, we performed evaluations in which both
the Pearson and Gauss distributions were used as a
nucleus of Eq. (1).

Despite the fact that smearing of the sample in the
chromatographic system in hand is insignificant, there
are some differences between the experimental and
corrected chromatograms. The maxima in the[cor-
rected] distributions are more clearly pronounced, and
these distrubutions become somewhat narrower. This
fact has no dramatic effect on studying the molecular
characteristics of a polymer but affects the determina-
tion of the kinetic parameters and also the shape of
distributions of polymerization centers with respect to
the kinetic activity [2, 3].
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Curve 3 in Fig. 2, obtained with the use of the
Pearson distribution as a nucleus of the integral equa-
tion, is closer to the solution obtained by the approx-
imation method (curve 4), especially in the
range of large eluent volumes, in comparison with the
symmetrical Gaussian (curve2). This is one more
argument in favor of the chosen instrumental broaden-
ing function.

This procedure also takes into account the possible
errors in choice of the nucleus of the integral equation
G(n 3 y). A quick-operating software allows the use of
this procedure in automated processing of chromato-
graphic experiments.

EXPERIMENTAL

The chromatograms of polymers were measured
on a KhZh-1302 gel chromatograph. Four columns
packed with styrogel (Waters) with the pore size of
30102350106 A were used. Chloroform was used as
an eluent; the flow rate of the eluent was 2 ml min31.
The system of columns was calibrated from poly-
styrene references with narrow MWD (Mw/Mn , 1.2)
using the Benoit universal dependence [21] and the
relation between the molecular weight of polydiene
and the intrinsic viscosity [22]. All calculations were
carried out using a specially developed software in
the Turbo Pascal environment.

CONCLUSION

A procedure of correction of gel chromatograms
was developed, based on the Tikhonov regularization
method and approximation of the nucleus of the in-
tegral equation by the Pearson distribution. The pro-
posed procedure allows correction of chromatograms
without presmoothing and with consideration of
asymmetry of the instrumental broadening function.
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Abstract-The influence of the distribution of carbon black between phases of binary heterogeneous blends
of polyethylene with elastomers on the viscosity of their melts was studied.

Materials based on polymer blends containing dis-
perse fillers find increasing use [133]. However, the
rheological properties of such materials are studied
poorly. Furthermore, it is known that particles of fine-
ly dispersed fillers are usually distributed nonuni-
formly between the phases of heterogeneous polymer
blends and that changes in their distribution can sig-
nificantly affect the properties of the blends [1, 436].
However, in most cases the influence of this distribu-
tion on the rheological properties of polymer blends
was not taken into account. Only a few works consid-
er this problem [7310]. However, no general trend
was revealed in the influence of the phase distribution
of filler particles on the rheological properties of
polymer blends [4]. Revealing such trends is of scien-
tific and practical interest and is particularly urgent for
blends used in industry.

EXPERIMENTAL

In this work we studied blends of polyethylene
with various elastomers, filled with carbon black
(CB). We used low-density polyethylene (LDPE) of
15803-020 brand with the viscosity-average molecular
weight Mh = 37000 and the melt flow index (MFI)
of 2.4 g/10 min (at 190oC and a load of 2.16 kg) and
high-density polyethylene (HDPE) of 273 brand with
Mw = 2.60 105 and MFI 0.55 g/10 min (190oC, 5 kg).
Polyurethane thermoelastoplastic (PU) of Urelan
brand, prepared from polyfurite, diphenylmethane-
4,4̀-diyl diisocyanate, and 1,4-butanediol in the molar
ratio 1 : 2 : 1, had the molecular weight of 3.50 104

and MFI 60 g/10 min (190oC, 5 kg). Isoprene3styrene
block copolymer of the styrene3isoprene3styrene type
of IST-30 brand, containing 30 wt % styrene, had
Mw = 7.30 104 and MFI 4.5 g/10 min (190oC, 5 kg).

Butadiene3acrylonitrile rubber of SKN-40m brand,
containing 39.5 wt % acrylonitrile, hadMh = 2.20
105 and the Mooney viscosity of 54. As disperse filler
we used N 254 carbon black with the mean size of
primary aggregates of 28 nm and specific adsorption
surface area of 225 m2 g31.

The components were blended on rollers at 1303
140oC for the materials containing LDPE and at 1453
155oC for those containing HDPE. To control the CB
distribution between the phases of polymer blends,
the sequence of mixing was varied [1, 5]. According
to one procedure, CB was preliminarily dispersed in
a melt of one of the polymers, after which the second
polymer was added. According to another procedure,
CB was added to a melt of the polymer blend pre-
pared in advance. The mixing time was 5 min in each
stage. Hereinafter, the sequence of mixing is indi-
cated by placing in parentheses the components mixed
in advance. All polymers contained 0.2 wt % Irganox
1010 stabilizer to prevent thermal oxidative degra-
dation.

In all the HDPE + SKN blends the SKN phase was
subjected to [dynamic] vulcanization directly on
rollers in the course of mixing. To do this, we added
to the ready mixture on the tenth minute of mixing
4 wt % of the standard sulfur vulcanizing mixture
of the composition (wt %) ZnO 50, stearic acid 15,
2-mercaptobenzothiazole 15, and sulfur 20 [11], after
which the mixing was continued for an additional
10 min.

The viscosities of the melts of the polymers and
their blends were measured with an IIRT capillary
viscometer at a constant pressure by a known proce-
dure [12]. To take into account the pressure loss at the
inlet of the melt into the capillary, we used two capil-
laries of different length [12].
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h, Pa s

C, vol %
Fig. 1. Apparent viscosityh of LDPE + PU + CB blends
as a function of the PU contentC. CB content 5.4 vol %.
Sequence of component mixing: (1, 4) (PE + CB) + PU
and (2, 3) (PU + CB) + PE. Measurement conditions:
(1, 2) 130oC, shear stresst = 1.250 105 Pa; (3, 4) 190oC,
t = 390 104 Pa.

C, vol %

h 0 1033, Pa s

Fig. 3. Apparent viscosityh of the LDPE + IST + CB blend
at 190oC at 190oC andt = 3.90 104 Pa as influenced by the
IST contentC. CB content 5.3 vol %. Sequence of compo-
nent mixing: (1) (PE + CB) + IST, (2) (PE + IST) + CB,
and (3) (IST + CB) + PE.

It is known that the mutual solubility of the com-
ponents of sufficiently high molecular weight in the
systems PE + PU, PE + SKN-40, and PE + IST-30 in
a wide temperature range does not exceed 1% [13315].

Finely dispersed filler practically fully remains in
that phase of the heterogeneous polymer blend into
which it was preliminarily introduced [1, 4, 5]. This
fact was used to control the filler distribution between
the phases of polymer blends.

Studies showed that the viscosityh of the melt of
the filled polymer blend depends on the phase distri-
bution of the filler. This dependence is the more pro-
nounced, the larger the difference between the poly-
mer components in viscosity (Figs. 133). For example,
the viscosities of LDPE and IST-30 at 190oC are close

h, Pa s

C, vol %

Fig. 2. Apparent viscosityh of HDPE + SKN + CBblends
at 190oC and t = 1.80 105 Pa as a function of the SKN
content C. CB content 8.4 wt %. Sequence of component
mixing: (1) (PE + CB) + SKN, (2) (PE + SKN) + CB, and
(3) (SKN + CB) + PE.

h, Pa s

C, vol %

Fig. 4. Apparent viscosityh of polymers att = 3.90 104 Pa
as a function of the CB contentC. (1, 5) PU, (2, 4) LDPE,
and (3) IST. Measurement temperature,oC: (1, 2) 130 and
(335) 190.

(Fig. 4); therefore, the viscosityh of their blend only
slightly depends on the phase distribution of CB
(Fig. 3). In the system LDPE3PU, the difference inh
(Fig. 4) is larger, and hence the effect of the sequence
of mixing is stronger (Fig. 1). The strongest effect of
the sequence of mixing onh is observed with
HDPE + SKN blends (Fig. 2) in which SKN shows
no flowability because its phase is vulcanized under
dynamic conditions on mixing [2, 3].

The experimental data (Figs. 133) allow us to re-
veal the following regular trends in variation of the
viscosity of the polymer blends as influenced by the
phase distribution of the filler. All the systems in a
wide range of the component ratios have the lowesth
in the case of localization of CB in the more viscous
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component and the highesth in the opposite case.
This relationship is observed when the relative con-
tents of the polymers are comparable or when the low-
viscous polymer prevails. However, at high concentra-
tions of the more viscous component the influence of
the phase distribution of CB on the flowability of the
blend is quite opposite (Figs. 133). Hence, as the
polymer ratio is changed, the influence of the se-
quence of component mixing on the viscosity of the
blend changes. This trend is observed with PE + PU
and PE + IST blends. The stronger the difference
between the polymer components in viscosity, the
narrower the range of relative concentrations in which
the highest viscosity is observed when CB is localized
in the phase of the low-viscosity polymer. No such
trend is observed with HDPE + SKN blends in which
the elastomer phase shows no flowability (Fig. 2).

The compositions prepared by adding CB to the
polymer blend prepared in advance have intermediate
viscosity in the entire composition range (Figs. 2, 3).

It is important that the revealed trends in the influ-
ence of the mixing sequence on the viscosity of the
blends are related neither to features of polymer3CB
interactions nor to different degree of degradation of
the polymer components in the course of filling; these
trends are governed exclusively by the ratio of the
polymer viscosities. This follows from variation of the
viscosity of the same composition LDPE + PU + CB
at different temperatures (Fig. 1). At 190oC the blends
prepared by the scheme (PE + CB) + PU show the
highest flowability, whereas at 130oC the system
(PU + CB) + PE is the least viscous (Fig. 1). This
difference is due to the fact that at 190 and 130oC the
less viscous components are PU and LDPE, respec-
tively (Fig. 4). Hence, at both temperatures the viscos-
ity of the blend in a wide composition range is lower
if CB is localized in the phase of the more viscous
polymer.

The simplest explanation of the observed influence
of the phase distribution of CB on the viscosity of
polymer blends involves an assumption that the vis-
cosity of blends at filling varies in accordance with
variation of the viscosities of the phases. Such expla-
nation was already made in [9, 10]. According to this
assumption, the blend viscosity will be the highest if
all CB is localized in the phase of the polymer whose
viscosity increases on filling to a greater extent.

To reveal the effect of filler on the polymer viscos-
ity, it is appropriate to use well-known expressions
fairly adequately describing the experimental depen-
dencesh = f (j) [16], e.g., the Mooney equation

ln (h/h0) = KEj(1 3 j/jm) or the equationh/h0 =
(1 3 j/jm)32.5, whereh is the viscosity of the compo-
sition, h0 is the viscosity of the initial polymer,j is
the volume fraction of the filler in the polymer,jm is
the volume fraction of the filler at its maximally close
packing, andkE is the Einstein’s coefficient.

These equations and experimental data (Fig. 4)
show that, the higher the polymer viscosity, the larger
its absolute increase on filling. Then, according to the
above assumption, the viscosity of the blend will be
the highest when the filler is localized in the phase of
the more viscous polymer. However, in the major part
of the range of polymer ratios the trend is opposite
(Figs. 133). Hence, this assumption is incorrect.

The revealed trends can be explained by consider-
ing the structure and behavior of polymer blends in
a flow. It is known that the rheological properties of
heterogeneous polymer blends are not additive. The
viscosity of a two-phase polymer blend is mainly
determined by the viscosity of the dispersion medium
[1, 17, 18]. Under conditions of flow, in the major
part of the range of the component ratios, the low-
viscous polymer forms the continuous phase, and it
is this polymer that determines the viscosity of the
blend. When both phases are continuous, the low-
viscosity phase will experience larger shear strains.
Hence, in this composition range also the rheology of
the blend will be mostly determined by the rheology
of the low-viscosity polymer. Therefore, in a wide
range of polymer ratios filling of the low-viscosity
phase increases the viscosity of the blend to a great-
er extent than filling of the high-viscosity phase
(Figs. 133).

However, at a low content of the low-viscosity
component the pattern changes. In this case, even
under the flow conditions, the dispersion medium is
formed by a high-viscosity polymer which mainly
determines the viscosity of the system. Therefore, in
this composition range introduction of the filler into
the more viscous dispersion medium decreases the
melt flowability to a greater extent than filling of the
less viscous dispersed phase. Hence, the change in the
influence of the phase distribution of CB on the blend
viscosity at variation of the polymer ratio is due to
the fact that the low-viscosity polymer, which initially
was the dispersion medium, becomes the dispersed
phase. It is known that, the larger the difference be-
tween the polymeric components in viscosity, the
narrower the composition range in which the high-
viscosity polymer can form a continuous phase [1,
17319] and hence the narrower the range in which the
highest viscosity is observed with the blend in which
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CB is localized in the more viscous polymer. In the
PE + SKN blend prepared under conditions of dynam-
ic vulcanization, the continuous phase is always PE.
With this blend, the above-discussed change in the
influence of the sequence of the component mixing
on the viscosity is not observed (Fig. 2).

The feature of the PE + SKN blend is that at a low
content of the elastomer (up to 30 vol %) the flowabil-
ity of the system PE + CB is lower than that of the
system (SKN + CB) + PE (Fig. 2) at equal CB con-
tent. From the viewpoint of composition, this relation-
ship seems abnormal. Indeed, addition to the system
PE + CB of the nonflowing vulcanized elastomer
decreases its viscosity. However, when taking into
account the CB distribution, the pattern becomes quite
logical. Actually we compare the viscosity of PE con-
taining finely dispersed CB with that of PE containing
relatively coarsely dispersed rubber particles incor-
porating the same CB. It is known that the viscosity
of any fluid increases as the degree of dispersion and
specific surface area of the filler increase [20]. It is
quite reasonable that relatively coarsely dispersed
(5320 mm) rubber particles present in PE in an amount
of up to 20330 vol % do not increase the PE viscosity
to the same extent as finely dispersed (specific surface
area 225 m2 g31) CB in an amount of 538 vol %.
Indeed, CB in the PE phase binds by its very devel-
oped surface a large number of PE macromolecules
[20], considerably increasing the melt viscosity. When
CB is localized in the coarse particles of the added
elastomer phase, it does not exert such an effect on
PE, and the viscosity of the system becomes lower.

When CB is added to a polymer blend prepared in
advance, it is mainly localized in the less viscous
polymer [1, 5]. Therefore, the flowability of the blend
is relatively low and close to that of the system pre-
pared by adding CB in advance to the less viscous
polymeric component (Figs. 133). If the fraction of
the low-viscosity polymer is low, a significantfrac-
tion of CB is localized in the continuous high-viscos-
ity phase. As a result, the viscosity of such a blend
is intermediate between the two extreme cases of the
phase distribution of CB.

CONCLUSIONS

(1) Distribution of filler particles between the
phases of heterogeneous polymer blends considerably
affects their viscosity, because the contribution of the
polymeric phases to the rheological properties of the
blend is out of proportion.

(2) The lowest viscosity is observed when all the

filler is localized in the dispersed phase; in the range
in which both polymeric phases are continuous, the
viscosity is the lowest when the filler is localized in
the more viscous polymeric component.
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Abstract-The influence of temperature, pH, and chemical composition of the medium on the equilibrium
swelling of polymeric polyelectrolytic tetrazole-containing acrylic hydrogels was examined.

Interaction of hydrogels with electrolyte solutions,
resulting in limited swelling, is actively studied for a
long time. Polyelectrolytic hydrogels are of interest
from the viewpoint of both modeling of bioinforma-
tion systems and various practical applications: agri-
cultural gels, gels for sanitation purposes used for
water treatment, etc. Wide prospects are opened by
the possibility of varying the phase state of polymeric
gels, i.e., of performing transitions between the
swollen and collapsed states, under the action of
minor changes in the medium. In the past decade
major attention has been given to hydrogel systems
sensitive to fluctuations of temperature, pH, and ionic
strength of solution [1, 2].

Complexation of polymers with metal ions can
both increase and decrease the degree of swelling [3].
Modification of the chemical structure of acrylic
hydrogel with various comonomers can also affect the
degree of swelling in salt solutions.

In this work we studied the features of behavior of
polymeric hydrogels of acrylic acid (AA), 2-methyl-
5-vinyltetrazole (MVT), and methylenebisacrylamide
in various electrolyte solutions and the influence of
temperature on the water absorption of the polymers.

EXPERIMENTAL

Hydrogels based on AA and MVT or methylene-
bisacrylamide (MBAA) as a cross-linking agent were
prepared by polymerization in aqueous solution at
60oC in the presence of the initiating system am-
monium persulfate (AP)3tetramethylethylenediamine
(TMED). The content of the components was as fol-
lows (wt %): monomers 30, cross-linking agent 0.13
0.9, and MVT 15370. The features of synthesis and
gelation are described elsewhere [4].

The degree of equilibrium swelling was measured
by the standard gravimetric procedure and calculated
by the equation

Q = (ms 3 md)/md,

wherems is the weight of the swollen sample andmd
is that of the dried sample (g).

In calculations, we averaged the results for five
similar samples. The solution pH was monitored with
a pH-150 digital pH meter.

The influence of the swelling3drying cycles on the
absorption capacity of the hydrogels was studied as
follows. Samples of dry hydrogels were placed in an
excess of distilled water and kept at 50oC to attain the
equilibrium swelling. After separation from the non-
absorbed water, the gel was dried at 50oC to constant
weight. The cycles were repeated until the gel either
dissolved or lost the absorbing power because of
the collapse.

The behavior of acrylic hydrogels modified with
MVT in electrolyte solutions has certain specific
features. The major advantage of new hydrogels is the
high degree of equilibrium swelling in <1032 M solu-
tions of polyvalent metal salts. Under these condi-
tions, the degree of equilibrium swelling of hydrogels
in solutions of cobalt, nickel, and copper salts was
more than 200 g g31. In some cases at a low salt con-
centration (103531034 M) the degree of equilibrium
swelling of the gel was higher than in distilled water
[5]. Figure 1 shows how the degree of equilibrium
swelling of the gel containing 43.5 wt % MVT and
0.1 wt % MBAA (in the monomeric mixture) depends
on the concentrations of NaCl and CoCl2 and on the
solution pH. The degree of swelling of tetrazole-
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Q, g g31

3log C [M]

Fig. 1. Degree of equilibrium swellingQ of hydrogels
based on AA, MVT, and MBAA as afunction of the con-
centration of external electrolyteC in solution: (1) CoCl2,
(2) NaCl, and (3) HCl. Concentration (wt %): MVT 43.5
and MBAA 0.1.

Q, g g31

t, min
Fig. 2. Degree of equilibrium swellingQ of hydrogel as a
function of time t in 0.001 M CoCl2 solution.MBAA con-
centration 0.1 wt %. MVT concentration (wt %): (1) 43.5
and (2) 27.0.

containing gels is due to the capability of tetrazole for
complexation and its structure-making effect on water
[6]. Within the first day, the degree of swelling can
exceed the equilibrium value by a factor of 1.532.

Table 1. Influence of the cross-linking agent concentration
on the rate of hydrogel swelling in 1033 M NiCl2 solution.
MVT concentration 27.0 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Content of MBAA ³ Degree of swelling, g g31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄin monomer mixture,
³ in 2 h, Q2 h ³ equilibrium,Qwt % ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
0.05 ³ 49 ³ 643
0.1 ³ 78 ³ 302
0.2 ³ 130 ³ 171
0.5 ³ 124 ³ 142

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Swelling of the gels containing 33.3343.5 wt % MVT
is characterized by two successive stages: sharp in-
crease in the degree of swelling and subsequent de-
crease in the rate of water binding.

At the electrolyte concentrationCs = 1033 M and
initial concentration ratio (mol : mol) of the salt and
polymer (Cp) Cs/Cp = 1.533, the swelling of the gels
passes through a maximum in time. The swelling
kinetics in a 1033 M solution of CoCl2 is shown in
Fig. 2. In the first 2 h the gel absorbs pure water, then
absorption of metal ions starts, withCs , Cp. Then
the degree of equilibrium swelling increases over the
course of 638 h irrespective of the gel composition,
after which it gradually decreases to the equilibrium
value, which is as high as 2003500 g g31. The salt
solution is concentrated inside the gel, as indirectly
indicated by the intensity of the gel color, as com-
pared to the color of the initial solution.

The pattern of the variation of the swelling degree
in time (Fig. 2) shows that before attainment of the
equilibrium the curves are adequately described by the
equation of a straight line dQ/dt = k, or Qi = kti,
whereQi is the degree of swelling in timeti; k is the
coefficient determined by the nature of the salt and
polymer. As seen from Fig. 2, as the content of MVT
in the copolymer is increased, the swelling rate in-
creases; this is due to the complexing power of the
tetrazole ring.

The swelling rate of the tetrazole-containing gels
is described by the equationk = a[MVT], where
[MVT] is the weight fraction of MVT in the monomer
mixture. The equation describes the swelling rate in
the range 13.5343.5 wt % MVT, anda is determined
by the nature of the salt and experimental conditions.
In our casea , 1. The dependence of the swelling rate
on the content of the cross-linking agent in the poly-
mer is given in Table 1.

Table 1 shows that, as the cross-linking density is
increased, the swelling rate in solutions of metal salts
increases, which is due to the high osmotic pressure
of swelling. Statistical treatment of the kinetic data on
swelling of gels in solutions of different salts, with
the same content of MVT in the monomer mixture,
gives the correlationk = b[MBAA], where b is the
coefficient depending on the nature of the salt and on
swelling conditions. This relationship holds for the
range of MBAA concentrations in the monomer mix-
ture 0.0530.2 wt %; however, it is not valid for
MBAA concentrations higher than 0.5 wt % or for
the samples containing 70 wt % MVT. This is proba-
bly due to the defective structure of the network,
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presence of interweavings, engagements, freeloops,
and strong intermolecular interactions [4]. These
factors are responsible for the decrease in the degree
of equilibrium swelling in the range of MVT concen-
trations 40370 wt % (Fig. 3).

Our studies show that below 11oC or atCs/Cp > 5
the metal ions in the course of swelling are taken up
faster than water, which results in gradual contraction
of the initially swollen gel to 703150 g g31 and its
subsequent collapse. High degrees of equilibrium
swelling of the tetrazole-containing acrylic hydrogels
are due to complexation of both tetrazole rings and
acrylate groups with metal ions, with presumable for-
mation of chelates [7]. The arising additional bonds
act as[intermolecular cross-links] in weakly cross-
linked gels and increase the effective density of the
network. Coordination of water molecules increases
the effective volume and degree of equilibrium
swelling.

The effect of complexation at swelling in solutions
of polyvalent metal salts is indicated, along with the
step course of swelling atCs = 1033 M, also by a
change in the gel color (in some cases, at swelling in
a 1032 M CoCl2 solution). Initially the gel becomes
blue, which indirectly suggests a change in the num-
ber of coordinated water molecules in the inner sphere
of the cobalt aqua complex [7].

The hydrogels under consideration, at a content of
the cross-linking agent in the monomer mixture of
0.130.2 wt %, show a high degree of equilibrium
swelling in physiological solution (as compared to
copolymeric hydrogels of AA and acrylamide pre-
pared at cross-linking agent concentrations less than
0.06% [2]). The degrees of equilibrium swelling in
physiological solution and water at 16oC of the gels
prepared at the concentrations of MBAA and MVT in
the monomer mixture of 0.130.5 and 0370 wt %,
respectively, are listed in Table 2.

Table 2 shows that, as the MVT content is in-
creased, the degree of equilibrium swelling increases.
As the content of the cross-linking agent is increased,
this quantity decreases. At the MVT concentration
less than 40 and that of MBAA in the range 0.053

0.5 wt %, the gels preserve their shape in the swollen
state, i.e., exhibit sufficient elasticity.

The gels under consideration show high values of
equilibrium swelling in the practically important range
pH 337. At pH 1.732.5 the tetrazole-containing gels
collapse, and at pH 2.25 the swelling passes through
a maximum. This is probably due to the fact that the

Q, g g31

C, wt %
Fig. 3. Degree of equilibrium swellingQ of hydrogels in
0.001 M electrolyte solutions as a function of MVT concen-
tration C. Electrolyte: (1) NaCl, (2) HCl (pH 3.24), and
(3) CuCl2.

ion exchange H+/Na+ in the carboxylate groups of the
gel is preceded by the phase transition coil3globule
of the polymer chains.

In various electrolytic media, the influence of the
incorporated MVT units on the degree of equilibrium
swelling of the hydrogel is characterized by a curve
with a maximum at MVT concentrations in the range
27.0343.5 wt %. Such a shape is characteristic of
solutions of both mono- and polyvalent metal salts
and acids. At a salt concentration of 1034 M the equi-
librium degree of swelling in solutions of polyvalent
metal salts is higher than in solution of NaCl, which
is due to complexation (Figs. 1, 3).

The hydrogels containing MVT exhibit a high heat
resistance. The activation energy of thermal oxidative
degradation of the tetrazole-containing copolymers,
according to DTA, isEa = 420 kJ mol31. The influ-

Table 2. Characteristics of swelling of tetrazole-containing
hydrogels in physiological solution at 16oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Gel composition, ³ Degree of equilibrium swellingQ,
wt % ³ g g31

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

MVT
³

MBAA
³ in physiological³ in distilled

³ ³ solution ³ water
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

0 ³ 0.1 ³ 37 ³ 648
13.5 ³ 0.1 ³ 123 ³ 864
27.0 ³ 0.1 ³ 136 ³ 978
33.3 ³ 0.1 ³ 155 ³ 1102
43.5 ³ 0.1 ³ 164 ³ 1189
52.3 ³ 0.1 ³ 148 ³ 1152
70.0 ³ 0.1 ³ 68 ³ 305
27.0 ³ 0.05 ³ 127 ³ 1489
27.0 ³ 0.2 ³ 92 ³ 470
27.0 ³ 0.5 ³ 66 ³ 197

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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Table 3. Thermal sensitivity of tetrazole-containing hydrogels at swelling in distilled water
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T,
³Degree of equilibrium swellingQ, g g31, at indicated concentrations of MVT andMBAA (wt %, separated by colon)
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

oC ³ 13.5 : 0.1³ 27.0 : 0.1³ 33.3 : 0.1³ 43.5 : 0.1 ³ 52.3 : 0.1 ³ 70.0 : 0.1 ³ 27.0 : 0.2 ³ 27.0 : 0.5 ³ 27.0 : 0.05
ÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
15 ³ 691 ³ 782 ³ 1037 ³ 1171 ³ 1152 ³ 288 ³ 440 ³ 196 ³ 1422
21 ³ 925 ³ 1071 ³ 1293 ³ 1264 ³ 1280 ³ 368 ³ 458 ³ 253 ³ 1758
32 ³ 884 ³ 1165 ³ 1093 ³ 1412 ³ 1420 ³ 515 ³ 408 ³ 260 ³ 2577
40 ³ 718 ³ 1014 ³ 855 ³ 1563 ³ 1614 ³ 590 ³ 509 ³ 263 ³ 1864
51 ³ 738 ³ 1236 ³ 932 ³ 1021 ³ 1487 ³ 462 ³ 566 ³ 216 ³ 1685
65 ³ 526 ³ 789 ³ 805 ³ 873 ³ 1343 ³ 89 ³ 396 ³ 115 ³ 1199
ÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

ence of the content of MVT and MBAA in the gels on
their thermal sensitivity is illustrated in Table 3.

The hydrogels studied exhibit a high degree of
equilibrium swelling below 60oC [8], whereas above
60oC the degree of swelling decreases. At high tem-
peratures the compaction of the gel structure can occur
along with dissolution. Compaction is characteristic of
gels prepared at a high content of tetrazole (up to
70 wt %) or MBAA (up to 0.9 wt %) in the monomer
mixture.

Results of experiments on cyclic swelling3drying
of the tetrazole-containing gels at 50oC allow them to
be recommended for use in recirculation processes at
elevated temperatures, e.g., for agricultural purposes.
The highest performance is shown by hydrogels con-
taining 27.0 wt % MVT and 0.130.5 wt % MBAA;
these hydrogels withstand more than eight cycles
without appreciable changes in the absorption power.
The gels containing 0.05 wt % cross-linking agent
show poor thermal stability at cycling and withstand
up to three cycles. When the content of the cross-
linking agent exceeds 0.9 wt %, after five cycles the
structure undergoes compaction, and the degree of
equilibrium swelling noticeably decreases. In the gels
with the MBAA concentration higher than 0.1 wt %,
the degree of swelling increases after the sixth cycle,
suggesting the onset of degradation, but the swollen
samples preserve elasticity.

CONCLUSIONS

(1) Tetrazole-containing acrylic hydrogels exhibit
a high degree of equilibrium swelling in electrolyte
solution in the practically significant concentration
range (103331035 M for polyvalent metal salts, 10323

1035 M for univalent metal salts; pH 337).

(2) The water-absorbing power of the hydrogels in
salt solutions of concentrations less than 1032 M is
50031800 g g31, which is due to chelate formation.
The tetrazole-containing gels exhibit a high degree
of equilibrium swelling at pH 337 and high thermal
stability in the swollen state.

(3) The thermal sensitivity of the gels allows their
use for treating water and concentrating aqueous solu-
tions of polyvalent metals.

(4) The stability of gels in cyclic swelling3drying
processes at elevated temperatures (up to 50oC) allows
them to be recommended for agricultural use.
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Abstract-The transformations of chemical structure of ethylene3vinyl acetate copolymer after modification
with ethyl silicate were studied by IR spectroscopy.

One of effective procedures for modifying polyole-
fines is introduction of organosilicon compounds into
their structure. For this purpose unsaturated silanes are
grafted to macromolecules in the presence of radical
initiators. Then cross-linked polymers are formed by
catalytic hydrolysis and polycondensation of silane
functional groups.

However, these are other methods of chemical
modification of polyolefins with silanes. Kreshkov
et al. [1, 2] showed that alkoxysilanes enter ester
interchange with carboxylic acid esters to form the
corresponding orthosilicates. We suggest that modi-
fication of ethylene3vinyl acetate copolymers with
saturated alkoxysilanes will change their properties
owing to formation of cross-linked polymers with
grafted siloxane chains.

Previously we found [3] that physicomechanical
properties of polyolefines can be improved by modi-
fication with saturated orthosilicates. The resulting
material retain the flowability of the initial polymer
and can be prossessed by conventional procedures.

In this work the transformation of the chemical
structure of some polyolefins modified with satu-
rated alkoxysilanes was studied in detail by IR spec-
troscopy.

EXPERIMENTAL

We studied industrial ethylene3vinyl acetate co-
polymer (EVC) [TU (Technical Specifications) 6-05-
1636378, 301-05-56390] of grades 11104-030,
11306-075, 12508-150, 11708-1250, 11808-240 with
different content of ester groups (EVC-7, EVC-14,
EVC-30) and low-density polyethylene (PE) of grade

15803-020 [GOST (State Standard) 16337377). The
properties of these materials are presented in the table.

ETS-32 ethyl orthosilicate (tetraethoxysilane, TES)
[TU (Technical Specifications) 6-02-895378], light
yellow low-viscous low-freezing transparent liquid,
was used as modifier. The silicon content recalculated
to silica and tetraethoxysilane content are 30334 and
50365%, respectively; the density is 1062 kg m33;
the viscosity is 1.60 1033 Pa s.

The initial EVC-30, EVC-14 and EVC-7 copoly-
mers were modified by mixing with ethyl silicate on
laboratory microrollers for 10 min at 80, 120, and
140oC, respectively. Polymer films were prepared
by pressing or casting a 2% toluene solution on a KBr
support. The IR spectra in the 40034000 cm31 range
were recorded on Specord 75-IR and M-80 spectro-
photometers.

The band at 610 cm31 assigned to the bending vib-
rations of the C3O bond of the ester group of EVC
and the band at 1306 cm31 assigned tog (3CH23)
bending vibrations in PE were used as the references.
To separate overlapping bands, the spectra recorded
in D (optical density)3n (wave number) coordinates
were treated by appropriate computer program.

Alkoxysilanes are known to enter ester interchange
with carboxylic acid esters to form the corresponding
orthosilicates:

4R1OOC2 + Si(OR3)4 6 Si(OR1)4 + 4R3OOC2,

4R1CH(OR2)(CH2)COOR2 + Si(OR3)4

6 [R2OOC(CH2)CHR1O]4Si + 4R2OR3.
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Properties of tested polymers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Property ³ EVC-7 ³ EVC-14 ³ EVC-30 ³ LDPE
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Vinyl acetate content, %: ³ ³ ³ ³

saponification ³ 7.1 ³ 14.0 ³ 30.1 ³ 3
IR spectroscopy ³ 6.8 ³ 13.8 ³ 29.7 ³ 3

³ ³ ³ ³Density, kg m33 ³ 929 ³ 935 ³ 955 ³ 920
Degree of crystallinity, % ³ 25.5 ³ 16.6 ³ 5.3 ³ 35.6
Maximal melting point, oC ³ 103 ³ 97 ³ 74 ³ 113
Melt flow index (190oC), g/10 min³ 0.6 ³ 6.5 ³ 12.2 ³ 2.0
Breaking tensile stress, MPa ³ 19.3 ³ 12.8 ³ 9.1 ³ 11.8
Relative elongation at break, %³ 670 ³ 670 ³ 650 ³ 550
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

We suggest that similar reaction is possible bet-
ween alkoxysilanes and polymers containing ester
groups.

Polyolefins containing ester groups, in particular,
polyvinyl acetate and vinyl acetate copolymers, rela-
tively readily undergo saponification with alkalis.
Determination of the ester number and preparation of
polyvinyl alcohol and its copolymers are based on this
reaction. Copolymers of esters can react under ap-
propriate conditions with alcohols, acids, and salts of
organic acids [5]. Alkoxysilanes and products of their
partial hydrolysis with H2SO4 were used as cross-
linkers for hydroxylated polymers [partially saponified
vinyl chloride3vinyl acetate copolymers containing up
to 50% of polyvinyl alcohol and copolymers of hy-
droxyalkyl (meth)acrylate and polyetherpolyols] [6].

Based on the above consideration, we suggested
that EVCs can be modified with saturated orthosili-
cates. In addition, since the Si3OR bond is highly
reactive, silanol chain branches and cross-links can be
formed during thermochemical modification.

Reaction of EVC with tetraethoxysilane as well as
reaction of silane with low-molecular-weight esters
occur probably by the ester interchange mechanism:

(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

O
g

CcccO 3CH

Si(OC H )+ 2 45(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

O
g

CcccO 3CH

Si(OC H )+ 2 45

(3CH 3CH276 2
3)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3

CH3 ,+ C2H5OCO(3CH 3CH276 2
3)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3

CH3 ,+ C2H5OCO

(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3

+ Si(OC H )2 5 4(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3

+ Si(OC H )2 5 4

(3CH 3CH2 3)n3(CH 3CH3)m2
g

OcSi(OC H )2 OccSi(OC H )2 5

2

3

6

5 2

+ C H OC H22 5 5,(3CH 3CH2 3)n3(CH 3CH3)m2
g

OcSi(OC H )2 OccSi(OC H )2 5

2

3

6

5 2

+ C H OC H22 5 5,

(3CH 3CH2 23)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3+

(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

(C H O)2 5 OcSi3

(3CH 3CH2 23)n3(CH 3CH3)m2
g

OcSi(OC H )2 5 3+

(3CH 3CH2 2
3)n3(CH 3CH3)m2
g

(C H O)2 5 OcSi3

(3CH 3CH2
3)n3(CH 3CH3)2

2

2 m
g

O3Si(OC H )2 25
O3Si(OC H )2 5 23O3

(3CH 3CH2 3)n3(CH 3CH )2
g

2

C H OC H2+
5 2 5.

3m(3CH 3CH2
3)n3(CH 3CH3)2

2

2 m
g

O3Si(OC H )2 25
O3Si(OC H )2 5 23O3

(3CH 3CH2 3)n3(CH 3CH )2
g

2

C H OC H2+
5 2 5.

3m

Acetic acid formed by degradation of ester groups
during thermomechnaical treatment catalyzes silanol
condensation, i.e., is[internal catalyst.]

Ethylene3vinyl acetate copolymer reacts with ethyl
silicate to form new functional groups in the polymer.
The bands in the regions 111031180, 102031090, and
7803830 cm31, assigned to stretching vibrations of the
Si3O, Si3O3Si, and Si3O3C bonds, appear in the IR
spectra of modified EVCs. The optical density of the
bands at 105031100 and 7603830 cm31 increases and
the bands typical for Si3O and Si3O3Si bonds in the
open siloxane chains and three-dimensionally cross-
linked structures appear with increasing content of
the organosilicon additive.

During ester interchange the acetyl fragment of
vinyl acetate is substituted by the residue of the or-
ganosilicon modifier, which is confirmed by splitting
of the C3O stretching band of the ester groups at
1240 cm31 in the IR spectra of modified EVC (Fig. 1).
A simultaneous decrease in the intensity of the charac-
teristic band of the CH3 bending vibrations of vinyl
acetate at 1462 cm31 (Fig. 2) also indicates that the
acetyl fragment of the copolymer is involved in the
reaction.

Since EVC is modified in a melt, reaction of ester
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groups of the polymer with ethoxy groups of ethyl
silicate is sterically hindered. Our data show that
introduction of alkoxysilane in the amount of up to
1% sharply increases (to 30%) the fraction of vinyl
acetate groups involved in the ester interchange. On
further increase in the modifier concentration the frac-
tion of these groups increases to 35% (Fig. 3). This is
probably due to the fact that alkoxysilane reacts main-
ly with the grafted organosilicon fragment, increasing
the length of the siloxane chain owing to higher reac-
tivity of the Si3OR bond as compared to the C3OR
bond. An increase in the intensity of the absorption
bands of the Si3O3Si bonds in siloxane chains
(830 cm31) and three-dimensionally cross-linked
structures (450 cm31) confirms formation of these
fragments in modified EVCs (Fig. 4a, 4b).

We found that the change in the optical density of
these characteristic absorption bands during EVC
modification strongly depends on the content of ester
groups in the copolymer. This is probably due to the
fact that the amount of the modifier directly reacting
with acetyl fragments of EVC increases with an in-
crease in the content of vinyl acetate groups in the
copolymer. In this connection, the increase in the
reduced optical densities characterizing the mole frac-
tion of vinyl acetate groups in the copolymer (Di

red =
Di

rel /Cva, whereDi
red = Di /D610 andCva is the molar

content of vinyl acetate), is faster for EVC-7 having
the lower content of ester groups (Fig. 4a, 4b). The
differences in the shape of the optical density3modifier
concentration dependences confirm the assumption
that the amounts of the grafted siloxane chains and
three-dimensionally cross-linked organosilicon frag-
ments are different owing to steric hindrance and
competition of branching and cross-linking reactions.

The absence of chemical reaction between ethylene
fragments of EVC and ETS-32 is confirmed by the
fact that the characteristic bands at 720 and 731 cm31

assigned to the bending vibrations of the CH2 groups
do not change. Similar results were obtained for PE
modified with hydroxylated methyldiethoxychloro-
silane [7]. No broadening or coalescence (as in the
case of amorphization) of this split narrow doublet
typical for crystalline polyolefins was observed [7].

The IR bands assigned to vibrations of the Si3O,
Si3O3C, and Si3O3Si groups also appear in the IR
spectra of modified polyolefins free from ester groups
(PE) (Fig. 5). The fact that the intensity of the bands
of vinyl and vinylidene groups at 909 and 888 cm31

remains the same after modification of PE indicates
that the double bonds in the polyolefins are not in-

, cm31

Fig. 1. Range of stretching bands of the ester C3O bonds of
EVC modified with tetraethoxysilane: (1) experimental
spectrum and (235) computer decomposition of the spec-
trum into separate bands. (D) Optical density and (n) wave
number; the same for Fig. 5.

, wt %

Fig. 2. Optical density of the characteristic absorption band
at 1462 cm31 of methyl groups of EVCD1462/D610 as
a function of the ETS-32 contentC.

, wt %

Fig. 3. (1) Optical density of the absorption band of vinyl
acetate groups of EVC, subjected to ester interchange,
D1246/D610 and (2) the fraction of these groupsD =
1 3 (Drel

1240/D0rel
1240) as a function of the ETS-32 contentC.
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(a)D830
red

(b)D450
red

C, wt %

Fig. 4. Optical density of the Si3O3Si absorption band
of (a) siloxane fragmentsDred

830 and (b) cross-linked struc-
tures Dred

450 as functions of the ETS-32 contentC in
(1) EVC-7, (2) EVC-14, and (3) EVC-30.

n, cm31

Fig. 5. IR spectra of (1) initial PE and (2) PE modified with
tetraethoxysilane.

, wt %

Fig. 6. Relative optical density of the characteristic band of
carbonyl groups of PE at 1740 cm31 D1740/D1306 as a
function of the ETS-32 contentC.

volved in the reaction. However, the optical density
of the characteristic band at 1740 cm31 assigned to
stretching vibrations of the C=O bond sharply de-
creases after modification of PE with ETS-32 (Fig. 6).
This is probably due to reaction of tetraethoxysilane
with oxygen-containing free radicals formed by ther-
momechanical degradation of polyolefins. The data
agree with the results of the study of thermochemical
modification of polyolefins with polyorganosiloxanes.
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Abstract-Composite fibers containing chitin and cellulose ethers (methyl, hydroxyethyl, and hydroxypropyl
cellulose) and also chitin and polyvinylpyrrolidone were prepared. The effect of the ratio of system com-
ponents and also the molecular weight of polyvinylpyrrolidone on the deformation-strength characteristics
of the composite fibers and their supramolecular organization was studied.

Chitin is nitrogen-containing derivative of cellulose
in which one hydroxy group of the pyranose ring is
substituted by the acetamide group. Similar to cellu-
lose, chitin is capable of forming fibers. However,
high friability of chitin fibers restricts their use; there-
fore, chitin fibers are not produced commercially
throughout the world. Chitin is well crystallized, and
brittle failure of chitin fibers is caused by precisely
this feature [1]. Partial heterogeneous deacetylation
of chitin results in an increase in its structural non-
uniformity and complicates crystallization of macro-
molecules in production of fibers, which increases
their elasticity [2]. At the degree of deacetylation of
chitin equal to or lower than 0.30 the fiber is tied and
retains up to 40% of the initial strength. However,
the use of additional heterogeneous base deacetylation
in the production of chitin fiber, decreasing its fiber-
forming ability, is not appropriate.

It is well known that the structural nonuniformity
of the systems used for production of polysaccharide
fibers hampers crystallization of macromolecules.
This results in an increase in the elasticity of the
fibers. The structural nonuniformity of oriented chitin
can be reached by both its chemical modification and
incorporation of modifying additives into the fiber.

The method of improvement of physicomechanical
characteristics of fibers by their production from a
polymer blend has attracted considerable attention
[3, 4]. For example, on addition of only 0.131.0% of
copolymer of acrylonitrile with methyl acrylate
(95 : 5) to polyamidobenzimidazole the strength of the
fiber increases by 5313% [5].

Polymers can be blended by mixing their melts or
solutions. Since the temperature of degradation of
polysaccharides (1803200oC) is lower than their melt-
ing point (4503500oC), blends of polysaccharides

with various polymers can be obtained only by mixing
their solutions. In choosing polymer additives to
chitin solutions it is important that these additives
should be compatible with chitin in the solution.
These additives can be cellulose ethers: methyl, hy-
droxyethyl, and hydroxypropyl cellulose, having the
similar structure and different side substituents, and
also polyvinylpyrrolidone (PVP).

Polyvinylpyrrolidone is a unique polymer widely
used in industry and medicine. The main features of
this polymer are ability to complex formation and
solubility in water and organic solvents. It is well
known that grafting of PVP to cellulose fibers im-
proves their elasticity, increases hygroscopicity and
dyeing ability, decreases shrinkage, and increases
laundering resistance of clothes. Addition of PVP as
a modifier to fibers produced from polymers able
to form hydrogen bonds also improves their deforma-
tion-strength characteristics. For example, in modi-
fication of poly-p-phenylene terephthalamide fibers by
addition of PVP to the spinning solution the fiber
elongation at break, strength, aging resistance, fire
resistance, etc. significantly increase [6]. In addition,
prolonged boiling of the fibers modified with PVP
does not result in its removal; the characteristics of
fibers remain the same.

Methyl cellulose, converted to gel at 80oC, and hy-
droxypropyl cellulose, coagulating at 60oC, must re-
main in fibers and hamper crystallization of chitin
in fiber formation.

Therefore, it seemed appropriate to modify chitin
fibers by both above cellulose ethers and PVP and
also to establish the effect of modifying additives
on the structure and characteristics of the composite
fibers.
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EXPERIMENTAL

We used dimethylacetamide (DMAA) dehydrated
by boiling with P2O5 and distilled in a vacuum, frac-
tion with bp 42oC (7 mm Hg);N-methylpyrrolidone
(N-MP) dehydrated by storage over NaOH and dis-
tilled in vacuum, fraction with bp 81oC (12 mm Hg);
lithium chloride crystal hydrate dehydrated at 400oC;
chitin produced from North Sea shrimp1 with an ash
content of 0.03%, protein-free, degree of polymeriza-
tion (DP) 1350, molecular weightM 275 000; methyl
cellulose (MC) with DP of 980 and degree of substitu-
tion 0.94; hydroxyethyl cellulose (HOEC) with DP
1220 and the substitution modulus (SM) 1.98; and
hydroxypropyl cellulose2 (HOPC) with DP 1050 and
SM 3.0.

Polyvinylpyrrolidone with Mw 8 0 103, 120 103,
350 103, 8 0 105, and 150 105 was produced by
radiation-induced polymerization.

The fiber was formed under the standard conditions
on a PIFV-01 setup using a dosing syringe and a
spinneret (1/0.4). The precipitation bath was a mixture
of ethanol and ethylene glycol at the volume ratio of
50 : 50,T = 20oC. The plasticization bath was a mix-
ture of 2-propanol and water at the volume ratio of
80 : 20, T = 50oC.

The fiber was washed to remove lithium chloride
to a total absence of chloride ion in the wash water.
The fiber was dried at 105oC.

The mechanical tests were carried out on an In-
stron-110 universal tearing machine. The stress3strain
diagrams were obtained for a 50-mm sample at the
loading rate of 5 mm min31. Before testing the sam-
ples were kept in a desiccator for 24 h at a relative
humidity of 65%.

Chitin and modifying polymer additive were dis-
solved separately. The solvent was a mixture of
DMAA and N-MP at the ratio of 50 : 50, containing
5% of lithium chloride. The polymer concentration
in the solution (both chitin and modifier) was 3%. To
obtain the required solutions, a calculated amount of
the modifier was added to the chitin solution. The
mixture was thoroughly mixed, degassed in a vacuum,
and used in forming of the fiber.

The X-ray studies were carried out on a DRON-2
diffractometer and in an RKV-86 camera using CuKa

radiation filtered with Ni.
ÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 Sevtekhrybprom Research and Production Association.
2 Polimersintez (Vladimir).

Studying the dependence of the intrinsic viscosity
of chitin on the DMAA :N-MP ratio and the content
of lithium chloride in the solvent showed [2] that at
the ratio of 50 : 50 and 5% LiCl the intrinsic viscosity
has a minimum, and a 3% solution of chitin in this
solvent has the optimum rheological characteristics for
forming the fiber. Therefore, in the study we used this
composition of the solvent. All types of the modifiers
in hand are readily soluble in this solvent, and their
solutions form transparent mixtures with equiconcen-
tration solutions of chitin.

The cellulose ethers used in the study are nontoxic,
have close DPs, but differ in the structure of substit-
uents. At the degree of substitution of 0.94 methyl
cellulose contains, on the average, two unsubstituted
hydroxyls in each pyranose ring; therefore, the ether is
structurally uniform. At SM 2 hydroxyethyl cellulose
contains substituents of various length, since in pro-
duction of HOEC ethylene oxide forms short side
chains with DP 233. In this case, the number of hy-
droxyls in the substituted pyranose unit remains equal
to 3, since each hydroxyethyl substituent contains one
hydroxyl. Therefore, HOEC is structurally nonuni-
form and able to form hydrogen bonds with both the
atom of the acetamide group of chitin and the hydroxy
group of the pyranose fragment. The latter conclusion
refers all the more to HOPC since hydroxypropyl
group is longer and propylene oxide tends to poly-
merize to a greater extent in etherification of cellulose.
We believed that these features of the structure of
cellulose ethers would allow control of the elastic
characteristics of the composite fibers.

It should be noted that the fibers produced from
nonmodified solutions of chitin are characterized by
the tensile strength of 300 MPa and the elongation at
break of 1.9%.

Figures 1a and 1b present the dependences of the
strength and deformation characteristics of composite
fibers produced from chitin and cellulose ethers
on their composition. It is seen that the largest modi-
fying effect is observed for MC. For example, addi-
tion of MC to chitin solution in the amount of up to
1.0% increases the fiber strength to 834 MPa and its
elongation to 4.5%. Throughout the studied range of
compositions (from 0.5 to 10% of MC) the strength
of the modified fiber and the elongation at break are
noticeably higher than those of the initial fiber. It is
likely that the presence of methyl group, unable to
form hydrogen bonds, in MC considerably hinders
packing of macromolecules in the crystals, which in-
creases the elongation at break and also favors orienta-
tion strengthening of the fiber.
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Substitution of hydroxyethyl group for methyl
group in the modifier and an increase in its content
somewhat decrease the strength characteristics of the
resulting fibers. The structural nonuniformity typical
for HOEC results in appearance of defective supra-
molecular structure. The fibers have lower strength
but at a low content of HOEC are characterized by
a higher elasticity. The elongation at break of the fiber
at a 2.5% content of HOEC exceeds that of the initial
fiber by a factor of 2.

Addition of HOPC as a modifier, in which substit-
uents vary in the unit length to a greater extent than
in HOEC, increases the fiber strength to 450 MPa and
the elongation at break to 4%. With the use of this
modifier, variation of its content in the systems does
not noticeably affect the strength characteristics of the
modified fibers. It seems likely that the presence of
substituents of various length hampers ordering of the
fiber structure even at the minimum addition of
HOPC, which acts as interfibrillar plasticizer at the
microlevels of the supramolecular organization of
system 2.

The results of testing of composite fibers produced
from chitin3PVP blends are presented in Figs. 2a and
2b. It is seen that addition of PVP improves the de-
formation and strength characteristics of chitin fibers.
Small (132.5%) additions of PVP provide the greatest
effect on the mechanical characteristics of the fiber.
On addition of 2.5% of PVP withM = 12000 to the
spinning solution the tensile strength increases by a
factor of 2, the modulus of elasticity, by 40%, and the
relative elongation, by a factor of 3.5 in comparison
with the fiber produced from straight chitin. At the
PVP concentration in the spinning solution above
2.5% all mechanical characteristics of the fiber are im-
paired. This trend is observed for PVP of any studied
molecular weight.

Considering the effect of molecular weight of PVP
at the same concentration in the spinning solution
(Fig. 3), the optimum molecular weight is 12.00103,
at which the strength is maximal and the deformation
of modified fibers is high. The modulus of elasticity
of the fibers in the range of the molecular weights of
PVP from 12.00 103 to 8.00 105 does not noticeably
vary and is in the range 334 GPa. At the extreme
values of M (8.00 103 and 1.50 106) the modulus
of elasticity decreases to 1.532.5 GPa. This depen-
dence of the mechanical characteristics of the fiber on
the molecular weight of PVP is apparently caused by
formation of microheterogeneous supramolecular
structures even in the spinning solution of chitin with
PVP of low and moderate molecular weights. It does

(a)
st, MPa

C, %

(b)

C, %

eb, %

Fig. 1. (a) Tensile strengthst and (b) elongation at break
eb of chitin fibers as functions of modifier concentrationC.
(1) MC, (2) HOPC, and (3) HOEC.

(a)st, MPa

C, %

(b)
eb, %

C, %

Fig. 2. (a) Tensile strengthst and (b) relative elongation
at breakeb of chitin fiber as functions of concentrationC
of PVP with various molecular weights. Molecular weight:
(1) 800000, (2) 35000, and (3) 12000.

not form an individual phase, is uniformly distributed
along the solution bulk, exhibits the plasticizing ef-
fect, and hampers crystallization of chitin macromole-
cules in formation of fiber. It is apparent that macro-
molecular PVP, having a similar effect, favors to a
greater extent amorphization of the fiber structure,
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st, MPa
eb, %

log M

Fig. 3. Tensile strengthst and relative elongation at break
eb of chitin fiber as functions of PVP molecular weightM.
PVP concentration 2.5%.

which results in deterioration of mechanical charac-
teristics of modified fibers.

The X-ray studies of the fiber produced from
straight chitin and composite fibers with addition of
cellulose ethers and PVP in the amount of 0.532.5%
(PVP with molecular weight of 12.00103 and 35.00
103) show that the fiber retains its highly ordered
structure characteristic for nonmodified chitin fibers.
In the diffraction patterns recorded along the fiber axis
(meridian) there are reflections at 2q = 17o and 26o
caused by the interplanar spacings of 5.02 and 3.36A,
respectively. In the diffraction patterns of the fibers
containing PVP and MC the reflection at 2q = 9o is
somewhat blurred. In the diffraction patterns recorded
across the fiber (equator) there are sharp reflections
at 2q = 9o and 2q = 19o36' caused by the interplanar
spacings of 9.8 and 4.45A, characteristic for the ini-
tial chitin fiber.

The results of these X-ray studies show that the
modifiers do not form individual phases at a concen-
tration of up to 2.5%. It is apparent that addition of
this amount of the modifier only weakly affects the
crystal packing of chitin in the fiber. The improve-
ment of deformation and strength characteristics of the
composite fibers may be due to plasticization of the
system on the interfibrillar level.

The electron-microscopic studies of the composite

fibers revealed distinctions in the surface morphology.
The composite fibers have a smoother and denser sur-
face than the fiber from straightchitin. In shelling
of these fibers we found no pores and cavities.

CONCLUSIONS

(1) The composite fibers of chitin with cellulose
ethers and polyvinylpyrrolidone were produced. It was
shown that the amount of the modifier, molecular
weight of polyvinylpyrrolidone, and also the degree
of substitution and chemical structure of the substi-
tuent in cellulose ethers affect the deformation-
strength characteristics of the composite fibers.

(2) The largest positive effect is observed at a
1.032.5% content of the modifier.

(3) Methyl cellulose and polyvinylpyrrolidone
with M = 12000 are the best modifiers.
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Abstract-Copolymerization of alkali metal salts of acrylamido sulfonic acids with acrylamide and acrylo-
nitrile in concentrated aqueous solutions was studied. The influence of the chemical nature, ratio, and physical
interactions of monomers on polymerization and on the intrinsic viscosity of the copolymers was examined.

Water-soluble sulfonic acid copolymers show con-
siderable promise for various branches of engineering,
in particular, for water treatment, paper production,
and other processes involving changes in the viscos-
ity, structure (thixotropy), and stability of water-based
colloidal systems. Functional sulfo groups in the co-
polymers ensure stability of their performance at high
temperatures in the presence of cations of various
valences, virtually in the entire pH range.

Recently new interesting procedures were devel-
oped for preparing various acrylamido sulfonic acids
such as 2-acrylamido-2-methylpropanesulfonic acid
and 4-acrylamido-4-methylsulfolane-3-sulfonic acid
(AMPSA and ASA, respectively) [1, 2]. However,
their copolymerization with such water-soluble mono-
mers as acrylonitrile (AN), acrylamide (AA), and
others is studied insufficiently. (Co)polymerization
is usually studied at low monomer concentrations,
whereas from the practical viewpoint it is more inter-
esting to study relatively concentrated systems. Such
systems often show deviations from the classical the-
ory, which are due to strong intermolecular interac-
tions, occlusion, and gel effect, often making the proc-
ess diffusion-controlled even in the early stages of
the reaction.

In this work we studied the features of copolymer-
ization of potassium salts of AMPSA and ASA with
AA and AN in concentrated aqueous solutions.

EXPERIMENTAL

In synthesis of polyelectrolytes we followed a
typical protocol of radical polymerization in aqueous

solution, initiated with K2S2O8 [TU (Technical Spe-
cifications) 38.103270387] at 60oC. For the synthesis
we used a 30% aqueous solution of AA (TU 2433-
004-07507802) prepared by biocatalytic hydration of
acrylonitrile and containing no impurities of other
monomers; AN [GOST (State Standard) 11097386]),
main substance content 99.9%; laboratory samples of
AMPSA (Chair of Technology of Polymeric Materi-
als, Yaroslavl State Technical University), main sub-
stance content 97.8% (2.2%tert-butylacrylamide);
ASA (Chair of Technology of Organic Substances,
Dzerzhinsk Branch, Nizhni Novgorod State Technical
University), main substance content 96.9%, sulfuric
acid content 1.8%; as chain-terminating agent we used
diisopropylxanthogen disulfide (diproxyd, TU 6-14-
21375); the other chemicals were of analytically pure
grade.

Polymerization was performed in an inert gas at-
mosphere in a temperature-controlled glass reactor
equipped with a thermometer, an electric power-driven
stirrer, an inlet for feeding nitrogen, and a sampler.
The reactor was charged with an aqueous phase con-
taining AA and amido sulfonic acid preliminarily
neutralized with KOH to pH 7.037.2 (in a neutral
medium polymerization of sulfonic acids, which is
too fast in acidic solutions [3], occurs with a control-
lable rate, and a labor- and time-consuming stage
of neutralization of the polymerization product is
avoided). AN with dissolved diproxyd was fed in a
nitrogen flow. After the required temperature was
attained, K2S2O8 was added, and this moment was
considered as the start of the reaction. Samples were
taken at regular intervals, transferred into ampules,
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a, mol %

t, min
Fig. 1. Kinetics of synthesis of sulfo amide polymers at
60oC. Initial concentration of the monomers 20 wt %; the
same for Figs. 2 and 3. (a) Conversion and (t) time. Mono-
mers and their mixtures: (1) AMPSA; (2) ASA (monomer
concentration 14 wt %, limited by solubility); (3) AMPSA,
AA; (4) ASA, AA; (5) AMPSA, AA, AN; and (6) ASA,
AA, AN; the same for Fig. 3.

and stabilized with hydroquinone. The total conver-
sion of the monomers was determined by the proce-
dure in [4], based on determination of bromine that
added to the double bonds of the unchanged mono-
mers; the content of unchanged monomers was also
monitored chromatographically. Polymerization was
performed to a>98% conversion. (Co)polymers of the
general formula

~[3CH 3CH3]2
g

CN

3[3CH 3CH3]2
g

C333 NHO 2

3[3CH 3CH3]2
g

C333O NH RSO K3

~ ,~[3CH 3CH3]2
g

CN

3[3CH 3CH3]2
g

C333 NHO 2

3[3CH 3CH3]2
g

C333O NH RSO K3

~ ,

Ccc
g

CH

g
H CdjCH
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CH

SO

cc

3

2
2

2

R = 3C(CH )3CH or c33 2 2 Ccc
g

CH

g
H CdjCH
g

CH

SO

cc

3

2
2

2

R = 3C(CH )3CH or c33 2 2

were obtained.

The intrinsic viscosity of the (co)polymers was
determined with a Ubbelohde viscometer in a phos-

Table 1. Apparent rate constantskàpp of polymerization,
reaction orders with respect to monomersm, and reliability
of approximation by the logarithmic equationR2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
Initial ³ kàpp, ³

m
³

R2
³ ³ ³monomers* ³ lm31 mol13m s31³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
AMPSA ³ 4.600 1034 ³ 13.1 ³ 0.955
AA3AMPSA ³ 2.500 1038 ³ 11.7 ³ 0.952
AA3AN3AMPSA ³ 1.190 1037 ³ 9.1 ³ 0.759
ASA ³ 8.360 1032 ³ 7.8 ³ 0.940
AA3ASA ³ 8.590 1036 ³ 6.8 ³ 0.958
AA3AN3ASA ³ 3.520 1035 ³ 5.1 ³ 0.960
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Amido sulfonic acids, being strong acids, at pH 7 totally exist

in the form of K salts.

phate buffer solution of pH 6.86 (GOST 8.135374)
at 25oC.

To efficiently control the polymer synthesis at high
concentrations of the initial mixture, we studied the
kinetics of copolymerization of amido sulfonic acids
(in the form of K salts) with AA and AN. The kinetic
curves are shown in Fig. 1. To estimate the variation
of the kinetic parameters, we performed the mathe-
matical treatment of the dependences using the simpli-
fied equation for the polymerization rate

Vp = kàpp[M] m,

where kàpp = kapp[I]
n at [I] = const.

By taking the logarithms we obtain a linear regres-
sion with the slope equal to the reaction order with
respect to the monomers; this straight line intercepts
the ordinate in the point logkàpp. The regression
parameters calculated by the least-squares procedure
using the MS Excel program are listed in Table 1. It is
seen that the values ofkàpp for all the monomeric
mixtures with ASA are higher by a factor of 102 than
those for the mixtures with AMPSA. This fact is
apparently due to the capability of AMPSA for chain
transfer to the monomer [5]. With a good, on the
whole, approximation of the experimental data (Ta-
ble 1) by a linear function (Fig. 2 shows an example
of regression for the ASA3AA mixture; for the other
mixtures the pattern is similar), high reaction orders
with respect to the monomers show that the reaction is
very sensitive to their concentration and to the nature
of the monomer mixture, since polymerization of
these monomers in concentrated solutions does not fit
in the classical scheme [notably, under these condi-
tions, attempts to choose the required amount of the
inhibitor (sodium nitrite, hexachloroquinone, stable
iminoxyl radical) to study the reaction kinetics with a
scanning calorimeter led either to immediate occur-
rence of the gel effect or to total inhibition of the
reaction]. Apparently, polymerization occurs with the
gel effect practically from the very beginning. It is
known that under such conditions all the kinetic pa-
rameters are variable [6], especially the rate constants
of chain termination (and[apparent] values of the
reaction orders can be relatively high).

According to published data [7, 8], the reaction
order of radical (co)polymerization in dilute systems
with respect to AMPSA, AA, and many other acrylic
monomers is close to 1.5. This value was used to cal-
culate the apparent rate constants of copolymerization
from the experimental data. However, the resulting
values did not agree with the real distribution of the
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reaction mixtures with respect to the initial reaction
rate (Fig. 3).

Figure 3 shows the dependences of the reduced
polymerization rateVr on the monomer conversion for
the studied compositions of the monomer mixtures.
The growth ofVr and the maxima in the curves at
5315% conversions suggest occurrence of the gel
effect practically from the very beginning of the poly-
merization. Early occurrence of the gel effect may be
due to strong intermolecular interactions of the mono-
mers at their high concentration; most probably, co-
polymerization involves formation of charge-transfer
complexes (CTCs). In homopolymerization, dimeriza-
tion of sulfonic acids (similar to dimerization of un-
saturated carboxylic acids [9]) may play a certain role.
Thus, at the chosen concentrations of the monomer
and initiator the (co)polymerization of the potas-
sium salts of AMPSA and AA even at low monomer
conversions is not described by the classical scheme,
and the kinetic parameters (Table 1) merely reflect the
strong effect of the concentration and ratio of the
monomers. Notably, copolymerization of the potassi-
um salts of AMPSA and ASA with AA and especially
AN is fast, with a high intensity of the gel effect.
An increase in the reaction rate is due to high cross
propagation constants and probably to high constant
of AA homopolymerization, not complicated by the
electrostatic effects in contrast to polymerization of
ionized amido sulfonates. At the same time, copoly-
merization with AN is still faster, although AN is
known to be a less reactive monomer. For example,
with AA and AN the copolymerization constants are
1.357 and 1.875, respectively [10]. Increased elemen-
tary rate constants of addition of monomers to the
[foreign] radical may be due to formation of a CTC
between sulfo anions and AA or AN, with stronger
intermolecular interactions as compared to sulfonic
acid dimers. Amide and nitrile groups can undergo
protonation in acidic (and neutral) media to form
3(O)C3NH3

+ and 3C
-

+...NH moieties [11] acting as
Lewis acids toward RSO3

3 (it is known that carboxy-
late copolymers of AA and AN form strong bonds via
these units with negatively charged particles of miner-
al dispersions [12]). Such reaction mechanism is
supported by the total lack of blocks of amido sulfo-
nate units in the microstructure of the polymers [13],
whereas their homopolymerization is not fully hin-
dered by electrostatic factors.

Along with increase in the overall reaction rate in
copolymerization of amido sulfonates with protonated
monomers, the contribution of the chain termination
reactions probably decreases owing to decrease in the

log C [M]

logVp [mol l31 s31]

Fig. 2. Polymerization rateVp as a function of the current
concentration of monomers in the reaction mixtureC.
Molar ratio of monomers: ASA : AA = 11.0 : 89.0.

a, mol %

Vr 0 104, s31

Fig. 3. Reduced rateVr of (co)polymerization as a function
of monomer conversiona.

chain transfer to AMPSA bound in a complex with
AA or AN, or to decrease in the AMPSA content. It is
known [5] that chain transfer to the monomer plays an
important role in radical polymerization of AMPSA,
limiting the growth of the molecular weight of the
polymer, as clearly seen from the intrinsic viscosities
[h] of AMPSA3AN copolymers (Table 2). In the
series of AMPSA3AN copolymers, [h] decreases with
increasing content of the sulfo monomer in the mix-
ture, despite increase in the content of the ionic groups
and decrease in the content of AN units in the copoly-
mer, resulting in compaction of the macromolecular
coils in solution. Thus, presumably, the molecular
weight of AMPSA copolymers is considerably higher
than that of the homopolymers prepared under the
same conditions.

The copolymerization rate,kàpp, and the intensity
of the gel effect in synthesis of ASA (co)polymers are
appreciably higher, i.e., with ASA the chain transfer
to the monomer does not occur or occurs to a consid-
erably lesser extent than with AMPSA. This conclu-
sion is confirmed by the dependence of the intrinsic
viscosity of the synthesized ASA copolymers on the
composition of the monomer mixture (at 100% con-
version).

For AMPSA3AA3AN terpolymers, at a constant
content of AMPSA units, [h] decreases with increas-
ing content of AN. For AMPSA3AA copolymers in a
broader composition range [h] passes through a max-
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Table 2. Intrinsic viscosity of (co)polymers ofAMPSA
and ASA with AA and AN. 25oC, phosphate buffer solu-
tion, pH 6.86 (GOST 8.135374)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Copolymer composition, mol %³
[h], 00.1 m3 kg31ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´

AMPSA ³ ASA ³ AA ³ AN ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

32.0 ³ 3 ³ 3 ³ 68.0 ³ 1.1
45.0 ³ 3 ³ 3 ³ 55.0 ³ 0.9
61.0 ³ 3 ³ 3 ³ 39.0 ³ 0.6
71.0 ³ 3 ³ 3 ³ 29.0 ³ 0.3

³ ³ ³ ³
8.0 ³ 3 ³ 92.0 ³ 3 ³ 0.9

19.0 ³ 3 ³ 81.0 ³ 3 ³ 1.4
26.0 ³ 3 ³ 74.0 ³ 3 ³ 1.5
34.0 ³ 3 ³ 66.0 ³ 3 ³ 1.6
58.0 ³ 3 ³ 42.0 ³ 3 ³ 0.4

³ ³ ³ ³
7.5 ³ 3 ³ 75.0 ³ 17.5 ³ 0.9
7.3 ³ 3 ³ 64.1 ³ 28.6 ³ 0.7
7.2 ³ 3 ³ 57.6 ³ 35.2 ³ 0.7
7.0 ³ 3 ³ 44.0 ³ 49.0 ³ 0.5

³ ³ ³ ³
3 ³ 11.0 ³ 89.0 ³ 3 ³ 0.6
3 ³ 16.0 ³ 84.0 ³ 3 ³ 1.8

³ ³ ³ ³
3 ³ 7.5 ³ 69.6 ³ 22.9 ³ 0.9
3 ³ 11.0 ³ 71.5 ³ 17.5 ³ 1.0

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

imum, which is due to the simultaneouseffect of
several factors (decrease in the molecular weight and
increase in the polyelectrolytic effect with increasing
content of sulfo groups). For binary and ternary ASA
copolymers, in the examined composition range, the
intrinsic viscosity increases with increasing content
of sulfo groups.

CONCLUSIONS

(1) Radical copolymerization of potassium salts
of 2-acrylamido-2-methylpropanesulfonic and 4-acryl-
amido-4-methylsulfolane-3-sulfonic acids with acryl-
amide and acrylonitrile at initial concentrations of the
monomer mixtures exceeding 0.2 M occurs with an
intense gel effect, which is confirmed by the copoly-
merization kinetics and by the intrinsic viscosity of
the resulting polymers.

(2) The intensity of the gel effect depends on the
concentration and composition of the monomer mix-
ture; for the case of copolymerization of alkali metal
salts of amido sulfonic acids with acrylamide and
acrylonitrile, it was explained in terms of formation
of complexes with strong intermolecular interactions

(charge-transfer complexes of sulfonate anions with
protonated monomers).

(3) 4-Acrylamido-4-methylsulfolane-3-sulfonic
acid is a more active monomer than 2-acrylamido-
2-methylpropanesulfonic acid, which may be due to
the low constant of chain transfer to the monomer and
increased tendency to complexation with protonated
monomers (acrylamide and acrylonitrile) due to the
presence in the former of the second center of strong
intermolecular interactions (3SO23).
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Abstract-Ozonolysis in hexane of ternary ethylene3propylene rubber (SKEPT), accompanied by formation
of oxygen-containing groups and intermolecular cross-linking, was studied. These processes become more
pronounced when ozonolysis is performed in hexane containing pyridine.

Ternary ethylene3propylene rubbers (SKEPTs),
owing to the chemical inertness of their backbone
chain, find growing use in production of articles with
enhanced resistance to various kinds of degradation.
The favorable properties of SKEPT rubbers could be
enhanced if their macromolecules contained polar
groups. Such groups would enhance the adhesion and
cohesion properties of these rubbers and furnish an
opportunity for additional modification via these func-
tional groups and hence for significant modification of
the properties of the resulting materials.

SKEPT rubbers contain double bonds in pendant
chains. Ozonolysis of double bonds and subsequent
transformations can principally be regarded as a route
of chemical modification of the pendant fragments.
The major advantage of such an approach is that
ozonolysis does not require catalysts and high temper-
atures and pressures; furthermore, no waste to be
utilized is formed.

Ozonolysis of double bonds involves a sequence
of transformations: 1,3-dipolar addition of ozone to
double bonds to form 1,2,3-trioxolanes, their decom-
position to carbonyl compounds and carbonyl oxides,
and 1,3-dipolar cycloaddition of carbonyl oxides to

give 1,2,4-trioxolanes [133]:
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The synthetic advantage of ozonolysis is that the
reaction intermediates, carbonyl oxides and carbonyl
compounds, can be scavenged by various chemical
agents, which allows direct transformation of a C=C
double bond into complex functional groups. These
possibilities were demonstrated in [4] for ozonolysis
of rubbers containing double bonds in the backbone
chain as example.

In this work we studied the functional composition
of SKEPT rubber prepared with participation of the
third monomer, dicyclopentadiene, and subjected to
ozonolysis under various conditions.

Initially we performed ozonolysis of SKEPT rubber
in a chemically inert solvent, hexane. We expected
that ozonolysis in this case would involve no side
processes and yield 1,2,4-trioxolanes as final products:

ÄÄÄÄÄÄÄÄÄÄÄÄ
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However, actually the above transformation was
not the sole process. In the course of ozonolysis the
solution viscosity increased, suggesting occurrence of
intermolecular reactions. Probably, carbonyl oxide (or
aldehyde) groups of one macromolecule react with
aldehyde (or carbonyl oxide) of another. Such reac-
tions were observed previously in ozonolysis of
SKEPT rubber prepared with ethylidenenorbornene as

the third monomer [5]. However, in our case changes
in the functional composition were more complex.
We found that ozonolysis was accompanied by forma-
tion of carboxy groups (Fig. 1). This fact suggests that
the intermediate carbonyl oxides undergo one more
transformation, namely, isomerize into dioxiranes
which subsequently either transform into carboxy
groups [1, 2] or oxidize the adjacent aldehyde group
into carboxy group [6]:

ÄÄÄÄÄÄÄÄÄÄÄÄ

ÄÄÄÄÄÄÄÄÄÄÄÄ

The factor favoring such transformation is that
formation of 1,2,4-trioxolane requires a turn of the
aldehyde and carbonyl oxide groups formed from
decomposition of the primary ozonide by 180o relative
to each other, which is impeded by the conformational
rigidity of the norbornene moiety. The increased life-
time of carbonyl oxides facilitates side reactions in-
volving them. Isomerization of the dioxirane moiety
into the carboxy group and oxidation of the aldehyde
group with the dioxirane probably occur by the latent
radical mechanism ensuring high product yield [7].

The amount of carboxy groups formed in the
course of ozonolysis of SKEPT rubber initially grows
and then decreases with time (Fig. 1). It is known
[133] that carboxylic acids readily react with carbonyl
oxide groups to form acyloxy hydroperoxides:

CHccO6O CjHO ^^^ 76 ^^^ CHcOcOHg
OcC ^̂^g

O
g

+ eeO

I

^^^ .CHccO6O CjHO ^^^ 76 ^^^ CHcOcOHg
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O
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+ eeO

I

^^^ .

Experimentally we did detect the hydroperoxide
groups, but they disappeared already within 15 min
after the start of the ozonolysis.The increased basicity
of the hydroperoxy group due toa effect [8] results
in its relatively facile acid-catalyzed cleavage:

I H+ 76 ^̂ ^CHg
OcCO^̂ ^

cO+ + H O2+ .I H+ 76 ^̂ ^CHg
OcCO^̂ ^

cO+ + H O2+ .

The resulting O-centered electron-deficient inter-
mediates usually undergo deprotonation to form acid

anhydrides. Note that ozonolysis of SKD butadiene
rubber in the presence of acetic acid allows quantita-
tive preparation of succinic acis [9].

It was already noted that ozonolysis of SKEPT
rubber is accompanied by increase in the solution vis-
cosity. The gel remaining after removal of the solvent
shows unique properties: It remains unchanged after
prolonged storage in chlorinated, aromatic, and satu-
rated hydrocarbons, and also in concentrated nitric and
sulfuric acids. The latter fact gives insight into the
nature of intermolecular bonds formed in the course
of ozonolysis of SKEPT rubber. If these bonds were
formed solely by intermolecular reactions of carbonyl
oxide and carbonyl groups, i.e., if the structures like
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were formed, the ozonolysis product would hardly be
resistant to concentrated acids, since acetal derivatives
are unstable in acid solutions [10]. The high acid
resistance of the ozonolysis products suggests partial
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t, min

[COOH], wt %

Fig. 1. Content of carboxy groups [COOH] as a function of
time t in ozonolysis of a 1% solution ofSKEPT rubber in
(1) straight hexane and (2) hexane containing an equimolar
amount of pyridine relative to the multiple bonds.

formation of intermolecular bonds by reaction of the
carbonyl oxide group of one molecule with the C=C
double bond of another, occurring as 1,3-dipolar
cycloaddition:

The acid-catalyzed transformations of the resulting
functional groups should not be accompanied by
cleavage of links between separate macromolecules

Thus, ozonolysis of SKEPT rubber in an inert sol-
vent, hexane, involves a complex reaction pattern with
formation and disappearance of carboxy and hydroper-
oxy groups; the reaction yields a vulcanization prod-
uct with a high chemical stability. This fact is of
practical interest, since surface treatment with ozone
of rubber articles fabricated using SKEPT rubber may
enhance their performance. However, ozone vulcani-
zation prevents purposeful use of functional groups
generated by ozonolysis in the subsequent modifica-
tion of SKEPT rubber.

To prevent ozone vulcanization, in subsequent
experiments we performed ozonolysis of SKEPT rub-
ber in hexane in the presence of pyridine, since it is
known [134] that pyridine is an effective agent for
transformation of carbonyl oxides into carbonyl com-

pounds. Since in such transformation the carbonyl
oxide groups disappear, we could expect that the pres-
ence of pyridine would prevent cross-linking of mac-
romolecules.

However, our experiments on ozonolysis of SKEPT
rubber in hexane in the presence of pyridine gave a
quite opposite result. In the presence of pyridine,
carboxy groups are formed at a higher rate (Fig. 1),
and their maximal concentration reaches a high level.
The rate of formation of hydroperoxy groups in the
first stage also increases, and subsequently these
groups disappear. Ozonolysis in the presence of pyri-
dine is accompanied by more intense gelation.

Formation of pyridineN-oxide in reaction of pyri-
dine with carbonyl oxides can be represented as de-
composition of the intermediate bipolar ion via a
strained four-membered transition state:

A specific feature of these systems is that the car-
bon atom of the adjacent carbonyl group becomes
accessible for attack by the anionic center of the
bipolar ion, which can result in formation of a weakly
strained seven-membered ring:
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Decomposition of the seven-membered bipolar ion
can yield aldehydodioxiranes. The dioxirane group
can subsequently transform into the carboxy group.
Pyridine in this process is the catalyst. PyridineN-ox-
ide exhibiting strong nucleophilic properties [11313]
can behave similarly.

For the above transformations to occur, the carbo-
nyl and aldehyde groups in the initial molecule should
be located close to each other. In cases when in the
course of ozonolysis the carbonyl oxide and carbonyl
groups are separated in space (e.g., in ozonolysis of
SKI and SKD rubbers, and also of SKEPT rubber
with ethylidenenorbornene), pyridine practically quan-
titatively transforms the carbonyl oxide groups into
carbonyl groups [4].

Ozonolysis of SKEPT in hexane in the presence of
pyridine resulted in formation of the vulcanization
product, so that further transformations of the arising
functional groups were impossible.

With the aim to obtain soluble ozonolysis products
of SKEPT rubber, we attempted ozonolysis in the
presence of ethanol. Alcohols are known to scavenge
carbonyl oxides [134] with formation of alkoxy hy-
droperoxides:

CHccO6O +^^^ HOR 76 ^^^ CHcOOHg
OR

.CHccO6O +^^^ HOR 76 ^^^ CHcOOHg
OR

.

The interest in such ozonolysis conditions was due
to the fact that the reaction of carbonyl oxides with
alcohols can occur by the molecular mechanism. Fig-
ure 2 schematically illustrates interaction of the fronti-
er orbitals of the carbonyl oxide and hydroxy groups.
It is seen that the concerted process is allowed by the
orbital symmetry rules.

Indeed, ozonolysis of SKEPT rubber in the pres-
ence of alcohol occurs with no signs of intermolecular
cross-linking. Figure 3 shows how the intrinsic vis-
cosity of SKEPT rubber solutions varies in the course
of ozonolysis in the presence of ethanol. The intrinsic
viscosity remains constant for a long time. After
exhaustion of all the double bonds, the intrinsic vis-
cosity starts to slowly decrease; we believe that this is
due to ozone-initiated oxidation of the saturated chain
of the rubber. The radical centers arising in saturated
fragments should inevitably initiate radicalb-decom-
position reactions involving carbon3carbon bonds,
with the resulting decrease in the molecular weight of
the rubber and in the intrinsic viscosity.

Ozonolysis in the presence of alcohol is accompa-
nied by gradual increase in the amount of hydroper-
oxy and carboxy groups (Fig. 4); their content does

HOO

LUO

LUO

HOO

Fig. 2. Scheme of interaction (I) of the highest occupied or-
bital (HOO) of carbonyl oxide with the lowest unoccupied
orbital (LUO) of the OH bond and (II ) of LUO of carbonyl
oxide with HOO of OH bond.

[h], dl g31

t, min
Fig. 3. Intrinsic viscosity [h] as a function of timet in
the course of ozonation of (1) 1% and (2) 2% solutions of
SKEPT rubber in hexane withaddition of ethanol. Molar
ratio of double bonds and alcohol 1 : 1; the same for Fig. 4.

A, wt %

t, min
Fig. 4. AccumulationA of (1) hydroperoxy and (2) carboxy
groups in ozonolysis of 1% solution ofSKEPT rubber in
hexane with addition of ethanol. (t) Time.

not decrease up to complete exhaustion of the C=C
double bonds. Oxidative degradation of the rubber
is accompanied by active accumulation of carboxy
groups. Simultaneously, the content of hydroperoxy
groups decreases. The observed trend is consistent
with the acid-catalyzed mechanism of their decompo-
sition.

The advantage of the ozonolysis of SKEPT rubber
in the presence of alcohol is formation of a large
amount of hydroperoxy groups. Hence, a possibility
arises of performing radical transformations with their
participation (e.g., of preparing block copolymers of
SKEPT rubber with various monomers).

The following bands appear in the IR spectra of
SKEPT rubber ozonized in the presence of ethanol:
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a broad band at 335033550 cm31 corresponding to
associated OH groups; a band at 1718 cm31 (nC=O);
and bands at 1005, 1040, 1069, and 1100 cm31 as-
signable to the O3O stretching vibrations. These data
confirm the above-discussed reaction patterns.

Thus, it is possible, using ozonolysis, to introduce
into the structure of SKEPT rubber alkoxyhydroper-
oxy, carboxy, and aldehyde groups. We hope that
such a substantial change in the functional composi-
tion of the rubber will allow development of new
routes of its modification.

EXPERIMENTAL

SKEPT rubber (Nizhnekamskneftekhim Joint-Stock
Company) contained 35% propylene and 5.8% dicy-
clopentadiene. Low-molecular-weight impurities and
antioxidants were removed by reprecipitation in ace-
tone.

Ozonolysis was performed in a glass bubbler with
a porous bottom, charged with a rubber solution in
hexane. The process was performed at 15oC. An
ozone3air mixture [ozone concentration (1.532.4)0
1035 M] was fed at a rate of 14 l h31.

The reaction progress was monitored by variation
of the viscosity. Ozonolysis was performed directly
in the reservoir of a modified Ubbelohde viscometer
with a sealed-in tube for feeding the ozone3air mix-
ture. The intrinsic viscosity [h] (dl g31) was deter-
mined by the Schultz3Blaschke empirical equation [14]

[h] = (hsp/C)/(1 + 0.28hsp).

In control points, we took samples and calculated
[h] as lim

C60
hsp. The results of different determinations

agreed within 1%.

In the course of ozonolysis we took samples and
determined in them the content of carboxy [15] and
hydroperoxy [16] groups. The content of available
oxygen in the ozonation products was determined by
iodometric titration [16].

The IR spectra were taken on a 16 PC FT-IR spec-
trometer. Samples were prepared as films on KBr.

CONCLUSIONS

(1) Ozonolysis in hexane of SKEPT rubber con-
taining dicyclopentadiene is accompanied by gelation,
which is not eliminated by adding pyridine.

(2) Ozonolysis of SKEPT rubber in the presence
of alcohol prevents formation of intermolecular bonds.
The process is accompanied by formation of ethoxy-
hydroperoxy, carboxy, and aldehyde groups.
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Abstract-The suitability of N,N-dimethyl-N,N-diallylammonium chloride3SO2 copolymer as coagulant
for isolating rubber from synthetic latexes was investigated.

Emulsion rubbers are traditionally separated from
latexes using inorganic salts under acidification of the
system being coagulated with a mineral acid [1].
Though highly efficient, this procedure does not satis-
fy the environmental requirements because the waste-
water generated by emulsion latex production is
heavily polluted with mineral salts. They are not
degraded at wastewater treatment facilities and are
discharged into natural water reservoirs, which results
in environmental pollution and salinization of soils
and potable water sources. Environmentally promising
are salt-free coagulation methods using proteins of
different origin [2] and synthetic cationic polyelectro-
lytes [3] as coagulants. For separation of butadiene3

(a-methyl)styrene latexes, a coagulant based on
poly-N,N-dimethyl-N,N-diallylammonium chloride
(PDMDAAC) was proposed [4, 5]. With this cationic
polyelectrolyte, coagulant can be used in a small
amount of 1.735.0 against 1803250 kg t31 of rubber
in the case of sodium chloride. This significantly de-
creases the pollution of production wastewater with
mineral salts. Also, PDMDAAC reacts with anionic
components of the latex and bounds them chemically,
thus decreasing the level of pollution of wastewater
with surfactants, as the resulting poorly soluble com-
plexes are deposited onto the rubber crumb being
separated from the latex [6].

However, the presence in the rubber of PDMDAAC
and/or the products of its reactions with the emulsion
system components accelerates vulcanization of
rubber stocks [7]. Wide application of PDMDAAC as
coagulant on commercial scales will require correction
of the rubber stock composition.

Extension of the spectrum of polyelectrolyte-type
cationic coagulants and comparative assessment of the
efficiency of their coagulation action and the influence

on the properties of rubbers separated and vulcanizates
thereof are of scientific and practical interest.

In this context, copolymers ofN,N-dimethyl-
N,N-diallylammonium chloride (DMDAAC), in par-
ticular, with sulfur(IV) oxide [8, 9]
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seem promising. In this work we studied the floccula-
tion effect of the copolymer of DMDAAC with
SO2 (PDMDAAC3SO) in separation of rubber from
SKS-30 ARK styrene3butadiene latex and the EPB
emulsion polybutadiene latex, as well as the influence
of the flocculant on the properties of the rubbers
separated and vulcanizates thereof.

We used commercial latex samples. The initial
solution of PDMDAAC3SO (44 wt %) was a yellow
viscous liquid exhibiting a strongly acid reaction
(pH 0.11), evidently, owing to incomplete neutraliza-
tion of hydrochloric acid formed during synthesis
[8, 9].

The intrinsic viscosity [h] (measured in the pres-
ence of 2 M sodium chloride suppressing the elec-
trolytic swelling) was equal to 0.056 dl g31. This
small [h] value suggests relatively low average molec-
ular weight of the copolymer.

Separation of rubber was studied as follows. Latex
(50 ml) was placed into a coagulation setup and kept
at appropriate temperature for 10315 min, whereupon
an aqueous solution of PDMDAAC3SO was intro-
duced under permanent stirring. The resulting crumb
was separated from the aqueous fraction (serum),
washed with warm (30340oC) distilled water, and
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log C [g l31]

Fig. 1. Influence of dilution on the pH of aqueous solutions
of PDMDAAC3SO. (C) PDMDAAC3SO content, g l31.

j, wt %

Q, kg t31

Fig. 2. Fraction j of rubber separated from latex as a
function of the amountQ of PDMDAAC3SO. Latex:
(1) SKS-30 ARK and (2) EPB.

t, min

t 0 103, cm31

Fig. 3. Kinetic curves of flocculation of SKS-30 ARK latex
with PDMDAAC3SO solutions of different concentrations.
(t) Turbidity and (t) time. PDMDAAC3SO concentration
C 0 104, g l31: (1) 1, (2) 2, (3) 3, (4) 4, and (5) 4.5.

dried in an oven at 75380oC. The degree of coagula-
tion was estimated visually, from the transparency of
the serum, and gravimetrically, from the amount of
the rubber separated from the latex. Complete co-
agulation in some cases required certain keeping time.

In view of the high acidity of the initial
PDMDAAC3SO solution, it was reasonable to eluci-
date how pH varies with the degree of dilution of the
solution so as to decide whether it is necessary to
additionally acidify the system to be coagulated, in
view of the fact that rubbers are separated in an acid
medium [1]. We found (Fig. 1) that pH tends to de-
crease with decreasing content of PDMDAAC3SO in
solutions. The logC3pH dependence is linear, which
suggests the presence of a free acid insolution. There-
fore, the subsequent experiments on separation of
rubber were run both with and without additional
acidification of the system being coagulated with
sulfuric acid.

Our experiments showed that the plot of the frac-
tion of the rubber separated from latex vs. the specific
amount of the consumed PDMDAAC3SO passed
through a maximum (flocculation optimum, Fig. 2).
The same pattern of variation was also observed
earlier in flocculation of styrene3butadiene latexes by
PDMDAAC homopolymer [10]. Complete separation
of the rubber from SKS-30 ARK latex is achieved
at the amount of PDMDAAC3SO of 18320, and from
EPB latex, of 14315 kg t31 of rubber.

Addition of sulfuric acid as acidifying agent at the
optimal amount of PDMDAAC3SO did not sig-
nificantly affect the amount of the resulting coagulum.
However, at reduced amounts of the flocculant the
amount of the added sulfuric acid exerted a major in-
fluence. For example, at the amount of PDMDAAC3
SO of 9.0 kg t31 of rubber complete separation of the
SKS-30 ARK rubber from the latex was achieved at
the amount of sulfuric acid of 8.0 kg t31 of rubber.
Similar effect was observed for EPB coagulation as
well: At the amount of PDMDAAC3SO of 10.8 kg t31

complete coagulation was achieved with sulfuric acid
in the amount of 6.0 kg t31 of rubber.

The kinetic relationships in the latex flocculation
were studied using the plots of the turbidityt of dilute
(1 : 104) SKS-30 ARK latex vs. time (Fig. 3). As in
the case of the other cationic agents (PDMDAAC [4,
11], 2-methylimidazole [12], and 2,2,4-trimethyl-1,2-
dihydroquinoline [13]), the turbidity initially tends to
increase and then flattens out, reaching a maximumt

corresponding to formation of large, not degrading in
time, floccules. The plots of 1-min turbidityt1 charac-
terizing the initial flocculation rate and of the limiting
turbidity t vs. PDMDAAC3SO concentration pass
through a maximum (flocculation optimum, Fig. 4).
The occurrence of the flocculation optimum estab-
lished from the kinetic data and the polymer separa-
tion curves (Fig. 2) suggest that upon complete
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neutralization of particles the subsequent adsorption
of the excess polyelectrolyte molecules results in re-
charging of the particles and restabilization of the
dispersion. Similar situation was observed in the case
of flocculation of polystyrene [11, 14, 15], styrene3
butadiene, and nitrile3butadiene latexes [10] by
PDMDAAC3SO, and the recharging was confirmed in
all the cases by measurements of the electrokinetic
potential of the latex particles.

Chemical analysis of the serum formed after co-
agulation of SKS-30 ARK latex with PDMDAAC3SO
copolymer showed (Table 1) that the dry residues of
serum are by a factor of 10320 smaller than those
in the case of separation of rubber with coagulant
(sodium chloride). This suggests that the content of
soaps of synthetic fatty acids (SFAs), tall oil rosin
soap, Leukanol, and other components of the emulsion
system in the reference serum significantly exceeds
that in the test sample. Reactions of PDMDAAC3SO
with emulsifiers can be described by exchange reac-
tions occurring during coagulation of the latex
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[CH 3CH3CH3CH 3SO ]3 32 n
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.
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.

Under acidification, the resulting product can react
with sulfuric acid with elimination of free acids by
the following scheme:
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CH CH

CH2CH2

3 3

3OOC3R + nH SO2 4

[CH 3CH3CH3CH 3SO ]n33 22 2
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ei
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CH CH

CH2CH2

3 3

3OOC3R + nH SO2 4

[CH 3CH3CH3CH 3SO ]n33 2

2 2
gg

ei
N+
ie

CH CH

CH2CH2

3 3

HSO3
4 + n R3COOH76

[CH 3CH3CH3CH 3SO ]n2 33

.

2 2
gg

ei
N+
ie

CH CH

CH2CH2

3 3

HSO3
4 + n R3COOH76

[CH 3CH3CH3CH 3SO ]n2 33

.

The physicomechanical properties of the rubber
stocks and vulcanizates based on SKS-30 ARK rubber
separated from latex with the use of PDMDAAC3SO
and sodium chloride as coagulants are presented in
Tables 2 and 3.

The vilcanization kinetic curves (Fig. 5) show that
vulcanization of rubber stocks based on SKS-30 ARK

t 0 103, cm31

C 0 104, g l31

Fig. 4. Variation of (1) 1-min and (2) limiting turbidity t

with the PDMDAAC3SO concentrationC.

rubber separated from latex with PDMDAAC3SO
coagulant begins within a shorter period compared
to the reference sample separated with sodium chlor-
ide. The optimal times of vulcanization for the refer-
ence and test samples are close. However, rubber
stocks based on rubber separated from latex with
PDMDAAC3SO under acidification attain the vul-
canization optimum within a shorter period. In the
former case, vulcanization can be accelerated either by
PDMDAAC3SO cationic coagulant proper or by the
products of its reaction with the emulsion system
components. Similar relationships were observed for
PDMDAAC as coagulant [14]. Physicomechanical
tests (Table 3) showed slight improvement of the
strength characteristics of vulcanizates based on the

Table 1. Chemical analysis of the serum formed from
coagulation of SKS-30 ARK latex
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Param-

³ Coagulant
ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

eter*
³

NaCl

³ PDMDAAC3SO
³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ with acidifica-³ without acidifica-
³ ³ tion ³ tion

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
pH ³ 3.2 ³ 7.7 ³ 8.2
Content, %³ ³ ³

CO ³ 3.75 ³ 0.19 ³ 0.21
Cl3 ³ 2.01 ³ 0.37 ³ 0.36
L ³ 0.012³ 0.0073 ³ 0.007
OAs ³ 0.028³ 0.008 ³ 0.01
OASs ³ 0.019³ 0.008 ³ 0.02

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* DR is dry residue, L is Leukanol, OAs is organic acids, and

OASs is organic acid soaps.
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Table 2. Vulcanization characteristics of standard rubber
stocks based on SKS-30 ARK rubber
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Param-

³ Coagulant
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

eter*
³

NaCl

³ PDMDAAC3SO
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³with acidifica-³ without acidifica-
³ ³ tion ³ tion

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
ML, N m ³ 0.91 ³ 0.8 ³ 0.95
MH, N m ³ 4.66 ³ 4.52 ³ 4.58
tS, min ³ 2.2 ³ 1.85 ³ 1.80
tS(50), min ³ 4.65 ³ 3.4 ³ 3.82
t, min ³ 7.3 ³ 6.0 ³ 7.7
RV, min31 ³ 19.6 ³ 24.1 ³ 16.9
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* ML is the minimal torque,MH is the maximal torque,tS is

the vulcanization onset time,tS(50) is the time of attaining
50% degree of vulcanization,t is the optimal vulcanization
time, and RV is the vulcanization rate.

Table 3. Physicomechanical characteristics of vulcanizates
based on SKS-30 ARK rubber
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Param-

³ Coagulant
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

eter*
³

NaCl

³ PDMDAAC3SO
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³with acidifica-³ without acidifica-
³ ³ tion ³ tion

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Unom, MPa³ 12.7 ³ 13.1 ³ 12.7
Pnom, MPa³ 19.6 ³ 23.0 ³ 25.5
Lrel, % ³ 420 ³ 460 ³ 3.82
Drel, % ³ 8 ³ 10 ³ 10
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Unom is the nominal stress at 300% elongation,Pnom is the

nominal tensile strength,Lrel is the relative elongation at
break, andDrel is the relative deformation set after break.

M, %

t, min

Fig. 5. Characterization of vulcanization of rubber stocks
based on SKS-30 ARK rubber separated from latex with
(1) NaCl, (2) PDMDAAC3SO without acidification, and
(3) PDMDAAC3SO with acidification. (M) Vulcaniza-
tion and (t) time.

rubber separated from latex with PDMDAAC3SO
compared to the reference sample separated with
sodium chloride.

CONCLUSIONS

(1) Rubbers are satisfactorily separated from
latexes by the copolymer of poly-N,N-dimethyl-
N,N-diallylammonium chloride with SO2 both with
and without acidification. Additional acidification of
the system being coagulated with aqueous sulfuric
acid makes it possible to reduce the coagulant con-
sumption.

(2) The plot of the fraction of the polymer sep-
arated, as well as of the kinetic parameters of floccula-
tion, vs. coagulant concentration pass through a
maximum (flocculation optimum). Restabilization of
the system can be due to recharging of the particle
surface after introducing excess flocculant.

(3) Poly-N,N-dimethyl-N,N-diallylammonium
chloride and the products of its interaction with the
emulsion system components accelerate vulcanization.
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Abstract-The content of B, Mg, Na, Al, P, V, Mn, Cu, Cr, Fe, Ni, Zn, Ag, Br, Sn, I, Ba, W, Pb, and Bi
in 24 samples of industrial mixtures of West-Siberian oils was studied using the method of inductively
coupled plasma with mass spectrometric registration.

At present the contribution of difficultly extractable
oils to the total balance of the oil production of the
FSU countries increases significantly, which requires
special procedures to improve the oil field efficiency
[1]. In most cases such treatment of the oil layer in-
volves the use of corrosion-active compounds, which
along with native heteroatomic compounds (S3, O3,
N3) and impurities accumulated in the oil cause local
and systematic failure of the metallic equipment
(tubes, process apparatus, and engines using motor
fuels) in the course of the oil production and recovery
[2]; therefore, monitoring of such impurities is an
urgent problem. In this work we analyzed impurities,
including corrosion-active organic and inorganic com-
pounds, in industrial mixtures of the West-Siberian
oils processed at the Kirishinefteorgsintez Joint-Stock
Company.

EXPERIMENTAL

The initial oil samples (a total of 27) were taken
from the Yaroslavl3Kirishi pipeline in July3October
2000. The total content of sulfur in the samples was
determined by X-ray fluorescence analysis using a
Spectroscan L-F spectrometer with an accuracy of
+0.0730.09%. The procedure was certified at the
Mendeleev Russian Research Institute of Metrology.

The elemental composition of the oils and impuri-
ties (metals and nonmetals) was analyzed by mass
spectrometry with inductively coupled plasma (ICP-
MS) on a VG Plasma Quad PQ mass spectrometer
under the standard conditions using imported refer-
ence samples.

The content of sulfur in 19 of 27 studied oil sam-
ples varies within 1.231.67 wt %, whereas in the other
eight samples its content is 0.331.18 wt %. Such dif-

ference in the sulfur content (5.56 times) suggests that
the Kirishinefteorgsintez Joint-Stock Company is
supplied with crude oil not only by the Surgutneftegaz
Joint-Stock Company but also from the other oil fields
(with higher and lower content of sulfur as compared
with standard oil). Due to technical reasons, the Kiri-
shi Oil-Refining Plant does not process the purchased
crude oil separately. As a result, the quality of the
light petroleum products, mazut, and asphalt varies in
wide ranges, even when the process conditions on
the AT and AVT units are strictly followed. This sig-
nificantly affects operation of the bitumen and reform-
ing units. Moreover, special procedures are necessary
to obtain the required quality of the boiler fuel.

The content of 20 impurity elements (ppm) in the
oil samples is listed in the table. Only the iodine,
chlorine, bismuth, and tungsten ions are detected in all
the samples. The other impurities are distributed non-
uniformly. Let us analyze the experimental results.

Elements of the main and secondary subgroups
of Group I of the periodic system (sodium, copper,
and silver). The content of sodium in the oil samples
differs significantly from its almost total absence
(sample nos. 21, 22, 459) to 4503530 ppm (sample
nos. 453 and 463). The highest content of sodium
(1200 ppm) was observed for sample no. 17, which is
also characterized by abnormal content of the other
impurity elements.

As known, significant content of impurity sodium
and magnesium ions is typical for the stratal water of
the oil fields, and these ions, due to the ion exchange,
easily pass into the oil phase forming organic salts.
In this case carboxylic acids, phenols, thiophenols,
and complex molecules of resins and asphaltenes con-
taining acid groups can act as counterions [3]. These
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Content of impurities in crude oil samples determined by ICP-MS
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ele-
³ Content, ppm, in sample no.
ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄment ³ 1 ³ 2 ³ 16 ³ 17 ³ 18 ³ 19 ³ 20 ³ 21 ³ 22 ³ 23 ³ 24 ³ 25

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
B ³ 128 ³ 49 ³ 33 ³ 706 ³ 380 ³ 3 ³ 3 ³ 3 ³ 90 ³ 3 ³ 7.1 ³ 3

Mg ³ 12 ³ 5.4 ³ 3 ³ 6.6 ³ 3 ³ 3 ³ 30 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

Na ³ 125 ³ 61 ³ 180 ³1200 ³ 130 ³ 103 ³ 75 ³ 3 ³ 6.6 ³ 66 ³ 18 ³ 66
Al ³ 33 ³ 3.3 ³ 5.2 ³ 180 ³ 45 ³ 3 ³ 3 ³ 3 ³ 3 ³ 1.5 ³ 3 ³ 3

P ³ 1.2 ³ 3 ³ 3.5 ³ 3 ³ 4.4 ³ 3 ³ 3 ³ 1.1 ³ 3 ³ 0.3 ³ 3 ³ 3

V ³ 15 ³ 14 ³ 18 ³ 3 ³ 0.4 ³ 3 ³ 1.0 ³ 1.2 ³ 3 ³ 3 ³ 2.1 ³ 1.2
Mn ³ 1.2 ³ 2.1 ³ 0.4 ³ 3 ³ 0.6 ³ 0.7 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

Cu ³ 12 ³ 3 ³ 7.5 ³ 0.6 ³ 2.4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

Cr ³ 1.1 ³ 0.7 ³ 0.07³ 0.12³ 1.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.2 ³ 3 ³ 3

Fe ³ 2 ³ 1.5 ³ 3 ³ 850 ³ 5.4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

Ni ³ 9 ³ 12 ³ 36 ³ 3 ³ 6.2 ³ 3 ³ 24 ³ 3 ³ 3 ³ 3 ³ 3 ³ 6.3
Zn ³ 3 ³ 3.6 ³ 3 ³ 2.7 ³ 6.6 ³ 3 ³ 2.1 ³ 3 ³ 12 ³ 3 ³ 3 ³ 3

Ag ³ 0.3 ³ 0.04³ 0.04³ 3.7 ³ 11 ³ 3 ³ 3 ³ 0.1 ³ 3 ³ 3 ³ 3 ³ 3

Br ³ 3 ³ 5.6 ³ 12 ³ 3 ³ 6.7 ³ 3 ³ 3.6 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

Sn ³ 3 ³ 13 ³ 3 ³ 3 ³ 3 ³ 4.9 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

I ³ 30 ³ 14 ³ 22 ³ 82 ³ 26 ³ 14 ³ 36 ³ 23 ³ 56 ³ 62 ³ 27 ³ 22
Ba ³ 1.2 ³ 8 ³ 5.5 ³ 11 ³ 3 ³ 1.0 ³ 3 ³ 3 ³ 2.2 ³ 0.9 ³ 1.5 ³ 1.1
W ³ 2.2 ³ 0.5 ³ 6.1 ³ 3.5 ³ 10 ³ 2.1 ³ 1.0 ³ 1.9 ³ 15 ³ 0.12 ³ 6.0 ³ 0.5
Pb ³ 0.12³ 3 ³ 0.2 ³ 0.3 ³ 0.9 ³ 0.03³ 1.5 ³ 0.5 ³ 11 ³ 3.2 ³ 2.2 ³ 3

Bi ³ 1.2 ³ 1.3 ³ 0.8 ³ 1.1 ³ 1.1 ³ 0.11³ 1.3 ³ 2.0 ³ 1.3 ³ 3.4 ³ 0.7 ³ 1.1
ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ele-
³ Content, ppm, in sample no.
ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄment ³ 26 ³ 419 ³ 421 ³ 433 ³ 437 ³ 441 ³ 445 ³ 427 ³ 453 ³ 459 ³ 463 ³ 467

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
B ³ 3 ³ 3 ³ 69 ³ 159 ³ 3 ³ 140 ³ 3 ³ 250 ³ 3 ³ 3 ³ 244 ³ 72
Mg ³ 3 ³ 24 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 143 ³ 54 ³ 15
Na ³ 45 ³ 75 ³ 150 ³ 24 ³ 13 ³ 63 ³ 15 ³ 130 ³ 450 ³ 0.4 ³ 530 ³ 66
Al ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ ³ 12 ³ 3 ³ 3 ³ 15 ³ 3

P ³ 3 ³ 3 ³ 2.6 ³ 3 ³ 5.2 ³ 26 ³ 1.8 ³ 18 ³ 3 ³ 11 ³ 16 ³ 24
V ³ 1.8 ³ 1.8 ³ 1.3 ³ 3 ³ 1.5 ³ 6.1 ³ 3 ³ 3 ³ 2.1 ³ 1.4 ³ 1.8 ³ 14
Mn ³ 3 ³ 0.9 ³ 3 ³ 0.7 ³ 2.1 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.4 ³ 3

Cu ³ 3 ³ 3 ³ 3 ³ 6.3 ³ 3 ³ 3 ³ 3 ³ 27 ³ 3 ³ 3 ³ 3 ³ 3

Cr ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.1 ³ 3 ³ 12 ³ 3 ³ 3 ³ 3 ³ 3

Fe ³ 3 ³ 7.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 21 ³ 15 ³ 3

Ni ³ 3 ³ 3 ³ 3 ³ 15 ³ 2.8 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.4 ³ 3

Zn ³ 3 ³ 3.6 ³ 3 ³ 3 ³ 3 ³ 1.3 ³ 3 ³ 1.3³ 3 ³ 3 ³ 3 ³ 3

Ag ³ 3 ³ 3 ³ 3 ³ 0.7 ³ 3 ³ 3 ³ 3.8 ³ 3 ³ 3 ³ 3 ³ 0.2 ³ 3

Br ³ 3 ³ 14 ³ 1.6 ³ 3 ³ 2.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.0 ³ 3

Sn ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.2 ³ 3 ³ 3 ³ 3

I ³ 16 ³ 33 ³ 16 ³ 43 ³ 25 ³ 42 ³ 24 ³ 32 ³ 43 ³ 31 ³ 16 ³ 25
Ba ³ 1.0 ³ 16 ³ 6.1 ³ 6.1 ³ 3 ³ 3 ³ 11 ³ 3 ³ 10 ³ 3 ³ 0.6 ³ 1.4
W ³ 1.8 ³ 2.3 ³ 0.8 ³ 4.9 ³ 5.4 ³ 1.5 ³ 12 ³ 23 ³ 6.4 ³ 9.3 ³ 2.1 ³ 0.6
Pb ³ 1.1 ³ 31 ³ 3.2 ³ 1.5 ³ 10 ³ 1.3 ³ 21 ³ 6 ³ 2.2 ³ 7 ³ 1.2 ³ 4.3
Bi ³ 0.6 ³ 2.4 ³ 0.6 ³ 1.1 ³ 2.3 ³ 1.0 ³ 5 ³ 3 ³ 1.1 ³ 2.2 ³ 0.6 ³ 1.0

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

salts are highly corrosion-active, and their content
in the oils supplied to the Oil-Refining Plant should
by thoroughly controlled and restricted.

The copper ions were observed only in six samples,
and only in sample nos. 1 and 427 its content is sig-

nificant (12 and 27 ppm, respectively).

Silver was found in nine oil samples, and its con-
tent varies from 0.04 (sample nos. 2 and 16) to
11 ppm (sample no. 18).

Elements of the main subgroup of Group II of
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the periodic system (magnesium and barium).Only
six samples (nos. 1, 20, 419, 459, 463, and 467) con-
tain large amounts of magnesium, and its content
varies by an order of magnitude from 12315 (sample
nos. 1 and 467) to 143 ppm (sample no. 459).

Barium was found in 17 samples; its content varies
from 0.630.9 (sample nos. 463 and 23) to 16 ppm
(sample no. 419).

Elements of the main subgroup of Group III of
the periodic system (boron and aluminum).Boron
compounds were found in sample nos. 1, 2, 16318,
22, 421, 427, 433, 441, 463, and 467, and its content
varies from 33 (sample no. 16) to 706 ppm (sample
no. 17).

Significant content of aluminum is typical for sam-
ple nos. 1, 17, 18, 427, and 463; the Al(III) content
ranges from 12315 (sample nos. 427 and 463) to
180 ppm (sample no. 17).

Elements of the main subgroup of Group IV of
the periodic system (tin and lead).Tin compounds
were observed only in sample nos. 2, 19, and 453, and
the tin content varies from 2.2 (sample no. 453) to
13 ppm (sample no. 2).

Lead is present in almost all the samples, and its
content varies from 0.003 (sample no. 19) to 31 ppm
(sample no. 419). The presence of organometallic tin
compounds in oils was first found in [4]. It is known
that tin and lead form compounds with one or several
alkyl or aryl groups [4, 5].

Elements of the main subgroup of Group V of
the periodic system (phosphorus and bismuth).
Phosphorus compounds were observed in 13 of 24 oil
samples. The content of phosphorus varies from 1.13

1.2 (sample nos. 21 and 1) and 0.3 (sample no. 23) to
24326 ppm (sample nos. 467 and 441). As seen from
the published data, in oils phosphorus forms hetero-
organic compounds in which it is bound to relatively
small hydrocarbon radicals.

It should be noted that phosphorus compounds
activate corrosive hydrogenation and failure of steels
(increase amount of hydrogen penetrating into the
steel), which increases hydrogen corrosion and ac-
celerates failure of the process equipment [6]. Phos-
phorus ion exhibits the highest activation affect on the
hydrogen corrosion of steels: P > S > As > Se > Sb >
Te > Bi [7].

Bismuth ions were found in all the samples, and its
content varies from 0.11 (sample no. 19) to 5 ppm
(sample no. 445).

Elements of the secondary subgroup of Group VI
of the periodic system (chromium and tungsten).
Chromium compounds were detected only in eight oil
samples, its content changes from 0.07 (sample
no. 16) to 12 ppm (sample no. 427).

Tungsten was observed in all the samples, its con-
tent ranges from 0.12 (sample no. 23) to 23 ppm
(sample no. 427).

Elements of the main and secondary subgroups
of Group VII of the periodic system (bromine,
iodine, and manganese).Bromine ions were found
in only eight of 24 oil samples; its content ranges
from 1.632.0 (sample nos. 421 and 463) to 123

14 ppm (sample nos. 16 and 419).

As known, bromine compounds significantly ac-
celerate the equipment corrosion, and their corrosion
activity strongly increases with heating [8]. Bromine
can be present in all classes of petroleum compounds,
but, as compared with the other halogens, it prefers
more complex asphaltene structures [9].

Large amounts of iodine were observed in all the
samples studied, which indicates that the crude oils
supplied to the Oil-Refining Plant contain significant
amounts of corrosion-active iodine compounds. The
content of iodide ions in the samples varies from 14
(sample nos. 2 and 19) to 82 ppm (sample no. 17).

Iodine compounds, similarly to bromine and chlo-
rine, strongly accelerate corrosion of petroleum proc-
essing equipment, in particular pipelines, especially in
the presence of water. It should be noted that iodide
ions are the most corrosion-active under other equal
conditions. As known [8], aluminum and its alloys
even at room temperature react with 0.13% HI (corro-
sion rate >72 g cm32 day31), whereas in hydrochloric
acid these alloys are considered as materials with de-
creased stability but suitable for operation (corrosion
rate<24 g cm32 day31). Armco iron, cast iron, and car-
bon steels, which are also the materials with decreased
stability but suitable for operation in hydrochloric acid
at room temperature, cannot be used in HI because
their corrosion rate exceeds 72 g cm32 day31.

Manganese ions were observed in only 9 of 24 oil
samples, and its content varies from 0.4 (sample
no. 16) to 2.4 ppm (sample no. 463). It is often con-
sidered that the manganese and iron ions, occurring in
the oil, substitute the protons in some compounds,
especially multifunctional resin molecules.

3d transition elements (vanadium, nickel, iron,
and zinc). Significant amounts of vanadium com-
pounds were found in sample nos. 1, 2, 16, and 467,
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and its content varies within 14318 ppm. Vanadium
compounds are corrosion-active [7, 10]. It was found
that about a half of this element in the oil occurs in
porphyrin complexes [11].

High content of nickel is typical only for sample
nos. 16, 20, and 433. The nickel content varies by
a factor of 15: from 2.4 (sample no. 463) to 36 ppm
(sample no. 16). Similarly to vanadium, 5350% of
nickel occurs in the oil as porphyrin complexes [12].

Iron was found in seven oil samples, but only in
sample nos. 17, 459, and 463 its content is significant
and varies from 15 (sample no. 463) to 850 ppm
(sample no. 17).

Zinc was determined in only 8 of 24 oil samples,
and its content ranges from 1.3 (sample no. 441) to
12313 ppm (sample nos. 22 and 427).

Significant content of metal and nonmetal impuri-
ties in the oil samples can be due to the fact that the
stratal water impurity occurring as emulsion in crude
oil includes significant amounts of dissolved salts and
suspended mineral particles. Moreover, some fraction
of metals occurs in the oil proper as complex com-
pounds(chromatography3mass spectrometry data), and
certain fraction of impurities appears in the oil with
the corrosion products of oil-extraction equipment.
Pretreatment of the oil does not ensure complete re-
moval of such impurities, and oil often contains finely
dispersed water and colloidal particles. These factors
can significantly affect the composition and concen-
tration of impurities in the oil, increasing, in particu-
lar, the content of the main rock-forming elements
(cations and anions) such as Al, Fe, P, Na, Mg, and
Ba and Br and I and thus increasing the corrosion ac-
tivity of the oil supplied to the Oil-Refining Plant [9].

There are no general trends in the distribution of
impurities in the samples studied. At the same time,
all the samples studied can be subdivided into three
main groups.

The first group (12 oil samples) includes the sam-
ples with the highest content of sodium ions (sample
nos. 2, 16, 17, 19, 20, 23, 25, 26, 419, 421, 453,
and 463). The second most abundant element in the
majority (7 of 12) of the samples is iodine, and its
content in all the samples is significant. The sodi-
um : iodine ratio in this group does not, as a rule,
exceed 10 (in 9 of 12 samples), but in sample no. 463
this ratio is 33, whereas for sample no. 17 with ab-
normal content of impurities the Na/I ratio reaches
146.

The second group (7 oil samples) includes the
samples containing significant amounts of boron

(sample nos. 1, 18, 22, 427, 433, 441, and 467), and
the next most abundant in this group are sodium or
iodine. As a rule, the boron : iodine ratio does not ex-
ceed 10, except sample no. 18 (B/I = 14.6).

The third group includes four oil samples (sample
nos. 21, 24, 437, and 445); the iodide ions are the
main impurity in these samples.

Only sample no. 459 contains magnesium as the
main impurity.

The lack of regular trends in the impurity distribu-
tion and significant difference in the total content of
sulfur in the oil samples studied indicate that the
Kirishinefteorgsintez Joint-Stock Company is supplied
with crude oil from oil fields of various regions or
with mixture of crude oils from different oil fields.

It is obvious that the oil samples with the higher
content of sodium, magnesium, iodide, chloride, and
bromide ions exhibit a higher corrosion activity as
compared with the other samples.

CONCLUSIONS

(1) The total content of sulfur in 27 oil samples
supplied for processing varies within 0.331.67 wt %.

(2) The content of B, Mg, Na, Al, P, V, Mn, Cu,
Cr, Fe, Ni, Zn, Ag, Br, Sn, I, Ba, W, Pb, and Bi in
24 samples of industrial oil mixtures was studied.
Their concentration varies within a wide range, and
only tungsten, bismuth, and iodine were observed in
all the samples studied.

(3) The oil samples for processing can be sub-
divided into three groups by the content of the main
impurities (sodium, boron, and iodine) determined by
the method of inductively coupled plasma with mass-
spectrometric registration.

(4) Variation in the content of sulfur and 20 im-
purity elements in the oil samples indicates that in dif-
ferent periods the Kirishinefteorgsintez Joint-Stock
Company is supplied with crude oil not only by the
Surgutneftegaz Joint-Stock Company but also from
the other oil fields.

(5) In the oil samples studied the sulfur com-
pounds and impurities of iodine, bromine, chlorine,
sodium, phosphorus, magnesium, and vanadium are
highly corrosion-active.
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Abstract-A broad spectrum of softeners for vulcanized rubber and corrosion-resistant materials are obtained
by mechanical mixing of kerogen shale (Kerogen-701) with commercial products of petroleum refining and
shale chemistry such as oil tar, bitumens BND 90/130 and G, softener A-10, residue of atmospheric distillation
of crude shale oil boiling above 350oC, and also by thermal treatment of the indicated mixtures at 3603400oC.

Selection of the type and concentration of plas-
ticizers (softeners) in rubber compounds is made
depending on the destination of a product. Softener B
(residue of atmospheric distillation of crude shale oil)
finds wide application in reclaiming of tire rubber.
However, the quality of this softener is not sufficient-
ly high. One of the most important factors controlling
the quality of a softener is its polarity. High polarity
provides strong interaction of a softener with the
polymer and high strength of the reclaimed rubber.
The performance of shale softeners of various fraction
and chemical compositions in reclaiming of rubber of
various types was studied at the Research Institute for
Tire Industry (Moscow, Russia). The best performance
was demonstrated by the softeners containing phenols
in the high-boiling fraction of shale oil and also ther-
mal polycondensation products obtained by thermal
treatment at about 400oC of high-boiling fractions
from atmospheric distillation of crude producer shale
oil. Such softeners are characterized by a softening
point of about 803100oC (determined by the ring-and-
ball method). High reclaiming characteristics of these
softeners were confirmed by production test results.
Rubraxes were demonstrated to be high-quality sof-
teners also. They facilitate dispersion of carbon black
in a rubber compound and improve the moisture re-
sistance of the products, their hardness and modulus
of rupture, but somewhat decrease the elasticity.
Rubraxes have diverse effects on vulcanized rubber,
since they tends to oxidation, condensation, interac-
tion with sulfur, and antiscorching.

The purpose of this work was development of mod-
ified softeners based on kerogen shale (Kerogen-70)
ÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 Contains 70% organics.

and the product of thermal treatment of high-boiling
residue from atmospheric distillation of producer shale
oil boiling above 350oC [1, 2], and also of those
based on Kerogen-70 and oil tar. Additionally, to ob-
tain the softeners we used mechanical mixing of com-
mercial products from the Ukhta refinery (bitumen G
or BND 90/130; softener A-10) with Kerogen-70. The
softeners obtained in the work were compared with
the ordinary softeners (Rubraxes) [3].

EXPERIMENTAL

The characteristics of the initial products used in
this work were as follows. Kerogen-70. Working
moisture content 1.1% and ash content 27.2%. Ele-
mental composition of the organic (kerogen) fraction
(%): C 77.4, H 9.65, O 9.75, N 0.6, and S 2.6.

Crude producer shale oil. Density 1010 kg m33.
Fraction composition, oC (%): <200 (8), 2003
250 (10), and 3003350 (14). Elemental composition
(%): C 83, H 8.8, S 1.1, N 0.3, and O 6.8.

Softener A-10 is produced at the Ukhta refinery
from a mixture of asphalt of Yarega oil (25%), heavy
cuts from motor oil production (50%), and residue
from distillation of Usinsk oil (25%). Softening point
126oC and penetration at 25oC 110 0.1 mm. Ele-
mental composition (%): C 84.31, H 10.68, N 0.49, S
0.71, and O 3.81.

Bitumen G (Ukhta refinery). Softening point 126oC
and penetration at 25oC 50 0.1 mm.

Bitumen BND 90/130 (Kirishi refinery). Softening
point 46oC and penetration at 25oC 1000 0.1 mm,
ductility 60 cm (25oC), and brittle point323oC.
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Table 1. Composition of stock blend no. 2711
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material
³ Consumption per ³ Component content
³ 100 wt parts of rubber³ in compound, %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Synthetic rubber SKMS-30 ARK P ³ 100 ³ 19.19
Tire thermochemical reclaim ³ 169.75 ³ 32.39
Ground natural crude sulfur M 9950 ³ 3.021 ³ 0.58
2-Mercaptobenzothiazole ³ 3.021 ³ 0.58
Zinc white ³ 2.917 ³ 0.56
Cleaned natural chalk ³ 68.75 ³ 13.19
Kaolin ³ 100 ³ 19.1
Crude furnace black P-803 ³ 43.75 ³ 8.4
Naftoplast oil ³ 10.625 ³ 2.04
Rubrax (high-melting oxidized oil asphalt) ³ 20.208 ³ 3.88

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Rubrax (granulated oil asphalt oxidized in the pres-
ence of alkali). Softening point 137oC and penetration
at 25oC 320 0.1 mm.

Mixtures of Kerogen-70 with asphalt from AVT-6
plant of the Kirishi refinery and leavings of distilla-
tion of producer shale oil were thermally treated in
a Fischer converter controlling the treatment tempera-
ture and time and the softening temperature of the
resulting softener.

The resulting softeners were characterized by the
volatile matter and ash contents, determined according
to GOSTs (State Standards) 6383391 and 1102375,
respectively. The softening point of the samples was
determined by the ring-and-ball method in accordance
with GOST 9950383 and the penetration (needle
penetration depth), with GOST 11508378. The elasto-
mechanical characteristics in load tension were meas-
ured in accordance with GOST 270375 and the Shore
hardness, with GOST 263375. The vulcanization
characteristics were determined with a Mooney vis-
cometer (GOSTs 10722364, 12536367) and the
rebound elesticity, with a UMR-2 pendulum elastom-
eter (GOST 6950354). The tear resistance was meas-
ured in accordance with GOST 262373.

As a reference material we selected rubber com-
pound no. 2711 used at the Treugol’nik Joint-Stock
Company (St. Petersburg, Russia) for rubber covering
of textile materials in footwear manufacture. The
compound includes 20 parts of Rubrax (by weight),
which makes it a convenient object for comparison
with the products prepared using modified plasticizers
proposed in this work. Therefore, we prepared rubber
compounds with the composition similar to mother
batch no. 2711 (Table 1), but containing various
amounts of Rubrax and the modified softeners.

Rubber compounds were prepared in two steps

with an AG 320 160/160 laboratory roller mixer. Ini-
tially a stock blend containing synthetic rubber and all
other ingredients (except for a softener) was prepared.
In the second step a fixed amount of Rubrax or a
modified softener was introduced. The resulting blend
was vulcanized at 150oC for 15 min with an electric
hydraulic press.

In the initial stage of this work we examined the
possibility of changing Rubrax for bitumens modified
with Kerogen-70. A fused bitumen (or a softener) was
rapidly mixed with Kerogen-70 (25350 wt %). Intro-
duction of Kerogen-70 (25 wt %) increased the soften-
ing point of bitumen G or softener A-10 by 11%, i.e.,
to that of Rubrax (137oC). Introduction of Kerogen-70
(50 wt %) in bitumen BND 90/130 increased the
softening point from 46 to 78oC.

Figures 1a-1h demonstrate the effect of softener on
the mechanical properties of vulcanized rubber. The
strength, moduluse, relative elongation, and tear
resistance of vulcanized rubber containing 203

40 wt % Rubrax (relative to rubber) are higher than
those of vulcanized rubber with the test softeners
(A-10, bitumens G and BND 90/130). However, the
hardness, elasticity, Mooney viscosity, and moisture
content of vulcanized rubber with the test softeners
are higher than with Rubrax.

In the second stage of the work a mixture of Kero-
gen-70 (25%) with leavings of distillation of crude
shale oil boiling above 350oC or oil tar was thermally
treated at 350oC for 60 min in a Fischer converter.

The products of thermodissolution of Kerogen-70
in crude shale oil and oil tar (Table 2, sample nos. 1
and 2, respectively) provide a lower stickiness of
rubber compounds and easier distribution throughout
the polymer matrix as compared to Rubrax.

Rubber compounds were vulcanized in the com-
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(a)s, MPa

C, wt %

(c)e, %

20 40 C, wt %

(e)
A, arb. units

20 40C, wt %

M, Mooney units (g)

20 40C, wt %

(b)f100, MPa

20 40C, wt %

(d)ez, kN m31

20 40C, wt %

(f)E, %

C, wt %

(h)W, %

C, wt %

Fig. 1. (a) Strengths, (b) nominal strength at 100% elongation (modulusf 100), (c) relative elongatione, (d) tear resistanceez,
(e) hardnessA, (f) elasticity E, (g) Mooney viscosity of the mother blendM (Mooney units), and (h) swellability (moisture
content)W as functions of the softener contentC. (1) Rubrax, (2) bitumenG, (3) softener A-10, and (4) bitumen BND 90/130.

monly accepted mode. The performance character-
istics of vulcanized rubbers with the modified shale
oil and oil tar softeners are summarized in Table 2.
Sample no. 1 was obtained by thermal dissolution of
Kerogen-70 (25 wt %) in leavings after distillation of
crude producer shale oil at 360oC, and sample no. 2
(softening point 108oC), in oil tar (AVT-6 plant; Ki-
rishinefteorgsintez Production Association, Joint-
Stock Company) at 360oC for 90 min.

The results show that the mechanical properties
(strength, modulusa, tear resistance, hardness, elastic-
ity, and relative elongation) of vulcanized rubber with
these softeners compare well with those containing
Rubrax.

In further experiments we tested the method for

preparation of corrosion-resistant materials by thermal
dissolution of ordinary or enriched shale in a reactor
with a mechanical stirrer. Ordinary or enriched shale
(70390% enrichment) was dissolved in commercial
shale oil (products of thermal treatment of shale) or
in high-boiling oil fractions (black oil, vacuum gas
oil, oil tar), or in bitumen at 3503400oC at continu-
ous removal, cooling, and condensation of hot-vapor
products, to obtain a homogenous solution. The
solvent to shale weight ratio was varied from 0.333

1.0 to 2.0, and the process time, from 0.25 to 3 h.

Characteristics of the solid products thus obtained
are given in Table 3. Then they were applied to steel
(St. 3) plates and immersed in water containing 3 wt %
NaCl and allowed to stand for 6 months. The coatings
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Table 2. Mechanical characteristics of vulcanized rubbers with ordinary (Rubrax) and modified softeners
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristics

³ Content, wt % (relative to rubber)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ modified softener ³

RubraxÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ sample no. 1 ³ sample no. 2 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Strength, MPa ³ 4.25 (20)*, 4.1 (40)³ 4.2 (20), 4.0 (40)³ 4.2 (20), 4.1 (40)
Modulus f 100, % ³ 2.8 (20), 2.3 (40)³ 2.75 (20), 2.4 (40)³ 2.8 (20), 2.3 (40)
Tear resistance, kN m31 ³ 22.5 (20), 22.5 (40)³ 22 (20), 20.8 (40) ³ 24.3 (20), 22.5 (40)
Hardness, arb. units ³ 53 (20), 51 (40) ³ 52 (20), 50 (40) ³ 53 (20), 52 (40)
Elasticity, % ³ 21 (20), 17 (40) ³ 19.5 (20), 16.5 (40)³ 21 (20), 19 (40)
Relative elongation at break, % ³330 (20), 390 (40) ³400 (20), 500 (40) ³345 (20), 420 (40)
Viscosity, Mooney units ³ 32 (20), 27.5 (40) ³ 27 (20), 25 (40) ³ 29 (20), 26.5 (40)
Moisture content of vulcanizate, % ³ 3.5 (20), 3.55 (40)³ 3.2 (20), 3.6 (40)³ 3.6 (20), 3.7 (40)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* In the parentheses is given the softener content (wt % relative to rubber).

Table 3. Characteristics of solid products of thermal dissolution of Kerogen-70, tested as corrosion-resistant coatings
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ts, oC
³

P, mm
³

W, %
³ Adhesion to metal, kg cm32 ³

Toluene-insoluble³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ shear ³ break ³ fraction, %

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
25.6 ³ 263 ³ 0.29 ³ ³ ³ 7.06
34.8 ³ 142 ³ 0.036 ³ ³ ³ 9.03
50.9 ³ 53 ³ 0.4 ³ ³ ³ 19.7
60.8 ³ 3 ³ 0.44 ³ ³ ³ 21.5
36.2 ³ 220 ³ 0.07 ³ ³ ³ 10.4
26.2 ³ 230 ³ 3 ³ ³ ³ 1.4
58.9 ³ 26 ³ 1.19 ³ 3.4 ³ ³ 17.4
64.5 ³ 19 ³ 0.53 ³ 8.5 ³ ³ 19.8
62.9 ³ 17 ³ 3.1 ³ 6.5 ³ 5 ³ 18

130 ³ 1 ³ 0.8 ³ ³ 10.6 ³ 26
56.9 ³ 21 ³ 0.08 ³ 2 ³ ³ 18.8
63.3 ³ 11 ³ 0.06 ³ 11.7 ³ ³ 21.1
44 ³ 140 ³ 0.05 ³ ³ ³ 10.4
42.8 ³ 217 ³ 1.67 ³ 6.7 ³ 1 ³ 22
55.1 ³ 42 ³ 0.75 ³ ³ ³ 16.6
64.6 ³ 34 ³ 2.4 ³ 10.6 ³ ³ 16.6
61.7 ³ 19 ³ 4.41 ³ 2.2 ³ 2 ³ 15.7

110 ³ 1 ³ 2.36 ³ ³ ³ 33.3
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Notes: (Ts) Softening point (ring-and-ball method); (P) penetration at 25oC, 0.1 mm; and (W) moisture content.

remained unchanged after the experiment, and we
found no indications of corrosion of the metal.

Table 3 demonstrates that we were able to obtain a
broad spectrum of solid products of thermal dissolu-
tion with the performance characteristics varied in
a wide range. Thus, the softening point varies from
26.2 to 130oC, the penetration at 25oC, from 10 0.1
to 2300 0.1 mm, and the moisture content, from
0.036 to 4.41%. The samples demonstrate fairly high
shear (2311.7 kg cm32) and breaking adhesion (20

10.6 kg cm32). The content of toluene-insoluble frac-
tion, which correlates indirectly with the ash content,
varies from 1.4 to 33.3%.

Study of the corrosion resistance of the samples
in 5% H2SO4 and 5% NaOH revealed that the metal is
fairly reliably protected in the alkali solution, but
rapidly corrodes in the acid solution, which can be
attributed to the presence of carbonate in the mineral
fraction.
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CONCLUSIONS

(1) Low-temperature modification by mechanical
mixing of Kerogen-70 with oil tar, bitumens G and
BND 90/130, and softener A-10 only slightly in-
creases (by 10311oC) the softening point. Therefore,
these composites cannot be regarded as a full-value
alternative to Rubrax in rubber compounds.

(2) High-temperature (3603370oC) treatment of a
mixture of Kerogen-70 (25%) and heavy leavings after
distillation of crude producer shale oil boiling above
350oC for 60 min in a Fischer converter produces
softeners with the softening point of 1003108oC,
whose performance characteristics compare well with
Rubrax.

(3) Products of thermal dissolution of ordinary or
enriched shale in shale oils (light-middle, overall, and

heavy) or in heavy leavings (black oil, vacuum gas
oil, oil tar, and bitumens) are effective corrosion-
resistant coatings.
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AND CHEMICAL TECHNOLOGY

To Centennial Anniversary of Awarding the First Nobel Prize
in Chemistry (190132001)

International prizes have been awarded annually,
beginning in 1901, in accordance with Alfred Nobel’s
will, for outstanding discoveries in physics, chemistry,
physiology, and medicine, and also for creation of the
most prominent literary work and valuable contribu-
tion to fraternity among nations and promotion of
peace. During the last century, Nobel Prizes in chem-
istry were not awarded, for various reasons, only in
1916, 1917, 1919, 1924, 1933, and 194031942 [1, 2].

Vast literature is devoted to A. Nobel’s life and
activities and his will [238]. Nevertheless, there are
essentially different opinions on some important
issues associated with A. Nobel’s scientific and en-
gineering activities. Detailed biographic evidence can
be found in E. Bergengren’s book [2] and also in
memoirs of A. Sohlmann (187031948) [5], A. No-
bel’s close friend and assistant and one of the two
executors of his last wishes, named in his will. The
memoirs were written in the late 1940s, shortly before
the author’s death.

Alfred Bernhard Nobel was born on October 21,
1833, into the family of Immanuel Nobel (18013

1872), an architect and inventor engaged in various
business activities. In view of severe economic
grievances, I. Nobel, having left his family in Sweden,
moved to Turku (Finland) in 1837, and thence went to
St. Petersburg, where he later managed to found a
large, by that time, plantLiteinye zavody i mekhani-
cheskie masterskie. Emmanuel’ Nobel’ i ego sy-
nov’ya (Casting Yard and Machine Shop. Immanuel
Nobel & Sons). In the autumn of 1842, when Alfred
was 9, the whole family moved to his father to Russia.
During the Crimean War (185331856), Nobel’s plants
had particular numerous delivery orders, manufactured
underwater mines and other kinds of armament for
the Russian Navy.

In 184131842, A. Nobel attended school in Stock-
holm; later he was educated at home and, in addition
to Swedish, spoke fluent Russian, German, French,
and English, well knew the world history, was deeply
interested in literature, and possessed profound know-
ledge in chemistry. According to some of his bio-
graphers, A. Nobel was instructed in chemistry by

A. Nobel.

Professor N.N. Zinin (180231880), later an academi-
cian of the St. Petersburg Academy of Sciences and
one of founders of the Russian Chemical Society and
its first President (186831877). The founder of the
Kazan school of organic chemists, Zinin moved to
St. Petersburg in the end of 1847, and was elected
there an ordinary professor at the Chair of Chemistry
and Physics of the St. Petersburg Medical-Surgical
Academy (Military Medical Academy since 1881) [9].
However, there is also some evidence [10, 11] that
A. Nobel became acquainted with Zinin and his works
on explosives only in 1855.

In 1850, A. Nobel went to the United States to
complete his education and then visited France and
other European countries. Little is known about his
stay in New York, it has only been mentioned that
A. Nobel met there J. Ericsson (180331889), a Swed-
ish engineer working in the field of steam engines.
In 185131852, A. Nobel worked in Paris at the labora-
tory of Professor T.J. Pelouze (180731867), a promi-
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nent scientist and foreign corresponding member of
the St. Petersburg Academy of Sciences (since 1856).
There he became acquainted with A. Sobrero (18123

1873), an Italian chemist and the inventor of nitro-
glycerin, who was a pupil of Pelouze and J. Liebig
(180331873), an outstanding German chemist.

A. Nobel returned to St. Petersburg and resumed
his work at his father’s plant only in the autumn of
1854. However, already in 1859, in view of the dimin-
ishing military orders and the resulting unfavorable
economic situation, Immanuel Nobel went to Sweden
together with his wife and younger son. Alfred Nobel
and two his elder brothers, Robert (182931896) and
Ludwig (183131888), continued business in Russia.

A. Nobel’s attention was increasingly attracted by
the manufacture of explosives, which were in steadily
high demand for building and mining purposes. In
1863, A. Nobel returned to Sweden, and in 1865,
started there manufacture of nitroglycerin and also
founded [Alfred Nobel and Co.] for production of
nitroglycerin in some other countries. Accidents oc-
curring in manufacture, transportation, storage, and
use of nitroglycerin forced A. Nobel to work hard in
order to develop safer explosives. Dynamite patented
by A. Nobel in a number of countries in the end of
1867 proved to be the most successful invention. The
manufacture and use of dynamite were started already
in the late 1860s.

Also insufficiently clear is the question as to what
extent A. Nobel’s engineering and scientific activities
were affected by his acquaintance with works in the
field of explosives, carried out in St. Petersburg by
Zinin and military engineerV.F. Petrushevskii (major-
general since 1871 and lieutenant-general since 1881;
182931891) [10313]. To keep state secrets, Russian
scientists did not patent their designs, although they
undoubtedly have priority in the technology of large-
scale manufacture of nitroglycerin and its practical use
in blasting and defense technology.

In 1879, A. Nobel invested heavily inTovari-
shchestvo neftyanogo proizvodstva brat’ev Nobel’
company (Nobel Brothers’ Oil Production Company)
[14].

Alfred Nobel died of heart attack on December 10,
1896, at the age of 63, in San Remo (Italy). The last
will and testament, signed by him in Paris on Novem-
ber 27, 1895, was made public in early January 1897.
The will, in particular, stated that[the whole of my
remaining realizable estate shall be dealt with in the
following way. The capital shall be invested by my
executors in safe securities and shall constitute a fund,

J.H. van’t Hoff.

the interest on which shall be annually distributed in
the form of prizes to those who, during the preceding
year, shall have conferred the greatest benefit on
mankind. The said interest shall be divided into five
equal parts, which shall be apportioned as follows:
one part to the person who shall have made the most
important discovery or invention within the field of
physics; one part to the person who shall have made
the most important chemical discovery or improve-
ments; one part to the person who shall have made
the most important discovery within the domain of
physiology or medicine; one part to the person who
shall have produced in the field of literature the most
outstanding work of an idealistic tendency; and one
part to the person who shall have done the most or
best work for fraternity among nations, for the aboli-
tion or reduction of standing armies and for the hold-
ing and promotion of peace congresses... It is my ex-
press wish that in awarding the prizes no considera-
tion whatever shall be given to the nationality of the
candidates, so that the most worthy shall receive the
prize...] [2, 5].

By the time of A. Nobel’s death, his property was
worth more than 31 billion Swedish crowns by that
time’s rate. The commonly accepted date of founda-
tion of the Nobel Foundation is December 10, 1896,
the day of Alfred Nobel’s death. This foundation
acquired official status after the statute of the Nobel
Foundation was approved by a royal decree on June
20, 1900, together with special rules regulating the
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activities of Swedish committees awarding the prizes.
In accordance with A. Nobel’s will, the Prizes in
physics and chemistry were to be awarded by the
Swedish Royal Academy of Sciences.

The first Nobel Prize in chemistry was awarded to
Jacobus Henricus van’t Hoff, prominent Dutch scien-
tist of the late XIX3early XX century, a founder of the
modern physical chemistry.

He was awarded Nobel Prize on December 10,
1901, for[his pioneering work on chemical dynamics
and osmotic pressure in solutions.]

A great number of studies, including those per-
formed in Russia, have been concerned with van’t
Hoff’s life and scientific activities. Among active
supporters and advocates of van’t Hoff’s ideas in
Russia in the late XIX century were such well-known
scientists as I.A. Kablukov (185731942), professor
of the Moscow University, and V.A. Kistyakovskii
(186531952), professor of the St. Petersburg Poly-
technic Institute. They published voluminous works
explaining approaches of van’t Hoff and S. Arrhenius
(185931927) to the understanding of solution proper-
ties [15317]. The most complete biographic evidence
was presented by Cohen [18], van’t Hoff’s pupil and
close friend.

In the domestic literature, van’t Hoff’s life and
main directions of his scientific activities were first
considered by D. Dobroserdov [19] in connection with
scientist’s death. In more detail, these issues were
discussed by Professor M.A. Blokh, a known historian
of chemistry [20, 21]. A biographic essay about van’t
Hoff, written by Blokh, was also included in the
Russian edition of the most important scientific work
of the Dutch scientist [22]. Later Russian publications
about van’t Hoff [23326] are largely based on Blokh’s
works. Van’t Hoff’s contribution to investigation of
solutions and to other branches of physical chemistry
was considered in ample detail in Yu.I. Solov’ev’s
monographs [27, 28] and a book concerned with the
theory of the chemical process [29]. In 1984, the series
Klassiki nauki(Classics of Science) published selected
van’t Hoff’s works on chemistry [30] including as
supplement a scientific-biographical essay about the
scientist’s life, compiled by N.A. Figurovskii.
An essay about van’t Hoff was included in the bio-
graphies of great scientists [31].

J.H. van’t Hoff was born on August 30, 1852, in
Rotterdam (The Netherlands) into a family of an
ancient Dutch kin. His father was a known physician
and had sufficient means to provide good education
and upbringing for his children. Beginning with his

early youth, van’t Hoff exhibited disposition to
natural sciences and figurative thinking. He had his
primary education in a splendid private school and,
having finished in 1867, passed examinations to enter
the fourth form of a five-year municipal school, where
he made his first acquaintance with chemistry. In
1869, the scientist-to-be entered the Polytechnic
School in Delft, where much attention was given to
teaching of chemistry, physics, and mathematics. He
completed a three-years’ course in two years and
obtained a technology diploma in 1871.

Aiming to deepen his knowledge of mathematics,
van’t Hoff entered Leiden University; however, a year
after, he makes final decision to devote himself entire-
ly to studying chemistry. Van’t Hoff moved to Bonn
(Germany) and, in the autumn of 1872, started his
work at the laboratory of Professor F.A. Kekule
(182931896) at the university of that town. Kekule’s
interests were mainly centered in the field of theo-
retical organic chemistry and synthesis of organic
compounds. In 1865, Kekule suggested the cyclic
structural formula of benzene. A known scientist,
he was repeatedly elected president of the German
Chemical Society and was a foreign corresponding
member of the St. Petersburg Academy of Sciences
(since 1887). By Kekule’s advice, and having his re-
commendations, van’t Hoff went to Paris already in
June 1883 to work at the laboratory of another promi-
nent chemist of that time, Professor A. Wurtz (18173

1884), reiterated president of the French Chemical
Society, member of the Paris Academy of Sciences,
foreign corresponding member of the St. Petersburg
Academy of Sciences. Undoubtedly, the work at the
laboratories of such outstanding scientists as Kekule
and Wurtz had positive effect on the subsequent van’t
Hoff’s scientific activities. In October 1874, he re-
turned to his homeland and completed his education
by backing his doctoral dissertationContribution to
the Knowledge of Cyanoacetic Acids and Malonic
Acid. Virtually at that same time van’t Hoff pub-
lished in Dutch a small, but meaningful article on the
spatial arrangement of atoms in molecules of organic
compounds. In 1875, this paper was published in
French (La chimie dans l’espase), and in 1887, in
German (Lagerung der Atome im Raume). Nearly
simultaneously, and independently of van’t Hoff, a
similar paper was published by French chemist
J.A. Le Bel (184731930). According to the concepts
developed by these scientists, the affinity units of the
carbon atom are directed along axes of a tetrahedron;
also, mention was made of the existence of two stere-
oisomers of compounds containing carbon atoms with
four different substituents. The results obtained by
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van’t Hoff and Le Bel were compared, and these
studies were related to earlier concepts of L. Pasteur
(182231895) concerning the spatial arrangement of
atoms, by L.A. Tschugaeff (187331922) [32]. Van’t
Hoff’s works laid foundation for a prominent branch
of modern science, stereochemistry.

Despite all these investigations, the young scientist
could obtain lecturer’s position only in March 1876:
he was elected a docent of Veterinary College at
Utrecht. In 1877, a prominent change occurred in
van’t Hoff’s scientific career: he became professor of
chemistry, mineralogy, and geology at the University
of Amsterdam. Van’t Hoff occupied this position
during 18 years despite numerous proposals from
higher school institutions of quite a number of coun-
tries. Together with delivering lectures, he performed,
during this time, fundamental investigations in chemi-
cal thermodynamics, kinetics, and theory of solutions.
In 1881, van’t Hoff published a bookPrinciples of
Organic Chemistryin which he made an attempt to
correlate the molecular structure of substances with
their physical and chemical properties. But fame was
brought to the author byEtudes de dynamique chi-
mique[22, 30] published in 1884, in which he for the
first time presented strictly and logically, with the use
of the necessary mathematical apparatus, quite a
number of problems underlying the understanding of
chemical processes. Already in 1885, Arrhenius wrote
in a review of these essays that van’t Hoff[provided
explanation of the mathematical laws of chemical
transformations... Although the author has already
attained fame owing to his ability to disclose secrets
of nature, all his previous works are entirely outshone
by this paper...] [33]. A detailed analysis of the essays
was made in a study of Blokh [20], in the already
mentioned article of Figurovskii, and in other studies
of van’t Hoff’s creative work [18, 26] and history of
modern physical chemistry [27, 28].

A further development of van’t Hoff’s physico-
chemical investigations was the articleChemical
Equilibrium in Systems of Gases and Dilute Solu-
tions, published in 1886. The author demonstrated
theoretically and experimentally the applicability of
the laws of gas state to describing the osmotic pres-
sure in dilute solutions. The value of the universal gas
constant, obtained by him from osmotic pressure
measurements, was virtually the same as that for ideal
gases. However, in the case of mineral acids and salts
van’t Hoff had to introduce a factor whose physical
meaning was unclear. At the same time, this factor
could be found by means of a number of independent
methods. An explanation of this factor was provided
already in 1887 by Arrhenius in his theory of elec-

trolytic dissociation [15, 33]. In 1903, he was awarded
Nobel Prize in Chemistry as[acknowledgment of the
particular importance of his theory of electrolytic dis-
sociation for the development of chemistry.] A promi-
nent Swedish scientist, Arrhenius was elected for his
scientific achievements a member of academies and
scientific societies of a number of countries. He was a
foreign corresponding member of the St. Petersburg
Academy of Sciences (since 1903) and honorary
member of the Academy of Sciences of the USSR
(since 1926). In 1887, van’t Hoff took active part in
the foundation of the first world’s journal devoted to
physical chemistry (Zeitschrift f1ur Physikalische
Chemie). The Editor-in-Chief of the journal was
W. Ostwald (185331932), a professor of the Leipzig
University. In 1909, he was also awarded Nobel Prize
in chemistry as[acknowledgment of his works on
catalysis and also investigation of the basic principles
of control over chemical equilibrium and rates of
reactions.] Ostwald was a foreign corresponding
member of the St. Petersburg Academy of Sciences
(since 1896). Van’t Hoff’s investigations gained
universal acceptance by the late 1880s. He was elected
an honorary member of the German Chemical Society
in 1889; the Royal Society of London awardedhim,
together with Le Bel, the Davy medal in 1893; he also
received a Legion of Honor from the President of
France in 1894. In 1895, the Dutch scientist was
elected a foreign corresponding member of the St. Pe-
tersburg Academy of Sciences and a honorary member
of a number of scientific societies in Russia and
other countries. On January 30, 1896, van’t Hoff
was elected a member of the Prussian Academy of
Sciences. Simultaneously he occupied a position of
a professor of the Berlin University with minimum
pedagogical obligations. In accordance with his own
wishes, he delivered a course of physical chemistry
during four semesters, one hour a week. Van’t Hoff’s
lectures on theoretical and physical chemistry were
published in 189831900 in three parts. The last of
these, concerned with solutions, was translated into
Russian under the editorship of Kistyakovskii.1

In 1901, van’t Hoff was invited to the Chicago
University (USA) and delivered eight lectures on
physical chemistry. These lectures were also pub-
lished in Russia in 1903 under the editorship of
Academician P.I. Val’den (186331957) with his pre-
face. The structure and specific features of the lectures
was analyzed in detail byR.B. Dobrotin and Solov’ev
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 A list of van’t Hoff’s books published in Russian was given
in [26]. A complete bibliographic index of published works of
the Dutch scientist in chronological order can be found in the
supplement to his Selected Works [30].
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J.H. van’t Hoff’s Nobel diploma.

[26]. The singularity of the lectures consists in the
particular attention to the presentation of those prob-
lems of physical chemistry which were studied by the
author.

In his introductory statement at the Academy of
Sciences in Berlin on July 2, 1886, van’t Hoff ex-
plained in which direction he would continue his in-
vestigations:[In the first place I am going to devote
my efforts to that branch of physical chemistry which
is concerned with transformations and formation of
double-decomposition salts... Of particular importance
is the idea of its possible application in Stassfurt in-
dustry and geology] [20, 26]. Here are meant large
deposits of potassium salts in Saxony near Stassfurt.

Already before moving to Berlin, van’t Hoff started
experimental investigations of heterogeneous equi-
libria in various condensed systems. However, large-
scale studies of salt equilibria began during the Berlin
period of the scientist’s life. Beginning in 1897, and
till 1908, van’t Hoff and coworkers published a series
of 52 communications under the common titleA Study
of the Conditions of Formation of Oceanic Salt
Deposits and, in Particular, Salt Deposits at Stassfurt.
Basic data were obtained on the behavior of Na+,

Mg2+, K+, SO4
23, and Cl3 in brines, mainly at 25oC.

Some systems were studied at higher temperatures.

The principal van’t Hoff’s co-worker in these large-
scale investigations was W. Meierhoffer (186431906),
his pupil and friend. The investigations were con-
ducted at a small private laboratory created by the
scientists. The obtained results were summarized in
a book by van’t Hoff, Meierhoffer,et al., Zur Bildung
der okeanischen Salzablagerungen, which was pub-
lished in two parts (part 1, 1905; part 2, 1909). In
1936, the book was translated into Russian. The scien-
tists established that the key factor in salt formation is
temperature. In some cases, a major role is played
by time. Studies of the conditions of formation of
oceanic salt deposits and the obtained results are
rather important for geology, halurgy, and chemistry.
Among Russian scientists, F.Yu. Levinson-Lessing
(186131939) [34] and I.A. Kablukov [35] were those
who highly appreciated these investigations.

Beginning in 1905, van’t Hoff was strongly in-
terested in biochemical problems; it seemed of im-
portance to him to reveal in the first place the action
of enzymes in plants, from photosynthesis to forma-
tion of glucosides. However, his illness interfered
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with these intentions. Van’t Hoff died of pulmonary
tuberculosis on March 1, 1911, in Berlin.

The outstanding van’t Hoff’s scientific merits
gained the widest recognition. Numerous academies
of sciences all over the world, scientific societies, and
universities elected him a member and awarded him
honorary medals and titles.

In 1936, opening a meeting of the Moscow branch
of the Mendeleev All-Union Chemical Society,
devoted to 25th anniversary of van’t Hoff’s death,
Academician N.S. Kurnakov named the Dutch scien-
tist [one of the most prominent chemists and thinkers
of the present epoch] [36]. The first winner of the
Nobel Prize in chemistry went down in history as a
founder of stereochemistry, the theory of chemical
equilibrium and chemical kinetics, osmotic theory of
solutions, and chemical geology.
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REVIEWS

Reznik, I.D., Ermakov, G.P., and Shneerson, Ya.M.,
Nikel’ (Nickel),

Moscow: OOO Nauka i Tekhnologiya, 2001, vol. 2, 468 pp.

The first volume of the three-volume monograph
by I.D. Reznik and co-authors1 was devoted to gen-
eral problems of the development of nickel industry in
the Soviet Union in 194531991 (part I, chapters 1
and 2), preparation of nickel ores for metallurgical
processing (part II, chapters 339), and concentration
of oxidized nickel ores (part III, chapter 10). The sec-
ond volume (parts IV3VII, chapters 11326) presents
exclusively evidence concerning oxidized nickel ores:
their deposits and processing features, theory and
technology of pyro- and hydrometallurgical process-
ing of oxidized ores.

The authors characterize in sufficient detail depos-
its of oxidized nickel ores, give their mineralogical
composition (ch. 11), and present data on the world
resources of these ores (ch. 12). It is noted that the
world’s land stock of nickel ores is estimated to be
135 million tons in terms of nickel, including proven
resources of 49 million tones by the beginning of
1998. Of the proven resources, 40 to 66% of nickel is
contained in oxidized ores; 33%, in sulfide ores; and
0.7% in others. The reserves of nickel ores proven to
industrial extent will last 50 years at the modern level
of mining and processing. The largest deposits of
oxidized nickel ores are possessed by Cuba, New
Caledonia, Indonesia, and some other countries. At
present, processing is, as a rule, done with ores con-
taining more than 1.4% nickel, although a tendency
have emerged toward use of lower-grade ores. Ac-
cording to the estimates presented in the book, out of
30 nickel-producing plants of the world (as of 1997),
17 plants processed oxidized nickel ores to produce
about 300 thousand tons of nickel, i.e., 40% of the
world output of this metal. The authors point out
specific features of flowsheets used at plants process-
ing oxidized nickel ores (ch. 13).

A separate part of the monograph (part V) is de-
voted to theoretical foundations of the pyrometallurgi-
cal processing of oxidized ores. Fusibility curves of
a number of metallic, oxide, and more complex sys-
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 For review, seeZh. Prikl. Khim., 2001, vol. 74, no. 4, p. 691.

tems, which are important for analysis of pyrometal-
lurgical processes (ch. 14), and physical character-
istics of some oxide and oxide3sulfide melts (ch. 15)
are discussed. Much attention is given by the authors
to the distribution of nickel and cobalt among smelt-
ing products (ch. 16). The presentation is mainly
descriptive, without any detailed physicochemical or
thermodynamic analysis of the occurring processes.
Also considered is the influence of various factors on
the rate of reduction of iron oxides by solid carbon
in melts (ch. 17). Introduction of calcium oxide in
silicate-ferriferous slags markedly accelerates the
carbothermic reduction of iron oxides to metal, which
gives nickel- and cobalt-leaner slags.

The central place in the second volume (part VI) is
occupied by a description of pyrometallurgical meth-
ods used to process oxidized nickel ores. Production
of ferronickel by electrosmelting, presently the most
widely accepted technology, is considered in detail
(ch. 18). The technology of manufacture of ferronickel
at the Russian Pobuzh ferronickel plant and a number
of plants in other countries is discussed. Also con-
sidered are other techniques for smelting of oxidized
nickel ores to give ferronickel (ch. 19). Of interest are
the methods for processing of secondary nickel-con-
taining raw materials: spent iron3nickel alkaline
batteries, waste alloyed steels from metal-working
industry, and other kinds of raw materials, described
by the authors. An electrothermic shop for processing
of secondary raw materials to produce ferronickel was
put into practice at the Rezh nickel plant in 1970
(ch. 20). Joint smelting of oxidized nickel ores and
phosphorites is also described (ch. 21).

Much attention was paid by the authors to blast
smelting of oxidized nickel ores to produce matte
(ch. 22). Designs of shaft furnaces and specific fea-
tures of the process are considered in detail. It should,
however, be kept in mind that the blast smelting to
produce matte has been preserved mainly in Russia.

The final part of the second volume is concerned
with the present state of hydrometallurgical techniques
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for processing of oxidized nickel ores (part VII). It
discusses autoclave sulfuric acid leaching (ch. 24),
ammonia-carbonate leaching of ores upon their reduc-
tion (ch. 25), and methods for recovery of nonferrous
metals from solutions and sludges obtained in am-
monia3carbonate leaching (ch. 26). The authors point
out that autoclave sulfuric acid leaching is the lowest-
cost technology allowing recovery of both nickel and
cobalt to give high-quality products.

The information value of the material included in
the second volume is rather high, much attention is
given to a detailed description of flowsheets used
at a number of plants beyond Russia. The second
volume gives reference to 383 works, mainly of
Soviet and Russian authors. Of much interest is the
evidence concerning the history of development of
the nickel industry.

A. G. Morachevskii and I. N. Beloglazov
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REVIEWS

Fedorov, P.I. and Akchurin, R.Kh., Indii (Indium),
Moscow: Nauka3MAIK [Nauka/Interperiodica,] 2000, 276 pp.

The monograph by P.I. Fedorov and R.Kh. Ak-
churin considers a wide variety of problems concern-
ing the chemical properties, manufacturing tech-
nology, and some fields of application of indium and
some of its most important compounds. The material
presented in the book well supplements the previously
published monograph byS.P. Yatsenko:Indii, Svoi-
stva i primeneneie(Indium, Properties and Use), pub-
lished in 1987 and mainly concerned with indium
alloys.1

The book comprises nine chapters and a vast bib-
liographic list including 574 references to papers by
domestic and foreign authors.

A small introductory chapter (pp. 7311) mentions
the most important fields of application of indium and
its alloys and compounds and gives brief evidence
concerning the scale of manufacture and consumption
of indium in a number of countries and indium prices
on the world market. The authors present require-
ments to the purity of various domestic brands of
indium.

The second chapter (pp. 12322) is devoted to the
physical and chemical properties of metallic indium.
Also discussed are the possible oxidation states
and coordination numbers of indium in various com-
pounds.

The third, and the largest, chapter summarizes data
on properties of indium compounds: oxides, hydrox-
ides, hydroxoindates, indates, indium salts of oxygen-
containing salts, indium halides and oxohalides, indi-
um cyanide and related compounds, chalcogenides,
compounds of indium with Group V elements (nitro-
gen, phosphorus, arsenic, antimony), other nonmetals,
and organic compounds. The presentation is rather
detailed; particular attention is given to indium halides
and systems containing these compounds. A large
number of investigations of the properties of in-
dium compounds have been carried out by one of the
authors of the monograph, Professor Fedorov, and his
co-workers.
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 For review, seeZh. Prikl. Khim., 1987, vol. 60, no. 12,
pp. 274832749.

The fourth chapter (pp. 1343141) considers the
state of indium in aqueous solutions. It mainly pre-
sents published evidence concerning the nature of
complexation processes involving indium(III) and
(I) ions in various media.

The fifth chapter (pp. 1423153) discusses types of
indium deposits and industrial sources of indium in
relation to its behavior in processing of zinc, lead, and
copper concentrates, and tin or iron ores.

The sixth chapter (pp. 1543196) contains evidence
concerning the technology of indium recovery from
various materials. The authors mention that no spe-
cific chemical processes are known for indium, which
could allow its separation from large amounts of
associated elements. In this connection, flowsheets for
indium recovery from one or another raw material
are rather complex and include multiple stages. As
examples are briefly considered general principles of
direct recovery of indium from zinc ores and its re-
covery from zinc-containing sublimates and material
produced in processing of lead ores. Much attention is
paid by the authors to describing separate procedures
used for concentrating and purifying indium-contain-
ing solutions. To procedures of this kind belong hy-
drolytic precipitation, cementation with pure metals
and amalgams, extraction with organic solvents, sorp-
tion and ion exchange, ionic flotation. The same
chapter considers production of metallic indium from
various raw materials and processing of secondary
indium-containing materials.

The seventh chapter (pp. 1973215) is devoted to
indium refining. It considers both chemical (succes-
sive cementation, chloride method) and electrochemi-
cal techniques (chloride, chloride3sulfate aqueous
electrolytes), amalgam refining, distillation, and crys-
tallization techniques. Examples are given of flow-
sheets for manufacture of high-purity indium.

The eighth chapter (pp. 2163252) contains data on
indium-based semiconductor materials. The basic
properties and methods of preparation of III3V com-
pounds (InSb, InAs, InP) and solid solutions on their
base are discussed. The solid solutions are commonly
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produced through isovalent substitution of elements
in the cation or anion sublattices of indium com-
pounds with Group V elements.

The final, ninth chapter (pp. 2533254) points to the
toxicity of some indium compounds.

Monitoring of scientific information shows that the
second half of the XX century was characterized all
over the world by a dramatic rise in the amount of
chemical information (on the territory of the Former
Soviet Union this process slowed down only in the
last decade). Any adequate systematization of this
information seems to be rather valuable. The mono-
graph by Fedorov and Akchurin contains in the first
place a systematical presentation of chemical proper-
ties of widely different classes of indium-containing
compounds. Much less attention is given to industrial
problems. Unfortunately, the entire information about

manufacture of indium in Russia is limited to the fol-
lowing. [Russia occupies one of the leading places in
the world in manufacture of indium. Large quantities
of indium are exported.] This seems to be insufficient.
It would be of interest to find in such a summarizing
monograph at least historic evidence concerning the
development of indium industry in the Soviet Union.
The material of the eighth chapter could be enlivened
by description of how the semiconducting properties
of III 3V compounds were discovered.

The utility and high quality of Fedorov and Ak-
churin’s monograph are beyond any doubt. The book
is of interest for a wide variety of specialists in chem-
istry and chemical technology of rare elements, in-
organic materials science, and technology of materials
for electronics.

A. G. Morachevskii
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IX Enikolopov Symposium

IX Enikolopov Symposium (March 13, 2001,
Moscow) was held at the Enikolopov Institute of
Synthetic Polymeric Materials, Russian Academy of
Sciences (RAS). The symposium was organized by
RAS (Department of General and Technical Chemis-
try together with Scientific Council on Macromolecu-
lar Compounds) with active participation of the Eni-
kolopov Institute of Synthetic Polymeric Materials,
RAS; Semenov Institute of Chemical Physics, RAS;
Institute of Problems of Chemical Physics, RAS; and
Moscow Physicotechnical Institute.

The advisory board of the symposium included
such distinguished scientists as S.M. Aldoshin,
N.F. Bakeev, A.A. Berlin, A.L. Buchachenko,
V.A. Kabanov, N.N. Kudryavtsev, A.G. Merzhanov,
A.N. Ozerin, and N.A. Plate. The symposium prog-
ram included four plenary lectures which were pre-
sented by Academician N.S. Enikolopov’ disciples.

S.L. Blazhenov in his plenarylecture examined de-
gradation of unidirectional fiber plastics. The macro-

kinetic problems, as applied to design of turbulent
tube reactors, were reported in a lecture given by
A.A. Berlin. A.N. Ozerin gave a lecture on the
modern status of the problem of the structure of den-
dritic molecules. The lecture held by B.I. Zapadinskii
on photocurable composites for direct forming using
laser stereolithography has evoked a considerable
interest.

The lectures presented at the symposium revealed a
close relation between the modern theoretical concepts
and current practical problems. IX Enikolopov Sym-
posium has demonstrated that Enikolopov’s ideas
stated in the period from 1980 to early 1990s are
being successfully developed by his disciples, being,
without question, of considerable theoretical and
practical interest.

The next X Symposium will be held in March
2002.

G. E. Zaikov and A. Ya. Polishchuk
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Polymeric Materials 2000

The 1st International Conference[Polymeric
Materials 2000] was held from September 25 to 27,
2000 in Halle (Germany). The conference was or-
ganized on the basis of the Martin Luther University
(Halle3Wittenberg) under scientific coordination of
W. Grellmann and J. Kressler. Sixteen German orga-
nizations and research centers were sponsors of the
conference. The conference participants were more
than 400 scientists from 24 countries (Austria, Azer-
baijan, Belarus Republic, Brasilia, Bulgaria, China,
Czech Republic, Egypt, France, Germany, Greece,
Hungary, Italy, Japan, Poland, Portugal, Romania,
Russia, Slovak Republic, Spain, Switzerland, Ukraine,
the United Kingdom, and the United States). The con-
ference topics covered a broad spectrum of problems
of the chemistry and physics of polymers and com-
posite materials, including synthesis, characterization,
and applications.

In the opening ceremony professors W. Grellmann
and J. Kressler outlined the topicality of the prob-
lems to be discussed, and their importance from the
theoretical and practical standpoints. Then Prof.
W. Grecksch (Rector of the Martin Luther University)
and W. Fichler (Culture Minister of the Sachsen-
Anhalt Land) told about the contribution of scientists
of the Martin Luther University and other research
institutions of the Sachsen-Anhalt to the progress of
the polymer science.

There were presented 9 plenary lectures on the
basic topics of the conference, including colloid sys-
tems and new polymeric materials [M. Antonietti
(Golm, Germany)], new advancements in Dow poly-
olefins technology [Che-I Kao (Dow Chemical, Mid-
dland, Michigan, the United States)], polymer melts in
chemical technology [H.M. Laun (BASF AG, Lud-
wigshaften, Germany)], innovations in polymer en-
gineering [P. Eyrer, Stuttgart, Germany)], investiga-
tion on polymer lasers [F.E. Karasz (University of
Massachusetts, Amherst, the United States)], poly-
mers for medical use [E. Wintermantel (Schlieren,
Switzerland)], biosynthesis of polyesters and poly-
amides [A. Steinbuchel (Munster, Germany)], fatigue
crack growth in engineering plastics [R.W. Lang,
(Leoben, Austria)], and structure in thin polymer
blend films [M. Stamm (Mainz)].

Then the Conference was held as nine sections.

The main lecture of Section A (New Materials) was
devoted to the effect of laser light on polymer films
[J. Feldman (Munich)]. The section included 15 oral
presentations on applications of polymers in optics,
polymers as lubricant additives, development of
liquid-crystal systems for use in electrooptical dis-
plays, etc. Section B (Biopolymers and Medical Ap-
plications). G.E. Zaikov (Institute of Biochemical
Physics, Russian Academy of Sciences, Moscow,
Russia) in his main lecture told about the kinetic
aspects of biodegradation and biocompatibility of
polymers. Then various aspects of biodegradation of
polymers and of medical applications of polymers
(biomimetics, polymer materials for surgery, poly-
mer implants of temporary and continuous action,
polymeric forms of drugs, etc., were examined in
15 lectures).

Section C (Functionalized Polymers and Surface
Modification). The main lecture [K. Lunkwitz,
H.-M. Buchhammer, M. Muller, U. Oertel, G. Petzold,
and S. Schwarz (Dresden, Gernany)] was devoted to
modification of polyelectrolytes and polyelectrolyte
complexes. Section D (Polymer Testing and Diagnos-
tics). The main lecture on the topic was given by
G. Busse (Stuttgart, Germany). The section included
15 oral presentations on various aspects of polymer
structure and evolution of the polymer morphology
in time. A special section (Section E) was devoted to
the morphology and characterization of polymers. The
main lecture on the topic (Applications of Block Poly-
mers in Polymer Blends) was given by V. Altstadt,
H. Ott, A. Mantey, and V. Abetz (Hamburg,Ger-
many). The section included 15 oral presentations
on various aspects of the topic.

Section F (Modelling and Simulation) included a
main lecture and 5 oral presentations. The main lec-
ture [B. Michel (Berlin, Germany)] was devoted to
modeling and prediction of the thermomechanical
behavior of polymers of various structures. Section G
(Polymer Processing and Innovative Products) in-
cluded a main lecture and 5 oral presentations.
G. Menning (Chemnitz, Germany) in his main lec-
ture told about the advances in processing of thermo-
plastics.

Section H (Sustainable Development, Recycling,
and Ageing) included 9 oral presentations. The main
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lecture was prepared by B. Bohlmann, P. Eyrer,
Th. Hirth, S. Kroner, and K. Worsing (Pfinzthal-
Berghausen, Germany). All oral presentations includ-
ing the main lecture were devoted primarily to prac-
tical problems.

Finally, Section I (Elastomers, Networks, and
Foams) included 9 oral presentations and a main lec-
ture. In the main lecture G. Heinrich (Hannover, Ger-
many) told about high-performance elestomers (syn-
thesis, characterization, and applications). Also the
conference included the corresponding poster sessions
(a total of more than 100 poster contributions).

As a censorious remark, a drawback of the con-
ference organization was that the most of the plenary
and main lectures were given by German scientists,
although many distinguished researchers from other
countries were among the conference participants. For
instance, among the Russian participants one may say

about Yu.K. Godovskii (Karpov Physicochemical In-
stitute, Moscow) and Yu.Ya. Gotlib (Institute of
Macromolecular Compounds, Russian Academy of
Sciences, St. Petersburg), who could give very in-
teresting lectures on such topics as Morphology and
Phase Transitions and Elastomers and Networks. This
may be related also to V. Privalko (Kiev Institute of
Macromolecular Compounds, Ukrainian National
Academy of Sciences). Generally, the Conference has
demonstrated a high theoretical and experimental
research level and a good potentiality of such meet-
ings where lectures are combined with discussions and
living contacts of a large number of scientists. The
2nd International Conference[Polymeric Materials
2002] will be held in the same place. Russian scien-
tists are already invited.

G. E. Zaikov and M. I. Artsis
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Applied Significance of Polyimides

Yu. N. Sazanov

Institute of Macromolecular Compounds, Russiam Academy of Sciences, St. Petersburg, Russia

Received April 18, 2001

Abstract-The review is devoted to the use of polyimides in various fields of science and technology.
Polyimide materials as films, fibers, foams, membranes, plastics, composites, glues, adhesives, and coatings
are widely used for fabrication and coating of various structures, units, and parts operating under extreme
temperature conditions. The progress of modern science and technology is impossible without polyimide
materials.

The history of the search for heat-resistant materi-
als exhibiting, along with thermal stability, also a
number of other valuable, often mutually excluding
properties reflects the history of the scientific and
technological progress in the second half of the XX
century as a whole. Since the 1950s, scientists, engi-
neers, technologists, and businessmen throughout the
world became involved in the race for new scientific
and technical achievements. With the development of
space engineering, the speeds increased by several
orders of magnitude, and problems arose related to
protection of objects operating under extreme condi-
tions. By protection was meant the whole complex of
materials and measures related to developing, testing,
and bringing into practice various kinds of insula-
tion from extreme thermal, biological, radiation (with
broad spectrum), mechanical, and acoustic impacts.

Initially, the problems were not solved comprehen-
sively, and all stringent requirements to insulation
were satisfied on the basis of the trial-and-error meth-
od. However, one of the major goals of science and
technology was significant extension of the operating
temperature range of objects. With respect to many pa-
rameters, the available heat-resistant materials (mainly
inorganic) appeared to be fully unsuitable, primarily
because of the poor mechanical properties, high den-
sity of inorganic insulators, sophisticated production
processes, shortage of required raw materials, etc.
Therefore, the search for new heat-resistant insula-
tors was focused on the development of synthetic ma-
terials based on macromolecular compounds. Poly-
meric substances, often in combination with inorganic
materials, were already known and used at that time
as electrical and thermal insulators. However, they
showed stable service characteristics only at tempera-

tures below 100oC. The search for more heat-resistant
polymers started with studies of organic compounds
resistant to high temperatures. Under the guidance
of such prominent organic and polymer chemists as
V.V. Korshak, M.M. Koton, and A.N. Pravednikov in
the former Soviet Union; J. Marwell in the UK;
D. Stille in the US; and N. Iwakura in Japan, works
were initiated on preparation of new polymers contain-
ing various aromatic and heterocyclic fragments, be-
cause, as shown for low-molecular-weight model com-
pounds, just fragments of this kind exhibit the highest
thermal stability both in air and in inert atmosphere.
The cyclic fragments should be linked in polymer
molecules in such sequences that would ensure, along
with the high heat resistance, good service character-
istics of the material. Polyoxazoles, polyoxadiazoles,
polythiadiazoles, polytriazines, and related materials
were prepared. Of particular interest were polymers
with condensed rings, e.g., those formed by combina-
tion of benzene rings with five- and six-membered
heterocycles. It was found that a combination of two
condensed cyclic structures in such polymers as poly-
benzimidazoles, polyquinoxalines, etc. extends the
range of thermal stability of the macromolecule to
300oC. However, it was difficult to pass from labora-
tory samples to commercial production, because it
was necessary to ensure not only high heat resistance
of the new polymers but also their resistance to ther-
mal shocks in the range from3190 to +400oC. Also,
these polymers should exhibit sufficient strength, flex-
ibility, and elasticity. Further search for organic struc-
tures meeting these requirements revealed structures
withstanding brief heating to 600oC without notice-
able decomposition; furthermore, when incorporated
into a polymer chain, these structures appeared to
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appreciably surpass the low-molecular-weight analogs
in the heat resistance. The entire history of the search
for heat-resistant polymers showed that the best prop-
erties are exhibited by a rigid structure consisting of
a benzene ring tightly linked to two five-membered
nitrogen-containing rings (pyromellitdiimide). Such
polymers were termed aromatic polyimides.

For already 40 years the polymers of these class
remain the most versatile heat-resistant polymers;
their unique characteristics ensure their leading posi-
tion among polymeric materials used in various
branches of science and technology. Polyimides are
subjects of numerous monographs and regularly pub-
lished reviews [136]. Various polyimide-based mate-
rials such as films, fibers, coatings, varnishes, plastics,
composites, binders, and foam and vapor materials
can operate under extreme temperature conditions.

During the 1990s, there has been a considerable
progress in applications of these materials. Economi-
cal problems (competition of polyimides with other
polymeric materials) stimulated the solution of some
problems that were[bottlenecks] of the first- and
second-generation polyimides.

Modification of the chemical structure (preparing
fluorinated polyimides and polyimides containing
bulky and asymmetric groups in side substituents;
making macromolecules more flexible by introducing
various [hinge] links; preparing random and block
copolymers) made polyimides soluble in common
organic solvents [7312]. The use of polyamido acid
esters allowed solvent-free synthesis of polyimides
and preparation of a series of fusible polyimides
[8, 12314]. These achievements extended the tempera-
ture range of nondestructive processing of polyimides,
which simplified and made cheaper forming of ready
items from them. It appeared feasible to apply to a
wide range of polyimides common procedures for
processing plastics such as powder pressing, pressure
casting, extrusion, solution processes, etc.

FILMS

Polyimide films were the first commercial material
used for production of highly heat-resistant dielectrics
[15]. At present, annual production of polyimide films
in the world amounts to 1000 t. The first place is
occupied by PM films (based on pyromellitic dianhy-
dride and diaminodiphenyl ether) [16]. Recently, there
has been a certain functional redistribution in the total
production balance of polyimide film materials.

As previously, polyimide films are used as insu-
lators of electrotechnical items: cables, generators,

electric motors, and other units and parts operating at
elevated temperatures. Polyimide insulation in electro-
technical items is used not only for insulating materi-
als of the highest grade of heat resistance (H and C)
but also for items operating at lower temperatures,
which considerably extends their service life and
ensures reliable protection in the case of emergency
overheatings.

In some electrotechnical items used in cable indus-
try, various polyimides combine well with other insu-
lation materials. For example, Du Pont mastered pro-
duction of multilayer insulation for aviation wire by
combining Kapton polyimide with fluoroplastic. The
junction of both the materials is tight, and the insula-
tion characteristics are acceptable even with the insu-
lation thickness decreased by a factor of 233, which
saves 25 and 50% of weight and space, respectively.
The service life of such wires exceeds 2000 h at 250oC.

The service life can be considerably prolonged by
using, in combination with polyimide, heat-resistant
graphitic carbon fillers. A particular attention is given
to chemically resistant polyimide coatings which suc-
cessfully operate in deep-well electric engines used in
oil extraction [17]. In some cases Upilex polyimide
film is used for these purposes, as well as for enhanc-
ing the hydrolytic resistance of insulating electro-
technical materials. This film has an adhesive layer
and is prepared from diphenyltetracarboxylic acid and
diaminodiphenyl ether orp-phenylenediamine [18].
The high stability of the surface layers of polyimide
films determines their predominant use in production
of resistors. The scatter of the surface resistivity of
such films is a factor of 233 smaller than that of
devitrified glass supports, owing to the different sur-
face roughness [19].

Further improvement of the electrical insulation
based on polyimide films resulted in the production
of films heat-weldable from two-layer polyimido-
fluoroplastic films (PMF) (Plastik Research and Pro-
duction Association, Joint-Stock Company) which
well compare with the imported analog, Kapton
HV [20] (Table 1). This film is widely applied as
insulation of PPI-U wires for motors used in deep
boring units. Subsequently, the PMF film was im-
proved by replacing the fluoroplastic layer by layers
of thermoplastic polyimide, which soften at high
temperatures and retain high radiation resistance.
Single- and double-layer films were developed, weld-
able by electric-current contact welding at 3003350oC
under a pressure of 0.1531.0 kg cm32. The adhesion
strength of the weld is 2003250 N m31. The non-
shrinking polyimide film produced by Plastik Re-
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Table 1. Comparative characteristics of 50-mm polyimide films [20]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Characteristic ³ PM nonshrinking³ Kapton HV ³ PMF ³Kapton HF
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Tensile strength, kg cm32 ³ 160031800 ³ 1800 ³ 90031200³ 1000
Relative elongation at break, % ³ 70390 ³ 70380 ³ 75395 ³ 75395
Modulus of elasticity, kg cm32 ³ 25000330000 ³ 30000335000 ³ 3 ³ 3

Density, g cm33 ³ 1.431.42 ³ 1.431.42 ³ 3 ³ 3

Electrical strength, kV m31 ³ 2203240 ³ 2203240 ³ 1803220 ³ 1603180
Volume resistivity, W m ³ 1 0 1016 ³ 1 0 1016 ³ 3 ³ 3

Dielectric constant ³ 3.033.5 ³ 3.033.5 ³ 3 ³ 3

Tangent of dielectric loss angle ³ 0.0025 ³ 0.0025 ³ 3 ³ 3

Thermal conductivity coefficient at 25oC, W mm31 ³ 0.14 ³ 0.12 ³ 3 ³ 3

Thermal expansion coefficient at 203250oC, deg31 ³ (20330) 0 1036 ³ 31 0 1036 ³ 3 ³ 3

Glass transition point,oC ³ Does not soften³ Does not soften³ 3 ³ 3

Melting point, oC ³ Does not melt ³ Does not melt ³ 3 ³ 3

Flammability, oC ³ Self-extinguishes³ Self-extinguishes³ 3 ³ 3

Shrinkage after keeping for 1 h at 200oC, % ³ 0.0330.05 ³ 0.0330.05 ³ 3 ³ 3

Resistance to acids and alkalis ³ Resistant ³ Resistant ³ 3 ³ 3

Water absorption in 1 day at 23oC, % ³ 1.832.2 ³ 2.5 ³ 3 ³ 3

Exfoliation resistance, g cm31 ³ 3 ³ 3 ³ 5003800 ³ 3003400
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

search and Production Association is used for fabri-
cating cables and flexible and flexible-rigid printed-
circuit boards of precision grade IV3V. The properties
of this film are compared in Table 1 with those of the
analog produced by Du Pont. The film exhibits high
dielectric stability at elevated temperatures close to
thermal breakdown [21]. Such films of the PMK type
with a coating containing industrial carbon are in-
tended for production of heating elements, heat-re-
sistant coatings of printed-circuit boards, wires, and
cables. Another modification is a protective film with
an adhesive coating, protecting the conducting pattern
of flexible printed-circuit boards from corrosion and
preventing shorting and accidental contact of con-
ductors with metallic surfaces of the equipment.

Instead of fluoroplastic coatings of the polyimide
films, thermoplastic copolyimide layers can be used
[22], or fluoirine can be introduced into the polyimide
structure [23]. Such modifications simplify the pro-
duction of compound cables [24] and enhance the
flexibility of wire circuits in items that are subject to
prolonged sign-variable loads.

The demand for heat-resistant film coatings for
microelectronics has considerably increased during the
recent decades; with particular attention given to ultra-
thin films with low dielectric constante. Process
regulations for production of printed-circuit boards
and microcircuits for various devices require combina-
tion of high thermal and mechanical characteristics
with low coefficients of thermal expansion and mini-

mal shrinkage. In addition to these characteristics,
which are presently met by polyimides, some of these
materials havee in the range 233, whereas the dielec-
tric constant of silicon oxide widely used in integrated
circuits is 4310, depending on the moisture content.
When passing to polymeric materials, particular at-
tention should be given to the stability of this param-
eter. Numerous studies in this field have shown that
the set of characteristics of polyimide film materials
make them suitable for production of some parts and
units of electronic devices [25, 26], but for high-pre-
cision units it is often necessary to strictly ensure the
low moisture content, which cannot be provided by
common polyimide films like PM or Kapton whose
moisture absorption varies within 2.533.5%.

A good way to make polyimide films with lowe
hydrophobic is synthesis of fluorinated polyimides
[7]. According to [7], membranes based on fluorinated
polyimides are promising dielectrics; theire is within
2.333.0, and moisture absorption, within 0.530.85%.
As the temperature is raised to 300oC, e increases
by no more than 131.5%. It should be noted that re-
placement of hydrogen atoms in polyimide by fluorine
extends the range of solvents in which these polymers
are soluble, which simplifies production of various
parts for microelectronics. Also, global computeriza-
tion brings about many problems related to the cost of
computers. One of the ways to decrease the costs or
preserve their level with extension of the potential of
computers and other microelectronic devices is to
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Table 2. Comparative characteristics of some fluorinated
polyimide of the general formula [7]

5
QC

CS
ÄRÄ

5QTRO
SC

C

RTO
ggggO ggggO

gggg gggg
O O

5
QC

CS
ÄRÄ

5QTRO
SC

C

RTO
ggggO ggggO

gggg gggg
O O

ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Poly- ³ tent ³ absorption³ content, %
ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄimide
³ % ³ 0 ³ ~55

ÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
R1 ³ 32.0 ³ 0.79 ³ 2.71 ³ 3.04
R2 ³ 24.6 ³ 0.85 ³ 2.72 ³ 3.02
R3 ³ 28.9 ³ 0.71 ³ 2.74 ³ 2.99
PM ³ 0 ³ 2.77 ³ 3.10 ³ 3.71

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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decrease the size of the parts used. Although mini-
computerization is not a new topic, its urgency stimu-
lates development of suitable polymeric materials.
The increased solubility of fluorinated polyimides and
their good capability to soften allowed the temperature
range of their processing to be extended to 1503

200oC. Various combinations of fluorinated segments
of the polyimide chain with bulky substituents in the
side chains and at the ends of oligomeric constituents,
and also blends of fluorinated polyimides and copoly-
imides (Table 2) considerably expanded the assortment
of heat-resistant materials for fabrication of mini- and
microparts of electronic devices [7, 8, 27].

Detailed studies of fluorinated polyimides showed
that fully fluorinated films based on (diphenyl oxide)-
resorcinoltetracarboxylic dianhydride andm-phenyl-
enediamine, and on cyclobutanetetracarboxylic dian-
hydride exhibit high optical transparency in the visible
and UV ranges [8]. This allows their use in optical

telecommunications technology. Since the mid-1990s,
the body of data on the use of these polyimides for
microelectronics started to increase. This concerns
light guides and microfilters made of fluorinated poly-
imides [28], thin (0.035 mm) flexible polyimide films
for forming components of electronic curcuits [29],
planar orientation for optoelectronics [30], polyimide
films with fullerene and a dye as laser radiation power
limiters [31], and an exclusively transparent poly-
imide film [32]. From the viewpoint of production
automation, it appeared convenient to use the poly-
imide based on benzophenonetetracarboxylic dian-
hydride andp-phenylenediamine; this polymer is used
for ensuring high size precision in automated assembl-
ing of integrated circuits on a tape support and in
semiconductors and multilayer microchips [16].

A number of polyimide films and film coatings
are used in liquid-crystal (LC) systems of various
displays. As structural layer, polyimide films are
capable of orienting LC molecule in the support plane
[33]. These films were also tested for negative com-
pensation of birefringence for white nematic LC dis-
plays [34]. A combinatiuon of LC with polyimide
films operates in acceleration of reversible recording
processes in holographic arrays [35]. Polyimide sup-
ports in LC displays show induction reorientation of
signals [36]. Noticeable alignment of the LC layer of
indicator cells was reported in [37340].

A prominent place in wireless communication sys-
tems and in production of various resistors and capac-
itors is occupied by metal-coated polyimide films.
The field of their application extends beyond con-
ducting structures and includes, in particular, the
areas where strong, flexible, and heat-resistant sup-
ports are required for mirrors, screens, and reflectors
of broad-spectrum energy flows. Polyimide films can
be joined, using an adhesive, with a metal foil, or
a metal can be sputtered directly on the film surface
[1, 15]. To improve the adhesion, the film surface is
modified by corona discharge, plasma or laser treat-
ment, chemical etching, or application of a silicone
binder [12, 27, 41, 42]. In some cases the metal is
introduced into the polyimide film in the prepoly-
mer stage. For example, certain amounts of gold and
silver are introduced as a fine dispersion into a poly-
amido acid solution. Its imidization and surface treat-
ment yield a film with uniform distribution of metal
throughout the film bulk [43346]. As for surface
metallization, such polyimide films are used in space
engineering, in mirror coatings of solar battery parts
and heliotechnical equipment, and in multilayer pro-
tective clothes for astronauts, firemen, and emergency
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Table 3. Ultimate thermomechanical properties of main heat-resistant fibers* [1]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³
Strength parameters

³ s (% of value) under indicated conditions
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Initial polymers
³

Td, oC
³

at 20oC
³ without thermal aging³ after thermal aging

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ ³ s, ³

e
³ E, ³

300oC
³

400oC
³

500oC
³ 250 h,³ 100 h,³ 10 h,

³ ³ sN tex31 ³ ³ GPa³ ³ ³ ³ 300oC ³ 400oC ³ 500oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
Aromatic polyamides ³ < 360 ³ 350 ³ 3320 ³ 150 ³ 60 ³ 40 ³ 10 ³ 50 ³ 25 ³ 3

Aromatic polyamides ³ < 300 ³ 400 ³ 3310 ³ 120 ³ 50 ³ 30 ³ 3 ³ 55 ³ 40 ³ 25
with heterocycles in chain³ ³ ³ ³ ³ ³ ³ ³ ³ ³
Polyheteroarylenes ³ < 350 ³ 80 ³10316 ³ 50 ³ 60 ³ 50 ³ 40 ³ 70 ³ 40 ³ 3

Aromatic polyimides ³ ;400 ³ 200 ³ 8310 ³ 130 ³ 60 ³ 45 ³ 30 ³ 70 ³ 60 ³ 30
Half-ladder polymers ³ > 300 ³ 50 ³ 335 ³ 20 ³ 80 ³ 50 ³ 25 ³ 70 ³ 40 ³ 3

Ladder polymers ³ > 400 ³ 40 ³ 335 ³ 50 ³ 95 ³ 70 ³ 50 ³ 80 ³ 50 ³ 40
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* (Td) Degradation temperature, (s) tensile strength, (e) relative elongation at break, and (E) modulus of elasticity.

teams of hot shops and nuclear power plants [47349].
One of the main application fields of polyimide films
in electronics is fabrication of heat-resistant photo-
sensitive coatings. Depending on the destination and
design features of photoconducting systems, poly-
imides of various chemical structures are used, from
common PM polyimide to fully fluorinated polymers
based on aromatic dianhydrides and diamines.

Particular attention is given now to ultrathin Lang-
muir3Blodgett films (LBFs) whose preparation, prop-
erties, and use are described in [50]. It is also em-
phasized in [50] that polyimide LBFs, thanks to their
unique characteristics, have found use in production
of various parts for photonics and molecular elec-
tronics. Preparation of polyimide LBFs with a mono-
layer thickness of 4A allowed forming of multilayer
structures with which many photoelectric processes
can be controlled on the electronic and molecular
level, e.g., photoinduced molecular direct andreverse
current switching in LBF monolayers [50, 51]. Poly-
imide LBFs are widely used in structures of a three-
layer photodiode, in positive resists [52], in photo-
lithography [53], and for stabilization of sign-variable
voltages in commutation memory systems [54, 55].
As a rule, soluble polyimides are used as photosen-
sitive components of both negative and positive types
[56361].

It should be noted that in the past 537 years there
has been considerable interest in carbonization of
polyimides from the scientific standpoint and in view
of applications of carbonized polyimide materials. It
was reported in [6] that high-temperature treatment
of polyimides yields cross-linked carbo- and hetero-
aromatic structures with reasonable yield (up to

50370%), which exhibit new interesting characteris-
tics making these new materials promising for prac-
tice. Subsequent studies [62366] showed that the
properties of carbonized polyimides depend on the
chemical structure of the initial polymer, its supra-
molecular structure, process parameters of heat treat-
ment, and shape and size of the materials and items
thereof. The major application field of carbonized
polyimides is production of various composite mate-
rials [67, 68].

FIBERS

In the period of active search for new heat-resistant
fiber-forming polymers, theoretical foundations were
laid in Russia for production of polyimide fibers, and
these processes were commercially implemented [15].
Arimid T polypyromellitimide fiber still remains the
most heat-resistant synthetic fiber with the operation
range from3270 to +450oC. This fiber is fire-resis-
tant; Arimid T fabric placed for 2 min in a gas burner
flame preserves its structure and is destroyed only
after an external action. Polyimide fibers fully pre-
serve the elasticity and strength [breaking elongation
6310%, strength (70378)0 103 kg cm32] at the liquid
nitrogen temperature. These are the only fibers that
withstand without noticeable damage total doses of
nuclear and UV radiation of up to 10330 MGy. Poly-
imide fibers and fabrics virtually completely restore
upon elastic deformations at elevated temperatures.
The main thermochemical characteristics of polyimide
fibers are compared in Table 3 with those of the other
heat-resistant fibers. A combination of unique proper-
ties allows the polyimide fibers to be used in equip-
ment operating for a long time at increased levels
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of radiation and temperature; for reinforcing rubber
items, fiber glass materials, thermoplastics, and multi-
layer structural materials; for production of work out-
fits for hot shop and nuclear plant workers; and for
production of volume filters for treatment of hot gases
and corrosive liquids.

During the past decade, the interest in further
search for new polyimide materials for fiber produc-
tion has decreased somewhat. This is due to a number
of factors, one of which is the sophisticated production
process as compared with production of other heat-
resistant fibers (polyamides, copolyimides, other poly-
heteroarylenes). Improvement and simplification of
the production process, effective stabilizers and mod-
ifiers-all these factors allowed such fibers as Fenilon,
Nomex, Kevlar, Kermel, etc. to compete well with
pure polyimide fibers. Furthermore, analysis of re-
views concerning synthetic fibers [69] reveals a
world’s trend toward a decrease in the share of syn-
thetic fibers and items thereof in production of arti-
ficial fibers. For example, in 1998, the rise in the
world’s production of synthetic fibers and yarns was
smaller than that in 1997 by almost a factor of 10.
The production of synthetic fibers in South-East Asia
slightly increased, whereas in developed countries
(the US, ASEAN, Japan, West Europe) it decreased
by approximately 5%. The demand for polyimide
fibers noticeably decreased, which is confirmed by
the lack of surveys of new developments in recent
reviews [69371]. Only in [72, 73] mention is made of
the relative heat resistance and other mechanical char-
acteristics of Arimid T, Aramos, SVM, Pogllen, and
some other fibers produced beyond Russia (Nomex,
Conex, Kermel, PBI, P-84). In the subsequent papers
one can find only consideration of the results of the
past decade, summary of procedures for manufactur-
ing of Kapton fiber [74], and main principles of con-
struction of aromatic homopolyimides [75] and co-
polyimides [76]. To conclude, we can mention poly-
imide fibers prepared by a process that considerably
differs from the traditional technology used for form-
ing polyimide-based fibers for fiber optics. Defect-free
hollow fibers of asymmetric structure were prepared
from polyimides based on hexafluoropropane deriva-
tives. These fibers are suitable for membrane technol-
ogy [77, 78]. The forming process and particular prop-
erties of fluorinated polyimides allowed preparation
from them of light guides for fiber optics [28, 79381].

POLYIMIDE FOAMS

Foamed plastics. Foamed plastics have long
been studied as materials for insulation of various
apparatus, devices, units, and mechanisms from ex-

ternal impacts [82]. However, every decade (and
now even every year) the requirements to such insula-
tion become more and more stringent. In this connec-
tion, unique properties of polyimides attracted par-
ticular attention of researchers working on develop-
ment of protective structures for high-speed apparatus,
primarily for air- and spacecrafts. The ways to protect
the crew and the scientific apparatus in drone air- and
spacecrafts were sought for long before flights at
speeds of thousands and tens thousand kilometers per
hour became real. The main requirements to such pro-
tection are enhanced heat and fire resistance, low den-
sity of the inner casing of cockpits, flexibility and
elasticity of various components of the insulation, and
the possibility of using multilayer insulation with
jointless junction of parts. In the case of emergencies,
the foam insulation should not burn or release toxic
degradation products or smoke. Comparison of vari-
ous properties of foamed polyimides (according to
ASTM standards) with those of the well-known and
widely used foamed polyurethanes revealed an undo-
ubted advantage of polyimide foams. For example,
the weight loss of foamed polyimide and polyurethane
in fire tests is 11 and 84%, respectively; the smoking
is zero from polyimide and 100% from polyurethane;
the release of HCN and CO toxic gases from poly-
imides is a factor of 10330 lower than that from poly-
urethanes. Furthermore, with respect to a number of
electrical, acoustic, and deformation-strength proper-
ties, foamed polyimides surpass foamed polyurethanes.
One of the main tests passed only by foamed poly-
imide is the test for crew insulation under extreme
conditions. Namely, the material should withstand,
together with the cockpit material, the fire impact
for no less than 5 min without release of toxic prod-
ucts, with increase in the internal temperature to
200oC and strong acoustic overloads. Laboratory tests
showed that the polyimide foam withstands for 5 min
the action of the gas burner flame (about 1500oC)
without losing shape. The most suitable polymers
meeting these requirements are polyimides for which
a number of procedures have been developed for prod-
uction of foam materials. These procedures are based
on various chemical reactions causing foaming during
formation of the polyimide structure [83386]. All
these reactions involve formation of low-molecular-
weight volatile products whose release from a viscous
melt of the intermediate and final imidization products
results in foaming of the reaction mixture, followed
by solidification. With account of specific parameters
of ready items, foamed polyimide materials can ex-
hibit a wide range of various characteristics (density;
heat, fire, and acoustic resistance; deformation-strength
characteristics; environmental safety). These proper-
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ties can be controlled not only by varying the syn-
thetic procedures but also by using various procedures
for preparing foamed materials. For example, with air-
circulation furnaces, cells of irregular structure are
formed in the bulk of the polymer, with a large scatter
of the foam density throughout the bulk of the materi-
al. This drawback can be eliminated by using high-
frequency (or microwave) heating. This procedure
allowed preparation from polyimide prepolymers of
the best grades of foamed materials with cells of sim-
ilar structure and with the minimal content of cavities
and other defects, which is especially important in
production of insulation materials for casing of cock-
pits in supersonic aircraft and manned spacecraft [87].
However, in some cases, despite the fact that the prin-
cipal parameters determining the suitability of foamed
polyimides for aerospace engineering are met, addi-
tional problems arise requiring further modification of
foamed materials. One of such[particular] examples
is the development of special hydrolysis-resistant
foamed polyimides for seats and arm rests. Despite
the flexibility and elasticity of seats made of common
foamed polyimides, these materials caused discomfort
of the crew and passengers because of the insufficient
hydrolysis resistance. This problem was solved by
preparing special copolyimides and abandoning sur-
factants in foaming.

Of particular significance is foamed polyimide in-
sulation in medicobiological tests under conditions
of prolonged space flight. The tests revealed the reli-
ability of fixation of various medical glassware at high
G-factors, increased vibration, and lack of gravity. In
unmanned spacecraft, theapplication sphere of foamed
polyimides is not restricted to biological shielding,
and the service range of foamed polyimides with re-
spect to thermal, mechanical, acoustic, and radiation
characteristics is considerably extended. For example,
the service temperatures on satellites cover the range
from 360 to +180oC, the mechanical overloads exceed
by a factor of 233 those acceptable in manned space-
craft, and the radiation background depends on spe-
cific operation conditions of a satellite. Foamed poly-
imide protection ensures uninterrupted tele- and radio-
communication, reliable preservation of scientific data,
and coordinated work of the electrical, electronic, and
optical equipment of space laboratories [87].

Depending on design features and functions of spe-
cific units and parts of a spacecraft, the density of
foamed polyimides varies in a wide range: from 6.5
to 950 kg m33. This is achieved by proper choice of
the chemical structure of the initial polyimide compo-
nents and of the foaming process and by the use of
additives ensuring the required flexibility, elasticity,

or rigidity of foamed materials used for manufacturing
walls, floors, seats, ceilings, and other elements of not
only air- and spacecraft, but also ships, submarines,
high-speed trains and cars, and also certain units of
pipelines, compressors, and other parts for transport-
ing corrosive gases and liquids [88, 89]. In some
cases, to enhance the rigidity and impact strength,
foamed polyimides are formed in combination with
reinforcing materials such as fiber glass, fibrous car-
bon, spherical fillers, honeycomb cells, semirigid
segments with addition of boron nitrides, etc. It seems
quite realistic to construct in the outer space large
structures of high strength and low weight, using rein-
forced hollow carbon fibers connected with ultrathin
semiconducting polyimide hybrid films. This will
allow construction of high-power solar batteries for
spacecraft.

Analysis of the literature published in the late
1990s shows that the major attention in the field of
development and modification of foamed polyimides
was given to the development of new polyimide nano-
structures [8, 12, 89392] with simplified and cheap
process for production of foamed materials. Major
attention was paid to powder technology. For ex-
ample, Dutruchet al. [93] reported a very simple
process for production of foamed polyimide by heat-
ing a mixture of oligoimide containing nadic and benz-
hydroxy groups (97%) and a silicone elastomer (3%).
The resulting foamed polyimide exhibits high insulat-
ing power and preserves its mechanical characteristics
up to temperatures as high as 300oC. Also of interest
are foamed polyimides with glass sphere fillers; these
materials surpass in strength and acoustic resistance
the analogous materials based on epoxy resins [94].
Recently, production of foamed polyimides from var-
ious mixed formulations was initiated; in these formu-
lations, polyimides are combined with copolyimides
and other aromatic polymers and their derivatives.
A light and strong material with high softening point
(260oC), stable up to 570oC, was prepared from such
mixtures (IPO-2) in combination with carbon and
synthetic felts fabricated from such fibers as SVM,
Arimid, Arimid VM, Oksalon, or Terlon [95399]. The
initial material for the IPO-2 binder is a powder sol-
uble in methanol, ethanol, and acetone. The powder
melts at 1203130oC, and the melt viscosity is 0.83
1 Pa s. When IPO-2 is used in combination with a sur-
factant, an elastic polyimide is obtained with density,
mechanical strength, and cell size adjustable in a wide
range. It is feasible to add reinforcing components
into the same formulation and to obtain materials used
as finishing and insulating materials in aviation, auto-
mobile construction, and ship building. The density
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Table 4. Properties of multilayer foamed composites based on polyimide binders, H complexes of benzophenonetetra-
carboxylic acid and aromatic diamines [97]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic*
³

Carbon
³ Fiber

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ ³ Arimid T ³ Oksalon

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Number of layers in composite ³ 7 ³ 8 (pressure)³ 8 ³ 4 ³ 4
Density, kg dm33 ³ 0.5 ³ 1.1 ³ 0.45 ³ 0.28 ³ 0.41
Components, vol %: ³ ³ ³ ³ ³

filler ³ 5 ³ 38 ³ 7 ³ 6 ³ 8
binder ³ 31 ³ 39 ³ 25 ³ 14 ³ 21
air ³ 64 ³ 23 ³ 68 ³ 80 ³ 71

Bending strength, MPa ³ 24 + 3 ³ 125+ 11 ³ 31 + 5 ³ 9.4+ 0.2 ³ 20 + 2
Compression modulus of elasticity, MPa³ 210 ³ 3 ³ 150 ³ 12 ³ 140
Shear modulus of elasticity, GPa ³ 1.6 ³ 4 ³ 1.4 ³ 3 ³ 0.9
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Oxygen index 45350%.

of such materials varies within 0.131.2 g cm33; they
are heat-resistant up to approximately 400oC and have
an oxygen index of 45350%. Some characteristics of
composites based on these materials are listed in
Table 4 [97].

Foamed polyimides are widely used in micro-
electronics as dielectrics with a very low dielectric
constant (e = 131.5) [100], protective sensor coatings,
and stress buffers for compensation of vibration loads
on integrated curcuit components under extreme con-
ditions [27].

Membranes. The unique properties of polyimides
allowed development and putting into practice, within
the past 20 years, of a new generation of membranes
for separation of gases, vapors, and liquids. Polyimide
membranes exhibit exceedingly high resistance to al-
most all chemical agents. Their heat resistance allows
separations to be performed for a long time at elevated
temperatures, and the high selectivity is very impor-
tant for gas separation. The possibility of obtaining
membranes that would be highly selective and, at the
same time, permeable for water and organic sub-
stances is due to specific molecular design of poly-
imides. This problem can be solved on the macromo-
lecular level if methods are available for preparing
structures with reliable articulation of rigid backbone
segments providing, in their turn, calibrated interchain
packing with very narrow free volume distribution.
In polyimides, this possibility is fully implemented
owing to the well mastered methods for adjusting the
polymer structure by varying the chemical structure of
the diamine and dianhydride components of the poly-
imide. Basic theoretical studies and rich experience in
synthesis of polyimides by various polycondensation

procedures allowed fabrication of diverse membranes
from more than hundred polyimides of various chemi-
cal structures [1, 2, 27, 1013107]. A conglomerate of
rigid oriented polyimide structures with a definite
polarization, the possibility of their interaction with
the surrounding substrate via hydrogen bonds and
other weak short-range forces give polyimides undis-
putable advantages over other polymers, and their
unique heat resistance and chemical stability consid-
erably extend the possibility of using these polymers
for purification, separation, and ultra- and microfiltra-
tion of numerous chemical and biological products.

Fifteen years after the synthesis of the first high-
molecular-weight polyimide from pyromellitic dian-
hydride and aromatic diamine, Du Pont developed the
first commercial polyimide membrane, Permasep, for
treatment and desalination of water. Since that time,
there has been enormous progress in commercial prod-
uction of polyimide membranes. As judged from the
patent literature, by the end of the XX century the
total number of the developed commercial procedures
for preparation and use of polyimide membranes ex-
ceeded that in the 1970s by three orders of magni-
tude. At present, the leading place in the polyimide
membrane industry is occupied by the United States
and Japan.

Polyimide membranes showed the best performance
in treatment and separation of gas mixtures, especially
[simple] gases such as hydrogen, helium, carbon
dioxide, and some other gases from petrochemical
industry. In this field, there is a practically unlimited
market for separation devices with polymeric filters
exhibiting high heat resistance, resistance to high
pressures, low solubility, stability toward corrosive
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gases, and high separation factors and permeability.
At present, hydrogen, the demand for which grows
year by year, is isolated, purified, and concentrated
with polyimide membranes. The main sources of hy-
drogen are gases from refining of hydrocarbon raw
materials; synthetic gas mixtures used in various
chemical, coal-chemical, and metallurgical processes;
gaseous wastes from production of ammonia; and
electrolysis by-products. Each of these sources has its
specific features related to the technology of the main
product. The limiting temperature and pressure, their
drops, gas flow rate, chemical composition of the
gases to be separated, the corrosiveness under process
conditions, catalysts, structural materials of the reac-
tors and communications-all these factors impose
requirements, often very stringent, on the material of
separators for hydrogen recovery. Practical experience
has shown [2, 101, 108] that polyimides are the best
materials among other polymers and inorganic prod-
ucts used for hydrogen membranes. For example,
polyimide membranes used by Ube (Japan) for sep-
aration and purification of hydrogen operate at 150oC
and a pressure of 15 MPa; the pressure drop is
14 MPa, and the H2/CH4 separation factor, 2003250.
The membrane material is resistant under these con-
ditions to ammonia, hydrogen sulfide, carbon dioxide,
and vapors of water and some organic substances
(Table 5). In a number of parameters, polyimide mem-
branes considerably surpass membranes made of cel-
lulose acetate, polysulfonesilicone elastomer, and
polyaramides. Polyimide membranes are also advan-
tageous as compared with glass membranes (Table 6).
These examples show that the considerable progress
in mastering of polyimides as materials for hydrogen
purification membranes leads to significant quanti-
tative results. As the separation factor is raised from
50 to 200, the yield of hydrogen from a hydrocar-
bon mixture with methane increases from 65 to 98%.
The increase in the permeability coefficient allowed
the production capacity to be raised to (7.5310)0
103 m3 h31. High physicomechanical parameters of
polyimide membranes eliminate the problem of[uti-
lization] of hydrogen from gas flares, typical of fuel
technology. With polyimide membranes, it is now
possible to solve the problem of production of ultra-
pure hydrogen widely used in semiconductor industry,
refining of some metals, and chemical reactions in-
volving fine catalytic processes. Ohyaet al. [2] de-
scribed installations operating on by-products of am-
monia production at a flow rate of 120 m3 h31, ensur-
ing recovery with polyimide filters of 99.9996%
pure hydrogen containing as impurities no more than
(132) 0 1036% nitrogen, argon, and methane.

Table 5. Chemical resistance of polyimide fibers produced
by Ube Industries [2]
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Impurity
³Resistance at indicated impurity content, vol %
ÃÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
³ 0.01 ³ 0.1 ³ 1 ³ 3 ³ 5 ³ 10

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
H2 ³ ++ ³ ++ ³ ++ ³ ++ ³ ++ ³ ++
H2S ³ ++ ³ ++ ³ ++ ³ ++ ³ + ³ +
HCl ³ ++ ³ ++ ³ ++ ³ ++ ³ + ³ +
NH3 ³ ++ ³ + ³ 3 ³ 3 ³ 3 ³ 3

CH3OH ³ ++ ³ ++ ³ ++ ³ ++ ³ ++ ³ +
CH3OCH3³ ++ ³ ++ ³ ++ ³ ++ ³ ++ ³ +
CH3CHO³ ++ ³ ++ ³ ++ ³ ++ ³ + ³ +
Benzine ³ ++ ³ ++ ³ ++ ³ ++ ³ ++ ³ +
ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
Note: (++) Resistant for a longtime, (+) resistant for a short

time, and (3) nonresistant.

Table 6. Comparison of the parameters of polyimide and
glass membranes based on hollow fibers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Characteristic ³ Glass ³ Polyimide
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Permeability for hydrogen, ³ 1.50 1038 ³ 1.50 1039

m3 s31 m32 Pa31 ³ ³
H2/CO permeability ratio ³ 2.3 ³ 50
Outer diameter of fiber, mm³ 2 ³ 0.4
Membrane area in a standard³ 94 ³ 470
unit, m2 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Another gas equally well purified on polyimide
membranes is helium. Helium is recovered both from
mixtures of natural gases and from artificial mixtures
containing air and industrial gases. A two-step instal-
lation for recovery of helium from mixtures with ni-
trogen, ensuring an increase in the helium concen-
tration in the gas flow from 6 to 93%, have operated
for approximately 10 years. Removal from helium of
impurities of air and other gases allows production of
99.7% pure helium. One of the most interesting prob-
lems solved with polyimide membranes is recovery of
helium from spent deep-sea respiration gas mixtures
[109]. Combination in a single unit of several mem-
branes and step compressors allowed recovery of 90
to 95% of helium from a ternary gas mixture consist-
ing of oxygen, nitrogen, and helium.

Of no less urgency is the problem of CO2 recovery
from various gas mixtures for its subsequent use in
chemical technology or for its removal from gases (as
well as the problem of removal of other so-called
acidic gases). Thanks to unique properties of poly-
imide membranes, there has been an impressive suc-
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cess in recovery of CO2 from various gas mixtures
in gas and oil-refining industry. For example, it is
well known that the output of worked-out wells can be
increased by elevating the pressure in depleted oil-
bearing strata. This can be achieved, e.g., by pumping
gas mixtures containing CO2 into the strata. When
returning to the surface, the spent gases become en-
riched in methane. Carbon dioxide is separated from
methane with various membrane separators. In this
field, the advantage of polyimide membranes is also
beyond any doubt, since they ensure a CO2/CH4 sep-
aration factor as high as 40360, whereas with the
other membranes this factor does not exceed 20325.
The high heat resistance of polyimide membranes was
used for treatment of gases from electrolysis of car-
bonate melts; the initial temperature of these gases
(H2 + CO2) is 650oC.

At present, an important problem is treatment of
natural gas. Its composition strongly depends on a par-
ticular gas field. As a rule, natural gas is a mixture
consisting mainly of methane and CO2. The content
of methane varies from 40 to 60%. For using this
mixture as a fuel, it should be enriched in methane,
which is mainly provided today by the membrane
technology. Comparison of the efficiency of various
polymeric membranes shows that polyimide mem-
branes allow production of a concentrate containing
up to 94% methane and no more than 1% CO2. This
process allows solution of still more important envi-
ronmental problems related to utilization of biologi-
cally active wastes accumulated in municipal dumps.
The experience of using a process line consisting of
a cascade of separators with polyimide membranes [2]
showed not only the economical efficiency of recov-
ery and concentrating of methane from gaseous de-
composition products but also a significant environ-
mental effect due to removal and utilization of such
gaseous products as CO, CO2, H2S, etc. There also
has been a considerable success in Japan in using
polyimide membranes for treatment of natural gas to
remove CO2. It was shown that, even at an initial
CO2 content of about 20%, the content of CO2 in the
gas lines was as low as 1.7% in the course of a 2-year
service. Certain advantages of the membrane process,
compared with liquid treatment with diglycol ammo-
nia, were revealed. These advantages are manifested
in the absence of corrosion of compressor units and
considerable simplification of maintenance, which
now actually consists in measuring weekly the CO2
concentration and replacing every year the filters [2].

Successful use of polyimide membranes for treat-
ment of low-boiling gases stimulated research works
in the field of use of these materials for separation

and treatment of gas flows to remove various vapors
of organic and inorganic substances, primarily for
dehydration of gases. It was found [110, 111] that the
permeability of polyimide membranes to water vapor
is a factor of 2003500 higher than that to air and that
permeation of vapors of organic compounds through
these membranes is an exponential function of their
normal boiling points. Two types of water vapor sep-
arators are produced, using various arrangements of
compressors and separators and packing of polyimide
materials used as membranes (mainly hollow fibers):
membrane driers and filters for conditioners. Their
design and operation are described in [1123114].
Along with household purposes, polyimide mem-
branes are used in chemical industry for vapor-phase
dehydration of organic solvents. Owing to the high
thermal and chemical stability of polyimides, these
processes can be performed at temperatures of up to
120oC and the optimal pressure of 0.130.2 MPa (eco-
nomic mode). Installations for dehydration of ethan-
ol, purification of isopropanol, and synthesis of cate-
chol esters, equipped with polyimide membranes, have
operated for more than 10 years [1103115]. Effective
treatment of gas3air flows containing various solvents
(alcohols, ketones, ethers, esters, aromatic and halo-
genated compounds) can be ensured by proper design
of the apparatus and combination of membrane units
with different separation factors. Such systems are
used for trapping environmentally hazardous hydro-
carbon vapors from off-gases of oil refineries, oil
tanks, pipes, and terminals for fuel pumping. Further-
more, recovery of fuel from tanks brings a certain
economic effect corresponding to thousands tons of
naphtha, gasoline, hexane, and other fuel components
[116]. During the past decade, a success was acheived
in industrial use of polyimide membranes for purifica-
tion, separation, and concentating of organic liquids.
Along with ultrafiltration treatment of some high-
boiling organic solvents, polyimide membranes were
used [117, 118] for quantitative recovery from paint-
and-varnish wastes and machine oil of such solvents
as toluene, xylene, methyl ethyl ketone, ethyl acetate,
etc. Thanks to the high stability of polyimide mem-
branes and their chemical inertness, first attempts
were made to use them in food and medical industry
for treatment of vegetable oils and development of
artificial organs. For example, membranes from fluo-
rinated polyimides were tested in an artificial lung
apparatus. As compared with silicone coatings, this
material for vascular oxygenation shows considerably
better gas exchange with respect to oxygen (by a
factor of 3) and carbon dioxide (by a factor of 4) and
good compatibility with blood components [119].
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PLASTICS

Syntheses and studies of polyimides of varied
chemical and supramolecular structure showed the
feasibility of preparing novel materials whose process-
ing to finished items became so simple that the well-
known and mastered procedures used in production of
common plastics appeared to be quite suitable without
significant changes. The solubility, fusibility, and
good rheological properties of melts and thermoplas-
tics, characteristics of polyimides of the third and
fourth generations, lifted many limitations in poly-
imide processing. In the mid 1980s polyimide plas-
tics, binders, and press powders were mainly pro-
duced from PM-67 and PM-69 materials in the former
Soviet Union and from Vespel and Skybond plastics
[1] in other countries, whereas at present from 350 to
500 diverse materials and articles containing from 5
to 100% polyimides and their derivatives are patented
annually.

Since the formation of stable solvation complexes
between polyamido acids and various solvents [1203

122] and interpolymeric complexes between poly-
imides and other polymers [1233127] was proved,
polyimides and their prepolymers came into use for
preparation of diverse composite materials with wide
application fields. To ensure the process efficiency,
it is appropriate to use plasticization of polyimide
prepolymers or oligoimides in the stage of thermo-
plastic curing. It is proposed to use SKN-type rubbers
for this purpose, and reactive solvents based on furan
derivatives [128, 129] for lowering the curing point
of API-type oligoimides. These procedures allowed
preparation of a series of imido plastics, a base for
strong and heat-resistant composite materials with
working temperatures of 3003450oC. Such composite
imido plastics are used in aerospace parts, such as tips
of nose cones and front edges of wings of space shut-
tles, control surfaces, nozzle linings, and parts of
gas pipes of rocket and aviation engines [130]. Some
polyimide materials and blends are processed by ex-
trusion [131], pressing [132], and other methods
known for thermoplastics [133].

Thermoplastic polyimide Aurum was developed
by Mitsui Toatsu (Japan) on the basis of pyromellitic
dianhydride and 3,3`-diphenyldioxydiphenylmethane
[134]. This polymer belongs to superstructural plas-
tics; its glass transition point is 250oC, and melting
point, 388oC; it is stable without weight loss to ap-
proximately 500oC, radiation-resistant, and inert to
acids, oils, organic solvents, and other chemicals.
Aurum is used in various modifications in both crys-
talline and amorphous forms; it is also used in the

form of composites reinforced with fiber glass or car-
bon fibers (Table 7). These composites surpass in
a number of strength parameters such thermoplastic
polymers as Torlon, Ultem, LARC-TPI, PES, PEEK,
and PEN. The main application fields of Aurum are
structural elements and sliding parts. For example,
in supporting structures designed for cyclic loads,
Aurum with carbon fiber replaced aluminum in parts
of new V2500 aircraft engine, which resulted in de-
creased (by half) weight and increased strength of the
parts; no deformation at 300oC was observed. Owing
to its thermal plasticity, Aurum is used in friction units
for direct molding of precision high-strength and heat-
resistant sliding parts of complex shape (detachable
cams for duplicators, thrust collars for various ma-
chines, gears, disks, supporting cantilevers of elec-
tronic equipment, cog wheels, valves, bearings for
various mechanisms in automobile construction, hy-
draulics, oil-and-gas equipment) [1353138]. For anti-
friction parts, polyimides with Teflon or graphite
filler are used [1393142]. Such units operate for a
long time at 280oC and for a short time at tempera-
tures of up to 480oC; they show minimal creep and
high impact strength. The same materials are used to
mold rods, sticks, sheets, tubes, or gaskets [143, 144].
Polyimide materials are suitable in engine construc-
tion for carburetors, high-strength motor parts, reduc-
ers, and other parts [1453147]. Among plastics in
which polyimides are essential components, laminated
plastics and especially carbon-reinforced plastics
should be mentioned. For structural elements, of par-
ticular promise are imido plastics with reinforcing
elements from fiber glass in the form of honeycomb
materials [125, 140, 148, 149], laminates for electron-
ics [150], and various printed-circuit boards made
from polyimides in combination with epoxy resins and
aramide nonwoven materials [151]. Recently, the use
of polyimides and their prepolymers and derivatives
considerably improved the service parameters of car-
bon-reinforced plastics, especially their heat and fire
resistance and strength. Studies of the features of
polyimide carbonization [65, 66, 141, 1523158] made
it possible to develop, test, and put into practice in
Russia a series of polyimide binders based on di- and
tetraacetyl derivatives of aromatic diamines and dian-
hydrides of aromatic tetracarboxylic acids (ITA bind-
ers, Table 8) [13, 1593162] and oligoimides based on
one or several aromatic diamines and acidic diesters
of aromatic tetracarboxylic acids with terminal nadic
groups (IPO binders) [12, 1633165]. The processabil-
ity of carbon-reinforced plastics by melting can be
improved by using thermoplastic polyimide binders
based on polyesterimides prepared from polynuclear
sulfur-containing diamines (PEI binders) [166, 167].
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Table 7. Characteristics of Aurum polyimide thermoplastic and Aurum-based composites [134]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³

Aurum
³ Aurum-based composite*

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ ³ G1a ³ G2a ³ G2c ³ C1a ³ C2a ³ C2c

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Density, g cm33 ³ 1.33 ³ 1.56 ³ 1.57 ³ 1.59 ³ 1.43 ³ 1.42 ³ 1.44
Moisture absorption, % ³ 0.34 ³ 0.10 ³ 0.09 ³ 0.07 ³ 0.10 ³ 0.10 ³ 0.08
Shrinkage, % ³ 0.83 ³ 0.44 ³ 0.44 ³ 3 ³ 0.21 ³ 0.21 ³ 3

Tensile strength, kg cm32: ³ ³ ³ ³ ³ ³ ³
at 23oC ³ 940 ³ 1680 ³ 1770 ³ 2070 ³ 2330 ³ 2540 ³ 2890
at 150oC ³ 590 ³ 1080 ³ 3 ³ 1400 ³ 1440 ³ 3 ³ 2160

Breaking elongation, % ³ ³ ³ ³ ³ ³ ³
at 23oC ³ 90 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2 ³ 2
at 150oC ³ 90 ³ 4 ³ 3 ³ 3 ³ 4 ³ 3 ³ 3

Bending strength, kg cm32 ³ ³ ³ ³ ³ ³ ³
at 23oC ³ 400 ³ 2460 ³ 2580 ³ 2990 ³ 3260 ³ 3630 ³ 4030
at 150oC ³ 900 ³ 1760 ³ 1700 ³ 2050 ³ 2200 ³ 0 ³ 3200

Bending modulus of elasticity ³ ³ ³ ³ ³ ³ ³
s 0 1033, kg cm32: ³ ³ ³ ³ ³ ³ ³

at 23oC ³ 30 ³ 97 ³ 95 ³ 106 ³ 194 ³ 208 ³ 223
at 150oC ³ 20 ³ 82 ³ 71 ³ 95 ³ 171 ³ 3 ³ 202

Shear strength, kg cm32 ³ ³ ³ ³ ³ ³ ³
at 23oC ³ 830 ³ 830 ³ 3 ³ 3 ³ 930 ³ 3 ³ 3

at 150oC ³ 800 ³ 780 ³ 3 ³ 3 ³ 620 ³ 3 ³ 3

Izod impact strength, integer units ³ 9 ³ 12 ³ 13 ³ 9 ³ 11 ³ 12 ³ 9
Glass transition point,oC ³ 250 ³ 250 ³ 250 ³ 3 ³ >260 ³ 3 ³ >260
Heat capacity at 23oC, cal g31 deg31 ³ 0.24 ³ 0.23 ³ 3 ³ 3 ³ 0.22 ³ 3 ³ 3

Heat transfer coefficient, ³ 0.15 ³ 0.30 ³ 0.30 ³ 3 ³ 0.42 ³ 3 ³ 3

kcal m31 h31 deg31 ³ ³ ³ ³ ³ ³ ³
Linear expansion coefficient ³ 5.5 ³ 5.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

at 23oC, deg31 ³ ³ ³ ³ ³ ³ ³
Temperature of 5% weight loss,oC ³ 570 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Composite: (G1, G2) with fiber glass (30 and 60% fiber, respectively); (C1, C2) with carbon fiber (30 and 60% fiber, respectively);

(a) amorphous and (c) crystalline.

Table 8. Properties of carbon-reinforced plastics based on ELUR fiber and ITA polyimide binder [1593161] (volume
content of the fiber 60365%)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Characteristic ³ Value º Characteristic ³ Value
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Breaking bending stress, MPa: ³ ºOnset of thermal degradation,oC: ³

at 20oC ³ 1150 º in air ³ 550
at 200oC ³ 1130 º in vacuum ³ 600
at 300oC ³ 1090 ºCoke residue of binder after vacuum thermolysis³ 75380
at 370oC ³ 930 ºat 1000oC, % ³

Shear modulus of elasticity, GPa:³ ºDensity,* g cm33 ³ 1.4
at 20oC ³ 4.535.0 ºPorosity,* % ³ 13
at 370oC ³ 3.034.0 ºBreaking bending stress,* MPa ³ 350

Breaking interlayer viscosity, J m32 ³ 200 ºTensile modulus of elasticity,* GPa ³ 95
Softening point,oC ³ 400 ºShear modulus of elasticity,* GPa ³ 7.5

³ ºBreaking interlayer viscosity,* J m32 ³ 35
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Characteristics of carbon3carbon composites based on ITS thermolysis products andELUR fiber.
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From the same polymers and their derivatives, binders
were prepared whose structure is a semi-interpenetrat-
ing polymer network (SIPN). SIPN binders contain
oligoimides with maleinimide and nadic groups. To
the same group of PEI binders belong thermoplastic
partially crystalline polyimides [1683174].

Carbon-reinforced polyimide plastics surpass in
crack and heat resistance the carbon composites pre-
pared on another polymer base [175]. These materials
are of particular interest for development of reliable
spacecraft and hypersonic aircraft (M > 2). Along with
aviation, these materials can be successfully used in
military and civil ship building in bellow compensa-
tors with reinforcing rings fabricated from carbon-re-
inforced imide plastics, in shock absorbers for ship
equipment, in vibration-absorbing coatings, in fire-
proof shields, in structural elements for air-cushion
ships, and in casings for high-power electric motors
on ships. As substitutes of aluminum and titanium
alloys, imide plastics with carbon fillers are compet-
itive in automobile construction for manufacturing parts
and mechanisms operating at high speeds, tempera-
tures, and loads, in power engineering for reactor in-
sulation, and in equipment for chemical industry[176].

VARNISHES, ADHESIVES, AND COATINGS

Polyimide varnishes, adhesives, and coatings are
still the major kinds of polyimide materials. The de-
velopment of soluble and fusible polyimides and new
polyimide prepolymers allowed successful use of pre-
viously mastered processes of plastics technology,
with application of coatings to parts of any shape and
subsequent curing under mild conditions.

Polyimide varnishes are successfully used, both as
solutions and as adhesive formulations, for preparing
enameled copper, aluminum, and steel wires. Russian
varnish PAK-1 and its American analog Pyre-ML con-
siderably surpass in service characteristics, especially
in heat and crack resistance, varnishes based on other
polymers [1, 15] and are still used, along with poly-
amidoimide varnishes, in electrotechnical industry
[177]. The same is true for adhesives such as Skybond,
Pyralin, Nodimide NR-150, LARC-15, etc. [1, 168],
which are in some cases still indispensable for joining
polyimide films with each other and with metallic
articles [178, 179]. As for advances of the recent
decade, the development of new varnishes is un-
doubtedly associated with microelectronics. This
field requires readily soluble materials forming elastic,
flexible, hydrophobic, low-shrinking, and transparent
coatings. These requirements are met by partially or
fully fluorinated polyimides [7, 8, 27]. In polygraphic

fabrication of various semiconductor curcuits, these
polyimides are used as photosensitive layers. Many
process parameters and characteristics, such as photo-
sensitivity, resolving power, exposure time, and irrad-
iation intensity, depend on the chemical structure of
a polyimide, thickness of applied layer, and concen-
tration of sensitizers and photosensitive groups in the
polymer [27, 1803183].

Along with fluorinated imides, siloxane-containing
polyimides are used as adhesives in electronics [184,
185]. Owing to methylsiloxane substituents in the
polyimide, they exhibit very low dielectric constant
as compared with other polyimides (0.3330.35) and
low hygroscopicity. Good adhesion and high heat re-
sistance allow their use as adhesive varnishes and
films or as special sealants in automated assembling
of integrated curcuits on a tape support. Also, these
materials are equally useful in flexible and rigid mul-
tilayer printed-circuit boards. The assortment of ad-
hesives has been recently supplemented with poly-
imides and oligoimides with reactive groups in the
chain (malimide, hydroxy, cyanurate, epoxy, acrylate).
An example of such polyimides is bisallylnadicimide
[186] used in various adhesives in combination with
epoxy and other resins for plastics, electric insulation
coatings, coatings for magnets, etc. Polyamides con-
taining sulfur in the backbone, aliphatic substituents
in pendant chains, and also polyhydroxy imides with
diazonaphthoquinone in combination with other solu-
ble adhesive polyimides are used for assembling
devices in microelectronics and luminescence engi-
neering [1873189].

CONCLUSION

Analysis of publications of the past decade shows
that advances in synthesis of new polyimides made it
possible to overcome certain bottlenecks in the tech-
nology for producing materials based on them. Prep-
aration of soluble, fusible, and readily processable
polyimides strengthened their leading role in advanced
branches of industry. High heat resistance, combined
with other unique characteristics (strength, radiation
and chemical resistance), allows use of films, fibers,
plastics, composites, foams, membranes, adhesives,
and other materials in diverse structures, apparatus,
units, and parts operating under extreme conditions of
high speeds in any media (surface, underground, air,
underwater, space).
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Abstract-The phase relationships in the system CaSiO33BaGeO3 were studied and its phase diagram was
constructed.

Proceeding with investigations of phase equilibria
and isomorphism in partial sections of a ternary mu-
tual system CaO, BaO || SiO2, GeO2 [135], we stud-
ied the system CaSiO33BaGeO3, which is a diagonal
section of the concentration quadrangle CaSiO33
CaGeO33BaGeO33BaSiO3.

The chemical composition of the simplest pyrox-
enoids is expressed by the general formula Mn[SiO3]n,
where M represents a group of cations with large ionic
radius (Ca2+, Sr2+, and Ba2+) in various integral and
fractional ratios [6].

Extending the range of chemical compositions of
pyroxenoid silicates, studying the phase relationships
between them, and establishing the concentration re-
gions of homogeneity in these systems constitute one
of necessary stages in the development of new ma-
terials.

According to previous studies [4, 7, 8], potassium
metasilicate CaSiO3 crystallizes in two polymorphic
modifications: low-temperatureb-form with chain-like
structure of anionic radicals and high-temperature
pseudowollastonitea-form with ring-like structure of
anionic groups. The temperature of theb6a transi-
tion is 1180oC; the given polymorphic transformation
is monotropic under atmospheric pressure.

Barium metagermanate BaGeO3 also exists in two
polymorphic modifications. Its low-temperature pseu-
dowollastonitea-form transforms at 1225oC into a
high-temperatureb-form with chain-like structure of
anionic radicals. The latter form differs fromb-CaSiO3
in the arrangement of tetrahedral chains. Inb-CaSiO3,
the anionic chains with identity period of three tetra-
hedrons consist of diortho groups alternating with
separate tetrahedrons. In the structure of barium meta-
germanate (b-form), the anionic chains with identity

period of two tetrahedrons are formed solely by di-
ortho groups [8, 9].

In the present study, samples for analyzing phase
equilibria in the CaSiO33BaGeO3 system were pre-
pared by solid-phase synthesis. As starting compo-
nents of the stock served CaCO3 (special purity),
BaCO3 (chemically pure), GeO2 (special purity),
and SiO2 (99.99% pure). Prior to synthesis, a stock
of prescribed composition was thoroughly ground in
distilled water, compressed into pellets, and then sub-
jected to high-temperature calcination for a time varied
between 3 and 50 h, depending on sample composi-
tion. The temperature of the initial calcination was
1180oC. Samples of intermediate compositions were
synthesized both from oxide mixtures and from the
end members of the section,b-CaSiO3 anda-BaGeO3,
synthesized in advance. The system was studied in the
temperature range 100031450oC, using a set of phys-
icochemical methods, including X-ray phase (XPA,
CuK

a

-radiation) differential thermal (DTA, MOM
derivatograph, Hungary), and crystal optical (im-
mersion) analyses, and the method of annealing and
quenching.

The phase diagram of the CaSiO33BaGeO3 system
was constructed on the basis of the results obtained
in the experiment performed (Fig. 1). The phase re-
lationships in the subsolidus region are characterized
by a certain complexity and diversity of the crystal-
lizing structural types. Optical and X-ray characteriza-
tion of the phases existing in the system are presented
in Figs. 2 and 3. Five regions of homogeneity are dis-
tinguished in the diagram, differing in their dimen-
sions along the concentration and temperature axes.
A region with the broadest concentration range is oc-
cupied by the Ca13 xBax(Si13 xGex)O3 (0.18 <x < 0.56,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

PHASE EQUILIBRIA IN THE SYSTEM CaSiO33BaGeO3 1271

at T = 1060oC) solid solution having a walstromite-
like structure according to XPA [10]. The given phase
is stable over the entire temperature range studied, up
to its melting point. The existence of a broad homo-
geneity region in the central part of the system is con-
firmed by a steady change in the refractive indices of
the crystals and by monotonic change in the interpla-
nar spacingsd/n. In all probability, the walstromite-
like solid solution Ca13 xBax(Si13 xGex)O3 is formed
from a compound similar in nature to double salts
with 2 : 1 stoichiometric ratio of the starting com-
ponents.

To the end members of the system, CaSiO3 and
BaGeO3, are adjacent narrow homogeneity fields (2 to
10 mol %) based on theira- andb-polymorphic mod-
ifications. The boundary lines in the phase diagram
were plotted on the basis of DTA and XPA data and
the results obtained using the method of annealing and
quenching. The concentration region of homogeneity
of thea-CaSiO3 solid solution is narrow, its boundary
is plotted conventionally.

As follows from the phase diagram, the conjugate
isomorphism Ca2+Si4+ 64 Ba2+Ge4+ affects different-
ly the thermal stability of different structural types of
the metasilicates3metagermanates studied. For exam-
ple, simultaneous substitution of Ba2+ for Ca2+ and
Ge4+ for Si4+ raises the thermal stability limit of a sol-
id solution based on the low-temperature modification
of CaSiO3 from 1180 to 1300oC (i.e., to the tempera-
ture of its incongruent melting). With Ba2+ and Ge4+

in the a-BaGeO3 lattice replaced by, respectively,
Ca2+ Si4+, the temperature range of stability of this
solid solution is markedly narrowed and that of its
high-temperature modification (b-form) considerably
broadened. For the phase of variable composition,
Ca13 xBax(Si13 xGex)O3, the homogeneity region be-
comes only slightly narrower with increasing tempera-
ture for CaSiO3-richer compositions.

The optical characteristics of the phases crystalliz-
ing in the system (Fig. 2) differ in the refractive in-
dicesng, np and birefringenceD = ng 3 np. The largest
birefringence is observed for crystals of thea-CaSiO3
and a-BaGeO3 solid solutions, and the smallest, for
the Ca13 xBax(Si13 xGex)O3 solid solution. The X-ray
diffraction patterns of thea-forms of the CaSiO3 and
BaGeO3 solid solutions are similar (Fig. 3). The only
difference is that the diffraction peaks are shifted to
smaller angles and the relative intensities of the re-
flections are redistributed in the case when calcium
ion is replaced in this structural type by the larger
barium ion. Figure 3 also clearly shows that the X-ray
diffraction patterns of two solid solutions,b-CaSiO3

Fig. 1. Phase diagram of the system CaSiO33BaGeO3.
(T) Temperature. Method: (1) annealing and quenching
and (2) DTA.

Fig. 2. ng andnp of solid solutions in the system CaSiO33

BaGeO3. (1) a-CaSiO3 and a-BaGeO3, (2) b-CaSiO3 and
b-BaGeO3, and (3) Ca13 xBax(Si13 xGex)O3 (0.2 <x < 0.56).
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Fig. 3. X-ray diffraction patterns of solid solutions in the
system CaSiO33BaGeO3. (2q) Bragg angle. (a)b-CaSiO3,
(b) a-CaSiO3, (c) a-BaGeO3, (d) b-BaGeO3, and (e)
Ca13 xBax(Si13 xGex)O3 (0.2 <x < 0.56) (walstromite struc-
tural type).

andb-BaGeO3, are markedly different. This is due to
the difference in the identity periods of their chains
and, correspondingly, in the configurations of the tet-
rahedral chains in their structure. The X-ray diffrac-
tion pattern of the Ca13 xBax(Si13 xGex)O3 solid solu-
tion is typical of the structural type of walstromite
Ca2BaSi3O9.

In the concentration range 56387 mol % BaGeO3,
the system is represented by two-phase fields based on
one of the two polymorphic modifications of BaGeO3
(a- or b-form) and by the Ca13 xBax(Si13 xGex)O3 sol-
id solution (Fig. 1). In the given concentration range
at 1080oC, eutectoid decomposition of theb-BaGeO3
solid solution into the solid solutionsa-BaGeO3 and

Ca13 xBax(Si13 xGex)O3 occurs in the system. In all
probability, the revealed eutectoid decomposition of
b-BaGeO3 into a-BaGeO3 and the limiting composi-
tion of the walstromite solid solution (x = 0.56) re-
flects a kinetically nonequilibrium process, which is
responsible for the slope of the limiting solubility
boundaries untypical of the given case of phase de-
composition.

The results of DTA and XPA and a crystal optical
study of samples quenched from different tempera-
tures confirm the eutectic nature of the interaction
between theb-BaGeO3 solid solution and the wal-
stromite-like phase.

The liquidus and solidus curves of the system were
plotted on the basis of data furnished by DTA and
the visual-polythermal method, using the results of
crystal optical studies of samples quenched from dif-
ferent temperatures.

Establishing the liquidus and solidus relationships
in the concentration range from 10 to 40 mol %
BaGeO3 was made difficult by the fact that the fields
of equilibrium coexistence of the liquid and solid so-
lution phases are narrow. The close phase transition
temperatures (128031300oC) in the given concentra-
tion range required an additional study to elucidate
the nature of melting (eutectic or peritectic) of the
Ca13 xBax(Si13 xGex)O3 solid solution and to detail its
interaction with theb-CaSiO3 solid solution.

In this case, the key factor were the results ob-
tained in studying quenched samples successively
annealed within the 125031340oC range with a step of
10320oC. Four samples with compositions differing
by 5 mol % were simultaneously annealed in a plati-
num crucible. The visual-polythermal and crystal op-
tical analyses of these samples showed that the most
readily fusible composition in the concentration range
studied is Ca0.75Ba0.25(Si0.75Ge0.25)O3. Liquid phases
appeared in the sample at a calcination temperature of
1280oC. At higher temperatures (129031300oC) their
phase composition changed. In the samples enriched
in calcium metasilicate, compared with the bound-
ary composition Ca0.75Ba0.25(Si0.75Ge0.25)O3, only pris-
matic crystals whose refractive indicesng andnp were
similar to those of theb-CaSiO3 solid solution were
in equilibrium with the liquid. For BaGeO3-enriched
samples, only isometric grains with considerably higher
values ofng andnp were clearly revealed in an immer-
sion preparation along with the liquid phase, which
is characteristic of a walstromite-like solid solution
(Fig. 2). Analysis of the obtained experimental data
confirms unambiguously that the interaction between



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

PHASE EQUILIBRIA IN THE SYSTEM CaSiO33BaGeO3 1273

the Ca13 xBax(Si13 xGex)O3 and b-CaSiO3 solid solu-
tions is eutectic. The eutectic composition is 75 mol %
CaSiO3 + 25 mol % BaGeO3, andTeut = 1280oC. The
b-CaSiO3 solid solution melts peritectically at 1300oC
to give the a-CaSiO3 solid solution and a liquid.

The performed study of the phase relationships
in the system CaSiO33BaGeO3 (Fig. 1) demon-
strated that the given system belongs to those with
limited mutual solubility of the solid-state compo-
nents to give the Ca13 xBax(Si13 xGex)O3 berthollide
phase of variable composition. In the concentration
region in which this phase exists, the liquidus curve
has a clearly resolved irrational peak at 1310oC for
the composition corresponding to CaSiO3 : BaGeO3 =
2 : 1. However, the refractive index curves show no
inflection point for this solid solution composition.
This means that there is no pronounced singularity
point in the phase diagram owing to the high degree
of dissociation of the compound and, correspondingly,
confirms that this phase has berthollide physicochem-
ical origin (Fig. 1).

Taking into account that Ca and Ba, and Si and Ge
are similar in chemical nature, one would expect that
extensive regions of homogeneity exist in the system
considered on basis of its end members. However,
according to the data obtained, nothing of this kind
is actually observed. By contrast, a rather broad re-
gion of the Ca13 xBax(Si13 xGex)O3 berthollide-like sol-
id solution isostructural with walstromite is formed
in its central part. The given structure is in fact a dis-
torted pseudowollastonite form [10]. When the conju-
gate isomorphous substitution Ca2+Si4+ 64 Ba2+Ge4+

occurs in the cationic and anionic sublattices of the
system, the appearance of a walstromite-like phase
seems to be reasonable because of the significantly dif-
ferent types of behavior exhibited by the end members
of the system. Probably, the walstromite structural
type allows more substantial variation of the size of
large cations constituting the distorted pseudowollas-
tonite lattice, compared with the pyroxenoid structure.

CONCLUSIONS

(1) The phase relationships in the CaSiO33BaGeO3
system were studied and its phase diagram was con-
structed.

(2) The system in question is polymorphic and be-
longs to systems characterized by limited solubility
of components in solid state and formation of the
Ca13 xBax(Si13 xGex)O3 berthollide phase of variable
composition (0.2 <x < 0.56 at T ~1050oC).

(3) The liquidus3solidus relationships in the sys-
tem are characterized by the existence of eutectic and
peritectic equilibria.

(4) Correlations were established between the tem-
perature and concentration boundaries of isomorphous
substitutions in the solid solutions of the given sys-
tem.
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Abstract-Synthesis of a series of phosphides (AlP, CrP, NbP, MoP, and WP) by reactions of powdered
metals with a melt of lithium metaphosphate LiPO3 was studied. Thermodynamic parameters (DH0

298, DS0
298,

DG0
298, andDG0

1273) of the reactions were calculated and their temperature modes were optimized on the basis
of the standard thermodynamic characteristics of the initial substances and the reaction products. X-ray
patterns of the powders of the obtained compounds are presented.

The main method for synthesizing phosphides ofd
and p elements consists in direct reactions of met-
al powders with red phosphorus [1]. The reactions
are carried out in evacuated quartz ampules at 10733
1473 K. Hydrogen or carbon dioxide is often used
as carrier gas for phosphorus vapors. Certain phos-
phides are prepared in industry by immersing white
phosphorus in a bath with molten metal. Thermal-
ly unstable higher phosphides are obtained by the
[Faraday method,] which consists in heating metal
powders with an excess amount of red phosphorus. In
this case, the temperature does not exceed 1373 K,
and excess phosphorus is condensed in the coldest
part of the apparatus. When the reaction is carried
out at temperatures exceeding the boiling point of
red phosphorus, its vapor pressure in the system in-
creases considerably. This procedure for synthesizing
higher phosphides is called[process under pressure]
[2]. The majority of lower phosphides are obtained
by sintering higher phosphides with stoichiometric
amounts of metals. For example, V3P was obtained
by heating metallic vanadium with vanadium mono-
phosphide VP, which, in its turn, was prepared by
thermal decomposition of the diphosphide VP2 [3].

The high-temperature electrolysis of sodium meta-
phosphate melts containing oxides or salts of heavy
metals (vanadium, titanium, chromium, etc.) is the
most promising industrial method of synthesis, which
widely uses phosphates of alkaline and alkaline-earth
metals as a source of phosphorus. Controlling the
melt composition, synthesis temperature, and current
density allows directional synthesis of various types

of phosphides of a metal. Tungsten phosphide W4P
was obtained in such a way, whereas all other meth-
ods were unsuccessful [4].

In chemistry of solids, particularly in the prepar-
ative chemistry, the problem of directional synthesis
of phosphides ofp and d elements under specified
conditions often arises. In most cases, it is possible to
obtain mixtures consisting of lower and higher phos-
phides, the reaction products often containing unre-
acted starting substances or by-products.

In this work, we made thermodynamic calculations
for certain redox reactions and, on this basis, carried
out directional syntheses of a number of phosphides
of p and d elements with the use of high-temperature
melts of lithium metaphosphate.

EXPERIMENTAL

The following reagents were used in the work:
Li2CO3, (NH4)2HPO4, both of chemically pure grade;
powders of Cr, Al, Nb, Mo, and W metals, all of
chemically pure grade, with grain size of 438 mm;
and also a glass based on lithium metaphosphate. The
glass was obtained by the following technique. Stoi-
chiometric amounts of lithium carbonate Li2CO3 and
ammonium hydroorthophosphate (NH4)2HPO4 were
heated in a platinum ware (973 K) to complete re-
moval of carbon dioxide, water, and ammonia:

Li2CO3 + 2(NH4)2HPO4

6 2LiPO3 + CO28 + 3H2O8 + 4NH38.
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As a result, we obtained a transparent metaphos-
phate glass with fixed ratio Li2O : P2O5 = 1 : 1. Phos-
phides were synthesized in the range 29831273 K in
the setup shown in the figure. Temperature was con-
trolled with accuracy of+132 deg. Phosphides of
metals were obtained from a high-temperature melt
of lithium metaphosphate by the following reactions:

3LiPO3 + 13/3Al6 5/3Al2O3 + Li3PO4 + 1/4P4 + AlP, (1)

3LiPO3 + 13/3Cr6 5/3Cr2O3 + Li3PO4 + 1/4P4 + CrP, (2)

3LiPO3 + 7/2Nb6 5/2NbO2 + Li3PO4 + 1/4P4 + NbP, (3)

3LPO3 + 7/2Mo6 5/2Mo2O3 + L3PO4 + 1/4P4 + MoP, (4)

3LiPO3 + 7/2W6 5/2WO2 + Li3PO4 + 1/4P4 + WP. (5)

A mixture of powders of a metal and an excess
amount (15320% wt %) of lithium metaphosphate
were thoroughly ground in an agate mortar and placed
in a corundum crucible to fill its volume by 15320%.
Then the system was evacuated to residual partial
oxygen pressure of 1310 Pa. The system was heated
at a rate of 20330 deg h31 up to 125331273 K, kept
under these conditions for 536 h, and then cooled
at a rate of 10315 deg h31 to room temperature. We
found that metal phosphides were crystallized as
needle-like crystallites in the colder part of the re-
actor (~92331023 K) as a result of a gas-transport
reaction. The transport agent in these reactions is

Setup for synthesis of metal phosphides: (1) thermocouple,
(2) Teflon sealant, (3) sealing titanium foil, (4) stainless
steel tube, (5) cooling jacket, zone of condensation of
phosphides (~92331023 K), (6) SShOL-1-2 shaft furnace,
working zone (~125331273 K), (7) starting mixture of
metal powder and lithium-metaphosphate glass, (8) co-
rundum crucible, (9) sintered corundum tube.

phosphorus vapor formed as a by-product in the re-
action between a metal and a melt. The mainreac-
tions result in the formation of metal oxides, which
enter in the composition of the obtained orthophos-
phate melt.

Table 1. X-ray data for synthesized phosphide powders*

ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
hkl ³ d, A ³ I / Im º hkl ³ d, A ³ I / Im º hkl ³ d, A ³ I / Im

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
AlP º ºº º

002 ³ 5.688 ³ 30 º ³ ³ º ³ ³
101 ³ 3.199 ³ 100 º ³ ³ º ³ ³
004 ³ 2.844 ³ 10 º ³ ³ º ³ ³
103 ³ 2.504 ³ 15 º ³ ³ º ³ ³
112 ³ 2.178 ³ 45 º ³ ³ º ³ ³
105 ³ 1.879 ³ 8 º ³ ³ º ³ ³

NbP º ³ ³ º ³ ³

002 ³ 5.688 ³ 20 º ³ ³ º ³ ³
101 ³ 3.199 ³ 100 º ³ ³ º ³ ³
103 ³ 2.503 ³ 25 º ³ ³ º ³ ³
112 ³ 2.178 ³ 30 º ³ ³ º ³ ³
105 ³ 1.880 ³ 5 º ³ ³ º ³ ³

³ ³ º ³ ³ º ³ ³

º MoP ºº º
³ ³ º 001 ³ 3.191 ³ 25 º ³ ³
³ ³ º 100 ³ 2.790 ³ 100 º ³ ³
³ ³ º 101 ³ 2.100 ³ 50 º ³ ³

º CrP ºº º
³ ³ º 100 ³ 6.108 ³ 50 º ³ ³
³ ³ º 110 ³ 4.028 ³ 50 º ³ ³
³ ³ º 200 ³ 3.054 ³ 12 º ³ ³
³ ³ º 020 ³ 2.680 ³ 50 º ³ ³
³ ³ º 210 ³ 2.655 ³ 25 º ³ ³
³ ³ º 111 ³ 2.461 ³ 100 º ³ ³
³ ³ º 120 ³ 2.450 ³ 25 º ³ ³
³ ³ º 021 ³ 2.30 ³ 10 º ³ ³
³ ³ º 211 ³ 2.18 ³ 10 º ³ ³

º º WPº º
³ ³ º ³ ³ º 101 ³ 4.215 ³ 25
³ ³ º ³ ³ º 011 ³ 2.880 ³ 100
³ ³ º ³ ³ º 200 ³ 2.866 ³ 15
³ ³ º ³ ³ º 102 ³ 2.734 ³ 20
³ ³ º ³ ³ º 201 ³ 2.603 ³ 20
³ ³ º ³ ³ º 111 ³ 2.573 ³ 83
³ ³ º ³ ³ º 210 ³ 2.149 ³ 15
³ ³ º ³ ³ º 112 ³ 2.092 ³ 25
³ ³ º ³ ³ º 211 ³ 2.031 ³ 20³ ³ º ³ ³ º ³ ³
³ ³ º ³ ³ º ³ ³
³ ³ º ³ ³ º ³ ³
³ ³ º ³ ³ º ³ ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Crystallographic parameter,A: AlP aexp = 5.49; NbPaexp = 3.39,cexp = 11.39; MoPaexp = 3.29,cexp = 3.21; WPaexp = 5.78,

bexp = 3.24, cexp = 6.29; CrP aexp = 6.11, bexp = 5.39, cexp = 3.10.
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Table 2. Crystallographic parameters of unit cells of monophosphides
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Compound
³

Space group
³ atheor ³ btheor ³ ctheor ³

Vexp, A
³

Ztheor

³ rtheor,³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´ ³ ³
³ ³ A ³ ³ ³ g cm33

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
AlP ³ F43m ³ 5.467 ³ 3 ³ 3 ³ 163.40 ³ 4 ³ 2.194
NbP ³ I41md ³ 3.334 ³ 3 ³ 11.377 ³ 126.46 ³ 4 ³ 6.668
MoP ³ P6m2 ³ 3.222 ³ 3 ³ 3.191 ³ 120.00 ³ 1 ³ 1.756
WP ³ Pnma ³ 5.732 ³ 3.249 ³ 6.222 ³ 115.87 ³ 4 ³ 12.43
CrP ³ Pbcm ³ 6.108 ³ 5.36 ³ 3.11 ³ 101.82 ³ 4 ³ 5.45
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

The contents of metals and phosphorus in the re-
sulting crystalline phases were determined by X-ray
fluorescent analysis on a VRA-20 instrument. Accord-
ing to this analysis, we assigned the following em-
pirical formulas to the obtained crystalline phases:
AlP (Al 42.59 and P 56.81 wt %), CrP (Cr 64.96 and
P 35.83 wt %), NbP (Nb 75.05 and P 24.5 wt %),
MoP (Mo 75.59 and P 23.91 wt %), and WP
(W 85.58 and P 13.52 wt %). The X-ray patterns
of the powders were recorded on a DRON-3 instru-
ment using CuK

a

radiation (l = 1.54178 A) and
processed using the LATEX program and the ASTM
structural database. The obtained results are given
in Table 1.

The calculated crystallographic unit cell param-
eters aexp, bexp, and cexp for the obtained phosphides
agree with the data of the ASTM file (atheor, btheor,
and ctheor) (Table 2). To optimize the synthesis con-
ditions and to substantiate theoretically the data ob-
tained, we calculatedDH0

298, DS0
298, DG0

298, and
DG0

1273 for reactions (1)3(5) on the basis of standard
thermodynamic functions [537] of the starting sub-
stances and reaction products. The calculations proved
that these reactions are possible in the temperature
range 29831273 K (Table 3). The thermodynamic

Table 3. Thermodynamic parameters of reactions (1)3(5)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Reac-
³ DS0

298,
³ DH0

298 ³ DG0
298 ³ DG0

1273
³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

tion ³ J mol31 K31
³ kJ mol31 of phosphide

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
(1) ³ 376.0 ³ 31188.5 ³ 31165.6 ³ 31101.2³ ³ ³ ³
(2) ³ 37.4 ³ 31411.9 ³ 31019.5 ³ 31047.6³ ³ ³ ³
(3) ³ 14.3 ³ 3653.3 ³ 3657.6 ³ 3671.5³ ³ ³ ³
(4) ³ 13.0 ³ 39.1 ³ 313.1 ³ 322.1³ ³ ³ ³
(5) ³ 14.3 ³ 9.8 ³ 5.5 ³ 38.4

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

functions DS0
298 for the phosphides were calculated

according to the additivity law.

In the case of reaction (1), (preparation of alu-
minum phosphide AlP), despite the negativeDS0

298
value (376 J mol31 K31), the value of DfH

0
298 for

the resulting aluminum oxide (31676.81 kJ mol31)
strongly affects theDG0 of the reaction, which be-
comes negative at both 298 and 1273 K.

Theoretically, reaction (2) (synthesis of chromium
monophosphide), which yields thermally stable chro-
mium(III) oxide, is possible even at room temper-
ature: DG0

298 = 31019.5 kJ mol31 of the phosphide.
To prepare M2O3 oxides by reactions (1) and
(2), the valuesDfH

0
298 for their formation must

be about31 MJmol31. In the case of formation of
MO2 oxides, the reaction would be intensive only
whenDfH

0
298 is within the limits30.8_31 MJ mol31.

Greater negative values of bothDG0
298 andDG0

1273 K
for reaction (4) (synthesis of molybdenum phosphide),
compared with reaction (5) (synthesis of tungsten
phosphide), are attributable to the negative value
of DH0

T for reaction (4). This means that molybde-
num has greater affinity to phosphorus than tungsten
and also confirms the empirical rule which states
that the stability of phosphides in subgroups ofd
metals decreases with increasing atomic weight of
metal.

CONCLUSIONS

(1) The conditions of monophosphide syntheses
(1)3(5) were optimized in accordance with thermo-
dynamic calculations.

(2) It was shown that niobium, aluminum, chro-
mium, tungsten, and molybdenum monophosphides
can be synthesized by gas-transport reactions in
M3LiPO3 systems.
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Abstract-The solubility was studied in the systems Na2SO33NaCl3NH4Cl3(NH4)2SO33H2O at 20 and
40oC and NH4HSO33NaHSO33NaCl3NH4Cl3H2O at 40oC by the graphic-analytical method. The obtained
results were used to choose the most efficient method for obtaining sodium sulfite by conversion and to sub-
stantiate the optimal temperature condition of the process. The data obtained in studying stages of conversion
of ammonium sulfate solution with sodium chloride and crystallization of a by-product-ammonium chlo-
ride, made it possible to find the optimal technology of the closed cyclic process.

The conversion technologies for inorganic salt pro-
duction are widely used because of their simplicity,
high intensity, and efficiency. They are among the
main techniques employed to manufacture chlorine-
free potassium fertilizers. The conversion technology
also underlies methods for obtaining potassium sul-
fite from ammonium sulfite and sodium chloride. The
practical use of this technique obviates the necessity
for soda ash, thereby reducing the cost of the target
product. There have been reports that sodium chloride
can be used to obtain sodium sulfite [1]; however,
they cannot serve as a basis for practical implementa-
tion of the given method, being scanty. In particular,
the optimal pathway of the conversion and the choice
of the temperature conditions have not been substan-
tiated to a sufficient extent. The problems associated
with water balances and with the possibility of per-
forming a closed cyclic process have not been con-
sidered in the literature at all.

The conversion method for obtaining sodium sul-
fite is based on processes occurring in aqueous mutual
salt systems Na2SO33NaCl3NH4Cl3(NH4)2SO33H2O
(sulfite system) and NH4HSO33NaHSO33NaCl3NH4Cl3
H2O (hydrosulfite system) at temperatures ranging
from 20 to 85oC. Since there are no published
data on solubility in these systems in a sufficiently
wide temperature range, prognosticating how the
composition of solutions of the sulfite and hydrosul-
fite systems varies with temperature and optimizing

the technological cycle seems to be rather complicated
and problematic task.

To solve this problem, the solubility in the sulfite
and hydrosulfite systems has been studied and new
data have been obtained for the solubility in the sul-
fite system at 20 and 30oC and in the hydrosulfite sys-
tem at 40oC [2]. The obtained results were used to
plot solubility isotherms and their water projections
at 20385oC for the sulfite system and 25360oC for the
hydrosulfite one. This served as a theoretical basis for
optimizing the conversion of sodium chloride to give
sodium sulfite.

Three most feasible variants of the given techno-
logical process were chosen (see the scheme). These
variants were analyzed using the graphic-analytical
method for studying solubility diagrams in the sulfite
and hydrosulfite systems at various temperatures [3].
The obtained results made it possible to determine
the optimal variant and to substantiate some tech-
nological parameters of the process.

As the main criterion for choosing the optimal
variant of the process served the maximum yield of
the target process at the minimum power consump-
tion. In addition to establishing the optimal pathway
of the process, the graphic-analytical analysis of
solubility diagrams was used to determine the optimal
temperature conditions of crystallization stages of the
target product and by-product.
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Fig. 1. Solubility diagram for the system Na2SO33NaCl3
NH4Cl3(NH4)2SO33H2O (sulfite diagram).

Variant I, chosen for comparison, was described in
[1], but its detailed analysis based on graphic-ana-
lytical method for studying the solubility in the cor-
responding aqueous-salt systems have not been per-
formed so far. In the general form, this is a cyclic
process whose initial stage is production of an am-
monium sulfite solution via absorption of sulfur di-
oxide by ammonia solution by the reaction

2NH3 + H2O + SO2 = (NH4)2SO3. (1)

Further, an equimolar amount of sodium chloride
is introduced into the resulting solution

(NH4)2SO3 + 2NaCl = Na2SO3 + 2NH4Cl. (2)

The figurative point of the salt system formed
upon introduction of an equimolar amount of sodium
chloride lies at the intersection of diagonals (point 0)
of the solubility diagram of the sulfite system (Fig. 1).
In the temperature range 20380oC, point 0 lies within
the crystallization field of Na2SO3. Therefore, the
salt system is a suspension whose solid phase con-
sists of sodium sulfite which crystallizes along ray
B0 from point 0 to the intersection with the crys-
tallization field of ammonium chloride (pointE0).
Further, ammonium chloride (by-product) should be
isolated into the solid phase from the mother liquor
(point E0). Otherwise, the finished product will be
strongly contaminated with ammonium chloride in the
case of a closed, with respect to the liquid phase, pro-
cess (recycling of the mother liquor). For this purpose,
the mother liquor is saturated with sulfur dioxide in
the proposed variant to convert sulfite into hydrosul-
fite by the reaction

(3)Na2SO3 + SO2 + H2O = 2NaHSO3.

Fig. 2. Solubility diagram for the system NH4HSO33
NaHSO33NaCl3NH4Cl3H2O (hydrosulfite diagram).

The composition of the system formed in this case
will be represented by a figurative pointE1 in the sol-
ubility diagram of the hydrosulfite system NH4HSO33

NaHSO33NaCl3NH4Cl3H2O (Fig. 2). As it can be
seen from the diagram, the figurative pointE1 lies
within the crystallization field of ammonium chloride
at below 60oC. Consequently, a sufficient amount of
the by-product can be isolated into the solid phase
by cooling the solution of the above-mentioned com-
position. (pointE1). However, it should be mentioned
that intermediate isolation of NH4Cl can be achieved
in both the hydrosulfite and sulfite systems. The
main criterion for selecting a system in which inter-
mediate isolation of ammonium chloride is feasible
is the parameter[optimal yield of ammonium chlo-
ride.]

As seen from reaction (2), two moles of NH4Cl are
to be removed from the system per every mole of the
forming sodium sulfite in accordance with the stoi-
chiometric equation. That yield of ammonium chlo-
ride is to be considered optimal for which a stoichio-
metric, or a somewhat greater amount of NH4Cl is
isolated into the solid phase. If the actual amount of
isolated ammonium chloride much exceeds the opti-
mal value, then the ammonia consumption will be
much greater. Otherwise, the excess amount of am-
monium chloride will pass into the solid phase in
the stage of crystallization of the target product, con-
taminating it.

Thus, to find the most efficient technological way
to isolate ammonium chloride (sulfite or hydrosulfite
system), it is necessary to determine the theoretical
optimal yield of ammonium chloride and further com-
pare the actual yields for the sulfite and hydrosulfite
systems. This can be done in graphical analysis of
the crystallization stages of ammonium chloride in
the systems under consideration.
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After separating ammonium chloride by the given
procedure, ammonia is introduced into the solution to
obtain ammonium sulfate and convert the hydrosulfite
system into the sulfite one

2NaHSO3 + 2NH3 = Na2SO3 + (NH4)2SO3. (4)

The composition of the system upon ammoniation
is represented in the sulfite diagram by a figurative
point E3 lying within the crystallization field of so-
dium sulfite. The obtained solution is recycled into
the stage of conversion with sodium chloride. Graph-
ically, the course of sodium sulfite formation is re-
presented by a broken lineE3E4E0 (Fig. 1), where
segmentE3E4 corresponds to dissolution of sodium
chloride, and segmentE4E0 of the crystallization
conode B0E, directly to crystallization of sodium
sulfite.

The results obtained in studying the solubility
isotherms in the systems Na2SO33NaCl3NH4Cl3
(NH4)2SO33H2O and NH4HSO33NaHSO33NaCl3
NH4Cl3H2O served as a basis for calculating theoret-
ically the optimal pathway of the process and substan-
tiating graphically the temperatures of separate stages.
With this aim in view, the compositions of the start-
ing and intermediate solutions at varied temperature
were first calculated. Then the optimal temperature
conditions of conversion of ammonium sulfate
with sodium chloride and isolation of the by-product
were determined by means of graphical analysis. For
this purpose, the yields of sodium sulfite and ammo-
nium chloride were calculated at varied temperature
[4]. The yield of crystalline Na2SO3, WNa2SO3

, was cal-
culated with respect to the total content of Na2SO3
in the starting solution.

A preliminary calculation based on the solubility
diagrams of the sulfite system (water projections)
demonstrated that the concentration of the initial am-
monia solution should be 14.8 wt % NH3. Saturation
with gaseous sulfur dioxide of an ammonia solution
with this concentration yields an ammonia sulfite so-
lution containing 39.4 wt % (NH4)2SO3. After mix-
ing this solution with sodium chloride and separating
the precipitating sodium sulfite, the composition of
the mother liquor is represented by the figurative point
E0 corresponding to a triple eutonics of the sulfite sys-
tem. According to a calculation based on published
data on the solubility at 85oC, the eutonic solution
E0 contains 32.6 wt % NH4Cl and 13.4 wt %
Na2SO3 (85oC). The calculated theoretical yields
of sodium sulfite into the solid phase are presented
below in relation to the conversion temperature of
ammonia solution,Tcn:

Tcn, oC WNa2SO3
, %

40 52.4
60 62.4
85 65.1

The yield of sodium sulfite was not calculated at
temperatures below 40oC since at < 33.4oC the pre-
cipitate is only composed of sodium sulfite heptahy-
drate Na2SO3 . 7H2O, which is not the target product
in the technology being developed.

The highest yield of crystalline sodium sulfite is
observed at the temperature of ammonium sulfite con-
version and, correspondingly, at the temperature of
crystallization of sodium sulfite, equal to 85oC. Con-
sequently, the optimal temperature of the stage of
Na2SO3 crystallization is 80385oC. This is also indi-
cated by the configuration of the diagrams (Fig. 1),
according to which the working solutions are 1.732
times more dilute at 40oC, compared with similar so-
lutions at 60 and 85oC.

However, the most important problem in obtaining
sodium sulfite by a process of this kind is mother
liquor utilization. This solution should be either dis-
charged into a slurry pond or processed in a cyclic
manufacture of sodium sulfite, envisaging its in-
termediate discharge as a by-product. Since the sol-
ubility of NH4Cl decreases as temperature is lowered,
isolation of the by-product into the solid phase will
occur on cooling a saturated ammonium chloride so-
lution.

The yield of the NH4Cl precipitate into the solid
phase was calculated with respect to the total content
of ammonium chloride in the starting solution. Cal-
culations of the theoretical yield of ammonium chlo-
ride, WNH4Cl, into the solid phase upon cooling of
solutions with composition corresponding to the com-
position of the system at the eutonic pointsE0 andE1
in the hydrosulfite system at different crystallization
temperaturesTcr give the following results

Tcr NH4Cl, oC WNH4Cl, %

60 23.3
40 40.2
25 58.7

The stoichiometric yield of ammonium chloride,
calculated for reaction (2), is 34.9% relative to its
content in solution. Consequently, that yield of crys-
talline ammonium chloride is to be considered opti-
mal, which is the closest to the stoichiometric value,
but is no less than 34.9%.
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Table 1. Physicomechanical properties of NH4Cl crystals
in relation to crystallization temperature*

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Tcr, oC ³ H, wt % ³ L, mm ³ Kf 0 105, cm s31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
40 ³ 11.4 ³ 24.3 ³ 1.1
30 ³ 32.75 ³ 28.9 ³ 0.89
25 ³ 43.33 ³ 35.6 ³ 0.78

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* H is humidity, L crystal fragment size, andKf filtration co-

efficient.

To verify the theoretical data, experiments were
carried out to determine the actual yield of ammo-
nium chloride into the solid phase on cooling to dif-
ferent temperatures a solution corresponding to point
E1 of the hydrosulfite system. The obtained results
are presented below.

Tcr NH4Cl, oC WNH4Cl, %

50 28.1
40 39.3
30 52.4
25 58.7

As seen from the obtained results, the practical
yield of ammonium chloride, equal to 39.3%, is the
closest to the theoretical (calculated) value at 40oC.
It should be mentioned for comparison that at a tem-
perature of 25oC, recommended in [1], the yield of
ammonium chloride into the solid phase is 58.7%,
which is nearly 50% higher than the optimal value.
Moreover, lowering the crystallization temperature to
20325oC involves additional consumption of energy
for cooling and the subsequent heating of the reaction
mixture. Cooling the solution to 40oC leads, in ad-
dition to lower consumption of ammonia, to much
lower energy expenditure and shorter process dura-

Fig. 3. Solubility diagram for the system Na2SO33NaCl3
NH4Cl3(NH4)2SO33H2O (variant II).

tion, and, consequently, to a higher intensity of so-
dium sulfite manufacture.

Also, as shown by additional investigations (Ta-
ble 1), lowering the crystallization temperature entails
a significant deterioration of the physicomechanical
properties of ammonium chloride (the humidity of the
precipitate becomes much higher and its filterability
is impaired). Judging from data furnished by optical
microscopy, the present case involves accreted den-
drite composed of spherical ammonium chloride frag-
ments, rather than individual crystals.

It is the formation of dendrites that accounts for
the lack of correlation between the physicomechanical
properties of the NH4Cl precipitate formed at different
temperatures and the size of its fragments.

It should be kept in mind that moisture contained
in the humid cake is nothing other than mother liquor
saturated at this temperature. In drying of a precipi-
tate, the ingredients of the mother liquor pass into
the product, contaminating it. This is confirmed by
the results of an X-ray phase analysis of ammonium
chloride precipitates for different crystallization tem-
peratures. For example, an X-ray diffraction pattern
of a precipitate obtained by cooling the starting solu-
tion to 25oC contains additional peaks corresponding
to sodium chloride. At the same time, there are no
such peaks in the X-ray pattern of the precipitate ob-
tained on cooling the solution to 40oC.

The studies performed suggest that 40oC should be
considered the optimal temperature in the stage of
by-product isolation-crystallization of ammonium
chloride. This conclusion is confirmed by a compara-
tive calculation of material and heat balances of the
cyclic process at cooling temperatures in the crystal-
lization stage of 25 and 40oC. Comparison of the re-
sults obtained in calculating the heat balance shows
that performing the crystallization at 40oC lowers
the consumption of circulating water by 18.7% (by
1628.9 m3 per 1000 kg of Na2SO3) as compared with
the cooling of the starting solution in this stage to
25oC.

Another possible way to obtain sodium sulfite is
conversion of a saturated sodium chloride solution af-
ter its preliminary ammoniation, with subsequent neu-
tralization of ammonia with gaseous sulfur dioxide.
The course of this variant of the process is described
by the functional scheme. At a NaCl : (NH4)2SO3
molar ratio of 2 : 1, the figurative point of the system,
F1, lies at intersection of the diagonals of the sulfite
diagram (Fig. 3), and crystallization of sodium sulfite
will occur at a temperature of 60385oC in the result-
ing system Na2SO33NaCl3NH4Cl3(NH4)2SO33H2O.
It may be assumed that, since diffusion processes at
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the phase boundary (dissolution of sodium chloride)
are ruled out with the process carried out in this way,
high-purity sodium sulfite can be obtained.

A graphical analysis of the given process demon-
strated that, to obtain as a result of conversion a eu-
tonic solution of composition corresponding to point
E0 (13.4 wt % Na2SO3, 32.6 wt % NH4Cl; Fig. 4),
at which the yield of sodium sulfite is at a maximum,
the starting sodium chloride solution must have a
concentration of 37.3 wt %. However, such a solu-
tion cannot be prepared in principle, since the sol-
ubility of sodium chloride at 80oC is 27.6 wt %.
With a 27.6% solution of sodium chloride used as a
basis, the solution after introduction of an equivalent
amount of ammonium sulfite will be described by
point F1 (Fig. 3), corresponding to the intersection of
diagonals of the sulfite diagram, with water coordinate
I = 5.35 mole H2O/1 mole of a sum of dry salts.
After crystallization and separation of sodium sul-
fate, the mother liquor contains 14.8 wt % Na2SO3
and 23.1 wt % NH4Cl, has a water coordinateI =
6.28 mole H2O/1 mole of a sum of dry salts, and is
represented in the sulfite diagram by pointF2 (Fig. 3).
Consequently, the position of the segmentF1F2 in
the diagram indicates a substantial dilution of
the working solution, much impairing the efficiency
of the process. The theoretical yield of sodium sulfite
into the solid phase does not exceed 45.6% of its to-
tal content in the starting solution, which is 20%
lower than the value in the case of a process employ-
ing sodium chloride in crystalline form. Therefore,
the given variant of the process cannot be considered
optimal and recommended for practical use.

Variant III of obtaining sodium sulfite by conver-
sion consists in that the process is only performed in
the sulfite system. The functional scheme of such a
process is presented in Fig. 4. The process iscarried
out in a closed technological cycle. The base solution
is the mother liquor with removed sodium sulfite, con-
taining 13.4 wt % Na2SO3 and 32.6 wt % NH4Cl,
which corresponds to the composition of the system
at the figurative pointE0. The ammonium chloride by-
product is isolated by cooling the base solution, with
the subsequent filtration of the resulting suspension
(segmentE0X2 of the crystallization rayDX2). Thus,
under the optimal conditions, the course of the cyclic
process for obtaining sodium sulfite by the given var-
iant is described in the sulfite diagram (Fig. 4) by
the broken lineE0X2E3E4E0.

The results obtained in a graphical calculation of
the yield of ammonium chloride in cooling a solution

Fig. 4. Solubility diagram for the system Na2SO33NaCl3
NH4Cl3(NH4)2SO33H2O (variant III).

in the sulfite system to different crystallization tem-
peratures are presented below.

Tcr NH4Cl, oC WNH4Cl, %

60 2.7
40 26.7
20 54

Analysis of the obtained data shows that the yield
of ammonium chloride in the sulfite system is much
lower than that in the hydrosulfite system at about
the same temperatures. For example, in cooling a eu-
tonic solution (pointE0) to 60oC in the sulfite system,
the yield of crystalline NH4Cl is 2.7%, and the yield
in the hydrosulfite system at the same temperature,
25.2%. To isolate in the crystallization stage the op-
timal, stoichiometric amount of ammonium chloride
(34.9%) when carrying out the given process in the
sulfite system, the base solution is to be cooled to
below 30oC, whereas in the hydrosulfite system the
theoretical yield is 40.2% even at 40oC (actual yield
39.3%). Consequently, performing the stage of am-
monium chloride isolation in the sulfite system at
40oC will fail to ensure isolation of the amount of
ammonium chloride required by stoichiometric cal-
culations and will lead to its accumulation in the sys-
tem, with the yield of the target product lowered and
the product contaminated. At the same time, crystal-
lizing ammonium chloride at lower temperatures (be-
low 30oC) will lead to much higher energy consump-
tion as compared with carrying the process out in
the hydrosulfite system (by variant I).

Thus, the performed graphical analysis of the
possible ways to obtain sodium sulfite by con-
version, based on the solubility diagrams for the
systems Na2SO33NaCl3NH4Cl3(NH4)2SO33H2O and
NH4HSO33NaHSO33NaCl3NH4Cl3H2O, made it pos-
sible to select the optimal variant of such a process
and substantiate its optimal temperature conditions.
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Table 2. Compositions of solutions used in a cyclic process for production of sodium sulfite*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solution
³ Composition, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ SO3

23 ³ Cl3 ³ NH4
+

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Mother liquor after separation of Ns2SO3 ³ 6.8 ³ 21.63 ³ 10.97

³ ÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄ
³

6.57, 6.7, 6.38
³

21.7, 19.4, 21.8
³

9.3, 9.7, 11.3

³ ³ ³After absorption of SO2 ³ 12.74 ³ 20.25 ³ 10.27
³ ÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄ
³

12.9, 12.8, 12.4
³

19.4, 21.9, 20.8
³

10.0, 9.6, 10.0

³ ³ ³Mother liquor after separation of NH4Cl ³ 14.28 ³ 14.46 ³ 7.48
³ ÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄ
³

12.0, 15.1, 14.0
³

16.8, 16.4, 15.8
³

6.6, 7.5, 8.1

³ ³ ³Ammoniated ³ 13.74 ³ 14.2 ³ 11.2
³ ÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄÄÄ ³ ÄÄÄÄÄÄÄÄÄÄÄÄ
³

11.1, 11.3, 11.3
³

15.5, 14.8, 14.5
³

12.2, 11.4, 11.1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Numerator: theoretically calculated content of particles; denominator: actual content of particles in solution.

Variant I should be regarded as the optimal since it
ensures the highest yield of the target product (65.2%)
at the lowest energy expenditure for isolation of the
by-product. In this case, crystalline sodium chloride
is used as sodium-containing raw material without pre-
liminary dissolution, and the target product (NH4Cl)
is isolated in the hydrosulfite system on cooling the
solution to 40oC.

To confirm the validity of the conclusions made in
the graphic-analytical study, a set of experiments
was carried out in order to obtain sodium sulfite
in a closed technological cycle in accordance with
the theoretically substantiated optimal technological
parameters. Three successive cycles were performed
in the experiments. The working solution composi-
tions are presented in Table 2.

The obtained data suggest that the process of so-
dium sulfite production is stable since the solution
compositions in the same stages, but different cycles
are identical. The actual solution compositions are
close in content of the basic ions to the solution com-
positions calculated from the theoretically substan-
tiated optimal parameters of the process.

CONCLUSION

As a result of the investigations performed, the
most efficient pathway and the optimal technological
parameters of sodium sulfite production in conversion
with sodium chloride were substantiated theoretically
and verified experimentally. The obtained data can
serve as a basis for developing a full-scale technolog-
ical installation and setting-up industrial manufacture
of the given product.
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Abstract-The liquid3vapor equilibrium was studied experimentally in the following binary systems: ethyl
cellosolve3toluene, acetone3ethyl cellosolve, butanol3ethyl cellosolve, and butyl acetate3toluene. The ob-
tained experimental data are described mathematically in terms of the Wilson equation, and parameters
characterizing the concentration dependence of the component activity coefficients are calculated.

In plants of various branches of industry, where
organic solvents are used, spent mixtures form a flow
of toxic liquid wastes whose discharge into the envi-
ronment is unacceptable. This makes necessary the
development of technologies for recovering the start-
ing solvents from the wastes and recycling them, and
just this is the goal of the present study. Spent mix-
tures containing alcohols, ethers and esters, ketones,
and aromatic hydrocarbons frequently undergo ther-
mal destruction, which accounts for 26 to 35% of the
total loss in the technological process [1].

As a mixture for study was chosen a 646 solvent
widely used in the national economy. In addition, its
three-, four- and five-component constituents are in-
dependent commercial products with their own brand
names (647, 648, 650, and KR-36 solvents). The mix-
ture under study contains (wt %): acetone (AC) 7, eth-
anol (E) 15, butanol (B) 10 toluene (T) 50, butyl ac-
etate (BA) 10 and ethyl cellosolve (EC) 8. Spent sol-
vents contain varied amount of water.

The components of the mixture under study belong
to different classes of organic compounds and, de-
pending on their functional groups, differ in polarity,
density, boiling point, viscosity, vapor pressure, etc.
The components of a number of binary and ternary
constituents have close boiling points, which sug-
gests possible formation of azeotropes with different
numbers of components.

The most common methods for processing of liq-
uid wastes in order to recycle the valuable compo-
nents are various distillation and rectification tech-

niques [2]. The choice of one of the possible vari-
ants is governed by the requirements to the quality
of recovered products, by the physicochemical prop-
erties of the components being separated, and by a
number of other requirements. Since the composition
and volume of spent solvents vary widely, the fol-
lowing requirements to the technology were formu-
lated: it must be versatile, the processing technique
must uniform, the apparatus employed sufficiently
simple, and the cost of mixture processing low. These
requirements are met by the batch rectification meth-
ods, chosen as the basis in the present study.

The development of a technique for separating a
mixture under study assumes that data are available
on the vapor3liquid equilibrium in a certain range
of temperatures and pressures, corresponding to the
industrial conditions. Published data on the vapor3liq-
uid equilibrium could be found for the following sys-
tems: acetone with butyl acetate, toluene, butanol,
ethanol, or water; butyl acetate with butanol, water or
ethyl cellosolve; butanol with water, toluene, ethanol,
or butyl acetate; and ethanol with ethyl cellosolve,
toluene, or water [3, 4]. Data for the binary constit-
uents toluene3butyl acetate, ethyl cellosolve3acetone,
and butanol3toluene could not be found in the liter-
ature and were obtained experimentally using the
known methods [3] at a pressure of 760 mm Hg.

In the first stage of the study, the starting sub-
stances were purified [5]. The achieved purity was
evaluated by the boiling point, refractive index, and
results of a chromatographic analysis on a commer-
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Table 1. Parameters of liquid3vapor equilibria in binary
systems
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

System
³ Content of components, mol %³ bp,ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´
³ in liquid X1 ³ in vapor Y1 ³ oC

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
AC(1)3EC(2) ³ 0.1548 ³ 0.5306 ³ 115.2

³ 0.2357 ³ 0.6750 ³ 106.3
³ 0.4931 ³ 0.8853 ³ 86.0
³ 0.7400 ³ 0.9679 ³ 70.3
³ 0.9010 ³ 0.9989 ³ 60.1
³ ³ ³B(1)3EC(2) ³ 0.1100 ³ 0.3006 ³ 126.9
³ 0.1200 ³ 0.3200 ³ 125.8
³ 0.3210 ³ 0.5300 ³ 122.2
³ 0.5500 ³ 0.6300 ³ 119.2
³ 0.6300 ³ 0.7109 ³ 117.9
³ 0.8400 ³ 0.8600 ³ 117.6
³ ³ ³T(1)3BA(2) ³ 0.1046 ³ 0.1627 ³ 123.9
³ 0.2870 ³ 0.3917 ³ 119.9
³ 0.3993 ³ 0.5109 ³ 118.4
³ 0.4999 ³ 0.6082 ³ 117.3
³ 0.6528 ³ 0.7422 ³ 115.0
³ ³ ³T(1)3EC(2) ³ 0.2100 ³ 0.3250 ³ 120.4
³ 0.3500 ³ 0.4750 ³ 115.6
³ 0.4000 ³ 0.5500 ³ 114.6
³ 0.5500 ³ 0.6760 ³ 113.0
³ 0.6750 ³ 0.7500 ³ 111.6
³ 0.8500 ³ 0.8600 ³ 110.7
³ 0.8900 ³ 0.8900 ³ 110.2
³ 0.9500 ³ 0.9400 ³ 110.5

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

Table 2. Constants of the Antoine equation
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component
³ Constant
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ A ³ B ³ C

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
AC ³ 7.05860 ³ 1162.88 ³ 222.105
B ³ 7.42530 ³ 1425.13 ³ 196.033
T ³ 6.98010 ³ 1358.85 ³ 220.840
BA ³ 7.13180 ³ 1435.13 ³ 211.377
EC ³ 7.81910 ³ 1801.90 ³ 230.000
E ³ 8.714631³ 1927.839³ 252.0518
H2O ³ 8.101019³ 1748.83 ³ 235.0123
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

cial LKhM-80 chromatograph, version 1, with heat
conductivity detector and programmed temperature
control units. Individual substances and aqueous3

organic mixtures were analyzed using combined gas-
liquid and gas-adsorption chromatography. The con-
tent of water was determined using SEPARON po-
rous polymer as adsorbent. Tests with various fixed
phases demonstrated satisfactory results in analysis

of the organic constituents of the solvent on a
XROMATON-N-AW-DMCS phases modified with
polyethylene glycol with molecular weight of 1500.
The obtained chromatograms were processed using
an I-02 integrator. The composition of the mixtures
being analyzed was calculated by the method of nor-
malization of peak areas with account of correction
coefficients [6].

The liquid3vapor equilibrium was studied by
analyzing the dependences of the boiling point and
vapor phase composition on the composition of
the liquid phase (X3Y3T) under isobaric conditions
(P = 760 mm Hg) with the use of a Jillespi circulation
device [3]. The binary systems under study were
prepared by means of gravimetry. The boiling point
was measured with a mercury thermometer to within
0.1oC, with account taken of the corrections for
pressure and the projecting mercury column [5].
The obtained experimental data on the liquid3vapor
equilibrium in the systems studied are presented in
Table 1.

The experimental and published data on the liquid3

vapor equilibrium in binary systems were described
using the Wilson equation [7].

To model the liquid3vapor equilibrium in n-com-
ponent systems and calculate the rectification process,
it is necessary to determine the temperature depen-
dence of the vapor pressures of individual substances,
given by the Antoine equation

log P0 = A 3 B/(C + T),

where P0 is pressure (mm Hg);T temperature (K);
A, B, and C the constants of the Antoine equation.

The constants listed in Table 2 were further used
to describe mathematically the liquid3vapor equilib-
rium in terms of the Wilson equation.

The obtained binary interaction parameters for
two-component constituents of a mixture under study,
l12 and l21, are presented in Table 3 together with
average and maximum deviations of the boiling point.

As reliability criterion for the obtained parameters
may serve modeling of the liquid3vapor equilibrium
in ternary systems and comparison of the results of
modeling with experiment. Data on the liquid3vapor
equilibrium in ternary subsystems, acetone3toluene3
ethyl cellosolve, acetone3butanol3ethyl cellosolve,
and toluene3butyl acetate ethyl cellosolve could not
be found in the literature and were obtained experi-
mentally.
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Table 3. Parameters of the Wilson equation, average and
maximum deviations of the boiling point
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Wilson parameter³ Deviation, oC
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄSystem ³ ³
³ l12 ³ l21 ³ DTav ³ DTmax

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
AC3EC* ³ 3.8420 ³ 0.2608 ³ 0.500 ³ 0.90³ ³ ³ ³
B3EC* ³ 0.3099 ³ 1.0860 ³ 0.380 ³ 0.64³ ³ ³ ³
T3BA* ³ 0.5870 ³ 1.4170 ³ 0.180 ³ 0.49³ ³ ³ ³
T3B?* ³ 0.8668 ³ 0.0379 ³ 0.350 ³ 0.42³ ³ ³ ³
E3BA ³ 1.2820 ³ 0.3896 ³ 0.014 ³ 0.16³ ³ ³ ³
BA3EC ³ 1.2860 ³ 0.4937 ³ 0.016 ³ 0.36³ ³ ³ ³
E3T ³ 0.2385 ³ 0.3450 ³ 0.040 ³ 0.36³ ³ ³ ³
AC3T ³ 0.7094 ³ 0.8165 ³ 0.011 ³ 0.28³ ³ ³ ³
AC3E ³ 0.6116 ³ 0.8754 ³ 0.022 ³ 0.41³ ³ ³ ³
E3B ³ 1.9310 ³ 0.3615 ³ 0.090 ³ 0.14³ ³ ³ ³
AC3B ³ 0.6673 ³ 0.7416 ³ 0.090 ³ 0.56³ ³ ³ ³
AC3BA ³ 1.4230 ³ 0.4443 ³ 0.040 ³ 0.60³ ³ ³ ³
B3BA ³ 0.8262 ³ 0.6274 ³ 0.070 ³ 0.27³ ³ ³ ³
T3B ³ 0.5713 ³ 0.4089 ³ 0.062 ³ 0.14³ ³ ³ ³
E3EC ³ 0.8440 ³ 1.1850 ³ 0.051 ³ 0.24³ ³ ³ ³
AC3H2O ³ 0.1657 ³ 0.4407 ³ 0.011 ³ 0.17³ ³ ³ ³
H2O3B ³ 0.5473 ³ 0.0146 ³ 0.021 ³ 0.74³ ³ ³ ³
H2O3EC ³ 1.1120 ³ 0.1325 ³ 0.030 ³ 0.39³ ³ ³ ³
H2O3BA ³ 0.1291 ³ 0.0416 ³ 0.050 ³ 0.70³ ³ ³ ³
H2O3T ³ 0.0162 ³ 0.0143 ³ 0.071 ³ 0.30
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Systems studied experimentally.

For a limited number of points in the concentra-
tion field, the dependences of the boiling points on
the liquid phase composition were determined as de-
scribed above. The results obtained in an experimen-
tal study of the liquid3vapor equilibrium are presented
in Table 4.

The liquid3vapor equilibrium in ternary systems
was modeled using the set of binary interaction param-
eters of the Wilson equation, presented in Table 3.
The average and maximum absolute deviations of the
calculated and experimental boiling points are pres-
ented for ternary systems in Table 5.

Table 5 shows a satisfactory agreement between
the calculated and experimental values, suggesting
that the binary interaction parameters are reliable.

With the use of the experimental and available
published data [8], the existence of azeotropes in the
binary and ternary constituents of the solvent under
study were established, which markedly hinders the
isolation of individual components.

Table 4. Characteristics of liquid3vapor phase equilibria
in ternary systems
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ Content of components³

System ³ in liquid, mol % ³ bp,
ÃÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´
³ X1 ³ X2 ³ X3 ³

oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
AC(1)3T(2)3EC(3) ³ 9.910³ 80.07³ 10.02³ 94.5

³ 19.89 ³ 59.94³ 20.17³ 85.0
³ 29.61 ³ 29.53³ 40.86³ 77.4
³ 55.87 ³ 10.50³ 33.63³ 65.5
³ 75.17 ³ 2.45³ 22.38³ 61.6

AC(1)3B(2)3EC(3) ³ 9.990³ 80.00³ 10.01³ 88.8
³ 19.62 ³ 58.46³ 21.92³ 75.2
³ 40.93 ³ 33.75³ 25.32³ 66.1
³ 51.54 ³ 17.54³ 30.92³ 64.0
³ 69.99 ³ 10.00³ 20.01³ 60.8

T(1)3BA(2)3EC(3) ³ 10.12 ³ 79.99³ 9.99³ 120.0
³ 20.01 ³ 59.99³ 20.00³ 118.2
³ 30.60 ³ 23.73³ 39.67³ 116.4
³ 50.00 ³ 20.00³ 30.00³ 115.1
³ 70.02 ³ 9.99³ 19.99³ 112.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ

Table 5. Average and maximum deviations of boiling
points in ternary systems
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

System
³ Tav ³ Tmax
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ oC

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
AC3T3EC ³ 0.32 ³ 0.61
AC3B3EC ³ 0.28 ³ 0.44
T3BA3EC ³ 0.42 ³ 0.64
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The modeling of the liquid3vapor equilibrium
in the ternary constituents revealed an azeotrope-

H2O3toluene3butanol, whose properties were de-
termined with more precision experimentally. Boiling
point (oC): H2O 100, toluene 110.6, butanol 117.3,
azeotrope 84.5; concentration (wt %): water 55.0,
toluene 42.1; heterogeneous azeotrope.

CONCLUSIONS

(1) The liquid3vapor equilibrium was studied ex-
perimentally in the following binary systems: ace-
tone3ethyl cellosolve, butanol3ethyl cellosolve, tolu-
ene3butyl acetate, and toluene3ethyl cellosolve.

(2) The Antoine equation parameters were deter-
mined for calculating the temperature dependence of
the vapor pressure of pure substances.

(3) The obtained experimental data were described
mathematically to give a set of binary interaction pa-
rameters for the components of the system under
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study. This set can be used to model the liquid3vapor
equilibrium in multicomponent systems.

(4) The reliability of the binary interaction param-
eters was confirmed by comparing the calculated and
experimental values characterizing the equilibrium in
ternary systems.

(5) The modeling of the liquid3vapor equilibrium
in the ternary constituents of the system under study
revealed a ternary azeotrope-H2O3toluene3butanol.
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Abstract-Liquid3liquid phase equilibria were studied in the systems morpholine3monoethanolamine3
hexane3benzene, morpholine3mono(ethylene glycol)3hexane3benzene, morpholine3monoethanolamine3hep-
tane3toluene, and morpholine3mono(ethylene glycol)3heptane3toluene at 40, 50, and 60oC. A mathematical
description of the phase equilibria in the systems studied was obtained.

A number of requirements, the most important
among which are selectivity and dissolving ability,
are imposed upon extracting agents used to recover
individual aromatic hydrocarbons from reforming cat-
alyzates by liquid extraction techniques. Various sol-
vents have acquired industrial importance [134]; how-
ever, no solvent has been found up to now, satisfy-
ing all the requirements. The main extracting agents
used in domestic industry still are tri(ethylene glycol)
(TEG) and di(ethylene glycol) (DEG) possessing low
selectivity and dissolving ability. In this connection,
extraction is commonly performed at a temperature of
150oC and high solvent to raw material mass ratio
[(8315) : 1], which leads to high operation costs. The
most promising way to solve this problem is to pass
to use of extracting agents of mixed type, whose ap-
plication will improve the performance characteristics
in manufacture of monocyclic aromatic hydrocarbons.

This study is concerned with phase equilibria in
liquid3liquid systems formed from hexane3benzene
and heptane3toluene model mixtures and morpholine-
based binary solvents of varied composition.

EXPERIMENTAL

Liquid3liquid phase equilibria were studied in four-
component systems morpholine3monoethanolamine
(MEA)3benzene3hexane (I ), morpholine3mono(ethyl-
ene glycol) (MEG)3benzene3hexane (II ), morpholine3
MEA3toluene3heptane (III ), and morpholine3MEG3
toluene3heptane (IV ). The physicochemical properties
of the solvents and hydrocarbons-density and refrac-
tive index after purification and drying by known

techniques [5]-were in agreement with published
data. The content of the second component in mor-
pholine was varied within 353100 wt % for MEG and
403100 wt % for MEA. Experiments were performed
in sealed thermostated 15-ml test-tubes at 40, 50, and
60oC. The thermostating of the systems under study
was done with a UT 2/77 laboratory thermostat to
within 0.2oC. The composition of equilibrium phases
was determined by gas-liquid chromatography on a
Tsvet-500M chromatograph. For each binodal curve,
6 or 7 equilibrium compositions were determined at
fixed composition of a binary extracting agent. The
sampling of coexisting phases after the attainment of
equilibrium was done with a 1-ml chromatographic
syringe preliminarily heated to the temperature of
experiment. Each solution was analyzed three times
under the following conditions: flame ionization de-
tector; flow rates (ml min31): hydrogen 30, air 300,
carrier gas (nitrogen) 30; temperature (oC): column
thermostat 140, evaporator and detector 160. A 3-m
chromatographic column with 3-mm inner diameter
was used, as immobile liquid phase served PEG-20M
on Chromaton. The component concentrations were
calculated by the internal normalization method, the
calibration coefficients for the compounds being anal-
yzed were found by the known procedures [6].

The obtained experimental data on the composition
of the coexisting phases for systems (I ) and (II ) at
40oC are presented in Tables 1 and 2.

Analysis of the experimental data shows that ad-
dition of a second component to morpholine makes
the heterogeneous region wider, and at MEA and MEG
content exceeding, respectively, 60 and 50 wt %, bi-
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Table 1. Composition of equilibrium phases in the system morpholine3ethanolamine3benzene3hexane at varied mixed
solvent composition at 40oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Extract phase, wt % ³ Raffinate phase, wt %
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

hexane ³ benzene ³ morpholine ³ ethanolamine³ hexane ³ benzene ³ morpholine ³ ethanolamine
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Ethanolamine, 100%

0.54 ³ 0.00 ³ 0.00 ³ 99.46 ³ 99.95 ³ 0.00 ³ 0.00 ³ 0.05
0.56 ³ 1.89 ³ 0.00 ³ 97.55 ³ 83.97 ³ 15.93 ³ 0.00 ³ 0.10
0.56 ³ 4.08 ³ 0.00 ³ 95.36 ³ 67.74 ³ 32.13 ³ 0.00 ³ 0.13
0.53 ³ 6.50 ³ 0.00 ³ 92.97 ³ 54.27 ³ 45.51 ³ 0.00 ³ 0.22
0.49 ³ 9.41 ³ 0.00 ³ 90.10 ³ 40.43 ³ 59.06 ³ 0.00 ³ 0.51
0.37 ³ 14.0 ³ 0.00 ³ 85.63 ³ 19.53 ³ 79.25 ³ 0.00 ³ 1.22
0.00 ³ 20.35 ³ 0.00 ³ 79.65 ³ 0.00 ³ 97.50 ³ 0.00 ³ 2.50

Ethanolamine, 70%3morpholine, 30%

1.60 ³ 0.00 ³ 25.65 ³ 72.75 ³ 88.50 ³ 0.00 ³ 11.25 ³ 0.25
1.55 ³ 3.30 ³ 23.70 ³ 71.45 ³ 77.50 ³ 10.75 ³ 11.45 ³ 0.30
1.42 ³ 7.24 ³ 22.22 ³ 69.12 ³ 63.87 ³ 23.61 ³ 12.10 ³ 0.42
1.29 ³ 10.84 ³ 21.01 ³ 66.86 ³ 51.16 ³ 35.44 ³ 12.25 ³ 1.15
1.17 ³ 14.61 ³ 21.97 ³ 62.25 ³ 36.18 ³ 47.56 ³ 13.14 ³ 3.12
0.90 ³ 21.00 ³ 17.76 ³ 60.34 ³ 18.04 ³ 61.26 ³ 16.27 ³ 4.43
0.00 ³ 32.70 ³ 14.99 ³ 52.31 ³ 0.00 ³ 71.93 ³ 20.95 ³ 7.12

Ethanolamine, 60%3morpholine, 40%

2.26 ³ 0.00 ³ 33.63 ³ 64.11 ³ 86.43 ³ 0.00 ³ 12.76 ³ 0.81
2.21 ³ 3.02 ³ 31.42 ³ 63.35 ³ 75.01 ³ 9.65 ³ 14.39 ³ 0.95
2.14 ³ 7.04 ³ 26.11 ³ 64.71 ³ 62.65 ³ 21.63 ³ 14.61 ³ 1.11
2.09 ³ 11.72 ³ 21.89 ³ 64.30 ³ 49.39 ³ 33.12 ³ 13.98 ³ 3.51
2.02 ³ 16.41 ³ 19.04 ³ 62.53 ³ 34.74 ³ 42.52 ³ 16.46 ³ 6.28
1.96 ³ 24.50 ³ 13.61 ³ 59.93 ³ 20.46 ³ 49.48 ³ 20.93 ³ 9.13
1.70 ³ 32.18 ³ 26.59 ³ 39.53 ³ 8.76 ³ 54.16 ³ 25.74 ³ 11.34

Ethanolamine, 50%3morpholine,50%

3.07 ³ 0.00 ³ 43.82 ³ 53.11 ³ 82.79 ³ 0.00 ³ 16.86 ³ 0.35
3.12 ³ 2.08 ³ 42.54 ³ 52.26 ³ 76.39 ³ 5.18 ³ 17.95 ³ 0.48
3.18 ³ 4.61 ³ 40.97 ³ 51.24 ³ 70.13 ³ 11.01 ³ 18.18 ³ 0.68
3.22 ³ 7.61 ³ 38.56 ³ 50.61 ³ 63.57 ³ 17.45 ³ 17.98 ³ 1.00
3.33 ³ 12.72 ³ 35.05 ³ 48.90 ³ 51.03 ³ 27.55 ³ 18.57 ³ 2.85
3.48 ³ 20.47 ³ 29.68 ³ 46.37 ³ 35.60 ³ 38.30 ³ 21.44 ³ 4.66
3.71 ³ 26.33 ³ 29.41 ³ 40.55 ³ 14.81 ³ 45.87 ³ 33.39 ³ 5.93

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

nodal opening occurs, enabling production of high-
ly concentrated extracts. With increasing content of
the second component in a binary extracting agent,
the slope of chords steadily grows. At equal contents
of MEA and MEG in morpholine, higher heterogene-
ity is observed for system (II ). A common property
of systems (I )3(IV ) is the rather high solubility of the
extracting agents in the raffinate phase, becoming
higher with decreasing content of the second compo-
nent in the solvent, which is due to the pronounced
mutual solubility of morpholine and paraffin hydro-
carbons [4]. A similar behavior was observed for the
rest of the systems studied at 40, 50, and 60oC.

The phase equilibria in the four-component sys-
tems studied were described using complete third-
order polynomials of the type

Yi = B0 + B1X1 + B2X2 + B11X1
2 + B22X2

2 + B111X1
3

+ B222X2
3 + B12X1X2 + B122X1X2

2 + B112X1
2X2, (1)

where Bi are the regression equation coefficients;X1
the mass fraction of the second component (MEA or
MEG) in the extracting agent;X2 the mass fraction
of aromatic hydrocarbon in the extract phase;Yi the
mass fractions of hexane or heptane, and MEA or
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Table 2. Composition of equilibrium phases in the system morpholine3ethylene glycol3benzene3hexane at varied
mixed solvent composition at 40oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Extract phase, wt % ³ Raffinate phase, wt %
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

hexane ³ benzene ³ morpholine³ ethylene glycol³ hexane ³ benzene ³ morpholine³ ethylene glycol
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

Ethylene glycol, 100%

0.26 ³ 0.00 ³ 0.00 ³ 99.74 ³ 99.90 ³ 0.00 ³ 0.00 ³ 0.10
0.26 ³ 1.08 ³ 0.00 ³ 98.66 ³ 82.78 ³ 14.12 ³ 0.00 ³ 0.10
0.24 ³ 2.52 ³ 0.00 ³ 97.24 ³ 63.23 ³ 36.45 ³ 0.00 ³ 0.32
0.21 ³ 3.51 ³ 0.00 ³ 96.28 ³ 50.93 ³ 48.70 ³ 0.00 ³ 0.37
0.18 ³ 4.20 ³ 0.00 ³ 95.62 ³ 46.19 ³ 53.32 ³ 0.00 ³ 0.49
0.10 ³ 6.20 ³ 0.00 ³ 93.70 ³ 22.60 ³ 74.92 ³ 0.00 ³ 2.48
0.00 ³ 7.11 ³ 0.00 ³ 92.89 ³ 0.10 ³ 92.23 ³ 0.00 ³ 7.67

Ethylene glycol, 75%3morpholine, 25%

0.63 ³ 0.00 ³ 23.81 ³ 75.56 ³ 93.68 ³ 0.00 ³ 6.14 ³ 0.18
0.62 ³ 1.94 ³ 22.36 ³ 75.08 ³ 80.39 ³ 13.20 ³ 6.21 ³ 0.20
0.62 ³ 3.80 ³ 20.29 ³ 75.29 ³ 66.32 ³ 27.21 ³ 6.25 ³ 0.22
0.61 ³ 6.11 ³ 18.54 ³ 74.74 ³ 53.19 ³ 39.80 ³ 6.58 ³ 0.43
0.54 ³ 8.45 ³ 17.09 ³ 73.92 ³ 40.10 ³ 51.40 ³ 7.22 ³ 1.28
0.32 ³ 11.50 ³ 18.92 ³ 69.26 ³ 22.98 ³ 63.55 ³ 7.45 ³ 6.02
0.00 ³ 15.26 ³ 21.88 ³ 62.86 ³ 0.00 ³ 78.37 ³ 11.41 ³ 10.22

Ethylene glycol, 50%3morpholine, 50%

1.62 ³ 0.00 ³ 42.68 ³ 55.70 ³ 86.49 ³ 0.00 ³ 13.31 ³ 0.20
1.82 ³ 4.64 ³ 40.41 ³ 53.13 ³ 73.55 ³ 12.80 ³ 13.33 ³ 0.32
1.97 ³ 9.40 ³ 37.67 ³ 50.96 ³ 59.78 ³ 26.32 ³ 12.98 ³ 0.92
2.01 ³ 16.45 ³ 34.21 ³ 47.33 ³ 43.49 ³ 41.23 ³ 13.30 ³ 1.98
1.85 ³ 23.23 ³ 30.92 ³ 44.00 ³ 27.45 ³ 52.74 ³ 13.48 ³ 6.33
1.56 ³ 28.60 ³ 30.69 ³ 39.15 ³ 14.52 ³ 57.35 ³ 18.39 ³ 9.74
1.30 ³ 38.41 ³ 25.25 ³ 35.04 ³ 6.09 ³ 57.80 ³ 20.99 ³ 15.12

Ethylene glycol, 25%3morpholine, 75%

4.37 ³ 0.00 ³ 61.14 ³ 34.49 ³ 73.99 ³ 0.00 ³ 24.49 ³ 1.52
5.27 ³ 3.94 ³ 61.05 ³ 29.74 ³ 66.41 ³ 7.09 ³ 24.36 ³ 2.14
6.54 ³ 9.51 ³ 59.31 ³ 24.64 ³ 55.07 ³ 17.13 ³ 25.24 ³ 2.56
8.05 ³ 16.16 ³ 54.66 ³ 21.13 ³ 45.65 ³ 24.51 ³ 26.24 ³ 3.60
9.19 ³ 21.16 ³ 49.55 ³ 20.10 ³ 35.90 ³ 30.95 ³ 26.57 ³ 6.58

10.57 ³ 27.20 ³ 42.17 ³ 10.06 ³ 20.81 ³ 32.39 ³ 35.59 ³ 11.21
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

MEG, in the extract and raffinate phases, and mass
fraction of benzene or toluene in the raffinate phase.

The concentration of morpholine in the extract and
raffinate phases was found from the conditionSYi = 1.
The coefficients of Eq. (1) were calculated by the
least-squares method. These equations make it pos-
sible to determine for each system at an appropriate
temperature the content of all the components in co-
existing phases, i.e. the family of binodal curves with-
in the region studied. The boundaries of this region
are defined by the minimum and maximum concentra-
tions of the second component (MEA or MEG) in
the mixed solvent. For example, for systems (I ) and

(II ) at 40oC these intervals are, respectively, 503100
and 253100 wt % (Tables 1 and 2).

The significance of the coefficients of Eq. (1) was
evaluated using Students criterion at a significance
level of 0.95 and a number of degrees of freedom
f = 2 for three parallel runs for eachYi. Discarding of
the insignificant coefficients and recalculation gave
coefficients of Eq. (1). The coefficients for systems
(I ) and (II ) at 40oC are presented as an example in
Table 3, in whichS2

ad and S2
rep are, respectively, the

adequacy and reproducibility variances calculated by
methods described in [7]. Other coefficient tables
are not given here because of their vast volume. The
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Table 3. Coefficients of regression equation (1) describing the phase equilibrium in systems (I ) and (II ) at 40oC
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Coef-
³ Extract phase ³ Raffinate phase
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ficient ³ hexane ³ MEA ³ benzene ³ hexane ³ MEA
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Morpholine3MEA3benzene3hexane³
B0 ³ 0.090 ³ 33.201 ³ 3 ³ 0.672 ³ 3

B1 ³ 30.155 ³ 15.216 ³ 3 ³ 0.314 ³ 3

B2 ³ 0.436 ³ 3 ³ 31.306 ³ 2.480 ³ 3

B11 ³ 0.071 ³ 320.031 ³ 3 ³ 3 ³ 3

B22 ³ 3 ³ 3 ³ 3 ³ 312.250 ³ 0.986
B111 ³ 3 ³ 8.997 ³ 3 ³ 3 ³ 3

B222 ³ 3 ³ 33.419 ³ 3 ³ 3 ³ 3

B12 ³ 31.151 ³ 3 ³ 8.185 ³ 39.957 ³ 3

B122 ³ 30.107 ³ 3 ³ 39.815 ³ 25.404 ³ 3

B112 ³ 0.710 ³ 30.762 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³S2
ad ³ 3.950 1037 ³ 5.770 1034 ³ 8.350 1034 ³ 5.620 1034 ³ 1.870 1034

³ ³ ³ ³ ³S2
rep ³ 5.120 1037 ³ 2.650 1034 ³ 1.050 1033 ³ 6.220 1034 ³ 5.120 1037

F ³ 0.8 ³ 2.2 ³ 0.9 ³ 0.8 ³ 0.09
Ftab ³ 19.5 ³ 19.5 ³ 19.5 ³ 19.5 ³ 19.5
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Coef-
³ Extract phase ³ Raffinate phase
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ficient ³ hexane ³ MEG ³ benzene ³ hexane ³ MEG
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Morpholine3MEG3benzene3hexane³
B0 ³ 0.106 ³ 0.155 ³ 3 ³ 0.570 ³ 3

B1 ³ 30.340 ³ 0.761 ³ 3 ³ 0.754 ³ 3

B2 ³ 0.613 ³ 33.022 ³ 2.827 ³ 32.865 ³ 3

B11 ³ 0.425 ³ 3 ³ 3 ³ 30.340 ³ 3

B22 ³ 3 ³ 5.416 ³ 3 ³ 34.105 ³ 3

B111 ³ 30.189 ³ 0.078 ³ 0.048 ³ 3 ³ 3

B222 ³ 3 ³ 3.746 ³ 3 ³ 3 ³ 3

B12 ³ 31.874 ³ 8.822 ³ 38.292 ³ 9.873 ³ 0.700
B122 ³ 3 ³ 315.577 ³ 38.006 ³ 13.162 ³ 3

B112 ³ 1.277 ³ 36.162 ³ 17.43 ³ 320.614 ³ 3

³ ³ ³ ³ ³S2
ad ³ 3.470 1036 ³ 6.590 1035 ³ 8.830 1034 ³ 6.40 1034 ³ 4.720 1034

³ ³ ³ ³ ³S2
rep ³ 5.230 1036 ³ 8.130 1036 ³ 1.190 1034 ³ 7.810 1035 ³ 6.340 1034

F ³ 0.7 ³ 8.1 ³ 7.4 ³ 8.2 ³ 0.8
Ftab ³ 19.4 ³ 19.4 ³ 19.4 ³ 19.4 ³ 19.4
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

adequacy of the obtained equations was verified using
Fisher’s testF = S2

ad/S
2
rep.

As it can be seen from Table 3, all the equations
adequately describe phase equilibria in the system
studied at the adopted significance level of 0.95. The
correctness of the obtained experimental data was ver-
ified using Hand’s correlation method [8], with the
four-component system regarded as a pseudoternary
system in which the concentration of the extracting
agent was equated to the sum of concentrations of the
constituents of the mixed extracting agent. The high
correlation coefficientR > 0.98 indicates the correct-
ness of the obtained experimental data.

The obtained experimental data on phase equilibria
were used to determine, using the method of graphical
interpolation after Sherwood [8], the compositions of
the coexisting phases under conditions of single-stage
extraction of model mixtures hexane3benzene and hep-
tane3toluene. The content of the aromatic hydrocarbon
in the raw material was chosen to be 35 wt %, and
the mass ratio of the solvent to the raw material, 2 : 1.
The obtained data were used to calculate the coeffi-
cients of distribution of the aromatic hydrocarbon
among the phases,Ka = Xae/Xar and the separation
coefficientsb = Ka/Kna characterizing the selectivity
of the given process [9], whereKa and Kna are the
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Table 4. Results obtained in single-stage extraction of model mixtures with different solvents* . Extracting agent to raw
material mass ratio 2 : 1, content of aromatic hydrocarbon in raw material 35 wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvent
³

Raw material
³

T, oC
³ C ³ a ³ K ³

Reference³ ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´
³ ³ ³ wt % ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Morpholine + 70% MEA)³ Benzene3hexane ³ 40 ³ 82.9 ³ 39.76 ³ 0.31 ³ This study
Morpholine + 50% MEG ³ " ³ 40 ³ 79.8 ³ 43.28 ³ 0.34 ³ "

DEG + 7% H2O ³ " ³ 150 ³ 75.0 ³ 23.8 ³ 0.13 ³ [10]
TEG ³ Toluene3heptane ³ 50 ³ 82.3 ³ 29.6 ³ 0.17 ³ [11]
N-MP + 20% H2O ³ " ³ 20 ³ 93.7 ³ 30.0 ³ 0.18 ³ [12]
N-MP + 40% MEG ³ " ³ 50 ³ 69.9 ³ 57.7 ³ 0.42 ³ [13]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* C is the content of aromatic hydrocarbon in the extract,a the degree of extraction of the aromatic hydrocarbon, andK the distribu-

tion coefficient for the aromatic hydrocarbon.

coefficients of distribution of the aromatic and non-
aromatic hydrocarbons, respectively, between the ex-
tract and raffinate phases;Xae and Xar are the mass
concentrations of an aromatic hydrocarbon (benzene
or toluene) in the extract and raffinate phases.

The experiments demonstrated that, with increasing
content of the second component in a binary solvent,
the separation coefficient grows, whereas the distribu-
tion coefficient of the aromatic hydrocarbon decreases.
For example, making the MEG content higher than
75 wt % for systems (I ) and (III ) is inexpedient in
view of the substantial decrease in the dissolving abil-
ity; the corresponding values for systems (II ) and (IV )
are 50 and 60 wt %, respectively. At equal contents
of the second component, adding MEG to morpholine
leads to lower distribution coefficients and wider strat-
ification region. A similar behavior was observed for
all of the systems studied.

The content of the second component in the ex-
tracting agent, which ensures the best combination of
selectivity and dissolving ability, is about 70 wt %
for MEA and 50 wt % for MEG. The results obtained
in calculating the basic parameters in the case of
a single-stage extraction with binary solvents of com-
position morpholine + 70% MEA and morpholine +
50% MEG are listed in Table 4, presenting in addition
the corresponding parameters for some commercial
extracting agents. The basic parameters of single-stage
extraction were calculated by means of the conven-
tional formulas [8, 9] with the use of compositions
of coexisting phases, found by Sherwood’s correla-
tion method. Content of aromatic hydrocarbon in the
raw material 35 wt %, solvent to raw material mass
ratio 2 : 1. The correlation line was plotted using
equilibrium data for binodals corresponding to 70%
MEA and 50% MEG in the binary extracting agent
(Tables 1 and 2).

As seen from Table 4, the proposed extracting
agents surpass DEG and TEG in both selectivity and
dissolving ability. Compared with the extracting agent
Arosolvan [N-methylpyrrolidone (N-MP) + 40% MEP],
the extracting agents studied have lower dissolving
ability, but higher selectivity.

Thus, the analysis of the experimental data obtained
with model mixtures suggests that the binary solvents
studied, morpholine3MEA and morpholine3MEG, ex-
hibit sufficiently high dissolving and selective prop-
erties and can be recommended as extracting agents
for recovery of aromatic hydrocarbons from reforming
catalyzates. However, final assessment should be made
after optimization and calculation of performance pa-
rameters.

CONCLUSIONS

(1) Equations adequately describing phase equilib-
ria in the systems morpholine3monoethanolamine3hex-
ane3benzene, morpholine3mono(ethylene glycol)3hex-
ane3benzene, morpholine3monoethanolamine3heptane3
toluene, and morpholine3mono(ethylene glycol)3hep-
tane3toluene at 40, 50, and 60oC were obtained.

(2) The extracting properties of binary solvents
were studied in relation to their composition. It is
shown that morpholine-based binary extracting agents
with addition of monoethanolamine or mono(ethylene
glycol) show good extracting properties and surpass
tri(ethylene glycol) and di(ethylene glycol) in both
selectivity and dissolving ability.
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Abstract-Adsorption of Ni(II) onto quartz from aqueous solution with pH 337 and its subsequent desorption
are studied. The desorption was done by three procedures with different extents of action on adsorbed
metal ion.

This study is one of a series of works on adsorption
of metal cations capable, in principle, of forming
chemical bonds with active sites on the adsorbent sur-
face [134]. Our selection of the subject matter was
determined by the possibility of donor3acceptor bond-
ing, with account of the electronic structure of the ion
and the lability of the resulting adsorption complex.
In this connection, transition metal cations (as pos-
sible acceptors of unshared electron pairs) and oxides
whose surface groups are potential donors of such
pairs are chosen to constitute an adsorbate3adsorbent
pair. The coordination properties of surface groups of
an oxide can be judged from the general concepts of
the coordination chemistry, including those of the
structure of electronic shells and the mutual effect of
the constituents of the complexes formed in the solu-
tion bulk [538]. Therefore, those oxides should be
selected in which an adsorbed metal does not enter
the crystal lattice, i.e., oxides nonisomorphous with
a given metal.

Of course, electrostatic (Coulombic) forces also
contribute to the interaction between the cation and
negatively charged sites on the adsorbent surface.
The range of these forces is much longer than the
length of the donor3acceptor bonds. Adsorption con-
trolled by these forces is totally reversible, and the
adsorption equilibrium (controlled by cation diffusion)
is established rapidly. The role of the Coulombic in-
teraction is restricted to concentration of the cations
in the diffusion layer at the interface; the higher the
surface potential, the higher the metal concentration.

The adsorption of ionic and molecular species is
only one type of possible interactions. At sufficiently
high pH values, hydroxide particles (colloids in many

cases) form a new phase. In this case, the sorption
mechanism changes fundamentally, and adsorption
gives way to interaction of species of varied nature
and size, which will be further be treated in terms of
adhesion.1

It is known that in most of actual systems the
species are considerably more tightly associated than
in the case of a simple coagulation contact, when no
chemical interaction between active centers of the
species is realized (this case is treated in the classi-
cal version of the DLFO theory). Our thought is that
the presence of3O3 and 3OH groups on the surfaces
of the hydroxide adsorbate and oxide adsorbent and
the larger size of the colloidal particles as compared
to ionic and molecular species may result in that hy-
drogen bonding plays the determining role in fixation
of the adsorbate species on the adsorbent surface [4].
Donor-acceptor bonding can contribute to adhesion
also, but, probably, to a lesser extent, as follows from
the known strict steric limitations.

In this work we studied Ni(II) as an adsorbate.
Being ad metal (3d8), Ni can serve as an acceptor of
the electron pair in complexation with oxygen-con-
taining ligands. According to coordination chemical
views, Ni(II) forms more or less stable, depending on
the ligand nature, and relatively inert complexes in
the bulk of aqueous solutions. From the practical
standpoint the selection of Ni is due to the fact that
it is a component of waste of many industries.
ÄÄÄÄÄÄÄÄÄÄ

1 In the cases when coagulation in dispersions with species hav-
ing different nature and size is the subject matter, the term het-
eroadagulation is sometimes used. We prefer to use the term
adhesion for the indicated process, as emphasizing the point
of sticking of hydroxide species to the adsorbent surface.
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As in the previous studies, we used quartz as ad-
sorbent. In the adsorption3desorption experiments, we
employed powdered quartz with equivalent particle
diameter of <120mm (the powder contained a rel-
atively large amount of small particles). In the elec-
trophoretic experiments, we used quartz with particle
size of several micrometers.

The selection of quartz is due primarily to the fact
that it is nonisomorphous to Ni(II) compounds, and,
in contact with aqueous solutions at pH 337, its
surface is charged negatively (on the average over
the surface); the zero-charge point of quartz varies
from 1.5 to 2.0. The slope of the pH dependence of
the electrokinetic potential of quartz is rather high
[2, 3]. The ionic centers of the negatively charged
quartz surface are [=SiO]3 and [=SiOH]0, both being
potential surface ligands. Note that the siloxane
groups [=Si=O] can be surface ligands, too. The in-
dicated fraction of quartz was selected to follow
the effect of electroosmosis without applying con-
centration polarization [9].

Finally, the selection of quartz as adsorbent appears
to be relevant, since quartz sand and other Si- and
O-containing compounds are among the basic com-
ponents of the soil. By virtue of its relatively low
cost, quartz sand may appear rather efficient adsorbent
for d metals under certain conditions.

The main goal of this work was to study the ki-
netics of adsorption (adhesion) of Ni(II) onto quartz
and of its desorption. The processes were monitored
by the Ni(II) concentration in the solution bulk,C,
and the amount of metal on the adsorbent surface,
X (recalculated to 1 g of adsorbent). Nickel(II) was
determined in solution spectrophotometrically with
a Specol-10 instrument using 0.01% ethanolic solu-
tion of PAN [1-(2-pyridylazo)-2-naphthol] as indica-
tor [10].

Adsorption (adhesion) was studied by the static
method. Quartz after adsorption (adhesion) is called
modified.

Desorption was studied by the static, dynamic,
and electroosmotic displacement methods differing
in the effect exerted on the adsorption layer. Among
these methods, the static method is the mildest, and
the electroosmotic method, the most vigorous. In all
cases, we used in the desorption stage Ni-free solu-
tions (supporting solutions) having the same com-
position by the other components as the Ni(II) solu-
tion used in the adsorption stage (working solution).
In static desorption experiments, modified quartz was
placed in weighing bottles, and the supporting so-
lution was refreshed at fixed intervals. In the dy-
namic and electroosmotic modes, the supporting so-

lution was passed through a membrane of modified
quartz, under the action of a pressure gradient and
dc field, respectively.

To compare the efficiencies of desorption by the
dynamic and electroosmotic methods, experiments
were carried out at the same flow rates of the sup-
porting solution. In the electroosmotic experiments,
the dc field strength was 10 V cm31. The pressure
gradient in the dynamic desorption experiments was
estimated by the formula for the maximal electro-
osmotic rise [11], derived with the Darcy equation
[9] substituted for Poiseuille’s equation.

The static and dynamic techniques are widely used
in desorption experiments. Hereinafter these methods
are called conventional. Studies devoted to the po-
tentialities of the electroosmotic technique for this
purpose are scarce. The main concern of these works is
mostly soil compaction or consolidation grouting [12].

The working solutions were prepared from a 1034 M
Ni(NO3)2 stock solution (total ionic strength 1033) at
pH 3.0, 5.0, 7.237.4, and 9.4 (system nos. 134, re-
spectively). The Ni(II) concentration in the working
solutions was chosen for studying the adsorption ef-
ficiency in view of the fact that the commonly used
wastewater treatment processes can reduce the me-
tallic pollutant concentration to 103331034 M, which
is much higher than the maximal admissible concen-
tration.

To evaluate the effect of aging of the working solu-
tion through Ni(II) hydrolysis, the solutions were po-
tentiometrically titrated 1 and 24 h after preparation.

The results obtained with the freshly prepared so-
lutions are consistent with those reported in [13] for
pH < 9.5. At the same time, the results clearly demon-
strated that Ni(II) speciation substantially changes with
time, especially at pH > 8. For example, at pH 9.4
and short contact time, the amount of the hydroxide
was determined to be 80% of the total; such ionic
species as [Ni(H2O)5(OH)]+, [Ni(H2O)3(OH)3]

3, and
[Ni(OH)4]

23 were present in nearly equal amounts
(637%). With longer contact time, the amount of
the hydroxide decreased to 48%, and the content of
ionic species increased. Therefore, we used in our
experiments fresh working solutions (age 132 h). In
these solutions, about 97% of the total Ni(II) exists
at pH 7.237.4 as [Ni(H2O)6]

2+. However, it is known
that Ni(II) exists essentially in hydroxo forms at
pH 8.3. Therefore, the difference between pH 7.237.4
of the working solution and pH 8.3 of hydroxide pre-
cipitation is too small to eliminate the possibility of
occurrence of a minor amount of the hydrolyzed form
[Ni(H2O)5(OH)]+ in the working solutions. Note al-
so that Farleyet al. [14] suggested that at pH only
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slightly lower than that corresponding to the onset of
hydroxide formation in the bulk of the liquid phase,
formation of hydroxides and their further association
may occur in the surface layer.

The ionic strength and pH of the working solutions
were adjusted by adding KNO3, HNO3, or KOH. It is
known that at the experimental pH values the quartz
surface is charged negatively,i.e., Ni(II) aqua cat-
ions must be attracted to the surface by electrostatic
forces. To characterize the electrostatic interaction and
the evolution of the relative amounts of the surface
groups [=SiO]3 and [SiOH]0 with increasing pH, we
measured in the working systems, and also in the sys-
tem with pH 10.5, the electrokinetic potentialz by
the microelectrophoretic method. The initialz values
(tad = 0) of the working systems were37, 335, 350,
370, and 3100 mV. These values and their evolu-
tion with increasing pH andtad suggest that, in all
the cases, the quartz surface has active sites [=SiO]3.
In the systems with pH 3, the amount of these groups
is small; and most of the sites exist in the [=SiOH]0

form. Naturally, the amount of the [=SiO]3 groups
increased with growing pH at the expense of the
[=SiOH]0 form, and it is most likely that [=SiO]3

is the dominant form in the system with pH 10.5.
Thus, in all of the working systems the quartz surface
possesses surface sites of both types.

The above working pH values were chosen on
the basis of the speciation data for fresh Ni(II) solu-
tions, solubility product of Ni(OH)2, and relative
amounts of the indicated two forms of the surface
sites.

Both in the case of adsorption (adhesion) and in
desorption, the metal concentration in the liquid phase
C was monitored. Then we estimated the amountX of
Ni(II) on quartz in adsorbed (adhering) state per gram
of the adsorbent. The adsorption (adhesion) efficiency
was characterized by the amount of adsorbed (adher-
ing) Ni(II) related to its total amount in the system,
Xad (%). The desorption efficiency is characterized by
the decrease in the amount of adsorbed (adhering)
Ni(II) related to its total amount in the system,Xdes
(%), by the same decrease but related to the limiting
adsorption in the preceding adsorption stage,Xi

des(%),
and by the increase in the metal ion concentration
related to the limiting adsorption in the preadsorption
stage Ci

des (%):

Xad = ÄÄÄÄÄÄÄÄ 0 100,0 C0 3 Cad

C0

Xdes = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 100,0 (C0 3 Cad)Vad 3 CdesVdes

C0Vad

Xdes = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 0 100,i
(C0 3 Cad)Vad 3 CdesVdes

CadVad
i

Cdes = ÄÄÄÄÄÄ 0 100,i
CdesVdes

CadVad
i

where the lower indices ad and des refer to the ad-
sorption and desorption, respectively;C0 is the Ni(II)
concentration in the aqueous phase before adsorption;
and V is the volume of the liquid phase (time-in-
dependent in adsorption and depending on the number
of refreshments of the supporting solution in static
desorption and the desorption time in dynamic and
electroosmotic desorption).

The error of spectrophotometric determination of
Ni(II) was within 0.533.0%. Within these limits the
error increased with increasing pH. The reason is that
the Ni(II) concentration in the solutions after adsorp-
tion and after desorption by the conventional meth-
ods was very low (close to the determination limit
by the method used). The error of determination of
pH was no more than 0.05 pH units in the acidic
region and 0.1 pH units in the alkaline region. The
error of determination of thez potential ranged from
3 to 15%; in the neutral and alkaline regions the
standard deviation was below 3% for seven parallel
runs, and in the acidic region it was 8315%.

The major trends in the adsorption3desorption be-
havior of Ni(II) in the investigated system are dem-
onstrated in Figs. 1 and 2. The dependencesXad =
f(tad), Xdes = f(tdes), and Ci

des = f(tdes) are given in
Figs. 1a, 1b31d, and 2, respectively. Additionally,
some Xdes values are given in the text.

Figure 1a shows that, in all the systems, Ni(II) is
intensively adsorbed from the liquid phase but in dif-
ferent amounts. The most clearly pronounced dif-
ferences are observed with increasing pH in the sys-
tems with Ni(II) in the form [Ni(H2O)6]

2+. The limit-
ing adsorption of Ni is 36, 60, and 90% of the total
at pH 3, 5, and 7.2, respectively. At pH 9.4, i.e., in
the case of hydroxide adhesion, Ni is virtually totally
removed from the liquid phase.

The time of attainment of the adsorption equi-
librium (limiting adsorption) was found to be about
4 h in the systems in which ionic species of Ni(II) are
adsorbed; in the case of adhesion of the hydroxide
species, the major part of the metal was already ad-
sorbed during the first hour, and then the process
slowly approached saturation in several days.

Let us consider data on desorption in the systems
in which Ni(II) was adsorbed as the ionic species
[Ni(H2O)6]

2+. Note, first, that in this case the ef-
ficiency of desorption by the conventional methods
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Fig. 1. Adsorption Xad of Ni(II) on quartz and its desor-
ption Xdes vs. contact timet. Solution pH: (1) 3.0, (2) 5.0,
(3) 7.237.4, and (4) 9.5. (a) Adsorption and 7-day de-
sorption in (b) static, (c) dynamic, and (d) electroosmotic
modes.

Fig. 2. Gain in the Ni(II) concentration in solution
Cidesvs. the desorption timet at pH 3. Adsorption time (h):
(1`33`) 1 and (133) 24. Desorption technique: (1, 1`) static,
(2, 2`) dynamic, and (3, 3`) electroosmotic.

strongly depends on the adsorption time: the longer
the adsorption time, the lower the desorption rate
and the limiting desorption. The effect was observed
even at adsorption time longer than that in which
equilibrium was attained in the adsorption stage. In
electroosmotic desorption, we observed the effect of
tad too, but, first, to a much lower extent and, second,
for the desorption rate only.

The effect oftad is shown in Fig. 2 for system no. 1
at the shortest and the longest experimental adsorption
times and for all the three desorption techniques used.

To illustrate the effects of pH,tdes, and the de-
sorption technique on the desorption behavior, desorp-
tion data for all of the systems studied are given in
Figs. 1b31d for one and the same, and the longest
experimental adsorption time (tad = 7 days), since this
time was demonstrated to be sufficient for saturation
of all interactions and surface processes occurring in
the investigated systems.

Let us consider first the conventional desorption
techniques. At pH 3 the efficiency of desorption by
both the conventional methods is low, as clearly
demonstrated by Figs. 1b, 1c, and 2. Also this fact
is clearly pronounced inXi

des. Recalculation ofX0
ad

to Xi

des gives 73 and 45% attad = 1 h and 90 and 70%
at tad = 7 days for the static and dynamic desorption,
respectively. Such a low desorption efficiency even
at pH 3 is a clear indication of the occurrence of
specific adsorption. According to our concept [1, 3],
the crucial role in realization of specific adsorption
is played by donor3acceptor interactions. When dis-
cussing data on adsorption of metals other than Ni,
we suggested that donor3acceptor binding to active
sites of the SiO2 surface may initiate various chem-
ical reactions in the adsorbate layer, thus favoring
stronger fixation of the metal species. Also, we sug-
gested that olic or oxolic bonds may be formed be-
tween the adhering species, as well as protonation and
deprotonation of the adsorbate [2, 3]. In Ni(II) ad-
sorption, these processes are unlikely. Furthermore,
at small tad (about 1 h) the initiated reactions, even
if occurring, could provide very low yields. It follows
from these considerations that the adsorbate3adsorbent
surface complex is strongly fixed on the surface by
the donor3acceptor forces. The observed low effi-
ciency of Ni(II) desorption by the conventional meth-
ods in the systems with pH 3 suggests that in this case
not only [=SiO]3, but also [=SiOH]0 may by a surface
ligand.

Let us now consider the desorption data obtained
by the traditional methods in the systems with pH 5.0
and 7.237.4. In this case, we observed a stronger ad-
sorption and a higher fraction of undesorbable Ni(II)
as compared with the systems having pH 3, and also
an increase in adsorption efficiency and decrease in
desorption efficiency with increasing pH. In terms of
our concept, these data can be attributed to the fact
that, among the indicated surface ligands, [=SiO]3 is
more likely to substitute water molecules of the aqua
cation [=SiOH]0. It is not improbable that latter can
also replace water, but an ultimate answer can be ob-
tained only experimentally. It follows from published
and our data on the electrokinetic potential of the ini-
tial quartz that the relative amount of the [=SiO]3

groups substantially grows in passing from pH 3 to
pH 5.0 and then to pH 7.237.4, at the expense of
[=SiOH]0. At the same time, as noted above, a minor
amount of the hydroxo cation [Ni(H2O)5(OH)]+ can be
formed in the systems at pH 7.237.4. Association of
such species may result in the appearance of polyhy-
droxo forms in the surface layer. However, we have
no direct confirmation of the occurrence of these sur-
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face processes. Our thought isthat the conclusion about
the increasing relative content of [=SiO]3 groups, and
decreasing content of [=SiOH]0 groups, is sufficient
for adequately interpreting the experimental data.

The electroosmotic displacement technique pro-
vides rapid total desorption of Ni(II) (in 4 h in the
extreme cases) (Figs. 1d, 2). Also, the results clear-
ly demonstrate the advantage of the electroosmotic
technique over the conventional desorption methods
(Figs. 1b31d, 2). These results are well consistent
with the theoretical views of the structure of electro-
osmotic and pressure filtration flows [9].

Let us now consider data on system no. 4. The con-
tribution of chemical bonding to adhesion of Ni hy-
droxide species to the quartz surface was the most
clearly pronounced in the static desorption experi-
ments. It should be pointed out first that in the ad-
sorption stagez reaches its limiting value quite rap-
idly, suggesting that all the transformations occurring
in bond formation are localized in the interparticle
contact zone only (rather than in the bulk of an adher-
ing hydroxide species) [4, 15]. The absence of chem-
ical transformations is probably due to the fact that
the interacting dispersed species are nonisomorphous
to one another. Furthermore, one may suggest on the
basis of the results obtained that the contact between
a Ni(OH)2 particle and SiO2 is stronger than a simple
coagulation contact. To estimate the coagulation con-
tact energy in the investigated systems, we used the
method employed more than once previously in treat-
ing other systems [16, 17], relying upon the classical
version of DLFO calculation. In calculations, we ac-
ceptedz(SiO2) = 370 mV andz[Ni(OH)2)] = 312 mV
[4]; at particle size of Ni(OH)2 and quartz of 1 and
10 mm, respectively; and the Hamacker constant
A120 = 1 0 10320 J.2 The probability of formation of
a coagulation contact is controlled byUmax/Umax.crit.,
where Umax is the energy barrier estimated by
DLFO for the actual values ofz of the interacting
particles andUmax.crit. is that estimated atz(SiO2) =
z[Ni(OH)2)] = 330 mV. This procedure is based on
the well-known empirical observation that, regardless
of the sign of the potential, the value 30 mV is critical
in the sense that at higher (or lower) absolute values
of the potential coagulation does not occur (or occurs).
According to our estimates,Umax/Umax.crit. is some-
what above 1 for the pair SiO23SiO2, below zero for
Ni(OH)23Ni(OH)2, and about 1.5 for SiO23Ni(OH)2.
These results show that in the framework of the clas-
ÄÄÄÄÄÄÄÄÄÄ

2 The Hamacker constant of Ni(OH)2 was estimated by the
method proposed in [18]: the Lorentz3Lorenz equation, relat-
ing the electronic polarizability to the refractive characteris-
tics, is substituted in the relationship for the London constant.

sical version of the DLFO theory, aggregates consist-
ing of only quartz particles cannot be formed in the
investigated systems; nickel hydroxide particles must
be strongly associated, and the Ni(OH)23quartz inter-
action is on the verge of probability. At the same time
the equilibrium³z³ in system no. 4 was found to be
20 mV, which is lower by 50 mV than that of the in-
itial quartz. Such a highD³z³ clearly indicates that
SiO2 interacts with Ni(OH)2 in this system. Thus, as
in the case of adsorption of cationic forms of Ni(II),
the experimental results for system no. 4 are inconsis-
tent with the theoretical predictions obtained with
no allowance for chemical interaction between the ac-
tive interfacial centers.

Note also that the measured equilibriumz in sys-
tem no. 4 (320 mV) is much closer to the potential of
the Ni(OH)2 surface than to that of SiO2. We estimat-
ed the coverage of the surface of the SiO23Ni(OH)2
aggregate with Ni(OH)2 particles by the equation re-
lating the meanz of a two-component solid surface
to z of the components and to the fractions of the sur-
face occupied bythem. The coverage of SiO2 with
Ni(OH)2 was estimated to be 0.8030.85. According to
the microscopic data, the hydroxide species are at least
1 mm in size. The particles of this size may cover
only 334% of the quartz surface (in this case the
mean z would be close to that typical of quartz).
The results can be accounted for on the assumption
that the observed 1-mm hydroxide species are ag-
gregates of much smaller particles and that, when
approaching the surface layer, these aggregates dis-
integrate to give a large amount of primary particles.
Such interpretation is consistent with our concept of
the existence of high-energy bonds between metal hy-
droxide species and SiO2 [16].

The rather low-efficient desorption by the static
method in the systems with pH 9.4 can be attributed,
as in our previous studies, to a significant effect
of hydrogen bonding between the oxygen-containing
groups on the quartz surface and the hydroxy groups
of the Ni(II) hydroxide particle surface (such bonds
ensure fairly strong fixation of an adsorbate on the
adsorbent surface). Furthermore, accumulation of
a great amount of very small hydroxide particles at
the adsorbent surface could initiate their association in
the surface layer, thus favoring fixation of Ni(II). Note
that in many cases hydrogen bonding causes signif-
icant undesired problems in regeneration of the ad-
sorbent surface.

As in desorption of ionic species, in the case of
initial adhesion of Ni(OH)2 particles, electroosmotic
displacement technique provides high desorption ef-
ficiency.
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Since in the case of dynamic desorption it is not
improbable that the complex pore structure of the
membranes affects the particle motion in the liquid,
induced by the liquid flow, one cannot attribute the
observed low efficiency of Ni(II) desorption only to
the effect of hydrogen bonding. Theoretically, motion
of small colloidal species within the membrane pores
can be initiated by electroosmotic flow [9]. Such a
strong difference between the efficiency of desorption
of adhered colloidal species of Ni hydroxide, obtained
in the dynamic and electroosmotic desorption exper-
iments, provides an additional evidence in favor of
the employment of electroosmotic regeneration of
modified quartz.

CONCLUSIONS

(1) Quartz intensively adsorbs Ni(II); the adsorp-
tion considerably grows with ingreasing pH of the
aqueous phase. The adsorption equilibrium is estab-
lished in several hours (4 h and more).

(2) Desorption of Ni(II) from quartz depends on
the desorption procedure used. The desorption effi-
ciency in the conventional methods (static and dy-
namic) is rather low even at a desorption time as long
as many days; the desorption efficiency in the dy-
namic mode is somewhat higher. In electroosmotic
replacement, Ni(II) is totally desorbed quite rapidly
(in 0.531 h).

(3) In the conventional desorption modes the de-
sorption efficiency significantly depends on the ad-
sorption time, but only slightly on the pH of the Ni-
containing working solution. In the electroosmotic
displacement method, the desorption efficiency is in-
dependent of these parameters.

(4) In 7 days, about 95% of Ni(II) adheres to the
quartz surface. Adhesion occurs throughout the ex-
periment; however, the main part of the hydroxide
(>80%) adheres in the first hour.

(5) The trends observed in desorption of adhering
Ni(II) hydroxide are quite similar to those for the case
of adsorbed ionic species. The desorption efficiency
is rather low in desorption by the conventional meth-
ods, while electroosmotic displacement provides rapid
and total desorption.

(6) The adsorption, adhesion, and desorption be-
haviors of Ni(II) in quartz dispersions may be inter-
preted in terms of the formation of donor3acceptor
bonds between Ni(II) and active centers of the quartz
surface in the case of adsorption, and of hydrogen
bonding between Ni hydroxide species and the active
sites in the case of adhesion.
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Abstract-The kinetics of heterogeneous reduction of red-brown Zh vat dye with formaldehyde sodium
sulfoxylate (rongalite) was studied. The dye was reduced in the form of nonporous disk, which eliminates
the effect of mass transfer on the reaction rate. The stages of the reduction mechanism and the reaction rate
equations are proposed.

Due to wide assortment and high lightfastness and
resistance to wet treatment, vat dyes are widely used
in the textile industry. The main stage in the textile
finishing is conversion of a water-insoluble dye into
a soluble leuco compound. This reaction proceeds
in the presence of sulfur- and oxygen-containing re-
ducing agents: formaldehyde sodium sulfoxylate (FSS)
or sodium dithionite [1]. The conversion of the vat
dye in the leuco form is a heterogeneous reaction
whose rate is determined by chemical structures of
the dye and reducing agent and by reaction conditions:
temperature, solution pH, reactant concentrations, and
dispersion of the initial dye.

In general, the above process may involve the fol-
lowing stages: diffusion of molecules of the reduc-
ing agent to the surface of dye particles, sorption
of the reducing agent, chemical reaction between
the dye and reducing agent on the dye surface with
the formation of a leuco compound, desorption of
the leuco compound and oxidation products from the
surface into the solution, and reverse diffusion of
the oxidation products into the solution bulk.

In some works [2, 3], diffusion was suggested to be
the main factor controlling the reduction rate. How-
ever, the effect of dye surface modification [4] and
formaldehyde additives on the reaction rate and its
nonlinear dependence on the reducing agent concen-
tration [5, 6] suggest that the chemical stage signif-
icantly affects the total rate of the process. Since
investigation of a multistage process is a rather dif-
ficult problem, the development of an adecuate kinetic

model requires elimination of some stages in order to
study the others.

To study the reduction kinetics, the dye was pressed
in the form of a nonporous disk, which is common for
electrochemical studies [7].

EXPERIMENTAL

In this study, we used red-brown thioindigo Zh
dye, which was prepared from a pigment treated to re-
move lyophilizing and stabilizing additives. The pig-
ment was thoroughly washed with distilled water at
80oC. The impurities were extracted with ethanol in
a Soxhlet apparatus, then the dye was dried at 60oC
and analyzed for the content of the pure pigment [8].
The content of the main product was 96.4%. As reduc-
ing agent we used formaldehyde sodium sulfoxylate
HOCH2SO2Na . 2H2O prepared by double recrystal-
lization of the crude product from water. According
to iodometric titration data, the content of the main
compound in the recrystallized product was no less
than 97.6%.

The dye was pressed at 50 kg cm32 in a metallic
mold as a planar nonporous disk with one open side
and placed in a reaction vessel. The disk was rotated
at 10031430 rpm in an aqueous solution of the reduc-
ing agent (CFSS = 0.0530.24 M) and chemically pure
grade sodium hydroxide (2.50 103236.250 1033 M).

To prevent the oxidation of the leuco compound
formed, the reduction of the vat dye was performed in



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

1302 POLENOV et al.

Fig. 1. Accumulation of the dye leuco formnl vs. time t.
T 363 K, CFSS 0.2, CNaOH 0.025 M; N 800 rpm.
Formaldehyde concentrationCCH2(OH)2

0 104 (M): (1) 0,
(2) 1.15, (3) 3.45, and (4) 5.75.

a thermostated cell (+0.5 K) in an argon atmosphere.
The solution volume in the cell was 100 ml. In the
course of the reaction, 3.5-ml samples were taken
to determine the concentration of the resulting leuco
form of the dye.

The concentration of the leuco form was measured
spectrophotometrically (lmax = 425 nm) on an SF-46
spectrophotometer. Preliminary tests showed that the
dependence of the optical density of the solution on
the concentration of the dye leuco form obeys the
Lambert3Bouguer3Beer law.

To determine the reaction rates from the kinetic
curves, we calculated the concentration of the forming
leuco compound from the following equation:

ni, l = Ci, lV/1000 + n(i 31), l, (1)

where ni, l is the amount of the dye (mole) formed
by the time of measurement (i is the measurement
number); Ci, l is the concentration of the dye de-
termined in ith measurement (M);V is the solution
volume at the instant of measurement (ml);n(i 31), l is
the amount of dye (mole) formed by the time of the
preceding measurement (n0, l = 0).

The typical kinetic curves of accumulation of the
resulting leuco form are shown in Fig. 1. Sinceeach
curve has a linear portion, the reaction rate constant
kapp (mol min31) was determined from the slopes,
using the least-squares procedure.

To reveal the regions of the kinetic and diffusion
control, we studied the dependences of the reaction
ratekapp on the disk rotation speedN (CNaOH = 0.025,
CFSS = 0.2 M; T = 363 K):

N, rpm kapp0 108, mol min31

100 1.6+ 0.2
200 4.1+ 0.2
400 4.9+ 0.1

The above data suggest that the speed of disk rota-
tion affects the reaction rate up toN = 400 rpm. Sim-
ilar dependence is typical of heterogeneous reactions
[9] and reveals regions of the kinetic and diffusion
control. Our further tests were performed at a constant
rotation speedN = 800 rpm, which corresponds to
the kinetic control of the process in question.

It is known that the majority of reactions with FSS
proceed with cleavage of the CÄS bond by the follow-
ing reversible reaction

HOCH2SO2 + OH3 SO2 + CH2(OH)276

k1

47
233

k2
HOCH2SO2 + OH3 SO2 + CH2(OH)276

k1

47
233

k2

(I)

with the formation of intermediate anions of sulfox-
ylic acid [10]. This is confirmed by the deceleration
of the reaction rate in the presence of formaldehyde,
which binds the active intermediates [reaction (I)].

As seen from Fig. 1, with increasing concentration
of CH2O, which in the alkali medium occurs as
CH2(OH)2, the rate of vat dye reduction decreases.
This indicates that the stages of formation of SO2

23

anions and their further interaction with dye should
be taken into account in performing reduction of the
vat dye.

Our data suggest that the reduction of the vat dye
(pressed as a planar nonporous disk) in the absence of
diffusion hindrance involves the following stages.

(1) Formation of active species of the reducing
agent (chemical stage in solution)

r1 = dCSO2
/dt = k1CFSSCOH3 3 k2CSO2

CCH2(OH)2,23 23 (2)

whereCFSSis the concentration of formaldehyde sodi-
um sulfoxylate (HOCH2SO2

3 ions) (M), COH3 is the
concentration of OH3 ions or NaOH (M), CSO2

23 is
the concentration of SO2

23 ions in solution (M), and
CCH2(OH)2

is the concentration of formaldehyde (M).

(2) Sorption of SO2
23 ions onto the dye surface

r2 = dZSO2
/dt = ksZCSO2

Sf 3 kdZSO2
Sf,23 2323r2 = dZSO2

/dt = ksZCSO2
Sf 3 kdZSO2

Sf,23 2323 (3)

whereks and kd are the rate constants of sorption and
desorption of SO2

23 anions; Z is the number of free
sorption centers on the dye surface (mol m32); ZSO2

23

is the number of sorption centers on the surface, oc-
cupied by SO2

23 anions (mol m32); S is the surface
area (m2); and f is the roughness coefficient.

(3) Chemical reaction of SO2
23 anions sorbed on

the surface with the dye

(4)r3 = dnl /dt = kcZSO2
Sf,23r3 = dnl /dt = kcZSO2
Sf,23

wherekc is the rate constant of chemical reaction (II).
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The kinetic equation was deduced on the follow-
ing assumptions: the process occurs in the steady-
state mode, which is attained in a relatively short
period; the reducing intermediates SO2

23 (I) in solu-
tions are formed with attainment of quasi-equilibrium
characterized by equilibrium constant

Ke = k1/k2;

the equilibrium is attained rapidly in the stage of
sorption3desorption of SO2

23 anions; and the desorp-
tion of the resulting leuco compound and of the prod-
ucts of FSS oxidation is fast and their further sorption
is insignificant.

At sorption equilibrium the following equations are
valid

ksZCSO2
23 = kdZSO2

23, (5)

Z = Z
i
3 ZSO2

23, (6)

where Z
i

is the total amount of sorption centers on
the dye surface (mol m32).

From Eqs. (5) and (6) follows that

ZSO2
23 = Z

i
KCSO2

23/(1 + KCSO2
23), (7)

where K = ks/kd is the sorption equilibrium constant
(mol31).

Now, substituting (7) into Eq. (4), we determine
the formation rate of the dye leuco form passing into
the solution:

dnl /dt = [kcZiKCSO2
23/(1 + KCSO2

23)]Sf. (8)

The quasi-equilibrium conditions of stage (I) sug-
gest that

CSO2
23 = KeCFSSCOH3/CCH2(OH)2

. (9)

Substituting (9) into (8) and integrating it at
excess of FSS and NaOH and constant content of
formaldehyde [quasi-equilibrium (I)], and taking into
account thatnl = 0 in the initial momentt = 0, we
obtain the following equation:

(10)nl = A[KKeCFSSCOH3/(CCH2(OH)2
+ KKeCFSSCOH3)]t,

where A = kcZ
i

Sf.

As seen from Eq. (10), the reaction rate is inde-
pendent of the leuco compound concentration, which
is confirmed by experimental data [Fig. 1, linear
portion of the dependencesnl = f (t)]. The kapp value
determined from the kinetic curves can be repres-
ented as

kapp = AKKeCFSSCOH3/(CCH2(OH)2
+ KKeCFSSCOH3). (11)

The linear form of Eq. (11) is given by

1/kapp = CCH2(OH)2
/AKKeCFSSCOH3 + 1/A. (12)

The experimental rate constants as functions of
the concentration of some reagents (FSS, NaOH, and
formaldehyde) at constant concentrations of the other
components are shown in Figs. 2a32c.

Fig. 2. Reaction rate constantskapp in relation to the
concentration of (a) FSSCFSS, (b) NaOH CNaOH, and
(c) formaldehydeCCH2(OH)2

. Concentration, M: (a) 0.025
NaOH, (b) 0.2 FSS, and (c) 0.025NaOH and 0.2 FSS.
Temperature, K: (1) 353 and (2) 363.
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Parameters of kinetic equation (12) (N = 800 rpm; concentration, M: (I) 0.025 NaOH; (II) 0.2 FSS, and (III) 0.025 NaOH
and 0.2 FSS)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K

³ 1/kapp = f (1/CFSS) (I) ³ 1/kapp = f (1/CNaOH) (II) ³ 1/kapp = f (1/CCH2(OH)2
) (III)

ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ A 0 108, ³CCH2(OH)2

/KKe 0 103,³ A 0 108, ³CCH2(OH)2
/KKe 0 103,³ A 0 108, ³ 1/KKe,³ ³ ³ ³ ³ ³

³ mol min31 ³ mol2 l31 ³ mol min31 ³ mol2 l31 ³ mol min31 ³ mol
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

363 ³ 10.9+ 1.1 ³ 6.8+ 2.2 ³ 7.4+ 1.5 ³ 3.7+ 1.3 ³ 4.2+ 1.5 ³ 7 + 2
353 ³ 2.2+ 0.8 ³ 1.6+ 0.9 ³ 2.5+ 0.6 ³ 5.2+ 1.4 ³ 1.2+ 0.7 ³ 14 + 4

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

The linear dependences obtained in the coordinates
of Eq. (12) and the close values of the parameters,
calculated from these data (see table), indicate that our
model adequately describes the experimental results.

The parameterA includes the rate constant of
the chemical reduction of the dye by SO2

23 anions on
the dye surface. Therefore, using known values ofA
at different temperatures, we can evaluate the activa-
tion energy of this stage. According to the Arrhenius
equation, the activation energy is 185+ 10 kJ mol31.

Using the equilibrium rate constantsKe [9] for
cleavage of formaldehyde sodium sulfoxylate mol-
ecules and parameters 1/KKe given in the table, we
calculated the sorption equilibrium constantsK to be
2.730 104 and 4.060 104 mol31 at 80 and 90oC,
respectively.

A slight rise in K with increasing temperature
indicates that the sorption is endothermic, probably
owing to desolvation of the reducing agent molecules
and the dye surface in the course of sorption.

CONCLUSIONS

(1) The kinetics of heterogeneous reduction of
the vat dye by formaldehyde sodium sulfoxylate
under kinetic control conditions was studied.

(2) Based on dependences of the reduction rates
on temperature and on concentrations of the reducing
agent, alkali, and formaldehyde, the mechanism of
this process was proposed and the kinetic equa-
tion describing their effect on the process rate was
evaluated.

(3) Experimental verification of this equation
showed scheme the proposed described adequately to
kinetic data.
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Abstract-Equilibrium extraction of gallium(III) from alkaline solutions with 5-amylthio-8-quinolinol was
studied.

The main source of gallium are alkaline solutions
of alumina production. A promising procedure for gal-
lium recovery from these solution is extraction [1].
The best extractants of gallium(III) from alkaline so-
lutions are chelating agents [2, 3]. Gallium extraction
with 8-quinolinol derivatives, and particularly with
7-(5,5,7,7-tetramethyl-1-octen-3-yl)-8-quinolinol pro-
duced under the trade name Kelex 100, was studied in
detail in [438]. Extraction properties of 8-quinolinols
substituted at the position 5 have been studied to
a lesser extent [9, 10]. Bankovskiiet al. prepared 5-
alkylthio derivatives of 8-quinolinol [11] and studied
physicochemical properties of chelates of this com-
pounds with a number of metals [12]. It was noted
that these chelates are readily soluble in low-polar
organic solvents, which makes these extractants prom-
ising for application in hydrometallurgy, including
gallium(III) recovery from aqueous alkaline solutions.

In this work, we studied the extraction equilibrium
attained during Ga(III) recovery from aqueous alkaline
solution into an organic phase containing 5-amylthio-
8-quinolinol (HL) or into a phase of macroporous
polymeric sorbent impregnated with 5-amylthio-8-
quinolinol.

EXPERIMENTAL

As extractant was used 5-amylthio-8-quinolinol [TU
(Technical Specifications) 6-09-16-1300382, Biokhim-
reactiv Scientific and Production Association]. Chlo-
roform, 1,2-dichloroethane, CCl4, toluene,m-xylene,
n-decane of chemically pure or analytically pure grade
and lamp kerosene were used as solvents as received.
When kerosene was used as a solvent, the organic
phase was solubilized by adding 10%n-decanol [8].

Impregnated sorbent was prepared from nonionic
macroporous styrene-divinylbenzene copolymer, Wo-
fatit EP-60 (Bitterfeld Chemical Plant, Germany). The
properties of this copolymer, presented in [13], are
close to those of similar materials produced in Rus-
sia-Polisorbs [14]. The copolymer was impregnated
with 5-amylthio-8-quinolinol by the procedure de-
scribed in [15].

The starting Ga(III) solutions were prepared by dis-
solving gallium oxide of pure grade in 1 M NaOH,
with subsequent dilution with water. The required pH
or NaOH concentration was adjusted by adding HCl
or NaOH solutions prepared from chemically pure
grade chemicals. The Ga(III) content in the starting
solutions was 10 1033 M.

Extraction and sorption were performed under stat-
ic conditions at 18+ 2oC. The aqueous phase was
mixed with an extractant solution or with impreg-
nated sorbent in a mixing apparatus with stirrer rotat-
ing at 60 rpm for 3 h. Under these conditions, a con-
stant distribution coefficient of galliumDGa was at-
tained. The phase volume ratio in extraction and in
sorption wasVa : Vo = 11 : 1 andVa : msol = 20 : 1,
respectively.

The gallium(III) content in aqueous solutions be-
fore and after extraction or sorption was determined
photocolorimetrically with PAR [16] on a KFK-2MP
photocolorimeter. The NaOH concentration in the
aqueous solutions was determined by potentiometric
titration; the pH was measured with a pH-150 pH meter.

Gallium(III) extraction with chelating extractants
depends on the pH of the aqueous phase (Fig. 1,
curve 6), since the concentration of H+ (or OH3) ions
affects both the protolytic equilibrium of the extrac-
tants and the speciation of Ga(III) in the aqueous
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Fig. 1. Mole fraction of (1) Ga3+, (2) Ga(OH)2
+,

(3) Ga(OH)2
+, (4) Ga(OH)3, and (5) Ga(OH)4

3 in the aqueous
phase, and (6) extractionE of gallium with 0.05 M solu-
tion of HL in kerosene containing 10% decanol vs. pH of
the aqueous phase.

Fig. 2. Gallium(III) distribution coefficient of DGa vs.
the HL content in (1, 2) chloroform and (3) kerosene con-
taining 10% decanol in extraction of gallium fromNaOH
solution. CNaOH, M: (1) 1.0, (2) 0.067, and (3) 0.3.

Fig. 3. Gallium(III) distribution between 1 mNaOH and
a solution of HL in chloroform. ([Ga]ÄÄ , [Ga]) Equilibrium
gallium(III) concentrations in organic and aqueous phases,
respectively. Initial HL concentration in theorganic phase:
(1) 0.01, (2) 0.006, and (3) 0.005.

phase in the form of Ga3+ ion or hydroxo complexes
Ga(OH)i

(33 i)+, where i = 134.

Since the distribution factor of 5-amylthio-8-hy-
droxyquinolquinoline in the tested extraction system
is PHL = 3.80 105 [12], it is present mainly in the
organic phase.

The mole fraction of Ga(III) speciesai at a certain
pH can be calculated from the stability constant of
gallium hydroxo complexesbi by the equation

ai = .cccccccccc

1 + S bi[OH3] i
1

i = 4

bi [OH3] i
(1)

The values logb1 = 11.4, logb2 = 22.1, logb3 =
31.7, and logb4 = 39.4 were taken from the hand-
book [17]. Comparison of the dependence of the gal-
lium(III) extraction on the pH of the aqueous phase
(Fig. 1, curve 6) and diagrams of distribution of
Ga(III) hydroxo complexes as a function of pH(Fig. 1,
curves135) indicates that the maximum gallium(III)
extraction corresponds to formation of gallium(III)
hydroxo complexes in the aqueous phase.

Gindin et al. [18] showed that the extraction con-
stants of metal carboxylates depend on the solubility
product of the extracted metal hydroxide, i.e.,extrac-
tion can be regarded as hydrolytic recovery of metal
compounds into the organic phase. In terms of this
assumption, gallium(III) extraction can be described
by reaction of Ga(III) hydroxides with undissociated
HL molecules, i.e., by neutralization reaction, as pro-
posed in [19]:

Ga(OH)i
(33 i)+ + (3 3 i)OH3 + 3HR

ÄÄ

6
4 GaL

ÄÄ

3 + 3H2O (2)

(i = 034, the components of the organic phase are
marked with overline).

The Ga : L ratio in the extracted complexes, deter-
mined by the equilibrium shift method [20] is 1 : 3
(Fig. 2), which is consistent with the data on satura-
tion of an HL solution with gallium(III) (Fig. 3) and
agrees with the results of [12].

The constants of Ga(III) extraction described by re-
action (2) are expressed by

cccccccccccccccccK i =
[Ga(OH)i][OH3](3 3 i) [HL] 3cc

[GaL3]
ccc

,

<<

<

(3)

where the total concentration of Ga(III) in the organic
phase is calculated as

(4)[GaL
ÄÄ

3] = [HL
ÄÄ

]3SKi[Ga(OH)i][OH3](33 i).
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Hence, the dependence of the experimental distri-
bution coefficient of gallium(III) on the extractant
concentration in the organic phase and the OH3 con-
centration in the aqueous phase can be described by
the equation

DGa = =cccccc
[GaL3]
cccc

[HL] 3 [Ga3+][OH3]3SKibi

[Ga(III)] a [Ga3+](1 + Sbi [OH3] i )
ccccccccccccc

ccccc<<<

=cccccccccc
(1 + Sbi [OH3] i )

[OH3]3 [HL] 3K `
cc

c

<

(5)

or

DGa = = a3[HL] 3Kex,`
cccccc

a3K `[HL] 3

b3

<

cc<

(6)

where [HLÄÄ ] = CHL 3 3[GaÄÄ ], CHL is the initial concen-
tration of HL in the organic phase, andK èx is the
extraction constant.

The distribution coefficientDGa is proportional to
the mole fraction of gallium hydroxide in the aqueous
phase. This indicates that the maximum extraction of
gallium(III) from weakly acidic and neutral solutions
is provided by chemical reaction of the extractant with
gallium hydroxide. The results of a study of galli-
um(III) extraction with oligomeric phenolic extractant
[19] confirm this assumption.

The logarithm of the equilibrium extraction con-
stant logKe

ex, calculated by Eq. (6) on the basis of
the data shown in Fig. 1 is 9.15+ 0.03 and remains
constant at pH ranging from 1.7 to 11.5. This fact con-
firms the scheme proposed for gallium(III) extraction.

We suggest that, since the HL content in the aque-
ous phase is low owing to the highPHL, gallium(III)
extraction involves (i) formation of gallium(III) hy-
droxide hydrated to a lesser extent as compared with
ionic forms of Ga(III) and (ii) transition of gallium
hydroxide from the aqueous phase to the interface.
Gallium complex GaL3 formed via neutralization of
Ga(OH)3 by HL at the interface passes into the or-
ganic phase. The occurrence of reaction (2) is con-
firmed by the fact that solid gallium oxide and hy-
droxide are dissolved in organic solutions of 5-amyl-
thio-8-quinolinol to form GaL3.

Equation (6) describes well a decrease inDGa with
the concentration of OH3 ions in the aqueous phase
increasing to pH 11.5 (Fig. 1). SinceGa(III) in alka-
line solutions is mainly in the form of tetrahydroxo-
gallate anion, gallium(III) extraction from alkaline
solution can be described by the reaction

(7)Ga(OH)34 + 3HL
ÄÄ

6
4

K4

GaL
ÄÄ

3 + 3H2O + OH3.

With increasing OH3 concentration, the equilibrium
(7) is shifted to the left, i.e.,DGa decreases.

At pH > 11.5, DGa grows with increasing pH
(Fig. 1). This may be due to the fact that OH3 ions
formed at pH > 11.5 by reaction (7) are neutralized
by HL molecules by the reaction

HL
ÄÄ

+ Na+ + OH3 7647

KNaOH

NaL
ÄÄ

+ H2O. (8)

As a result, equilibrium (7) is shifted to the right,
i.e., DGaincreases. At excess amount of HL in the sys-
tem with respect to Ga(III), the distribution coefficient
DGa grows while [NaLÄÄÄ] < [GaÄÄ ]. Then DGa decreases
with pH increasing above 13.3, owing to the lowering
of the HL concentration in the organic phase because
of the NaL formation. In this case, the dependence of
DGa on the activity of the components of the aqueous
phasea and the initial concentration of the extractant
in the organic phase can be expressed by the equation

DGa = ccccccccccccc ccc

(1 + KNaOHaOH3)
3aOH3 aH2O

K4(CHL 3 3[GaL3])3
ccc

32
ccccccccc .

<<

(9)

Thus, appreciable coextraction of sodium cations
results in that gallium(III) extraction decreases dramat-
ically with increasing NaOH concentration in the aque-
ous phase (Fig. 4).DGaCannot be made higher byrais-
ing the extractant concentration in the organic phase
at NaOH concentrations exeeding 1 M, owing to the
low solubility of the sodium salt of the extractant (not
exceeding 0.02 M) in the chosen organic solvents.

Gallium(III) extraction from alkaline solutions
strongly depends on the nature of the organic diluent.
The distribution coefficientsDGa between 0.004 M
solution of 5-amylthio-8-quinolinol and 1 M NaOH
are presented below:

Diluent DGa

Chloroform 2.72
1,2-Dichloroethane 1.12
Toluene 0.41
m-Xylene 0.28
CCl4 0.29
n-Decane 0.04

Similar dependences were observed in Ga(III) ex-
traction with 8-quinolinol from weakly acidic solu-
tions [21].

Gallium(III) extraction from alkaline solutions with
solutions of HL in nonpolar diluents, commonly used
in extraction, is very low owing to the formation
of sodium salt of the extractant, which is difficultly
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Fig. 4. Gallium(III) distribution coefficient DGa vs. the
NaOH concentrationCNaOH in the aqueous phase in ex-
traction with (1) 0.05 M solution of HL in kerosene con-
taining 10% decanol and (2) 0.01 M solution of HL in
chloroform.

Fig. 5. Gallium(III) distribution coefficient DGa vs. (a)
NaOH concentrationCNaOH in the aqueous phase and
(b) the HL concentrationCHL in the sorbent phase. in
sorption by impregnated sorbent. (a)CHL: (1) 0.1, and
(2) 0.5; (b) CNaOH = 1.0 M.

soluble in the organic phase and precipitates at the
interface. Addition of decanol to kerosene makesDGa
higher. However, at decanol concentration higher than
10%, DGa decreases, probably owing to the formation
of hydrogen bonds between the alcohol and phenol
groups of the extractant.

Satoet al. [5] observed a similar decrease inDGa
when studying Ga(III) extraction from alkaline solu-
tions with Kelex 100 extractant in the presence of
2-ethylhexanol. It should be noted that Kelex 100 in
kerosene, unlike 5-amylthio-8-quinolinol, extracts
Ga(III) from concentrated NaOH solutions. This can
be accounteg for by lower coextraction of sodium ions

with Kelex 100, which is appreciable only at NaOH
concentrations higher than 5 M, whenDGa sharply
decreases [6].

As seen from the dependence ofDGa on the com-
position of equilibrium phases [Eq. (9)], to enhance
Ga(III) extraction with the chelating agent from al-
kaline solutions, i.e., to shift theDGa3CNaOH curve to
higher NaOH concentrations, the structure of the ex-
tractant must change so as to decrease the stability
of the sodium complex at the interface. In particular,
extraction of sodium ions with phenol derivatives
strongly depends on the dissociation of the extractant,
which usually decreases with lengthening of the hydro-
carbon radical in the extractant molecule. This prob-
ably leads to higherDGa in the system 1 M NaOH3
0.01 M solution of 8-quinolinol (HOq) derivatives
with increasing length of the hydrocarbon radical of
the extractants in going from HOq (0.16) to 5-pro-
pylthio-8-quinolinol (2.1) and 5-amylthio-8-quinolinol
(70.8). Thus, 5-amylthio-8-quinolinol derivatives with
long alkyl radical are more promising for liquid ex-
traction of Ga(III) from alkaline solutions.

We also studied Ga(III) extraction from aqueous
solutions with NaOH concentrations higher than 1 M
by a macroporous sorbent impregnated with 5-amyl-
thio-8-quinolinol. The sodium salt of HL formed in
alkaline solution [Eq. (8)] is fixed in the polymeric
matrix. In this case, in contrast to liquid extraction,
the extractant concentration in the initial impregnated
sorbent can be raised to 0.5 mol kg31 of dry sorbent.
Since the complex of 5-amylthio-8-quinolinol with
Ga(III) is appreciably stronger than that with Na(I),
the following exchange reaction can occur at the
aqueous phase3solid sorbent interface

3NaL
ÄÄ

+ Ga(OH)4
3
6 GaL

ÄÄ

3+ 3Na+ + 4OH3. (10)

It should be noted that Eq. (10) is thermodynam-
ically equivalent to Eq. (7), i.e., the dependences
of DGa on the HL concentration in the solid phase
(Fig. 5b) and on the NaOH concentration in the aque-
ous phase (Fig. 5a) in the case of sorption are similar
to those in the case of liquid extraction. As seen from
Fig. 5b, Ga(III) is effectively extracted from concen-
trated NaOH solutions at sufficiently high concentra-
tions of HL in the solid phase.

It is known [436] that, in extraction of Ga(III) from
alkaline solutions with Kelex 100 extractant, equi-
librium is attained slowly. This process is accelerated
by adding surfactants to the organic phase [22, 23].
In the case of extraction with 5-amylthio-8-quinolinol,
the equilibrium is attained within 3 h. At the same
time, with Ga(III) recovered with an impregnated
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sorbent, DGa attains constant value after stirring
the phases for 30 min. This is presumably due to
the fact that hydrophilic functional groups of 5-amyl-
thio-8-quinolinol sorbed on the polymeric matrix are
oriented toward the aqueous phase [24], which strong-
ly facilitates the ion exchange at the interface.

Thus, macroporous styrene-divinylbenzene copol-
ymer impregnated with 5-amylthio-8-quinolinol can
be used for gallium(III) recovery and concentration
from aqueous alkaline solutions.

CONCLUSIONS

(1) Gallium(III) can be extracted from aqueous so-
lutions with 5-amylthio-8-quinolinol (HL) into the or-
ganic phase or into the phase of nonionic macroporous
styrene-divinylbenzene copolymer in the form of a
GaL3 complex. The extent of extraction is the highest
in the pH range in which Ga(III) is present in the equi-
librium aqueous phase in the form of gallium hy-
groxide.

(2) 5-Amylthio-8-quinolinol applied to a poly-
meric matrix allows effective extraction and concen-
tration of gallium from 133.5 M NaOH solutions.
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Abstract-A method for automated polarographic analysis for Co(II) ions in technological solutions of zinc
production was developed. The influence exerted by the components of a supporting electrolyte on the sen-
sitivity and selectivity of measurements was studied. The method is intended for determining the content
of cobalt(II) in purification of a zinc sulfate solution to remove impurities and for ecological monitoring of
wastewater produced at nonferrous metallurgy plants.

Thorough purification of technological solutions to
remove impurities adversely affecting the process of
electrolysis is the necessary condition for achieving
high performance in hydrometallurgical manufacture
of zinc. The impurities whose concentration in a zinc-
containing electrolyte is strictly regulated include
cobalt(II). At Co(II) ion content in a purified zinc sul-
fate solution exceeding 2 mg l31, the cathode sheet is
corroded, the current efficiency markedly decreases,
and energy consumption grows [1]. Use of new hi-
tech purification processes makes it possible to reduce
the content of Co(II) in a neutral zinc-containing elec-
trolyte to 0.5 mg l31. In particular, a new purification
method has been put into practice, based on oxidation
of Co(II) to Co(III) with potassium permanganate,
with subsequent removal of cobalt(III) ions from the
process in the form of a poorly soluble Co(OH)3.

1

Effective purification of zinc production solutions
to remove impurities is impossible without continuous
or discrete monitoring of the ionic composition at
the input and output of separate stages of the tech-
nological process [2]. The most complicated is the
problem of selective monitoring of low concentrations
of Cu(II), Cd(II), Sb(III), Pb(II), Ni(II), and Co(II)
ions in purified zinc sulfate solutions.

Among physicochemical analysis methods that
have found wide use in automated or proximate anal-
ysis of the ionic composition of zinc-containing so-
lutions is differential pulse polarography (DPP) [335].
The problem of polarographic determination of Co(II)
in zinc sulfate solutions has remained unsolved until
recently because of the closeness of the reduction
ÄÄÄÄÄÄÄÄÄÄ
1 Elektrotsink Plant (Vladikavkaz).

potentials of Co(II) and Zn(II) ions found in the over-
whelming majority of supporting electrolytes em-
ployed in analytical practice.

The highest resolution of the DPP method in de-
termining Co(II) in concentrated zinc solutions was
achieved in [6], where measurements were done in a
supporting electrolyte of composition 0.1 M sodium
citrate Na3C6H5O7 + 0.1 M NH4Cl + 0.08% di-
methylglyoxime C4H8O2N2 (DMG). The difference of
the reduction potentials of Co(II) and Zn(II) ions at
the dropping mercury electrode is 240 mV (jp

Co =
31.02, jp

Zn = 31.26 V), which enables monitoring
of Co(II) in the presence of a 500 104-fold excess
of Zn(II), with lower detection limit of 2.5 mg l31.
However, such selectivity and sensitivity of DPP are
insufficient for determining 0.5 mg l31 Co(II) in neu-
tral solutions containing up to 150 g l31 Zn(II), i.e.,
under the conditions of a modern high-efficiency zinc
production.

In addition to Zn(II), adverse influence on voltam-
metric determination of Co(II) in supporting solution
of composition 0.1 M Na3C6H5O7 + 0.1 M NH4Cl +
0.08% DMG is also exerted by Mn(VII) and Ni(II)
whose DPP peak potentials are, according to the
authors’ data,30.98 and 30.97 V, respectively. It
should be mentioned that the concentrations of Ni(II)
and Co(II) ions in a purified zinc-containing solu-
tion are, as a rule, comparable, whereas the content of
Mn(VII) exceeds that of Co(II) more than 1000-fold
[7]. The cathodic voltammetric curves of Mn(VII)
and Ni(II) mask the DPP peak of Co(II), and, already
at concentration (mg l31) ratios [Ni] : [Co] = 4 : 1
and [Mn] : [Co] = 5 : 1, polarographic determination
of Co(II) in the given supporting electrolyte becomes
impossible.
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A significant shortcoming of the technique pro-
posed in [6] is that the slope of the calibration plot for
Co(II) depends on the content of Zn(II) in a solution
being analyzed, which inevitably impairs the accuracy
of measurements. Moreover, the necessity for blowing
nitrogen, for deoxygenation purposes, through a solu-
tion being analyzed markedly hinders automation of
polarographic analysis under industrial conditions.

The present study established the possibility of
substantially increasing the selectivity, sensitivity, and
accuracy of Co(II) determination in a purified zinc
solution when performing a polarographic analysis in
a supporting electrolyte containing DMG and hydrox-
ylamine hydrochloride.

The ion concentration in solutions was moni-
tored by DPP on an AZhE-11 voltammetric analyzer
equipped with a transducer with stationary dropping
mercury electrode (SDME) of the valve type [8].
A three-electrode electrochemical cell was used (work-
ing electrode of the[hanging mercury drop] type,
silver chloride reference electrode, glassy carbon
auxiliary electrode). Rectangular 40-ms pulses with
repetition period of 80 ms were applied.

The chloride-ammonia supporting electrolyte is
widely used in analytical practice for determining
cobalt(II) in various objects. The Co(II) half-wave
potential on the background of 1 M NH4Cl + 1 M
NH4OH is 31.3 V [9]. The sensitivity of analysis is
improved dramatically upon introducing into the sup-
porting electrolyte an alcoholic or ammonia solution
of DMG [10, 11]. The height of the cathodic peak
of Co(II) strongly depends on the DMG concentra-
tion and the pH of the medium. For example, in
[11], a solution being analyzed was titrated with
an ammonia solution to pH 9.0, prior to being sub-
jected to polarography, in order to raise the sensitivity.
A new electrochemically active complex, reduced at
mercury electrode in a more positive range of po-
tentials, is formed in a DMG-containing chloride3am-
monia supporting electrolyte. It has been established
that a catalytic wave, which can be used for analytical
purposes, is recorded in an ammonia solution of DMG
in the presence of Co(II) [12, 13]. In [14], a mech-
anism was proposed, describing the appearance of a
catalytic current of hydrogen in an ammonia buffer
solution in the presence of cobalt(II) and nickel(II)
dimethylglyoximates.

It was pointed out in monograph [15] that none of
DMG complexes gives a polarographic wave similar
to the catalytic wave of a complex with cobalt(II).
Presumably this occurs because the hydrogen ion in
the complex, which is involved in the hydrogen bond,

Fig. 1. DPP curves of cobalt(II). (j) Potential; the same
for Figs. 2, 3, and 6. Co(II) concentration (mg l31):
(a) 0.5 and (b) 0.1. Buffer solution: (a) I and (b) II; the
same for Fig. 3. Curve: (1) cathodic and (2) anodic.

is reduced, and this process is responsible for the cat-
alytic action of the molecule of the complex. Accord-
ing to IR spectral analysis, the weakest hydrogen
bonds are found in complexes of cobalt(II) with
DMG, compared with other doubly charged transition
metals. The experimental data obtained in [10] in-
dicate that Co(II) dimethylglyoximates much exceed
Cu(II) and Ni(II) dimethylglyoximates in catalytic
effect.

The authors of [6] noticed that the voltammetric
curves of Co(II) in the presence of 0.1 M Na3C6H5O7 +
0.1 M NH4Cl + 0.08% DMG, recorded using cyclic
voltammetry with triangular wave, reveal no anodic
peak. This shows that reduction of Co(II) chelate with
DMG is totally irreversible. A similar result was ob-
tained in the present study in recording cathodic and
anodic voltammetric curves of Co(II) with a DMG-
containing chloride-ammonia supporting electrolyte
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Fig. 2. Effect of NH2OH . HCl on polarographic de-
termination of (a) cobalt(II) and (b) zinc. Ion concentration
(mg l31): (a) Co(II): (1) 0.05 and (2) 0.005; (b) Zn(II) 20.2.
Buffer solution: (1) I and (2) II.

by DPP on SDME. The buffer solution of composi-
tion 1 M NH4Cl + 1 M NH4OH + 10 1033 M DMG
(pH 9) (I) was prepared in accordance with the meth-
odological recommendations of [10, 11].

It can be seen from Fig. 1a that Co(II) is irrevers-
ibly reduced at SDME in solution I at a DPP peak
potential of31.04 V (curve1), whereas anodic curve
in this range of potentials reveals no DPP peak
(curve 2). Introduction of 0.2 M of hydroxylamine
hydrochloride (Fig. 1b, curve1) shifts the DPP peak
potential of Co(II) by 60 mV into the negative range
of voltages (jp = 31.10 V), which indicates the forma-
tion in the solution, and electroreduction at SDME,
of a new complex compound. In the process, the ca-
thodic peak height increases more than 50-fold, and
a peak at31.09 V is recorded in the anodic voltam-
mogram (Fig. 1b, curve2).

An assumption can be made on the basis of the
data of [16] that introduction of hydroxylamine into
a DMG-containing chloride-ammonia buffer leads to
formation of a complex compound of cobalt(II) with
two ligands (hydroxylamine and DMG). The cathodic
DPP peak of the mixed complex is characterized by
the appearance of a catalytic current which much ex-
ceeds that of the complex of cobalt(II) with DMG
(Fig. 2a) and, even the more so, the limiting diffu-
sion current of the cobalt(II) ion [10]. The higher sen-
sitivity in the case of polarography of catalytic cur-
rents of coordination compounds and the reversibility
of their waves correspond to catalysis by the metal
ion3ligand complex which can be formed both in the
solution bulk and in the adsorption layer [17, 18].
Of fundamental importance for selectively determin-
ing Co(II) ions in zinc solutions is the fact that addi-
tion of hydroxylamine hydrochloride to a DMG-con-
taining chloride-ammonia supporting electrolyte has
virtually no effect on the height and shape of the volt-
ammetric curve for reduction of Zn(II) ions (Fig. 2b).

In considering the mechanism of action of NH2OH .

HCl in polarographic determination of cobalt(II) on
SDME, an assumption can be made that, in the pres-
ence of hydroxylamine, the formation of the new
polarographically active complex involves DMG ad-
sorbed onto the surface of the mercury electrode
(the chemical stage preceding the reduction is of sur-
face-heterogeneous nature). The system electrode3

DMG3cobalt(II)3hydroxylamine is electrically con-
ducting, and the reduction of the mixed complex
occurs via[bridge] transfer of electron. It is assumed
that electrochemically active complexes with two or
more ligands (with account of the ammonia buffer in
the given case), adsorbed onto the electrode surface,
have a more distorted symmetry than similar com-
plexes in the solution bulk, which must, in turn, lead
to faster charge transfer rate [17] and, corresponding-
ly, to higher catalytic current and better sensitivity of
polarographic analysis.

The possibility of polarographic determination
of Co(II) with supporting solution I is strongly
limited by the hindering action of Mn(VII) and Zn(II)
ions (Fig. 3a), similarly to the case when 0.1 M
Na3C6H5O7 + 0.1 M NH4Cl + 0.08% DMG is used
as supporting electrolyte [6]. In the presence of man-
ganese (VII) in a solution being analyzed, the right-
hand branch of the DPP peak of cobalt(II) is distorted
(curve 2). Presence of Zn(II) ions in a solution being
monitored distorts the left-hand branch of the DPP
peak of cobalt (curve3). At a 100-fold excess of
Mn(VII) and Zn(II), polarographic determination of
Co(II) ions in solution I becomes virtually impos-
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sible (curve 4). When zinc(II) ions are present in
a solution being analyzed, the slope of the calibration
plot for cobalt(II) changes, which inevitably impairs
the measurement accuracy. The masking action of
Mn(VII) and Zn(II) ions in polarographic determina-
tion of Co(II) is eliminated by introduction of hy-
droxylamine hydrochloride into a solution being
analyzed.

Redox reactions of NH2OH . HCl with KMnO4
were considered in [19]. In alkaline medium, hydrox-
ylamine reduces Mn(VII) to Mn(II); the reaction rate
is high since the forming Mn(II) ions catalyze the ox-
idation of NH2OH . HCl. A visual sign of the occur-
rence of the reaction is the virtually instantaneous
decolorization of a solution of permanganate ions into
which hydroxylamine is introduced.

In an ammonia-chloride electrolyte, Mn(II) is elec-
trochemically reduced in a more negative range of
potentials, compared with Co(II), and does not inter-
fere with its polarographic determination [20]. In
supporting solution I, the DPP peak potential of
Mn(II) is 31.5 V. When a voltammetric curve is meas-
ured with supporting solution I containing 0.2 M
NH2OH . HCl, no cathodic DPP peak of Mn(II) is re-
corded. It can be seen from the polarograms presented
in Fig. 3b that theinterference of excess concentra-
tions of Mn(VII) and Zn(II) is much weakened on in-
troduction of 0.2 M of NH2OH . HCl into the sup-
porting solution I.

The investigations performed demonstrated that, in
contrast to [10, 11], polarographic determination of
Co(II) in a chloride-ammonia supporting solution
makes unnecessary maintaining the pH value at a
strictly prescribed optimal level. The acid solution
of hydroxylamine was neutralized and an alkaline
medium, necessary for polarographic determination
of Co(II) in the presence of DMF, was created with
the use of a buffer solution containing equal molar
concentrations of ammonium hydroxide and chloride.

The sensitivity and selectivity of the polarographic
determination of Co(II) ions in zinc production solu-
tions strongly depend on the concentrations of the
supporting electrolyte, DMG, and hydroxylamine.
With decreasing concentration of the chloride-am-
monia buffer, the height of the DPP peak of Co(II)
markedly grows (Fig. 4, curve1). However, in this
case, the selectivity of cobalt(II) determination in
the presence of excess amounts of zinc(II) markedly
decreases. It can be seen from Fig. 4(curve 2) that
the difference of the potentials of the cathodic DPP
peaks of Co(II) and Zn(II) grows with increasing con-
centration of the supporting solution. Thus, high re-

Fig. 3. Effect of accompanying ions on polarographic
determination of cobalt(II). Ion concentration (mg l31):
(a) (1) Co(II) 0.2, Zn(II), Mn(VII) 0; (2) Co(II) 0.2,
Mn(VII) 20, Zn(II) 0; (3) Co(II) 0.2, Zn(II) 20, Mn(VII) 0;
and (4) Co(II) 0.2, Mn(VII), Zn(II) 20; (b) (2) Co(II) 0.005,
Zn(II), Mn(VII) 0; and (3) Co(II) 0.005, Zn(II) 100,
Mn(VII) 20; (1) buffer.

Fig. 4. Sensitivity and selectivity of polarographic deter-
mination of cobalt(II) vs. concentrationC of chloride-am-
monia supporting solution NH4Cl + NH4OH. Concentration
of components of the supporting electrolyte (M): DMG
201033, NH2OH . HCl 0.2. (1) (H ) Height of the DPP
peak of cobalt(II) and (2) (DE) difference of the potentials
of DPP peaks of cobalt(II) and zinc(II). Concentration
(mg l31): (1) Co(II) 0.005; (2) Co(II) 0.025, Zn(II) 6.
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Fig. 5. Sensitivity of polarographic determination of co-
balt(II) in a supporting electrolyte 2 M NH4Cl + 2 M
NH4OH vs. concentrations of DMG,C1, and hydroxyl-
amine,C2. Cobalt(II) concentration in solution 0.01 mg l31.
(H ) Height of DPP peak of cobalt(II). Concentration (M):
(1) NH2OH . HCl 0.2 and (2) DMG 2 0 1033.

Fig. 6. DPP curves of cobalt(II) in supporting solution
II. (1) Supporting solution; ion concentration (mg l31):
(2) Co(II) 0.005 and Zn(II), Mn(VII) 0; (3) Co(II) 0.005,
Zn(II) 1500, and Mn(VII) 200.

solution of the polarographic method in determining
low contents of cobalt(II) in a zinc sulfate solution can
only be achieved with the use of sufficiently concen-
trated supportingelectrolytes. It was found that the op-
timal buffer solution is that containing 2 M NH4Cl +
2 M NH4OH, which enables, at appropriate choice of
the DMG and hydroxylamine concentrations, polar-
ographic determination of microscopic amounts of
cobalt(II) in zinc electrolytes containing up to
150 g l31 of Zn(II).

It can be seen from Fig. 5 that the sensitivity of
cobalt(II) determination in a supporting solution 2 M
NH4Cl + 2 M NH4OH markedly grows with increas-
ing concentration of DMG (curve1) and hydroxyl-
amine (curve2). A simultaneous increase in the con-
centrations of DMG and hydroxylamine improves the
selectivity of voltammetric determination of cobalt(II)
because of the selective rise in the height of the ca-
thodic (catalytic) peak of Co(II) at unchanged heights
of the DPP peaks of the majority of accompanying
compounds. With a supporting electrolyte of com-
position 2 M NH4Cl + 2 M NH4OH + 20 1033 M
DMG + 0.2 M NH2OH . HCl (II), direct polarographic
determination of Co(II) is possible, with a lower de-
tection limit of 0.0025 mg l31 at a concentration ratio
(mg l31) [Zn] : [Co] = 300 000 : 1. Raising further
the concentrations of the components of the support-
ing electrolyte fails to offer any noticeable advantages,
being, therefore, inexpedient.

The sensitivity of polarographic determination of
cobalt(II) strongly depends on the rateVs of potential
sweep. With the sweep rate increasing from 0.5 to
10 mV s31, the height of the cathodic DPP peak of
Co(II) varies linearly. Raising theVs further, to
40 mV s31, exerts no noticeable influence on the sen-
sitivity of voltammetric analysis, but may affect ad-
versely the reproducibility of measurement results.

Based on the results of the performed experimental
investigation, the following optimal conditions of
polarographic determination of cobalt(II) in zinc sul-
fate solutions were chosen: supporting electrolyte II,
initial voltage 31.05 V, cathodic potential sweep rate
10 mV s31, potential sweep 0.25 V. It can be seen
from the DPP curves presented in Fig. 6 that this
mode of voltammetric analysis ensures high sensitivity
and selectivity of Co(II) monitoring in the presence of
excess concentrations of Zn(II) and Mn(VII) ions. In
a supporting electrolyte of composition 2 M NH4Cl +
2 M NH4OH + 20 1033 M DMG, the lower detection
limit of Co(II) ions by DPP on SDME is 0.4 mg l31 at
admissible concentration (mg l31) ratios [Zn] : [Co] =
10 000 : 1 and [Mn[ : [Co] = 200 : 1, which indicates
a significant decrease in the sensitivity and selectivity
of analysis in the case when there is no NH2OH . HCl
in the supporting electrolyte.

The calibration plots for Co(II) with supporting
solution (II) are linear in the concentration range
032.5 mg l31. Introduction of Zn(II) ions into a so-
lution being analyzed has no effect on the slope of
the calibration plot. This makes it possible to achieve
a high sensitivity of polarographic determination of
Co(II) irrespective of the zinc sulfate concentration in
the technological solutions being monitored.
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Polarographic determination of Co(II) with supporting solution II in the presence of accompanying substances
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ion ³ C, mg l31 ³ E, V (silver chloride electrode)³ DE, mV ³ aM/Co
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Cu(II) ³ 0.130.5 ³ 30.43 ³ 720 ³ No interference
Cd(II) ³ 132 ³ 30.75 ³ 400 ³ "

Ge(IV) ³ <0.01 ³ 30.96 ³ 190 ³ 100 : 1
Fe(II) ³ 30350 ³ 30.98 ³ 170 ³ 4000 : 1
Ni(II) ³ 0.231.0 ³ 31.00 ³ 150 ³ 400 : 1
Co(II) ³ 0.532.0 ³ 31.15 ³ 3 ³ 3

Zn(II) ³ (1203150)0 103 ³ 31.43 ³ 280 ³ 300 000 : 1
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* C is the content of ions in purified zinc-containing solution,E the DPP peak potential,DE the difference between the DPP peak

potentials of Co(II) and accompanying ion,aM/Co the maximum admissible ratio of concentrations (mg l31) of the accompanying
impurity and Co(II).

Also, the influence of ion components that are
characteristic of technological solutions used in zinc
manufacture and can be electrochemically reduced at
the mercury electrode in solution II: Cu(II), Cd(II),
Ni(II), Fe(II), and Ge(IV) on the polarographic de-
termination of Co(II) was studied.

It can be seen from the data presented in the table
that the developed technique ensures high selectivity
of Co(II) determination in the presence of the above-
mentioned ions and can be used for analyzing purified
zinc-containing solutions of complex composition.
Microscopic amounts of Sb(III) present in a zinc-
containing electrolyte are precipitated in ammonia
medium [21]. Fe(III) ions are reduced to Fe(II) by hy-
droxylamine contained in the supporting electrolyte
[19]. Arsenic(III) is reduced at mercury electrode in
chloride-ammonia supporting electrolytes at a po-
tential of 31.7 V and does not interfere with polar-
ographic determination of cobalt(II) [22].

The developed technique for voltammetric monitor-
ing of Co(II) ions in zinc sulfate solutions served as
a basis for a Kobalt-1 automated analyzer.2 Raw ma-
terials (concentrates) processed at the plant contain
considerable amounts of water-soluble compounds of
cobalt(II) affecting adversely the electrolysis of zinc.

Previously, technological solutions produced in
permanganate purification at the leaching shop were
analyzed photocolorimetrically with the use of a ni-
troso-R salt, forming in aqueous solutions a red com-
plex salt with Co(II) ions at pH 5.5, as a selective
complexing agent [23]. The photometric determina-
tion of cobalt(II) assumes a complicated procedure
for preprocessing of zinc solution samples, includ-
ing treatment with aggressive reagents, boiling, and
cooling, which makes analysis substantially longer
ÄÄÄÄÄÄÄÄÄÄ
2 Put in practice at the Elektrotsink plant.

and virtually rules out its automation. Photocolor-
imetric analysis for cobalt(II) in the express laboratory
of the leaching shop was made no more than three or
four times per shift, which hindered purification in
the optimal mode and led to over-expenditure of po-
tassium permanganate.

The analyzer was tested on industrial samples taken
from tanks for purified zinc sulfate solution. The con-
centration of ion components in the solutions being
analyzed varied during the tests within the following
ranges (mg l31): Zn(II) (1303140)0 103, Mn(VII)
50031500, Ni(II) 0.231.0, Cu(II) 0.130.2, Cd(II)
0.531.0, Fe(II) 30350, Co(II) 0.332.8, Sb(III) 0.230.3;
As(III) 0.0130.05.3

A total of 35 zinc solution samples with Co(II) ion
concentration varying between 0.48 and 2.36 mg l31

were analyzed. As a control was used the photoco-
lorimetric method of analysis. The reduced rms error
of Co(II) determination in the concentration range
032.5 mg l31 did not exceed 1.7%. The maximum
reduced rms deviation from the results of main and
control analyses for cobalt(II) ions in a sample, char-
acterizing the reproducibility of measurements, was
0.5%.

Automation of analysis for Co(II) ions on the basis
of the developed voltammetric technique will make
it possible to optimize the permanganate purification
of technological solutions to remove cobalt(II) im-
purities and, in the end, to improve the performance
in cathode zinc manufacture. The technique can be
used for ecological monitoring of Co(II) in industrial
wastewater discharged by plants of nonferrous metal-
lurgy.
ÄÄÄÄÄÄÄÄÄÄ
3 Data of the production control department of the Elektrotsink

plant.
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EXPERIMENTAL

Standard solutions of Co(II), Cu(II), Cd(II), Ni(II),
Fe(II), Mn(VII), Ge(IV), and Zn(II), prepared by
procedures described in [24], were used in the study.
The model solutions were prepared using distilled
water.

To determine Co(II) in a purified zinc sulfate solu-
tion, 0.5 ml of a sample of the zinc-containing elec-
trolyte being analyzed was introduced in a 50-ml
volumetric flask, 25 ml of a supporting electrolyte of
composition 4 M NH4Cl + 4 M NH4OH + 40 103 M
DMG + 0.4 M NH2OH . HCl was added, and the so-
lution was brought to the mark with distilled water.
The obtained mixture was poured into an electrochem-
ical cell and a cathodic DPP curve was measured in
the potential range31.05_31.30 V. The potential
sweeping was done at a rate of 10 mV s31, with a set
of 335 curves obtained and height of cathodic peaks
measured at a potential of31.15 V, and the content of
Co(II) in the solution was determined using a calibra-
tion plot constructed with account of a 100-fold dilu-
tion of the sample. The total duration of analysis of
a sample for the content of cobalt(II) is not longer
than 537 min with manual sample preparation.

In the case of automated analysis, dilution of a
sample with water, its mixing with a supporting elec-
trolyte, and delivery of a solution being analyzed
into the flow-through voltammetric cell were done
with the use of DZZh-4 three-chamber dosing devices
made of chemically stable materials [8]. After the
sample preparation was complete, commands of the
control unit were successively executed in accordance
with the preset program to discharge a spent, and
form a new mercury drop and to switch-on the po-
tential sweep and the chart strip drive. Each volt-
ammetric curve was recorded with a newly formed
mercury drop. After the computing unit calculated
the parameters of the voltammetric curve, the output
signal of the analyzer, proportional to the concentra-
tion of Co(II) ions in a solution being analyzed, was
recorded.

CONCLUSIONS

(1) A highly selective method was developed for
voltammetric determination of Co(II) ions in zinc
manufacture solutions of complex composition with
chloride-ammonia buffer solution containing dimeth-
ylglyoxime and hydroxylamine as supporting elec-
trolyte.

(2) Introduction of NH2OH . HCl into the support-
ing electrolyte improves dramatically the sensitivity

and selectivity of polarographic determination of
cobalt(II) in the presence of excess concentrations of
zinc(II) and completely eliminates the adverse in-
fluence of permanganate ions.

(3) The developed method for voltammetric de-
termination of Co(II) ions is easily automated and can
be used for on-line monitoring of technological solu-
tions and wastewater of plants of nonferrous metal-
lurgy.
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Abstract-Anodic oxidation of styrene in methanol was performed in an electrolyzer with gas-lift. The pos-
sibility of carrying this process out in continuous mode with the use of technical-grade methanol was studied.

Recently, the reaction of styrene methoxylation,
making possible manufacture of a number of impor-
tant organic preparations, e.g., benzaldehyde and anis-
aldehyde, has been studied intensively. Electrochem-

ical methoxylation of styrene (I ) leads to formation of
1,2-dimethoxyethylbenzene (II ) with subsequent splitt-
ing of the C3C bond and conversion ofII into di-
methylacetal of benzaldehyde (III ):
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A number of studies have been concerned with
the effect of a supporting electrolyte, anode material,
and other factors on the yield of the reaction products
[135]. It was established that conversion of styreneI
into 1,2-dimethoxyethylbenzeneII is the most ef-
ficient in electrolysis with a platinum anode and po-
tassium fluoride solution as supporting electrolyte.
The conditions were described under which the yield
of compoundIII is as high as 66%, and the current
efficiency, 33%, after passing 8 F of electricity per
1 mol of styrene.

All the experiments described in the literature have
been performed in a diaphragmless glass electrolyzer
equipped with magnetic stirrer for solution agitation.
Such an electrolyzer cannot serve as a prototype of
an industrial apparatus.

In the industry, the best-developed design is the
electrolyzer of filter-press type in which the electro-
lyte circulation is effected by gases formed in elec-

trolysis-the gas-lift system [6]. Electrolyzers of this
kind exhibit good performance in electrolysis of wa-
ter. It has been shown that cathodic hydrodimerization
of acetone can be performed in an electrolyzer with
gas-lift system [7].

Electrochemical synthesis of compoundIII is of
practical importance. In view of this fact, the present
study was aimed at verifying the possibility of carry-
ing out the given reaction in a prototype industrial
electrolyzer. In order to create conditions as close
as possible to those used in the industry, the process
was performed in continuous mode with the use of
technical-grade methanol [GOST (State Standard)
2222395] as solvent.

EXPERIMENTAL

The experiments were carried in electrolyzer1 (see
figure) in the form of a glass cylinder 55 mm in diam-
eter and 140 mm high. An electrode pack compris-
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ing alternating anode and cathode plates was placed
inside the electrolyzer. Two platinum plates of size
150 80 mm were used as anode, and three stainless
steel plates of the same size, as cathode. The inter-
electrode spacing of 3 mm was ensured by fluoro-
plastic spacers placed at electrode edges. The instal-
lation is shown schematically in the figure. The as-
cending pipe of the gas-lift system had inner diam-
eter of 6 mm and height of 1650 mm. The capacity of
the whole system was 420 ml. The current density
was calculated on the assumption of the uniform
distribution of current over the entire surface of the
cathodes.

A 20.8-g portion of styrene (0.2 mol), 1.4 g
(0.02 mol) of KF, and 397 ml of methanol was placed
in the system, so that it was filled to the level shown
in the figure. The electrolysis was carried out at a cur-
rent density of 0.1 A cm32 (current strength 4.8 A),
with 8 F of electricity passed per 1 mol of styreneI
and no fresh electrolyte added. The voltage across the
electrolyzer was 10 V.

After the electrolysis was complete, methanol was
evaporated under a water-jet pump vacuum at a tem-
perature of 40oC, still bottoms were extractedwith hex-
ane (200 3), and the solvent was evaporated from the
extract. The still bottomswere weighed and analyzed
by liquid-gas chromatography on an LKhM-8MD chro-
matograph (detector catharometer, carrier-gas helium,
column length 1.5 m, column diameter 3 mm, sup-
port Chromaton-N-AW, immobile phase PEG-4000,
flow rate 4 ml s31, sensitivity 1 : 3, column tempera-
ture 130oC, evaporator temperature 250oC).

For comparison, experiments were performed in an
electrolyzer with magnetic stirrer, with design close
to that described in [135].

Table 1 presents data on the accumulation of elec-
trolysis products both in an electrolyzer with gas-lift
and in that with mechanical stirring. It can be seen
that the yield of benzaldehyde dimethylacetalIII is
nearly 14% higher in the electrolyzer with a gas-lift
system, compared with that equipped with mechanical
stirrer.

Further experiments were carried out in order to
verify the possibility of performing the process in the
continuous mode. A certain amount of electrolyte so-
lution was removed from the electrolyzer every hour
and a fresh portion of the same volume was added.
Two sets of experiments were carried out with fresh
electrolyte supplied at a rate of 25 ml h31.

The yield of the reaction products was found not
to change substantially on passing from batch to con-

Electrolyzer with gas-lift system. (1) Electrolyzer, (2) glass
tube, (3) condenser, (4) separator, (5) system filling level,
(6) dosing pump, and (7) discharge cock.

tinuous mode (Table 2). Also, the possibility was ver-
ified of conversion of the intermediate electrolysis
product-1,2-dimethoxyethylbenzene, in an electro-
lyzer of continuous type with gas-lift. In this case,
one more product of the reaction of electrochemical
methoxylation of styrene-1,1,2-trimethoxyethylben-

Table 1. Electrooxidation of styrene in methanol in batch
mode in electrolyzers with (A) mechanical stirring and
(B) gas-lift
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Quantity of ³ Composition of electrolysis

electricity, ³ products, %
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

F mol31
³ (I ) ³ (II ) ³ (III ) ³ (IV ) ³ BA

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
Electrolyzer (A)*

1 ³ 20 ³ 73.2 ³ 4.4 ³ 1.9 ³ 1
2 ³ 12 ³ 76.5 ³ 7.4 ³ 2.3 ³ 2
3 ³ 3 ³ 87.5 ³ 7.9 ³ 2.6 ³ 2
4 ³ 3 ³ 74.2 ³ 16.8 ³ 7 ³ 2
5 ³ 3 ³ 67.7 ³ 20.9 ³ 8.4 ³ 3
6 ³ 3 ³ 59.5 ³ 29.1 ³ 8.5 ³ 3
7 ³ 3 ³ 54.7 ³ 33.6 ³ 8.7 ³ 3
8 ³ 3 ³ 39 ³ 42.8 ³ 13 ³ 5

Electrolyzer (B)
1 ³ 25 ³ 65.5 ³ 6.9 ³ 1.6 ³ 1
2 ³ 18.3 ³ 68.9 ³ 7.6 ³ 3.2 ³ 2
3 ³ 9.7 ³ 70.7 ³ 11.1 ³ 5.5 ³ 3
4 ³ 3 ³ 71 ³ 20 ³ 6 ³ 3
5 ³ 3 ³ 66.7 ³ 29.8 ³ 6.5 ³ 3
6 ³ 3 ³ 56 ³ 32 ³ 8 ³ 4
7 ³ 3 ³ 45.3 ³ 41.8 ³ 8.9 ³ 4
8 ³ 3 ³ 30 ³ 57 ³ 9 ³ 4

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* Electrolysis conditions: 10.4 g (0.06 mol) styrene, 0.7 g

(0.01 mol) KF, and 185 ml methanol;T = 60oC; BA, benz-
aldehyde.
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Table 2. Electrooxidation of styrenes in electrolyzer with gas-lift system in continuous mode (fresh solution supplied
at a rate of 25 ml h31)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, h
³ Composition of electrolysis products, %
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ II ³ III ³ IV ³ V ³ BA º II ³ III ³ IV ³ V ³ BA

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ×ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ º
³

Styrene º 1,2-Dimethoxyethylbenzene**

º9 ³ 30 ³ 56 ³ 10 ³ 3 ³ 4 º 30 ³ 57 ³ 10 ³ 3 ³ 4
17* ³ 31 ³ 55 ³ 10 ³ 3 ³ 5 º 10 ³ 57 ³ 10 ³ 18 ³ 5
25* ³ 30 ³ 55 ³ 10 ³ 3 ³ 5 º 8 ³ 56 ³ 10 ³ 21 ³ 5
33* ³ 31 ³ 54 ³ 10 ³ 3 ³ 5 º 8 ³ 56 ³ 10 ³ 21 ³ 5
41* ³ 30 ³ 55 ³ 10 ³ 3 ³ 5 º 7 ³ 56 ³ 10 ³ 22 ³ 5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Addition of fresh electrolyte (styrene) was started after passing 8 F of electricity per 1 mol of styrene.

** Fresh electrolyte: 12 g (0.06 mol) of 1,2-dimethoxyethylbenzene, 0.7 g of KF, and 200 ml of methanol.

Table 3. Electrooxidation of styrene in methanol in continuous mode (fresh electrolyte supplied at a rate of 50 ml h31)
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

t, h
³ Composition of electrolysis products, %º

t, h
³ Composition of electrolysis products, %

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ II ³ III ³ IV ³ BA º ³ II ³ III ³ IV ³ BA

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
ºi = 0.1 A cm32 º i = 0.2 A cm32

º9 ³ 30 ³ 55 ³ 10 ³ 5 º 4.5 ³ 30 ³ 56 ³ 10 ³ 4
17* ³ 44 ³ 39 ³ 11 ³ 6 º 12.5* ³ 40 ³ 45 ³ 10 ³ 5
25* ³ 46 ³ 38 ³ 10 ³ 6 º 20.5* ³ 40 ³ 44 ³ 10 ³ 6
33* ³ 46 ³ 37 ³ 11 ³ 6 º 28.5* ³ 39.5 ³ 43.5 ³ 11 ³ 6
41* ³ 44 ³ 39 ³ 11 ³ 6 º 36.5* ³ 39 ³ 44 ³ 11 ³ 6

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Addition of fresh electrolyte (styrene) was started after passing 8 F of electricity per 1 mol of styrene.

zene (V), is formed in yield of up to 18322% in a con-
tinuous-type electrolyzer with gas-lift and 10% in an
electrolyzer with mechanical stirring [5].

A set of experiments carried out with varied current
density at a supply rate of fresh electrolyte of 50 ml h31

demonstrated that the yield of the target product grows
with the current density increasing to 0.2 A cm32

(Table 3).

Tables 133 present the results averaged over three
measurements. The relative error of the average is
1.6% at confidence probabilitya = 0.95.

The obtained data indicate that in an electrolyzer
with gas-lift system, operating in the continuous mode,
the process course is stable, with lower electrolyte
supply rate ensuring higher yield of productIII ,
virtually coinciding with that achieved in the batch
mode.

CONCLUSION

Methoxylation of styrene to obtain benzaldehyde
dimethylacetal can be carried out in continuous mode

in an electrolyzer with electrolyte circulation effected
by gas-lift.
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Abstract-The possibility of determining the content of 15 toxic elements in wastewater from their electrical
conductivity was studied in order to evaluate the amount of iron(II) ions required for precipitation of these
toxic elements.

Treatment of wastewater to remove metal ions re-
quires data on their total content. Convenient ex-
press method for determining the solution mineraliza-
tion and concentration of metal ions is based on
measuring the electrical conductivity of solutions. To
determine the weight fraction of certain particles in
solution, the total content of solid substance, and the
content of ionized solid substance, the electrical con-
ductivity (mS cm31) is multiplied by an empirical
factor varying from 0.55 to 0.99, depending on the
nature of dissolved components and temperature [1].
Electrical conductivity measurements are often used to
determine the salinity of natural and waste waters [2].
For this purpose, various empirical equations have
been obtained and salinity scales developed [3], which
can be used for a wide variety of samples. For ex-
ample, scales of the seawater salinity [4] including
a scale for low-salinity solutions [5] have been de-
veloped.

Highly efficient treatment of wastewater containing
metal ions is based on addition of Fe(II) ions to a so-
lution under study in alkali medium in the presence of
oxidants, which results in precipitation of metal ions
in the form of ferrites possessing magnetic properties
[6, 7]. It has been found that the highest purification
efficiency and the greatest magnetic moments of the
precipitates are attained when the weight concentra-
tion of Fe(II) is 15 times the total concentration of
the metal ions to be removed [8, 9]. Thus, evaluation
of the total content of Fe(II) that should be added
to wastewater to maintain the optimal 15 : 1 ratio re-
quires that the concentration of all metal ions in solu-
tion should be determined. However, common anal-

ytical procedures used in this case are rather laborious.
Thus, development of a new fast and cheap procedure
for determining metal ions in wastewater, based on
measurement of its certain physicochemical prop-
erties, is rather urgent. Electrical measurements are
rather simple, and the electrical conductivity correlates
with the concentration of metal ions in solution. The
aim of this study was to determine the empirical de-
pendence between the electrical conductivity and
the concentration of metal ions in solution and thus
to evaluate the total content of metal ions and, con-
sequently, the amount of Fe(II) necessary forin situ
treatment of wastewater via precipitation of metal
ferrites.

Previously, it has been found that compounds able
to form complexes with metal ions affect the precip-
itation of the corresponding metal ferrites from solu-
tions [10]. Moreover, complex formation changes the
charge and size of metal-containing ions in a solution
and thus affects its electrical conductivity. Hence,
evaluating the effect of complex formation on how the
electrical conductivity depends on the content of metal
ions in solution, with the aim to determine the general
empirical correlation, is equally urgent.

EXPERIMENTAL

To determine the specific electrical conductivityc,
the electrolyte solution is placed in ameasurement cell
(length L and cross-sectionA). Then the resistanceR
of this cell is determined and the electrical conduc-
tivity is calculated using the following expression

(1)c = ÄÄÄÄL/A
R

.
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Although the electrical conductivity is measured in
the SI system in s m31, results are mostly given in
mS cm31 because of the low conductivities of the sys-
tems in question.

The size of the measurement cell is fixed, and for
a given cell theL/A ratio (cell constantKc) is invari-
able. This constant is determined experimentally by
measuringR for a solution with knownc:

c = Kc/R. (2)

The electrical conductanceG is a characteristic not
only of the electrolyte solution with given concentra-
tion and temperature, but also of the cell geometry:

G = 1/R. (3)

The molar electrolytical conductivityL (S m2 mol31)
is a measure of the capability of a given electrolyte
to carry electric current:

L = c/C 0 1033, (4)

wherec = c(solution) 3 c(solvent) (S m31) and C is
the electrolyte molar concentration (M). The molar
electrical conductivity of electrolyte is determined by
the contributions of all the present ions:

L = Snil i, (5)

whereli is the ionic molar conductivity (S m2 mol31)
and ni is the number of ions (cations and anions)
formed by one electrolyte molecule. The ionic molar
conductivity gives quantitative information on the
contribution of a given ion type to the solution con-
ductivity. Its value depends on the total concentra-
tion of ions (Szici) in the solution and grows with
its dilution. With increasing concentration of a strong
electrolyte,c grows because a greater amount of ions
participate in the current transport. In weak elec-
trolytes, c also grows with increasing concentration,
but L decreases because of the decreasing dissocia-
tion. At very high ion concentrations,L may decrease
because of ion pair formation and increasing solution
viscosity.

The electrical conductivity depends on temperature.
With increasing temperature, the Brownian motion
becomes more pronounced, leading to a rise inc.
The accuracy of thec measurement is determined by
the stability of temperature in the course of the tests.
The temperature coefficienta of electrolyte conduc-
tivity can be expressed as follows:

a = ÄÄÄÄ
dc/dt
c

(6)

and thus

(7)ci = c25[1 + a(t 3 25)].

The content of metal ions in solution was deter-
mined by atomic-emission spectrometry with induc-
tively coupled plasma (AES-ICP) on a Philips 7000
atomic-emission inductively coupled plasma spec-
trometer (Philips, Netherlands).

The electrical conductivity was measured with an
accuracy of no less than 0.20% in the entire conduc-
tivity range, using a Crison 522 conductometric unit
(Crison, Spain) with a platinum cell (Kc 1.280 cm31).

The solution pH was measured with a Crison mi-
cro-pH 2002 unit (Crison, Spain) equipped with a
combination glass electrode and a temperature com-
pensation probe.

In all the tests, analytically pure chemical reagents
were used. The test solutions were prepared using
deionized water (conductivity 17.2mS cm31). The
electrical conductivity of water was subtracted from
all experimental results.

Nineteen wastewater samples were collected at
laboratories of the Analytical Chemistry Department
of the University Vagliodolida within one academic
year. The ion concentrations of 15 toxic elements
[As(V), Ba(II), Cd(II), Co(II), Cu(II), Cr(VI), Fe(III),
Hg(II), Mn(II), Mo(II), Ni(II), Pb(II), Sr(II), V(V),
and Zn(II)] were determined by AEP-ICP method us-
ing solutions diluted to an appropriate degree. The
measurements were performed 3 times and the av-
erage concentrations of the above elements were cal-
culated.

To determine the electrical conductivity, an aliquot
(1 ml) of acidic wastewater was diluted to 50 ml
with deionized water, and its pH was adjusted to 3.0
with sodium hydroxide. The measurements were car-
ried out at a constant temperature of 20.0+ 0.2oC.
The tests were performed 5 times for each solution
under these conditions.

The average electrical conductivities and corre-
sponding rms errors for 19 samples in question (5
parallel tests) and the total concentrations of met-
al ions (3 parallel tests for each of 15 elements) are
listed in the table. The total concentration of metal
ions was calculated as a sum of concentrations of
15 elements studied and its rms error was evaluated.
Then, using experimental concentrations, the total
content of metal ions in diluted solutions was de-
termined and the concentration dependence of the
electrical conductivity was plotted (Fig. 1). For the
samples in question this dependence is linear and is
described by the following equation obtained by least-
squares procedure (R2 = 0.9970):

(8)c = 25.104C + 909.85.
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The adequacy of empirical equation (8) for deter-
mining the concentration of metal ions in wastewater
from its electrical conductivity was analyzed using a
model sample containing 15 above elements present
in all 19 wastewater samples (the total average con-
centration of metal ions was 3232 mg l31, see table).
The model solution was prepared by dissolving the
required amounts of Cd(II), Co(II), Cr(III), Cu(II),
Fe(III), Hg(II), Ni(II), Pb(II), Sr(II), and Zn(II) ni-
trates, Ba(II) and Mn(II) chlorides, and sodium mo-
lybdates, vanadates, and arsenates in deionized water.
Then 5 aliquots of the model solution were diluted
(1 : 50), the solution pH was adjusted to 3.0 using so-
dium hydroxide, and the electrical conductivity of the
resulting solutions was measured (n = 5). The average
conductivity was 2866mS cm31. Substitution of this
value in Eq. (8) gives the total concentration of metal
ions of 77.9 mg l31, which corresponds to the concen-
tration of the initial model solution (3895 mg l31).
Thus, the deviation from the average concentration
(3232 mg l31) is 20%. This error is rather large but
positive, and thus Eq. (8) can be used to calculate
the amount of Fe(II) which should be added to the
wastewater to remove no less than 99% of heavy met-
als [Fe(II) concentration should exceed the total con-
centration of these metals by a factor of 15]. This
equation guarantees that an excess amount of Fe(II) is
added to the solution, sufficient for effective precip-
itation of metal ions.

Oxidants and organic compounds, which can inter-
act with metal ions and thus hinder their precipitation
as ferrites because of competitive reactions modifying
the species in solutions, can strongly affect the effi-
ciency of wastewater treatment to remove metal ions
via formation of ferrites [8, 10]. It would be expected
that presence of these compounds also affects the elec-
trical conductivity and thus the feasibility of using its
values to determine the total concentration of metal
ions and the amount of Fe(II) required for effective
wastewater treatment.

Previously [10], we simulated the effect of com-
plexing organic compounds for the example of ethyl-
enediaminetetraacetate ions (EDTA), which were taken
because they form stable complexes with metal ions
and can be analyzed as a model of the other natural
ligands with similar complexing properties. To study
the effect of organic ligands on the electrical con-
ductivity of a wastewater containing metal ions, ali-
quots of the model solution were diluted (1 : 50), and
appropriate amounts of EDTA disodium salt (from
1038 to 0.5 M) were added. The solution pH was
adjusted to 3.0 with NaOH, and the electrical conduc-
tivity was measured.

Electrical conductivity (n = 5) and total concentration
of metal ions (n = 3) for wastewater samples diluted in
1 : 50 ratio
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ c, mS cm31 ³ S[Men+], mg l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
no. ³ average ³ rms ³ average ³ rms

³ value ³ error ³ value ³ error
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

1 ³ 1058 ³ 9 ³ 445 ³ 5
2 ³ 2005 ³ 11 ³ 2356 ³ 20
3 ³ 2933 ³ 10 ³ 4072 ³ 33
4 ³ 4210 ³ 12 ³ 6575 ³ 30
5 ³ 3485 ³ 16 ³ 5050 ³ 33
6 ³ 4048 ³ 16 ³ 6245 ³ 30
7 ³ 2188 ³ 13 ³ 2541 ³ 16
8 ³ 1598 ³ 8 ³ 1253 ³ 8
9 ³ 2593 ³ 16 ³ 3296 ³ 19

10 ³ 2118 ³ 13 ³ 2356 ³ 18
11 ³ 1670 ³ 9 ³ 1401 ³ 11
12 ³ 1105 ³ 8 ³ 451 ³ 6
13 ³ 2455 ³ 16 ³ 2973 ³ 11
14 ³ 2220 ³ 15 ³ 2608 ³ 10
15 ³ 3443 ³ 16 ³ 5034 ³ 21
16 ³ 3663 ³ 16 ³ 5284 ³ 24
17 ³ 3933 ³ 16 ³ 6009 ³ 32
18 ³ 2368 ³ 16 ³ 2879 ³ 10
19 ³ 1350 ³ 11 ³ 574 ³ 8

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

The logarithmic dependence of the electrical con-
ductivity of the wastewater (n = 5) on the EDTA con-
centration is shown in Fig. 2. As seen, the electrical
conductivity is nearly constant at EDTA concentra-
tions lower than 50 1035 M, then it sharply de-
creases and becomes constant at concentrations higher
than 1032 M. This fact can be accounted for as fol-
lows. At pH 3, EDTA participates in the competitive
reactions with protons (H3EDTA3 and H2EDTA23

are predominant) and thus the concentration of EDTA
required for complexation increases. At low EDTA
concentrations, only metal ions forming the strongest
chelates with the organic ligand participate in com-
plexation and the electrical conductivity remains
nearly constant because the ionic composition of
the solutions changes insignificantly. At higher EDTA
concentrations (>1032 M), almost all metal ions
participate in complexation and, as a result, further
increase in the ligand concentration does not affect
the conductivity, because EDTA is a weak electrolyte
only slightly changing the ionic composition of the
solution.

At the maximum EDTA concentration studied
(0.5 M), the electrical conductivity was 2631mS cm31,
which is 8% smaller than that in the absence of the
complexing additive. The total concentration of metal
ions in the initial model solution, calculated from
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Fig. 1. Electrical conductivity c of model wastewater
vs. the total concentration of metal ionsC in wastewater
strongly contaminated with ions of 15 heavy metals.
Samples diluted to 1 : 50 ratio; the same for Fig. 2.

Fig. 2. Electrical conductivityc of model wastewater con-
taining ions of 15 heavy metals vs.EDTA concentration.

is 3428 mg l31, which is 6% greater than the real
concentration (3232 mg l31). Since the possible con-
centration of organic ligands in wastewater is signif-
icantly smaller, such calculations give the overesti-
mated total concentration of metal ions and thus of
the amount of Fe(II) ions required for their recovery
as metal ferrites, which guarantees the maximal effi-
ciency of the treatment process.

To evaluate the applicability of the above empiri-
cal expression relating the electrical conductivity to
the total concentration of metal ions in wastewater, a
new sample containing the same ions (1990 mg l31)
was taken in the academic laboratories. This sample
was divided in two aliquots, which were diluted in
1:50 ratio for conductivity measurements. Then EDTA
was added to one aliquot (50 1032 M or 1033 M after
dilution), and the conductivity of these samples was
measured. The total content of metal ions in solutions
with organic ligand and without it were calculated
by means of Eq. (8) to be 2231 and 2365 mg ml31.
These results were used to determine the amount of
Fe(II) required for water treatment, taking into account
the optimal Fe/total metal content ratio of 15 : 1 [8].

Then the treatment was performed under the opti-
mized conditions [8, 10], and its efficiency was eval-
uated from the content of metal ions (AES-ICP meth-
od) remaining in the solution after treatment. In both
cases the purification efficiency was greater than 99%,
which confirms the possibility of using the electrical
conductivity measurements to determine the amount
of iron(II) required for wastewater treatment to re-
move metal ions in the form of their ferrites.

CONCLUSIONS

(1) A linear dependence between the electrical con-
ductivity and the total content of metal ions in solu-
tions was established.

(2) Addition of EDTA forming complexes with
metal ions decreases the electrical conductivity, but
evaluation of the total content of metal ions and thus
of the amount of iron(II) ions from the electrical
conductivity of wastewater remains acceptable for
practical use.
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Abstract-The effect of pH on the kinetics of flocculation of an aqueous ocher suspension in the presence
of ionic polyacrylamide flocculants was studied and their flocculation properties were compared.

Ionic and nonionic copolymers of acrylamide find
increasing use as flocculants at various stages of water
treatment and in other industrial processes, owing
to their high performance, availability, low toxicity,
and relative cheapness [1, 2]. The performance of
polyacrylamide flocculants (PAAFs) is controlled
not only by their chemical nature, molecular param-
eters, structure, and thermodynamic and kinetic flex-
ibility of the macromolecules of acrylamide (co)poly-
mers, but also by the properties of the particles (es-
pecially surface) of the disperse phase (DP) and dis-
persion medium [3]. The presence of relatively small
amounts of the surfactants, electrolytes, and com-
pounds with various functional groups able to modify
the surface of the DP particles can also affect the floc-
culation properties of PAAFs [4, 5]. These compounds
control the aggregation and sedimentation stability
of the disperse system (DS) and, taking into account
their effect on the conformation of macromolecules,
affect the flocculation properties of PAAFs.

Although the effect of pH of the dispersion medi-
um is important, it has been poorly studied. In this
work, we studied, using a model ocher suspension in
water, the effect of pH of the dispersion medium on
the flocculation properties of macromolecular ionic
(anionic and cationic) PAAFs.

EXPERIMENTAL

In our work, we used the ocher suspension [[golden]
brand, TU (Technical Specifications) 301-10-019390]
with average particle radius

3
R = 9.250 1036 m.

The following ionic PAAFs were used in the tests:
anionic (A) random copolymer of acrylamide and

sodium acrylate (viscosity-average molecular weight
-
Mh 5.40 106, content of ionic groupsb 17.4%)
and cationic (C) random copolymer of acrylamide
and dimethylaminoethyl methacrylate hydrochloride
(
-
Mh 2.30 106, b 16.3%). The sedimentation kinetics

of the ocher particles was studied in the mode of free
(unhindered) sedimentation (the concentration of the
disperse phase wasC 0.8%) using a VT-500 torsion
balance in a 400-ml cylinder at different pH adjusted
by adding 0.1 M HCl and KOH solutions. Before tests
the ocher suspensions were clarified for 1 day at each
given pH. The required copolymer (0.02% aqueous
solutions of A and C copolymers) was added to
a supernatant volume directly before mixing of the
ocher suspension by means of a perforated disk stirrer,
which was slowly shifted in the cylinder 10 times in
the vertical direction.

The viscosity of copolymersA andC in water was
measured on an Ostwald viscometer (0.54 mm capil-
lary diameter). The correction for the kinetic flow
energy was lower than 2% and was neglected in the
calculations of the reduced viscosityhsp/C.

The electrophoretic mobility of the ocher particles
at various pH was determined on an PARMOQUANT
(Carl Zeiss, Jena) automated measuring microscope
at 20oC and 10 mA current; 0.01 M KCl served as
supporting electrolyte.

The kinetic curves of ocher sedimentation in so-
lutions with various pH values are given in Fig. 1.
The sedimentation kinetics was monitored using a
dimensionless parameterm(t)/mmax, where m(t) and
mmax are the current and maximal weight of the pre-
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Fig. 1. Kinetic curves of sedimentation of the ocher sus-
pension m(t)/mmax in water at various pH. (t) Time;
the same for Fig. 3. pH: (1) 7.0, (2) 4.7, (3) 10.9, (4) 3.0,
and (5) 11.7.

Fig. 3. Kinetic curves of sedimentation of the ocher sus-
pension m(t)/mmax at pH 3.0 in the presence of ionic
PAAFs; [A] 2.250 1035 and [C] 0.750 1035%. Additive:
(1) no, (2) { A + C}, (3) C, (4) A, (5) (C + A), and
(6) (A + C).

cipitate on the torsion balance [5]. Ocher sedimenta-
tion significantly accelerates with pH deviation from
the neutral to basic or acidic values. This is obviously
due to the effect of pH on the aggregation and thus on
the sedimentation stability of the DP particles, related
to the changes in the structure of the electrical double
layer (its size and electrokinetic potentialz) around
the DP particles. As seen from Fig. 2, this potential
strongly depends on the solution pH and a certain de-
crease in the absolute value of thez potential in alkaline
and acidic media well agrees with the decreasing sed-
imentation stability of the system at given pH (Fig. 1).

We expected that this effect of pH on the sedimen-
tation stability of the ocher woulda priori appear upon
addition of ionic PAAFs in the system. For example,
the effect ofA and C PAAFs and their binary mix-
ture on the flocculating parameters of the system at
pH 3.0 is illustrated in Fig. 3. For binary PAAF mix-

Fig. 2. Electrokinetic potentialz of the ocher particles
vs. pH.

Fig. 4. Reduced viscosityhsp/C vs. the solution pH for
(1) copolymerA, (2) copolymerC, and (3) their mixture,
[A]/([A] + [C]) 0.75; [PAAF] = 0.05%.

tures, three modes of addition were used: (A + C),
(C + A), and {A + C}; in the first case we initially
added copolymerA and then copolymerC; in the
second case, vice versa, we first added copolymerC
and then copolymerA; and in the last case copoly-
mers A and C were added simultaneously.

As seen from Fig. 3, the mode of flocculant addi-
tion affects the flocculation rate. This is probably due
to the almost complete irreversibility of the PAAF
sorption [6] and selective interaction between neg-
atively (A) and positively (C) charged macroions.

Selective interaction between macroionsA and C
was suggested previously on the basis of viscom-
etric and conductometric data. The data in Fig. 4
show that the experimental reduced viscosities of
mixtures of A and C are significantly smaller as
compared with the initial copolymersA andC (Fig. 4,
curves1, 2, and3), which indicates the[contraction]
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(decrease in the rms size) of macroionsA in the pres-
ence of macroionsC with opposite charge. It should
be noted that pH significantly affects the solution
viscosity of copolymersA andC and thus the effective
size of the macromolecular globules, because these
parameters vary in parallel [7]. To obtain the qualita-
tive characteristics of the flocculation kinetics, we
calculated the parameters of flocculation effectD and
flocculation activity l [3, 5]:

D = v/v0 3 1, (1)

l = (v/v0 3 1)/C, (2)

wherev andv0 are the average rates of ocher sedimen-
tation at m(t)/mmax 0.7 in the presence of polymer
flocculant (concentrationC) and without it, respec-
tively.

The correlated dependencesl = f (pH) for copoly-
mers A and C and D = f (pH) for binary mixture of
ionic PAAFs for all three modes of their addition are
shown in Fig. 5. As seen, the experimental depen-
dencesD = f (pH) andl = f (pH) are extremal, because
the conformation of macromolecule, electric double
layer parameters, and the[energy pattern] of the dis-
persion particle surface depends on the solution pH
[3]. Naturally, the mode of copolymer addition and
solution pH must also affect the adsorption interaction
of macromolecule with one or several particles of the
disperse phase [8]. The real mechanism of the adsorp-
tion of ionic copolymer macromolecules on the DP
particles is rather complex owing to the presence of
both negatively and positively charged areas on the
particle surface, produced predominantly by silanol
groups and Fe3+ cations, respectively. With account
taken of the relatively low content of the ionic units
in the copolymers in question, uncharged acrylamide
fragments of macromolecules undoubtedly affect the
adsorption interaction with one or several ocher par-
ticles [9311]. The anionic and cationic copolymers
differ significantly nature of adsorption and floccula-
tion, which is indirectly confirmed by the difference
in flocculating activity between copolymersA andC;
namelylA > lC . This fact unambiguously indicates
the predominantly bridging (and not neutralization)
nature of the flocculation effect of copolymersA and
C, because the DP particles are negatively charged in
the entire pH range studied,i.e., similarly with respect
to macroionsA and oppositely with respect to macro-
ions C. These data also suggest that the fraction of
the effective bridging bonds for copolymerA is sig-
nificantly greater as compared with copolymerC.
Thus, it is apparent that the conformation state of mac-
romoleculesA and C cannot be regarded as a unique

Fig. 5. Flocculation parameters (1, 2) l and (335) D vs.
the solution pH; [PAAF] 30 1035%; [A]/([A] + [C])
(a) 0.25 and (b) 0.75. PAAF: (1) A, (2) C, (335) first, sec-
ond, and third modes of copolymer addition, respectively.

parameter of the flocculation activity of PAAFs. As
seen from Fig. 5, in thecase of anionic PAAFs, the
dependencesl = f (pH) and D = f (pH) are nearly
parallel, whereas in the case of cationic copolymers
such trends are absent. Taking into account the selec-
tive interaction of macroionsA andC, we can account
for the effect of how the copolymer is added to the
system, namely, the fact that the parameterD is the
smallest in the case of third addition mode in the en-
tire pH range studied. It is apparent that, upon simul-
taneous addition of copolymersA and C, the [con-
traction] effect for macromolecular globules of the
binary copolymer mixtures is the strongest, which was
shown already by means of viscometry (Fig. 4).

Now, omitting the analysis of the rather complex
mechanisms of adsorption and flocculation in the sys-
tems in question, we consider the significant effect
of pH on the flocculating parameters of anionic and
cationic PAAFs and compositions on their basis.
Despite the predominantly correlation nature of the
observed dependencesD = f (pH) andl = f (pH), they
may be promising for optimization of the flocculation
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processes not only in the model systems, but also
in complex multicomponent disperse systems with
varied pH.

CONCLUSIONS

(1) The kinetic parameters of flocculation of the
ocher suspension in the free (unhindered) sedimenta-
tion mode in the presence of anionic and cationic co-
polymers of acrylamide and their mixtures (3 : 1 and
1 : 3) in solutions with various pH were studied.

(2) The flocculation parameters of polyacrylamide
flocculants with respect to the ocher suspension in
water strongly depends on the solution pH, which is
predominantly due to the dependence of the electro-
chemical properties of the ocher particles and con-
formation of copolymer macromolecules on the pH.
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Abstract-The influence of small C60 additions on thermal and thermal oxidative degradation of polymethyl
methacrylate prepared by radical polymerization was studied by differential scanning calorimetry, thermo-
gravimetric analysis, differential thermogravimetric analysis, and mass spectrometry.

Kashiwagi et al. [1], applied differential thermo-
gravimetric analysis (DTG) to study weak bonds in
molecules of atactic polymethyl methacrylate (PMMA)
prepared by radical polymerization and the influence
of these bonds on the thermal degradation of the poly-
mer. In the course of heating in an inert atmosphere
(N2), they detected three peaks (Fig. 1a). PeakI
(~165oC) was assigned to degradation initiated by
head-to-head chain defects (or H3H bonds); peakII
(~270oC), to degradation involving unsaturated ter-
minal groups; and peakIII (~360oC), to degradation
of the main chains. In [2, 3], we studied the influence
of fullerene C60 on thermal degradation of PMMA, us-
ing mass-spectrometric thermal analysis (MTA). In
PMMA without additives we observed the same three
peaks as in [1], at approximately the same temperatures
(Fig. 1b). Addition of small amounts of C60 to PMMA
led to considerable changes in the MTA patterns: Peak
I disappeared almost completely, and peakII notice-
ably decreased in height. It was concluded from these
results that C60 retains the products of thermal degra-
dation, i.e., it acts as ascavenger of free radicals re-
leased in degradation. At the same time, peakIII grew
in relative intensity and shifted toward higher tem-
peratures by approximately 15oC, which corresponds
to an increase in the energy of the cleaved bonds
by approximately 4 kJ mol31 [3]. Thus, C60 stabilizes
PMMA both at low and at elevated temperatures.

Note that peaksI and II , related to cleavage of
specific weak bonds, were appreciably narrower than
peakIII related to random bond cleavage. Addition of
C60 also makes the peaks narrower. Apparently, deg-
radation pathways become more definite in the pres-
ence of C60; they involve addition of PMMA radicals

to C60, followed by cleavage of the CC and CO bonds
in the vicinity of the addition site.

Fig. 1. Yield of products of PMMA thermal degradation
vs. temperatureT. [3d(DM/M0)/dt] rate of relative weight
loss and (dN/dt) rate of monomer release. (a) DTG data [1],
heating of PMMA (1) in N2 and (2) in air; (b) MTA data
[2], heating in a vacuum of (1) PMMA and (2) mixture
of PMMA with C60. Figures at curvesdenote the relative
peak areas in % (in parentheses, after addition of C60) and
the half-widths (oC).
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Numerical estimation shows that the unit weight
of a sample at 1% C60 concentration contains approx-
imately equal the numbers of C60 molecules and PMMA
macromolecules (atM = 85000). Since each C60
molecule can add up to 6310 radicals, the C60 concen-
tration is quite sufficient to add all the arising radicals.

The relative areas of peaksI3III in Fig. 1a areSI =
0.13,SII = 0.27, andSIII = 0.60 of the total peakarea
S0. Estimation of the MTA peak areas before addition
of C60 (Fig. 1b) gives close values:SI = 0.10, SII =
0.30, andSIII = 0.60. Similar estimations made after
addition of C60 allowed determination of the fraction
of PMMA molecules[trapped] by fullerene: SFu =
= SI + (SII 3 SÌI), where SÌI is the relative area of
peakII after addition of C60. We found thatSFu ; 20,
i.e., only about 20% of C60 molecules take up two
PMMA radicals arising from chain cleavage, or 40%
of C60 molecules take up one radical. Apparently, the
true fraction of bound C60 molecules is closer to 20%,
since, in cleavage of a PMMA chain, the resulting rad-
ical centers are localized practically at the same place,
and the C60 molecule, if occurring in the vicinity of
this place, takes up both radicals. Thus, at least two
different types of C60 molecules are formed in the
system: free and bound toPMMA.

The described studies of thermal degradation were
mainly performed in an inert atmosphere or in a
vacuum. Of no less interest, especially from the prac-
tical viewpoint, is thermal oxidative degradation in
air. The presence of oxygen also results in disap-
pearance of peakI (Fig. 1a) [1]. The DTG curve taken
in the presence of O2 exhibits a new strong peak at
~300oC, whose position lies between peaksII and III
obtained in a nitrogen atmosphere. Kashiwagiet al.
[1] believe that the experimentally observed peak is
actually a sum of a new peakF and peaksII and III ,
with major contribution made by peakF. However,
it is difficult, in our opinion, to reveal any contribu-
tions from peaksII and III in the curves reported in
[1]. Nevertheless, a conclusion can be made that ox-
ygen plays a dual role: It enhances the stability of
the system at low temperatures but decreases it at high
temperatures [1].

Naturally, the chain degradation detected by DTG
and MTA can be accompanied by thermal effects
which can also arise without weight loss. Thus, ther-
mogravimetric and calorimetric methods supplement
each other in studies of thermal degradation and,
when used in combination, can furnish essentially new
information. This is especially important when study-
ing such complex processes as thermal oxidative de-
gradation of PMMA which, in our opinion, must be,

in the case of an open system, a superposition of at
least three processes accompanied by thermal effects:

Q
S

= 3QD + QO 3 QS, (1)

where Q
S

is the total thermal effect,QD the endo-
thermic effect due to chain degradation,QO the exo-
thermic effect due to oxidation of the chains and ther-
mal degradation products, andQS the endothermic
effect of sublimation or vaporization of degradation
products.

Addition of C60 to the polymer can affect these
processes differently, so that it may be possible to
reveal their separate manifestations. Presumably, C60
will compete with oxygen for free radicals and thus
stabilize the system. However, since fullerene and
oxygen affect high-temperature degradation different-
ly, it was unclear whether stabilization would be ob-
served in the entire temperature range of degradation.

The main goal of this study was to examine the
influence of C60 on thermal oxidative degradation of
PMMA using a combination of thermogravimetric
analysis (TG) and differential scanning calorimetry
(DSC).

The processes of thermal and thermal oxidative
degradation of PMMA and polystyrene (PS) in the
presence of fullerenes were studied by DSC in [4, 5],
and it was concluded that fullerenes play a stabilizing
role. However, with PMMA this conclusion is con-
sistent with the results of [2, 3], whereas with PS it
contradicts previous data [6]. Probably, this is due to
differences in the experimental methods, molecular
structure of the polymers in hand, and procedures for
evaluating the thermal stability. Therefore, we gave in
this work a particular attention to the methodological
aspects of evaluating the thermal stability and to cor-
relation of the TG, MTA, and DSC data.

EXPERIMENTAL

The initial fullerene C60 (99.7% purity) was pre-
pared by the Huffman3Kr 1atschmer procedure [7].
Polymethyl methacrylate with the viscosity-average
molecular weight of 8.50 104 was prepared by radical
polymerization. To introduce C60 into PMMAs, their
toluene solutions were combined in a ratio required
for ensuring the desired concentration of fullerene.
Samples were prepared by casting films from these
solutions. Thermal degradation of the materials was
studied with an STA 429 Netzsch thermal analyzer
(Germany) in air at linear heating rates of 5 and
10 deg min31 in the range 203700oC. In the course of
heating, the temperature, weight variation, and ther-
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mal effects were recorded simultaneously. We studied
the samples of the starting powdered PMMA, films of
PMMA without additives, and films of PMMA with
1 and 10% C60. The sample weight was 120 mg at
a heating rate of 10 deg min31 (10-10 series) and 1 or
5 mg at a heating rate of 5 deg min31 (5-1 and 5-5 se-
ries, respectively). From numerous experiments, we
chose the 5-5 series as basic. The smaller sample
weight (1 mg) and its grinding and uniform distribution
over the bottom of the measuring cell, at a relatively
low heating rate, allowed minimization of the possible
effects of slow diffusion, low thermal conductivity,
and variation of the gaseous medium in the cell due to
release of degradation products; however, the intensity
of the useful signals decreased simultaneously, and
[weak] processes could not be revealed. In the 10-10
series, the testing conditions were the most rigorous.
In this case, it is possible to[amplify] weak proc-
esses, but the results can be disturbed because of
changes in the gaseous medium, especially in the
range of active release of degradation products. With
increasing heating rate, most of the characteristic ef-
fects shift toward higher temperatures, but, on the
whole, the results remain similar. In what follows, we
consider in most detail the results obtained with the
5-5 series, and other results will only be discussed
when certain processes will be manifested more clear-
ly or to confirm the results of the main series.

The baselines were plotted using the results of ex-
periments performed under the same conditions with
samples of sapphire which undergoes neither weight
loss nor phase transitions in the temperature range
under consideration. For all the samples, the TG cur-
ves in the range from 20 to approximately 150oC
showed an apparent weight gain due to convective air
flows along the vertical axis of the furnace [8]. This
gain amounted to no more than 2.5% for 10-mg sam-
ples but was significant for 1-mg samples. In DSC
measurements, the baseline was parabolic. However,
in the temperature range of interest, its curvature was
the smallest and did not distort significantly the posi-
tion and shape of the peaks; therefore, in many cases
the qualitative effects were revealed without[straight-
ening] the baseline.

To characterize the thermal degradation products,
we used the temperature positions of peaks,Tm, in
the DTG, DSC, and MTA curves. TheTm values
were determined to within+5oC. An important char-
acteristic of the thermal stability of a substance is
the onset temperature of thermal degradation,T0.
This temperature was determined from the deviation
of the weight loss from zero by a conventional value
of 0.3% (method 1). The determination error was also

Comparison of characteristic temperatures of thermal
oxidative degradation of PMMA, determined by various
procedures*

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ TG, ³ DTG ³ DSC
³ ÃÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄ³ range of³ ³

Sample³ weight ³ Tm of ³
Tm

av ³ T0
³

Tm,II
³

Tm,III³ loss ³ peaks³ ³ ³ ³
ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
³ oC

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
5-5 series

5-5-0** ³ 2523390³ 313, ³ 315 ³ ? ³ 3 ³ 364
³ ³ 333 ³ ³ ³ ³

5-5-1 ³ 2763390³ 353 ³ 353 ³ ? ³ 3 ³ 380
5-5-10 ³ 2603390³ 348, ³ 350 ³ ? ³ 3 ³ 392

³ ³ 365 ³ ³ ³ ³

5-1 series

5-1-0 ³ 2303380³ 266, ³ 270 ³ 230 ³ 245 ³ 335
³ ³ 309 ³ ³ ³ ³

5-1-1 ³ 2903380³ 323, ³ 325 ³ 255 ³ 3 ³ 3
³ ³ 344 ³ ³ ³ ³

5-1-10 ³ 2703370³ 337 ³ 337 ³ 220 ³ 3 ³ 3

10-10 series

10-10-0 ³ 2333400³ 300, ³ 300 ³ 233 ³ 255 ³ ?
³ ³ 390 ³ ³ ³ ³

10-10-1 ³ 2863423³ 370 ³ 370 ³ ? ³ 3 ³ 387
10-10-10³ 2753418³ 360 ³ 360 ³ 340 ³ 3 ³ 391
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
* In sample notation, the third figure gives the C60 concentra-

tion in %; the[?] sign means that unambiguous determina-
tion of the peak position is impossible; the coinciding values
of T0 obtained by TG and DSC are printed italic.

** Sample of PMMA film cast from a toluene solution. In
the other series, the initial powders were used as samples of
PMMA without additives.

about 5oC. Frequently,T0 is also determined by ex-
trapolation of the main branch of the TG curve to in-
tersection with the baseline parallel to the abscissa
(method 2). However, in this caseT0 strongly depends
on the curvature of the TG curve, which can give rise
to considerable systematic errors. Therefore, in what
follows we determinedT0 by method 1 only.

The temperatures characterizing thermal oxidative
degradation of PMMA, and determined by different
methods, are listed in the table.

Endothermic DSC peak and its interpretation.
The DSC thermograms of all the samples exhibit a
common striking feature: Approximately in the mid-
dle of the thermal oxidative degradation range, a sharp
transition occurs from the heat release to heat absorp-
tion (sharp endothermic peak), which is followed by
new exothermic processes and their gradual decayuntil
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Fig. 2. Patterns of thermal oxidative degradation of PMMA
in air, 5-5 series: (DM/M0) relative weight loss, (Q) heat
flow, and (T) temperature; the same for Fig. 3. (a) PMMA
film, (b) PMMA + 1% C60, and (c) PMMA + 10% C60.
Figures at curvesdenote characteristic temperatures (oC);
the same for Fig. 3.Dashed linesdenote baselines.

the degradation products are fully removed from the
experimental cell. Let us consider a combination of
the TG and DSC curves for PMMA films without ad-
ditives (Fig. 2). An endothermic peak is observed at
about 326oC. On its low-temperature side, practically
from the very beginning of the experiment there is
a fairly smooth increase in heat release up to 275oC.
The peak at 275oC seems to correspond to peakII ;
however, we believe that its another interpretation (see
below) is more probable. On the high-temperature side
of the endothermic peak, there is a peak at about 364oC,
i.e., in the region ofpeakIII . With the temperature in-
creasing from that of the endothermic peak to~364oC,
the major fraction of the material (the least defective
and the most thermostable) is, apparently, oxidized as
the polymer decomposes to the monomer, with a part
of the polymer that does not decompose to the mono-
mer (538% according to published estimates), and
probably forms cross-linked structures, being oxidized

Fig. 3. Patterns of thermal oxidative degradation of PMMA
in air, 10-10 series: (a) PMMA powder, (b) PMMA +
1% C60 film, and (c) PMMA + 10% C60. The baselines
were not straightened.

too. This part of PMMA is revealed more clearly at
higher heating rates and larger sample weight (Fig. 3a).
In this case, the TG curves show gradual weight loss
(up to 94%) in the range from~230 to 360oC. Then,
from 360 to 400oC, there is a step corresponding to
additional 6% weight loss, and the DSC curve exhibits
an exothermic peak at about 410oC. Also, three exo-
thermic peaks at 255, 297, and 343oC are clearly seen
in the DSC curves. The first peak can be related to
peak II , and the second, to peakF. In the 5-5 series,
peak F was observed in the same temperature range
as the strong endothermic peak and, therefore, was
not always revealed. At the same time, the exo-
thermic peak at 343oC can hardly be related to peak
III (~360oC), because it is observed at an appreciably
lower temperature. Presumably, according to Eq. (1),
competition of the endothermic effect due to sub-
limation of the degradation products and thermal
degradation of the already oxidized products with
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Fig. 4. Weight loss of PMMA (5-5 series) vs. tempera-
ture T. (DM/M0) Relative weight loss. (a) PMMAfilms,
(b) PMMA + 1% C60, and (c) PMMA + 10% C60; (d) sim-
ilar dependences for (1) PMMA powder, (2) PMMA film,
(3) PMMA + 1% C60, and (4) PMMA + 10% C60.
(D50%) Shift of TG curves at the level of 50% weight loss;
the same for Fig. 5.Figures at curvesdenote the degrada-
tion onset temperaturesT0 determined by methods 1 and 2
and the differenceD between these values (oC).

the exothermic effect due to oxidation (QO sharp-
ly decreases) gives rise to an apparent peak and sharp
change in the sign of the overall thermal effect. The
apparent peak at 275oC in Fig. 2a has probably the
same origin.

The occurrence of an endothermic effect allows us
to distinguish arbitrarily three stages of thermal oxi-
dative degradation with increasing temperature: with
heat release (before the endothermic peak), with heat
absorption, and again with heat release. We will ana-
lyze these stages and give quantitative estimates for
them by comparing the straight samples and those
containing C60.

Effect of C60 on the temperature shift of the oxi-
dative degradation. Figure 4 shows the temperature
dependences of the weight loss. It is seen that, with
increasing C60 concentration, the slope of the initial
section of the dependences decreases. Corresponding-
ly, T0 determined by method 2 changes more strongly.
The difference between theT0 values determined by

Fig. 5. (a) TG and (b) DTG curves of samples of the 10-10
series: (DM/M0) relative weight loss of the sample and
[d(DM/M0)dT] its derivative with respect to temperature.
(1) PMMA powder, (2) PMMA + 1% C60 film, and
(3) PMMA + 10% C60. Figures at curves: (a) T0 (oC) for
PMMA powder (240), PMMA + 1% C60 film (286), and
PMMA + 10% C60 film (275); (b) peak half-widths (oC).

procedures 1 and 2 for the samples containing 0, 1,
and 10% C60 is 18, 42, and 48oC, respectively. Varia-
tion of the curvature of the initial section of the plots
is naturally due to an increase in the concentration of
C60 retaining the degradation products. Note that, on
adding 1% C60, T0 shifts to higher temperatures
(from 252 to 276oC), whereas a reverse shift (to 260oC)
is observed on adding 10% C60. This effect is small,
but it is reproduced in all the sample series (see table).
It can be accounted for by assuming that, in the initial
stages of degradation, C60 interacts with oxygen and
prevents, to some extent, oxidation of the arising
polymer radicals. However, degradation in the whole
temperature range is not significantly affected by
raising the fullerene concentration from 1 to 10%.
The TG curves for the samples containing C60 co-
incide (Fig. 4d) in virtually the entire temperature
range, except in the above-mentioned initial range
and at temperatures above~385oC where the C60
weight loss becomes appreciable. Therefore, we be-
lieve that the shift of the curves along the abscissa
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axis (e.g., D50% at 50% weight loss) characterizes
the variation of the thermal stability of the system
more adequately thanT0 does. The high-temperature
shift of the TG curves in going from a PMMA film
without additives to the samples containing C60 is
about 30oC, which is consistent with the MTA data
[2]. Similar results were obtained with the 10-10 se-
ries. Figure 5a shows that the TG curves obtained at
different C60 concentrations coincide, but the above-
noted qualitative differences in the initial and final sec-
tions of the TG curves are preserved. Figure 3 shows
particularly clearly a decrease in the slope of the ini-
tial TG front with increasing C60 concentration and
a clear step corresponding to the release of 10% C60
at the end of the process. However, Fig. 5a addi-
tionally confirms the fact that the C60 concentra-
tion in the range above 1% has no significant effect
on the thermal stability and that the temperature shift
of the TG curves is a more convenient characteristic
of the relative thermal stability thanT0. In the DTG
curves (Fig. 5b) taken in the presence of C60, the main
peak shifts toward higher temperatures and becomes
narrower by a factor of~1.5; the latter fact is appar-
ently due to addition of PMMA radical chains to C60,
followed by cleavage of CC or CO bonds between
C60 and PMMA.

Three stages of thermal oxidative degradation
and effect of C60 on them. Let us consider three stages
of thermal oxidative degradation for samples of the
5-5 series as an example. Stage 1 involves oxidation
of degradation products originating from the cleavage
of weak bonds in the chains. The onset of the endo-
thermic peak for PMMA without additivescorresponds
to approximately 28% weight loss (Fig. 2a). This value
is noticeably smaller than the fraction of products
formed by cleavage of weak bonds in the course of
thermal degradation (~40%), as estimated from the
thermograms in Fig. 1. Thus, not all the products
formed by degradation of PMMA withoutadditives via
cleavage of weak bonds undergo oxidation. The frac-
tion of oxidized products in thesamples containing C60
decreases to 15323% (Figs. 2b, 2c). Simultaneously
decreases the heat release in the range corresponding
to this weight loss: Thearea of the exothermic peaks
in Figs. 2b and 2c decreases by 15 and 34%,respec-
tively. This fact suggests that C60 prevents oxidation
of PMMA, competing with oxygen for the polymer or
directly interacting with oxygen. Assume as a rough
estimate that about 20% of the polymer has been ox-
idized. This is half the weight corresponding to peaks
I and II . The other half has apparently combined with
C60, which is consistent with the MTA estimates for

the fraction of the polymer captured by C60. In stage 2,
the degradation products volatilize with heat absorp-
tion, rather than heat release (we arbitrarily regard
as the beginning of this stage the temperature corre-
sponding to the first intersection of the endothermic
peak with the baseline, and as the end, the temperature
corresponding to the endothermic minimum). These
may be both unoxidized degradation products (the re-
maining 10313% in the case of straight PMMA) and
the products of degradation of previously oxidized
chains or radicals, which undergo in this stage only
thermal degradation without further oxidation. In
PMMA without additives, the content of these prod-
ucts is about 30% of the total sample weight, and in
samples containing 1 and 10% C60, ~20 and~12%,
respectively, i.e., the[retaining] role of C60 is clearly
manifested here. At the same time, these estimates
show that about 20% of products formed by random
chain cleavage are released from straight PMMA with-
out oxidation. The decrease in the intensity of the
endothermic peak with increasing C60 content also
indicates that the total heat of decomposition and sub-
limation of the degradation products in this stage is
considerably lower for the C60-containing samples.

In PMMA without additives, oxidation starts again
(stage 3) at about 326oC (endothermic minimum),
whereas the products linked to C60 do not undergo
oxidation up to~338oC (Figs. 2b, 2c). In the latter
case, subsequent degradation is accompanied by re-
lease of less heat than degradation of C60-freePMMA.
The heat is released in two stages, with peaks at 380
and 430oC for the sample with~1% C60 and at 392
and 445oC for the sample with 10% C60. This fact sug-
gests the presence of two types of C60 molecules, those
bonded and not bonded with the PMMA chains. This
conclusion is consistent with MTA data. The notice-
able heat release corresponding to degradation of C60
even at its 1% content indicates that the calorific value
of C60 is very high. The heat released after the endo-
thermic effect increases by a factor of approximately
5 as compared with the heat released in this range in
the case of PMMA without additives. At the sametime,
with the C60 concentration raised tenfold, the heat re-
lease increases by only a factor of 3.3. This means that
the evaporated products of thermal oxidative degrada-
tion of free C60 can also be subdivided in two groups:
products that have actually underwent oxidation and
degradation with heat release and C60 molecules vol-
atilizing without oxidation (no less than half of their
initial amount, as estimated from the thermal effects).
Note also that after the endothermic peak the baseline
shifts (an abrupt change in the heat capacity): the
higher the C60 concentration, the smaller the shift.
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Comparison of data obtained by different meth-
ods.The major (92 to 95%) gaseous product ofPMMA
thermal degradation is the monomer. This fact prede-
termines the good agreement between the DTG and
MTA data. Naturally, the DTG curves are directly
related to the TG curves. However, the run of the
DTG curves may be fairly complex, so that no ac-
curate quantitative conclusions can be made on how
the thermal stability of the system changes. We be-
lieve that more adequate conclusions can be made by
[aligning] the TG curves and determining their shift
at 50% or any other arbitrarily chosen level of weight
loss.

The T0 values determined from the DSC and TG
data (see table) coincide only in rare cases, mainly with
PMMA powders without additives. In the presence of
C60, on the one hand, the slope of the thermograms de-
creases, complicating determination ofT0; on the
other hand, if rough estimation ofT0 is still possible,
theT0 values obtained by DSC are always appreciably
lower than those given by TG. Apparently, DSC de-
tects the starting degradation and subsequent oxida-
tion or [fullerenization] of PMMA degradation prod-
ucts (latent degradation), but C60 prevents the degra-
dation products from leaving the system.

Mechanisms of chemical reactions in thermal
oxidation of PMMA. The following elementary steps,
determining the specific features of degradation, can
be distinguished in thermal oxidation of PMMA.

(1) Cleavage of H3H bonds, formation of macro-
radicals [scheme (2)], and their stabilization in the
presence of oxygen [scheme (3)] [1]:
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The stabilization mechanism (3) can be described
by a series of reactions:

CH3

~CH2ÄCOO. + .CÄCH2~ 6
gg

gg
CH3OOC

CH3
gg

g
COOCH3
g

CH3

~CH2ÄCÄOÄÄOÄCÄCH2~
gg

gg
CH3OOC

CH3
g

g
COOCH3
g

g
><

CH3
gg

gg
CH3OOC

CH3
gg

g
COOCH3
g

6 ~CH2ÄCO. + .CÄCH2~ 6

CH3

~CH2ÄCÄOÄCÄCH2~,
gg

gg
CH3OOC

CH3
g

g
COOCH3
g

g
(3a)

~CH2ÄCOO. + .CÄCH2~ 6

CH3
gg

g
COOCH3
g

�� CH3

~CH2ÄCÄOÄÄOH + CÄCH2~
gg

gg
CH3OOC

gggg
CH2

g
COOCH3
g

CH3
gg

gg
CH3OOC

><

CH3
gg

gg
COOCH3

6 ~CH2ÄCO. + .OH etc., (3b)

gg
COOCH3

CH3��
~CH2ÄCOO.6
gg

CH2

~CH2ÄCÄOÄOH + .CÄCH2~
gg

gg g
COOCH3
g

COOCH3

CH3
gg

.

6 ~CH2ÄCÄCH2ÄCÄ etc.

OÄOH
gg

gg
CH3OOC
g

COOCH3
g

CH3
gg

(3c)

Thus, the arising products of macroradical oxida-
tion prevent depolymerization of PMMA. In the proc-
ess, there is no weight loss, but heat is released. At
higher temperatures, the products of macroradical
oxidation undergo thermal degradation with heat
absorption.

(2) Cleavage ofb-bonds at unsaturated ends of
polymer chains. Thermal degradation in the range
2403300oC, initiated by unsaturated terminal groups
of the polymer chains, is apparently somewhat stabi-
lized in the case of thermal oxidation (the peakF
shifts toward high temperatures relative to peakII ; see
Fig. 1a). Thisfact can be accounted for by reactions
of the arising macroradicals with oxygen, similar to
reactions (3). As in the previous case, oxidation of
macroradicals is apparently accompanied by heat
release, and their thermal decomposition, by heat
absorption. Since peakII lies at higher temperatures
than peakI, oxidized macroradicals formed in the
region of peakII (as also macroradicals added to C60)
undergo thermal decomposition to a greater extent as
the temperature is raised further (stage 2), and
peak II does not fully disappear from the DTG and
MTA curves in the presence of oxygen and/or C60.

(3) Thermal oxidation of [defect-free] PMMA
molecules. At sufficiently high temperatures, defect-
free sections of PMMA chains become subject to ther-
mal oxidation [scheme (4)]. This is accompanied by
weight loss and exothermic processes of stage 3:
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Fig. 6. (1) TG, (2) DTG, and (3) DSC curves of the ini-
tial fullerene C60: (DM/M0) relative weight loss, [A =

d(DM/M0)dT] its derivative with respect to temperature,
(Q) heat flow, and (T) temperature.
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The products of thermal oxidative degradation are
the monomer, oligomers, aldehydes, ketones, CH3OH,
H2O, CO, CO2, etc.

(4) Thermal degradation of oxygen-stabilized
chains and defect-free PMMA macromolecules
[scheme (5)]. Stage 3 involves random thermal de-
composition of oxygen-stabilized and main (defect-
free) PMMA chains or chain sections:
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As in the two preceding cases, weight loss is ob-
served. Owing to such a diversity of reactions, the
DTG curve for oxidative degradation of PMMA has
a broad half-width and a somewhat unusual shape,
strongly differing from the Gaussian shape; further-
more, an additional small peak is observed at about
400oC.

Let us discuss the changes in the mechanism of
thermal oxidation of PMMA in the presence of C60.
The cleavage of the H3H bonds, the presumably,
undergoes no changes. Along with stabilization of
macroradicals with oxygen, they are captured by C60
molecules with the formation of fullerene-containing
polymers (FCPs):

C60 + R. 6 .C60R + R. 6 RC60R. (6)

Similarly, C60 adds to oxygen-containing macro-
radicals formed by oxidation of macroradicals in any
stage of thermal oxidative degradation:

C60 + R. + .RO 6 ROC60R. (7)

The fullerene molecule with added macroradicals
R

.
and RO

.
becomes more susceptible to thermal ox-

idation because of the distortion of the conjugation
system; as a result, thermal oxidation of PMMA chains
(both bonded to C60 and free) is inhibited by the extra-
chain mechanism, and the thermal oxidation of defect-
free PMMA chains considerably decreases. At 300oC,
the release of thermal oxidation products in the pres-
ence of C60 is insignificant, whereas without fullerene
the rate of release of the degradation products is
highest at this temperature (Fig. 5b). An alternative
explanation of the inhibiting effect of fullerene on
thermal oxidation of PMMA is passivation of oxygen
in the presence of fullerene.

Above 300oC, thermal degradation of PMMA
chains starts in both fullerene-bonded and free PMMA
macromolecules. Therefore, the curve of PMMA ther-
mal oxidation in the presence of C60 is close to the
curve of thermal degradation in a vacuum or in an
inert medium with respect to both the position (365oC)
and the half-width (48oC) of the peak in the DTG
curve.

Thus, the inhibiting effect of C60 is mainly due to
FCP formation and extra-chain inhibition of ther-
mal oxidation.

Effect of PMMA on thermal oxidative degrada-
tion of C60. Figure 6 illustrates the thermal behavior
of pure C60. It is seen that the heat release and weight
loss occur at temperatures considerably exceeding
those of the peaks observed with C603PMMA mix-
tures. Apparently, the polymeric matrix also affects
the thermal behavior of C60. The influence of the
polymer on the thermal behavior of C60 was observed
in [3, 9, 10]. It was shown that, in the case of strong
interactions with the polymer, C60 acts as a kind of
microprobe and volatilizes from the system at tem-
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peratures close to those at which the polymer deg-
radation products are released. For example, in the
case of covalent binding of C60 with polystyrene, the
bimodal MTA thermograms for C60 resemble the bi-
modal thermograms of styrene monomer release [3, 9].
In reactions with halogens in the trifluorochloroethyl-
ene3vinylidene fluoride copolymer, the C60 thermo-
grams reproduce the bimodal thermograms of the
release of hydrogen halides formed by thermal deg-
radation [10]. These examples give additional grounds
to believe that, in the case of mixtures of C60 with
PMMA, the two peaks in the DSC curves observed
after the endothermic peak are due to sequential re-
lease of free and PMMA-bonded C60.

The peak at 380oC in Fig. 2c should be assigned to
degradation of C60-bonded PMMA chains on the basis
of its position and dome-like shape. A certain con-
tribution to this peak is, apparently, also made by ful-
lerene, but its weight fraction is too low (~0.2%) to
significantly affect the peak shape. At higher C60 con-
centrations, the peak transforms into a well-defined
shoulder of the main peak at 445oC. Thus, in this
series of experiments we failed to distinguish the
manifestations of PMMA and PMMA-bonded C60 in
this series of experiments. This can possibly be done
in Fig. 3b where a peak at 387oC and a shoulder at
420oC can be assigned to, respectively, PMMA and
PMMA-bonded C60.

CONCLUSIONS

(1) The thermal stability of polymethyl methacry-
late is most adequately characterized by the temper-
ature shift of the TG curves in the entire range of
thermal oxidative degradation.

(2) Thermal oxidative degradation of polymethyl
methacrylate involves three stages. In the first stage,
the thermal degradation products formed by cleavage
of the chains across weak bonds are oxidized with ma-
jor heat release. In the second stage, the thermal de-
gradation of the already oxidized products continues,
with the overall heat consumption. In the third stage,
the least defective chains of the polymer undergo
oxidation and thermal degradation. Small amounts of
C60 added to the polymer displace oxygen or partially
prevent oxidation; as a result, in the first stage,
the extent of oxidation and the amount of the formed
degradation products decrease, whereas in the third
stage, the amounts of the formed degradation products
and released heat grow.

(3) Thermal oxidative degradation of polymethyl
methacrylate, especially in the presence of C60, in-
volves latent degradation. Small additions of C60
enhance the thermal stability of the polymer and make
the DTG and MTA peaks narrower because the feasi-
ble degradation pathways become fewer.

(4) A part of C60 introduced into the polymer is
partially bound by its radicals (~20%), another part is
oxidized in the course of degradation, and the remain-
ing part volatilizes without oxidation and degradation.

(5) The inhibiting effect of C60 consists in the
formation of C60-containing polymer chains and extra-
chain inhibition of its thermal oxidation.

(6) The polymethyl methacrylate matrix noticeably
affects the thermal behavior of C60: the heat release
in oxidative thermal degradation of C60 and the cor-
responding weight loss are observed at considerably
lower temperatures than with pure powdered C60.
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Abstract-Transport characteristics of new types of bi- and multilayer composite polymer pervaporation
membranes and asymmetrical membranes in separating mixtures of methanol and methyltert-butyl ether
were studied. The principles of design of the membranes and their mass-exchange characteristics are treated in
terms of the Henis3Tripodi resistance model.

One of the most important goals of the chemical
industry is to minimize the energy intensity of tech-
nological processes. In some cases, the target products
form azeotropic mixtures with components of the re-
action mixture, which leads to additional expenses for
their separation. In particular, this is the case in syn-
thesis of methyltert-butyl ether (MTBE), which finds
wide application as a pollution-free gasoline additive
[1]. For example, MTBE forms azeotropic mixtures
with the starting products (methanol, isobutylene),
whose separation by the conventional methods re-
quires two distillation columns. Another possible
way is to use a hybrid process in which a distillation
column is combined with a pervaporation unit. Such
a scheme makes it possible to decrease the energy in-
tensity in a closed separation cycle by 20% (provided
that the membranes combine high permeability with
high selectivity with respect to methanol [2]).

Therefore, development of new types of polymer
membranes with optimal transport characteristics for
pervaporation separations is an urgent problem. It is
known from the available literature and patents that
pervaporation membranes can be prepared for the in-
dicated purpose on the basis of various polymers
[335]. As a rule, the known types of membranes de-
monstrate high selectivity in separating methanol3
MTBE mixtures, but relatively low permeability.

Previously we reported a method for preparation
of a multilayer composite membrane (MCM) demon-
strating high selectivity and permeability in separat-
ing mixtures of polar (methanol) and weakly polar
(cyclohexane, benzene, toluene, etc.) organic liquids

[6]. Such a membrane consists of a microporous sup-
port [ultrafilter fabricated from an aromatic poly-
amidoimide (PAI)] to whose surface is applied a two-
layer coating of quaternized poly(2-dimethylamino-
ethyl)methacrylate (PDMA) and a ladder polyorgano-
siloxane (LP) as interlayer and coating diffusion
layers, respectively.

In this work, we studied the transport character-
istics of a multilayer composite membrane and its
constituents in separating methanol3MTBE mixtures.
Of particular interest was to consider in terms of the
Henis3Tripodi resistance model [7] the possibility of
fabricating for this purpose a high-performance MCM,
using a commercial polyacrylonitrile (PAN) ultrafilter
as the support.

EXPERIMENTAL

The procedures for preparing PAI supports, fab-
ricating MCMs with PDMA and LP layers, and also
carrying out pervaporation separation experiments
were described elsewhere [6]. To prepare bilayer
membranes and MCMs, we also used a microporous
support of an HV3/T PAI ultrafilter [GKSS (Ger-
many)] with mean pore size in the skin layer of 67A.

The separation factora and permeabilityP of
the multilayer membrane are plotted in Fig. 1 as
functions of the methanol concentration in the feed
mixture. As in the case of methanol3cyclohexane
mixtures [6], in our case methanol is a more penetra-
ble component. As a result, the permeability of MCM
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grows steadily with increasing methanol concentra-
tion in the feed mixture (curve1). The dependence of
a on the feed composition (curve2) shows a max-
imum (a = 473) corresponding to the initial feed com-
position close to that of the azeotropic mixture with
14.5 wt % MTBE. It is worth noting that MCM has
high permeability in general, including the case of
azeotropic mixture (P = 5.9 kg m32 h31). In this pa-
rameter MCM considerably surpasses the existing
membrane intended for similar purposes (see below).
The reason for the observed high permeability lies in
morphological features of MCM as a whole and its
elements and, first of all, in the morphology of the
PAI support having, according to electron microscopic
data [8], finger-shaped pores in the base cross section,
low thickness of the skin layer (0.1mm), and mean
pore size in this layer of about 50360 A. The thick-
ness of the PDMA interlayer was demonstrated to be
very small, too (0.04mm). Furthermore, the fact
that the polymer has very high molecular weight
(Mw 2 0 106) and segment size larger than the pore
size in the skin layer of the support hinders penetra-
tion of PDMA into the skin layer in the stage of in-
terlayer formation. It is demonstrated below that this
considerably decreases the resistance to mass transfer
in the case of PDMA/PAI two-layer system. To con-
clude the analysis of the high permeability of MCM,
it should be pointed out that LP, even taken as a
homogenous 60-mm film, demonstrates very low re-
sistance, i.e., very high permeability in thecase of
methanol3MTBE mixtures, especially at low methanol
concentrations (Fig. 2, curve1). At the same time,
the obtained results show (Fig. 2, curve2) that LP
cannot serve as a selective polymer in separating
methanol3MTBE mixtures, even when being an el-
ement of MCM, with the thickness of its layer being
about 132 mm.

It was of interest to estimate the selectivity of
other polymer layers of MCM. Figure 3 shows the de-
pendences ofa and P on the composition of the
methanol3MTBE feed for PAI homogenous asym-
metric pervaporation membrane [9]. It should be noted
that the permeability of the PAI membrane (Fig. 3,
curve1) is lower than that of MCM (Fig. 1, curve1).
The reason is the higher resistance of the diffusion
skin layer (0.2mm thick) of the PAI membrane to
mass transfer of vapors and gases, which is typical of
diffusion-type membranes based on polymers from
the class of aromatic polyimides or PAI [10]. As for
MCM, a increases with decreasing methanol con-
centration in the feed mixture (Fig. 3, curve2), but
the dependence has no extremum. Comparison ofa
values of multilayer composite and PAI membranes in

Fig. 1. (1) PermeabilityP and (2) separation factora of
multilayer LP/PDMA/PAI membrane vs. the methanol con-
contration in the methanol3MTBE feedmixture,C0, at 50oC.

Fig. 2. (1) PermeabilityP and (2) methanol concentration
in the permeate,C, vs. the methanol concentration in the
methanol3MTBE feed mixture,C0, at 50oC for a 60-mm LP
membrane.

Fig. 3. (1, 3) PermeabilityP and (2, 4) separation factor
a vs. the methanol concentration in the methanol3MTBE
feed mixtureC0. Membrane: (1, 2) asymmetric, PAI and
(3, 4) bilayer, PDMA/PAI.
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Data on pervaporation separation of azeotropic methanol3MTBE mixture at 50oC
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Membrane no.³ Membrane ³ P, kg m32 h31 ³ aMeOH ³ aP, kg m32 h31 ³ References
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ PAI (asymmetric) ³ 2.3 ³ 164 ³ 506 ³ This work
2 ³ PDMA/PAI ³ 9.6 ³ 248 ³ 2390 ³ "

3 ³ LP/PDMA/PAI ³ 5.9 ³ 412 ³ 2440 ³ "

4 ³ PDMA/PAN ³ 6.4 ³ 15 ³ 96 ³ "

5 ³ LP/PDMA/PAN ³ 6.4 ³ 3.5 ³ 22.4 ³ "

6 ³ PEI/PDMA/PAN ³ 1.7 ³ 2940 ³ 5000 ³ "

7 ³ PAN (a film) ³ 3 ³ 0.696 ³ 3 ³ [13]
8 ³ PI* (asymmetric) ³ 0.7 ³ 1500 ³ 1050 ³ [3]
9 ³ Pervap. 137 ³ 1.5 ³ 562 ³ 843 ³ [4]

10 ³ Polyelectrolyte complex³ 1.75 ³ 396 ³ 693 ³ [5]
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Aromatic polyimide.

separation of methanol3MTBE mixture of the azeo-
tropic composition (a 412 and 164, respectively) sug-
gests that PDMA contributes significantly to selective
mass transfer across MCM. We failed to determine
the mass-exchange characteristics of the PDMA inter-
layer, since sufficiently thick films of this polymer
cannot be obtained. The contribution of PDMA to the
total selectivity of MCM was estimated with the use
of a composite prepared by multiple impregnation of
a support of an inert cermet microfilter with 0.3%
PDMA, thus eliminating the effect of the support on
selective mass transfer. In separation of a model
methanol3cyclohexane mixture (10 : 90 by weight) on
this composite, methanol appears to be a more pen-
etrating component ata = 9080. This value is well
comparable with that obtained previously in separa-
tion of this mixture on MCM [6].

The results show that the MCM elements determin-
ing the selectivity in methanol3MTBE separation are
the PDMA interlayer and the nonporous PAI support
surface, while LP is not a selective polymer, but
serves to cure the defects of the PDMA interlayer.
The occurrence of such defects is demonstrated by
the fact that a PDMA/PAI membrane is nonselective
at the same thickness of the DPMA layer as in MCM.
Thus, the curing effect favors the selective properties
of PDMA and PAI in MCM. The mechanism ofpar-
ticipation of LP in mass transfer across MCM is
similar to that in a gas-separation composite mem-
brane (Monsanto), where the polydimethylsiloxane
coating layer support serves to cure the defects of
the selective layer [11]. Therefore, in these mem-
branes, formation of thin coating layers of a low-
selective siloxane polymer (but thick enough to pro-
vide a diffusion barrier on the support surface) raises
the total selectivity of the composite membrane to
a value close to the inherent selectivity of the support
polymer.

With the thickness of the PDMA interlayer increas-
ing from 0.04 (in MCM) to 0.125mm, i.e., with
the formation of a defect-free skin layer, we obtained
a high-performance PDMA/PAI bilayer membrane
[12] in which both the polymers are selective with
respect to methanol transport. The transport charac-
teristics of this membrane in separation of methanol3
MTBE mixtures are given in Fig. 3.

This bilayer membrane demonstrates very high
permeability (Fig. 3, curve3). In separation of a mix-
ture of the azeotropic composition, this parameter is
9.64 kg m32 h31. As in the case ofMCM, the de-
pendence ofa on the feed composition (Fig. 3,
curve 4) passes through a maximum (a = 248) cor-
responding to the azeotropic mixture.

It was of interest to compare the transport charac-
teristics of all the PAI-based membranes studied.
These data are given in the table for the case of sep-
aration of a methanol3MTBE azeotropic mixture. As
an additional parameter useful in optimization of
the transport characteristics (selectivity to perme-
ability relationship) we introduced the membrane ef-
ficiency factor defined as the productaP.

Comparison of data for membrane nos. 133 reveals
that the MCM and bilayer membranes have consider-
ably higher efficiency. It should be pointed out also
that the maximal selectivity of MCM and PAI-based
bilayer membranes is observed in the case of a mix-
ture of the azeotropic composition, which is important
for practical use of such membranes.

In large-scale production of gas-separation or per-
vaporation composite membranes, commercial ultra-
filters are mostly used as supports. In this connection,
one of the tasks of this work was to fabricate analogs
of the PAI-based bilayer and MCM membranes using
a commercial PAN ultrafilter as a support. The prob-
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lem was to obtain a skin layer with morphology
close to that in PAI-based membranes. We fabricated
several kinds of PAN-based bilayer and multilayer
composite membranes with coating layer thickness
corresponding to that of the PAI-based membranes.
The selectivity of these membranes (see table, mem-
brane nos. 4, 5) appeared to be very low, which may
be due only to the negative effect (in contrast to PAI)
of the PAN support on the total selectivity. This is
supported by data of [12] on a homogeneous PAN
film membrane (22mm thick) with a = 0.696 with
respect to methanol in separation of a methanol3
MTBE azeotropic mixture (for a PAI asymmetrical
membrane the corresponding value is 164). Thus, in
separation of a methanol3MTBE mixture, the PAI and
PAN supports of composite membranes have opposite
effects on the total selectivity, being selective with
respect to methanol and MTBE, respectively.

The conclusion that the nature of a polymer of
the support is important is consistent with the basic
principles of the Henis3Tripodi resistance model
developed for composite membranes of diffusion
type [7]. According to this model, the nonporous part
of the support surface also contributed to selective
mass transfer. This contribution is controlled to a con-
siderable extent by the thickness of the diffusion coat-
ing layer, as demonstrated in [11] for the example of
a polysulfone/polydimethylsiloxane gas-separation
composite membrane. For such a membrane the se-
lectivity of separation of a gas mixture approaches
that of a low-selective coating polymer with increas-
ing thickness of the polydimethylsiloxane coating
layer. In PAI-based pervaporation composite mem-
branes the situation is more favorable, since both PAI
and PDMA in these membranes are selective poly-
mers with respect to methanol. Making the PDMA
diffusion layer thicker can decrease only the perme-
ability, but not the selectivity of PAI-based bilayer
of multilayer composite membranes. The reverse is
the case with a PAN-based bilayer membrane, and
especially with a PAN-based MCM. Two elements
of a PAN-based MCM (PAN and LP) are nonselec-
tive, and a thin PDMA interlayer cannot provide
an acceptable selectivity. Furthermore, it is seen from
the table (membrane nos. 4, 5) thata grows with in-
creasing thickness of the PDMA layer, suggesting
the need to make thicker of the PDMA coating layer
in a PAN-based MCM. However, owing to thefact
that this coating polymer is highly viscous, this can
only be done by using such a time-consuming meth-
od as multiple layer-by-layer coating. The alterna-
tive is changing the nonselective LP coating layer
for some polymer selective with respect to methanol,
for example, a polyetherimide (PEI) based on dian-

hydride of 1,3-bis(3,4-dicarboxyphenoxy)benzene and
4,4̀-bis(4̀`-aminophenoxy)diphenyl sulfone. A thus
obtained multilayer PEI/PDMA/PAN composite mem-
brane consists of two selective coating polymer lay-
ers formed on the support surface, which compensate
the small thickness of the PDMA layer in MCM.
Thus, the efficiency of PAN-based membrane no. 6
(see table) is considerably higher (5000 kg m32 h31)
as compared with the PAI-based bi- and multilayer
membranes. Such a high membrane efficiency is pos-
sible in the case of a very high selectivity (a = 2940
for a methanol3MTBE mixture of azeotropic com-
position). In this case, the methanol concentration in
the permeate (flux passed through a membrane) is
99.8 wt %.

For comparison, the transport characteristics of
known membranes intended for similar purposes are
also given in the table (membrane nos. 8310). It is
seen that among them the best performance is shown
by an asymmetrical aromatic polyimide membrane
[3]. It is seen from the table that the permeation char-
acteristics of bilayer and multilayer composite mem-
branes with PAI support and of multilayer composite
membranes with PAN support are superior to those
of other membranes by virtue of the higher perme-
ability and separation selectivity, respectively.

Analysis of the transport characteristics of all the
investigated membranes with PAI support suggests
that, to obtain a high-performance composite per-
vaporation membranes, it is advisable to form the
membrane on a support of a polymer selective to a
target component of a mixture to be separated. In this
case the problem of selecting a polymer for the coat-
ing layer becomes much simpler, since even a non-
selective polymer (LP) can be used for this purpose,
as serving to cure the defects of the underlying two
layer of the selective polymers (PAI and PDMA).

At the same time, the inverted selectivity of PAN
in separating methanol3MTBE mixtures requires that
the coating diffusion layer on the PAN support should
be thicker, which can be attained by using a combi-
nation of two polymers (PDMA and PEI) selective
with respect to methanol.

Finally, application of a thin interlayer of PDMA,
having ultrahigh molecular weight, to a PAI or
PAN support appears to be quite significant. This
affects not only the selectivity, but also permeability
of the composite membrane, as demonstrated for the
example of a DPMA/PAI membrane.

To conclude, the results confirm the possibility of
obtaining a series of high-performance composite
membranes for pervaporation separation of methanol3
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MTBE mixtures, whose transport characteristics are
consistent with the Henis3Tripodi model.

CONCLUSIONS

(1) Novel types of composite membranes combin-
ing high permeability and selectivity in separation of
methanol3methyl tert-butyl ether were prepared.

(2) The polyamidoimide and polyacrylonitrile sup-
ports of the multilayer membranes have opposite ef-
fects on the total selectivity.

(3) Introduction of an active polyamidoimide sup-
port allows use of a nonselective (with respect to
methanol transport) ladder polyorganosiloxane as
a coating polymer.

(4) The inert polyacrylonitrile support requires
that a combination of two selective coating poly-
mers, poly(2-dimethylaminoethyl) methacrylate and
polyetherimide, shoud be used.

(5) High membrane permeability of the multilayer
membranes is attained by virtue of the low thickness
of the interlayer or coating diffusion layer of poly(2-
dimethylaminoethyl) methacrylate, having ultrahigh
molecular weight.
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Abstract-Thin-layer chromatography of neutral sugars contained in water-soluble binders (gum and honey)
was studied on silica gel plates impregnated with solutions of alkali, alkaline-earth, and transition metal
sulfates at different pH and concentrations.

Impregnation is one of the simplest ways to impart
required properties to sorbents. Silica gel impregnated
with salt solutions is used for thin-layer chromato-
graphic (TLC) separation of sugars [1]. The major
attention is given to influence of the anion nature on
the properties of impregnated sorbents. The effect of
the cation has not been virtually studied in this re-
spect. However, sugars are known [236] to form com-
plexes with alkali, alkaline-earth, and transition metal
cations. Formation of Ca2+ complexes with sugars has
been used in separation of sugars by column chroma-
tography [7, 8].

Previously we found [9] that sugar sorption on
plates impregnated with potassium phosphate buffer
is higher, irrespective of the pH value, than that on
plates impregnated with sodium phosphate buffer.

In this work, chromatographic behavior of natural
sugars contained in gums and honey was studied on
silica gel plates impregnated with solutions of alkali,
alkaline-earth, and transition metal sulfates. The sugar
retention was studied as influenced by pH, concentra-
tion of impregnating solutions, and the salt cation.
We propose that the impregnation mechanism is based
on specific sorption of metal cations from solution
by solid oxides and on the ability of sugars to form
coordination bonds with metal cations and hydrogen
bonds with anions.

EXPERIMENTAL

All chemicals and solvents were of chemically
pure and analytically pure grades. The following sug-
ars were used: fucose (biochemical grade, Merck,

Darmstadt, Germany), galactose, glucose, mannose,
fructose, arabinose, xylose, rhamnose, and saccharose
(chemically pure grade, Reakhim, Shostka, Ukraine).

Silica gel plates were impregnated with solutions
of alkali, alkaline-earth, and transition metal sulfates
(Na2SO4, K2SO4, MgSO4, CuSO4, ZnSO4, MnSO4,
CoSO4, and NiSO4) with different pH values: (a) at
the initial pHin determined by the salt nature and its
concentration in the solution; (b) at pH 3.5; (c) at pH
close to pH of precipitation of the corresponding met-
al hydroxides (see table). Solutions with pH 3.5 were
prepared by acidification with 95% H2SO4. Alkaline
solutions were prepared by addition of 1.0 M NaOH.
pH was measured with an HI-8314 pH-meter (Hanna
Instrument, Germany).

Sugars were separated by ascending TLC in an
N-chamber [10] saturated with eluent vapor. We used
100 10-cm commercial (Løene Kadeer, Estonia) glass
plates with KSKG silica gel fixed by silica sol binder
[11]. Prior to use, the plates were kept for 10 min
in a solution of K2Cr2O7 in H2SO4, washed with
water to neutral reaction of wash water, and kept for
24 in a solution of appropriate salt. Then the plates
were immersed in water, kept there for 2 s, and then
dried and activated by heating at 120oC for 1 h in
an oven.

A 0.5% sugar aqueous solution (0.5ml) or a solu-
tion of sugar mixture (1.0ml) containing 0.5% of each
sugar was applied to a plate at a distance of 10 mm
from the lower edge. The plates were eluted three
times to a height of 4, 6, and 8 cm with a mixture
n-PrOH : CHCl3 : H2O = 14 : 8 : 2 vol.
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Properties of tested cations and their salts [17319]
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³

Electronic

³
Rate constant

³ pH of hydroxide precipitation³ pH of initial solutions
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Cation ³
configuration

³ of exchange, ³ at indicated concentration, M
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³

kex
³ 0.01 ³ 1.00 ³ 0.067 ³ 0.100 ³ 0.150

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Na+ ³ 3s0 ³ 4 0 108 ³ 3 ³ 3 ³ 6.4 ³ 6.1 ³ 5.5
K+ ³ 4s0 ³ 9 0 108 ³ 3 ³ 3 ³ 6.4 ³ 6.0 ³ 5.4
Mg2+ ³ 3s04p0 ³ 7 0 106 ³ 9.4 ³ 10.4 ³ 6.3 ³ 5.9 ³ 5.3
Mn2+ ³ 3d54s0 ³ 2 0 107 ³ 7.8 ³ 8.8 ³ 5.1 ³ 3.9 ³ 3.8
Co2+ ³ 3d74s0 ³ 3 0 105 ³ 6.6 ³ 7.6 ³ 5.8 ³ 5.4 ³ 5.2
Ni2+ ³ 3d84d0 ³ 3 0 104 ³ 6.7 ³ 7.7 ³ 5.5 ³ 5.4 ³ 5.3
Cu2+ ³ 3d94s0 ³ 3 0 106 ³ 5.0 ³ 6.0 ³ 4.3 ³ 4.1 ³ 3.9
Zn2+ ³ 3d104s0 ³ 1 0 107 ³ 5.4 ³ 6.4 ³ 5.8 ³ 5.4 ³ 5.2

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

The apparent retention factorRf (Rf, i ) after the
third elution was calculated as the ratio between
the distance from the starting line to spot center and
that from the starting line to the front line.

The chromatograms of the sugars (whereRf, i is the
average of three parallel measurements) are shown sche-
matically in Fig. 1. The relative determinationerror
of Rf, i did not exceed 6%. The sugar chromatograms
were developed by the procedure described in [9].

Silica gel plates with silica sol binder are read-
ily impregnated, which offers unrestricted possibilities
of sorbent modification. The plates can be repeated-
ly used after washing with a solution of K2Cr2O7 in
H2SO4 and can be kept in salt solutions for a long
time.

Previously we showed [9] that the retention factor
of sugars on the plates with the H form of sorbent
prepared by washing with solution of K2Cr2O7 in
H2SO4 or treatment with 0.1 M HCl is higher than
that of the initial sorbent, which drastically deteri-
orates sugar separation. Impregnation of the plates
with salt solutions yields surface groups other than
=Si3OH (irrespective of the salt nature) and alters the
chromatographic behavior of sugars. To study the
influence of the cation of the impregnating salt on
sugar retention, plates with the H form of the sorbent
were impregnated with solutions of salts containing
different cations and the same anion.

The influence of impregnation is determined by
two factors: (1) specific features of interaction of new
sorption centers with sugars and (2) surface concen-
tration of these centers. The surface concentration
of new centers depends on both the concentration of
impregnating solution and the strength of sorption
bonds between the salt and the sorbent, which, in turn,

is determined by the specific sorption of the cation on
the silica gel surface and the formation of hydrogen
bonds between the anion and the surface groups. In
the course of impregnation, metal cations are adsorbed
onto the sorbent surface by electrostatic interaction
and then form donor3acceptor bonds with the surface
=Si3O3 (=Si3OH) groups which are involved, along
with ligands from the solution bulk, in substitution
reactions. The possibility of formation of such a bond
and its parameters depend on the following factors:
(1) structure of valence orbitals of the acceptor (metal
cation); (2) donor power of the competing ligands
(=Si3O3 and =Si3OH); and (3) lability of both the
surface and unsupported complexes [12].

The surface interaction of cations having vacantd
and p orbitals [13] and cations capable of hybridiza-
tion (Cu2+) [14, 15] is the strongest. The interaction of
K+ and Na+ with the surface is electrostatic and hence
the specific sorption of these cations is low [12, 16].

Taking into account the above considerations, the
following cations, exhibiting different capacities for
specific sorption,were used for impregnation: Cu2+,
Co2+, Mn2+, Ni2+, Zn2+, Mg2+, K+, and Na+. Some
properties of these cations and their salts are summa-
rized in the table [17319]. We chose SO4

23 anions since
they are strongly sorbed on the silica surface owing to
the formation of hydrogen bonds with silica surface
groups. Coordination of SO4

23 promotes substitution of
water in thetrans position in the unsupported com-
plex owing to thetrans effect [20], which favors for-
mation of the surface complex. In addition, sugars are
known [3] to form hydrogen bonds with SO4

23 anion.

Both the concentrations and the pH values of the
impregnating solutions were varied, in, respectively,
the ranges from 0.067 to 0.150 M and from 3.5 to
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Fig. 1. Scheme of sugar chromatograms on plates with the H form of SiO2 and plates impregnated with metal sulfates at dif-
ferent salt concentrations and pH values. (Rf) retention factor; the same for Fig. 2. Concentration (M), pH: (1) 0.067, pHin;
(2) 0.067, 3.5; (3) 0.100, pHin; (4) 0.100, 3.5; (5) 0.150, pHin; (6) 0.150, 3.5; the same for Fig. 2. (a) saccharose, (b) galactose,
(c) glucose, (d) mannose, (e) fructose, (f ) arabinose, (g) xylose, (h) fucose, and (i) rhamnose.

the pH of precipitation of the corresponding hydrox-
ide. The change in the sorbent properties after im-
pregnation and, hence, the influence of the cation
nature on the sugar retention were estimated from the
difference (DRf) between the retention factor of sug-
ars on the plates with the H form of the sorbent and
that on a plate impregnated with appropriate salt.
The arithmetic meanDR*

f for all sugars at similar salt
concentrations and pH was calculated by the equation

DRf
* = SDRf, i /9, (1)

or the arithmetic meanDRf
** for nine sugars at three

concentrations and two pH values was calculated by
the equation

DRf
** = SDRf, i /(9 0 3 0 2). (2)

We found that impregnation with alkaline-earth and
transition metal sulfates strongly increases the sugar
retention and hence improves sugar separation, except
for 0.067 M magnesium sulfates with the initial pH.
Impregnation with alkali metal sulfate has virtually no
effect onRf. The chromatograms of sugars on plates
impregnated with metal sulfate solutions are shown
schematically in Fig. 1.

The sugar separation depends on the cation nature
and concentration and on the pH of the impregnating

solution. For example, atC = 0.067 M the best sep-
aration was observed on a plate impregnated with cop-
per sulfate (pH 4.3). AtC = 0.100 M, a positive re-
sult was obtained with zinc sulfate (pH 4.1) and man-
ganese sulfate (pH 3.9). The separation on a plate im-
pregnated with magnesium sulfate (pH 3.5) was slight-
ly worse owing to spot smearing. AtC = 0.150 M,
the best separation was observed on plates impreg-
nated with manganese sulfate (pH 3.5 and 3.8) and
zinc sulfate (pH 3.5). A less successful result was
obtained with magnesium sulfate (pH 3.5), and still
worse result with cobalt and nickel sulfates. Sugar
separation on plates impregnated with potassium and
sodium sulfates was the worst at any of the tested
concentrations.

The dependences ofDRf
* on pH and concentration

of sulfate solutions are shown in Fig. 2 as a histo-
gram. It can be seen thatDRf

* grows with increas-
ing concentration and pH of the impregnating salt.
After impregnation with sodium and potassium sul-
fates, the surface properties of the sorbent change to
the least extent. This is due to lower specific sorption
of K+ and Na+ as compared with Ni2+, Co2+, Mg2+,
Cu2+, Zn2+, and Mn2+. The weak influence of potassi-
um and sodium sulfates onRf is also due to the for-
mation of weak complexes of these cations with SO4

23

[17], which can be easily confirmed by calculations.
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Fig. 2. DRf
* as influenced by the cation nature.

Metal ions Mn+ in solutions are hydrated to form
aqua complexes [M(H2O)6(4)]

n+ and complexes like
[MSO4(H2O)6(4) 3 1]

(4+) 3 2, with the fraction of these
species in a solution depending on the salt concen-
tration and pH. The probability of formation of stable
surface complex grows with increasing content of
[MSO4(H2O)6(4) 3 1]

(4+) 3 2 owing to the trans effect.
The relative content of the aqua and sulfate complexes
in solution can be easily calculated from the stability
constant of these complex ions [17]. For transition
metal cations and Mg2+ the [aqua ion] : [sulfate com-
plex] percent ratio is, 20 : 80 within the limits of the
tested concentrations and pH. For Na+ and K+ this ra-
tio is inverse: [aqua ion] : [sulfate complex], 80 : 20.

A decrease inRf with increasing pH is caused
by an increase in the fraction of the=Si3O3 groups
which are stronger donors as compared with=SiOH
[12]. This makes larger the amount of the surface
complexes, such as [=Si3O3M(H2O)5]

(n+) 3 1 and
[=Si3O3MSO4(H2O)4]

(n+) 3 3, affecting the separation
power of silica gel.

On the basis ofDRf
* calculated by Eq. (2), the in-

fluence of metal cations can be arranged in order of
increasing effect on the retention factor of sugar as
follows: K+ < Na+ < Ni2+ < Co2+ < Mg2+ < Cu2+ <
Cu2+ < Zn2+ < Mn2+.

The influence of metal cations on the retention fac-
tor of sugars cannot be completely understood on the
basis of data on specific sorption of the cations [12]
and stability constants of sulfate complexes of these
cations. Probably, direct interaction between sugars
and metal cations contained in the surface complexes
should be taken into account.

A coordination bond between a metal cation and
a monosaccharide molecule can be formed by substi-
tution of aqua ligand in the inner coordination sphere

Fig. 3. Correlation between logkex andDRf
** y = 0.348x 3

3.2351, R2 = 0.9116.

by monosaccharide. The probability of formation of
this bond depends on the lifetime of water molecule
in the hydration shell of the surface complex of the
metal cation. Indeed,DRf

** on the plates impregnated
with transition metal sulfates changes in parallel with
the rate constants of the inner-sphere water exchange
(see table) [18, 19], described by the equation

[M(H2O)m]n+ + H2O 6 [M(H2O)m 3 1H2O]n+ + H2O.

The correlation between logkex and DRf
** for the

transition metals is shown in Fig. 3. Thisdependence
indicates that the probability of interaction between
metal cations and sugars grows with increasing rate
constant of exchange of inner-sphere water.

Rendelman [3] showed that hydrogen bonds of
sugars with OH3 groups are appreciably stronger than
those with SO4

23 groups. At low pH, the influence of
the =Si3O3MOH groups can be neglected, whereas at
the pH of precipitation of metal hydroxides, the pres-
ence of the above surface complex results in strong
smearing of spots. Indeed, sugar separation on the
plates impregnated with salt solutions with pH close
to the pH of precipitation of the corresponding hy-
droxides is drastically deteriorated by strong longitu-
dinal smearing of the spots. This is due to the forma-
tion of hydroxides by the majority of the tested met-
als at pH 6.0310.0 on the sorbent surface.

CONCLUSIONS

(1) Retention and separation of gum and honey
sugars on silica gel plates impregnated with solutions
of alkali, alkaline-earth, and transition metal sulfates
were studied. The influence of an impregnating salt
on sugar separation depends on the ability of its cation
and anion to form strong surface complexes and com-
plexes in the solution bulk.
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Sugar separation is improved after impregnation of
the plates with solutions of alkaline-earth and transi-
tion metal sulfates. At low salt concentration (C =
0.067 M), the best separation is observed after impreg-
nation with a CuSO4 solution. At higher salt concen-
tration (C = 0.150 M) the best results were obtained
after impregnation with solutions of ZnSO4, MnSO4,
and MgSO4.

(2) The influence of metal cation of the retention
factor increases in the following order K+ < Na+ <
Mg2+ < Ni2+ < Co2+ < Cu2+ < Zn2+ < Mn2+.

(3) A correlation was revealed between the rate
constants of inner-sphere exchange of water in hydra-
tion shell of the cation (kex) andDRf

** determined on
the silica gel plates impregnated with solutions of
transition metal sulfates.
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Abstract-A series of water-soluble derivatives of natural and synthetic polysaccharides (dextran, pectins,
Phycoll, pullulan, hydroxyethyl starch) containing aldehyde, hydrazide, sulfonate, and hydrazine groups
were prepared.

The best supports for biologically active macro-
molecules are natural hydrophilic polysaccharides
(mainly agarose) used as microparticles and gels.
Immunosorbents based on such polysuccharides are
widely used in affinity chromatography, and enzymes
immobilized on them are used in enzymology [1].
Covalent immobilization of proteins can be performed
after preliminary chemical activation of polysaccha-
rides. Numerous activation pathways are known [1],
but the most widely used is activation of hydroxy
groups by reaction with cyanogenbromide [2]. Biolog-
ical macromolecules preserve their functional activity
to the greatest extent when immobilized through long
hydrophilic spacers [3]; the physical sorption on such
matrices is considerably weaker [4], which makes it
necessary to bind the reagents chemically.

Nevertheless, the most widely used material for the
solid phase in immunoassay is hydrophobic polysty-
rene on which proteins are immobilized by passive
adsorption. As a rule, pressure-cast items (macro-
supports) of various shapes are used: test tubes, base
tables, star-shaped articles, or spheres. The mechanism
of hydrophobic sorption of proteins on such articles
is not fully understood, although this has been the
subject of numerous studies [5]. It is known that the
process is accompanied by significant rearrangement
of the protein molecule, which sometimes leads to
strong denaturation of antibodies, especially those of
monoclonal type [6].

The continuing use of the seemingly not quite suit-
able system is due, in particular, to problems with han-
dling of microparticles (dosing accuracy, complete sep-
aration of the support from the liquid phase) and with
manufacturing of molded items from polysaccharides.

Thus, it seems promising to develop new poly-
meric matrices with surface modified with hydrophilic
polysaccharide spacers. In this case, the advantages
of molded polystyrene matrices (transparency, ease
and accuracy of dosing) could be combined with the
functional advantages of polysaccharides (high capac-
ity, strong binding, minimal inactivation of proteins,
low level of nonspecific sorption, feasibility of ori-
ented immobilization of reagents), and achievements
in immobilization of proteins for enzymology and
affinity chromatography [1, 7] could be applied to
immunochemical diagnostic procedures and, in par-
ticular, to enzyme-mediated immunoassay (EMI).

The demand for molded supports for chemical
immunoassay is well known and has been repeatedly
stated [8, 9]. The drawbacks of hydrophobic polystyr-
ene call for development of new approaches to pre-
paration of solid supports for immunoreagents. The
previously developed supports in the form of chem-
ically modified polystyrene spheres (FPSSs) [10] open
up wide possibilities for subsequent modification by
reactions of aldehyde groups, with the aim to impart
the required properties to the active surface layer of
the support. Here we report on the procedures and
results of preparation of polysaccharide functional
derivatives and modification of FPSSs with them.

Numerous natural and synthetic polysaccharides
are known; they are readily subjected to chemical
transformations to obtain active derivatives. Taking
into account the demands of the biochemical studies,
we used in this work several substances of different
structures, since the structure of polysaccharide mole-
cules can significantly affect the properties of immo-
bilized immunoreagents.
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Water-soluble polysaccharides were functionalized
by oxidation of a part of carbohydrate rings with sodi-
um periodate. Further polymer-analogous transforma-
tions allow easy modification with such polymer of
surfaces containing hydrazide or amino groups, e.g.,
polystyrene spheres [11, 12]. The electrophilic aldehyde
function of a polysaccharide can be converted into a
nucleophilic function by reaction with diamines, di- or
polyhydrazides, or hydrazine hydrate. Furthermore,
pectins containing ester groups readily react with hy-
drazine to form hydrazide derivatives. Finally,hydroxy
groups of the polymer can be subjected to sulfonate
activation without cleavage of pyranose rings.

Periodate oxidation was performed with Phycoll
(synthetic sucrose polymer with a branched struc-

ture, molecular weight 400 kDa), hydroxyethyl
starch (product of chemical modification of a nat-
ural polysaccharide, molecular weight 120 kDa),
pullulan (linear glucose polymer prepared by micro-
biological synthesis, with units linked by 164
and 166 bonds, molecular weight 60 kDa), and
dextran (microbiological polyglucan with 166
bonds).

Polysaccharides were oxidized in 0.1 M phosphate
buffer solution (pH 5) at room temperature for 1 day;
the molar ratio carbohydrate : periodate was 2 : 1.
Hydrazide-containing polymers were prepared in a
0.1 M phosphate buffer solution by reaction of oxi-
dized polysaccharide with an excess amount of dihy-
drazide, as shown below for hydroxyethyl starch.

ÄÄÄÄÄÄÄÄÄÄ

ÄÄÄÄÄÄÄÄÄÄ

The resulting hydrazones were reduced to substi-
tuted hydrazides with sodium borohydride or cyano-
borohydride. Low-molecular-weight compounds (ex-
cess hydrazide, sodium borohydride and its oxidation
products, ions of buffer solution) were removed by
ultrafiltration. The reaction products were lyophili-
cally dried and stored at 4oC.

The absence of hydrazide in the filtrate and the
presence of hydrazide groups in the polymer were
judged from the by formation of an intensely colored
product in the reaction with trinitrobenzenesulfonic
acid (TNBS) in an alkaline buffer solution [11]:

R3NH3NH2 + NaO3S3C6H2(NO2)3

6 R3NH3NH3C6H2(NO2)3,

where R is the residue of a hydrazide of hydrazide-
containing polymer.

All the synthesized polymers showed high activ-
ity in a qualitative reaction, indicating the presence
of functional groups. A large excess of the hydrazide
prevented cross-linking of the polymer molecules and
allowed preparation of water-soluble products.

Sulfonate activation differs from the periodate
activation in that the pyranose rings of the polysac-
charides are not cleaved. Thus, activated products
containing the same functional groups may consider-
ably differ in the structure of their macromolecules.
We studied sulfonate activation of polysaccharides for
the example of reaction of dextran with tosyl chlo-
ride followed by substitution of sulfonate groups with
hydrazide and hydrazine:

Polysaccharide3OH + CH3C6H43SO2Cl

6 Polysaccharide3O3SO23C6H4CH3

+ H2N3NH3CO(CH2)4CO3NH3NH2

6 Polysaccharide3HN3NH3CO(CH2)4CO3NH3NH2.

By reaction of pectin with hydrazine hydrate we
prepared hydrazide-containing apple and citrus pec-
tins. The degree of substitution of ester groups, deter-
mined by elemental analysis for nitrogen, was 653

75%. The structural formulas of the monomeric units
of the resulting products are as follows:



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

1350 SHMANAI, LITOSHKO

hydrazides of pectins:n : m = 2 : 1, citrus;n : m = 3 : 1,
apple; content of active groups on the support surface
0.51 mmol cm32;

Phycoll hydrazide derivative; 0.20mmol cm32;

hydroxyethyl starch hydrazide derivative; 0.27mmol cm32;

hydrazide derivatives of dextran and pullulan; 0.33

0.5 mmol cm32;

dextran sulfonate derivative

(R = NH3NH3CO3(CH2)43CO3NH3NH2).

By treating FPSSs withpolysaccharide hydrazides,
we obtained matrices containing 0.0530.5 mmol cm32

active hydrazide groups. The structures shown above
are tentative. To avoid complete degradation of the
polymer molecule, oxidation was performed with the
periodate taken in deficiency. In Phycoll, both pentose
and hexose units are subject to oxidation. The posi-

tion of sulfonate groups in the structure of activated
dextran was not studied and apparently was random
(taking into account relative activities of hydroxy
groups in different positions of the polymeric mol-
ecule).

To optimize the conditions for the reactions of
hydrazide-containing polysaccharides withFPSSs, we
studied, for the example hydrazide derivatives of
pectin and Phycoll, how the activity of the resulting
matrices depends on the solution pH and polymer
concentration. We found that the highest concentration
of the active groups on the support surface is attained
in weakly acidic buffer solutions (phosphate orace-
tate) at pH 5 for Phycoll and in weakly alkaline solu-
tions (pH 839) for substituted pectin.

We revealed a strong dependence of the activity of
the hydrazide matrices on the polymer concentration
in solution: The supports obtained at a polysaccharide
concentration less than 10 mg ml31 showed insignifi-
cant coloration in a qualitative reaction with sodium
trinitrobenzenesulfonate tetrahydrate (TNBS; active
group content less than 0.1mmol cm32). At a poly-
saccharide concentration higher than 50 mg ml31,
the content of active groups on the support reached
0.5mmol cm32. Thus, the best conditions for synthesis
of the hydrazide-containing matrices are as follows:
0.1 M buffer solution, pH 5, polysaccharide concen-
tration no less than 50 mg ml31.

Preliminary experiments showed that the interac-
tion of the prepared supports with antibodies oxidized
with periodate and containing aldehyde groups results
in their covalent immobilization.

EXPERIMENTAL

In our study we used general-purpose polystyrene
of PSM-115 grade [GOST (State Standard) 202823

86]; polystyrene spheres 0.63+0.01 cm in diameter,
prepared by pressure casting followed by abrasive
treatment of the surface; membranes for micro- and
ultrafiltration (MIFIL, Belarus); gels for chromatog-
raphy (Pharmacia, Sweden); Dowex 21-K anion-
exchange resin (Serva, Germany); sodium azide, sodi-
um borohydride, Timerosal, 3,3`,5,5̀-tetramethylben-
zidine (TMB), glutaraldehyde (25% aqueous solution)
(Serva, Germany); sodium metaperiodate (Reanal,
Hungary); Tween-20 (Biorad, the United States);
TRIS (chemically pure grade, Biolar, Latvia); hy-
drazine hydrate (pure grade), hydrogen peroxide
(chemically pure grade), sulfuric acid (chemically
pure grade), adipic acid (pure grade), 2,4-dinitrophen-
ylhydrazine (DNPH, pure grade), sodium trinitro-
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benzenesulfonate tetrahydrate (TNBS, pure grade)
(Reakhim, Russia); polysaccharides: hydroxyethyl
starch (molecular weight 120 kDa); pullulan and dex-
tran (molecular weight 60 kDa); apple pectin (de-
gree of esterification 60%); citrus pectin (molec-
ular weight 1503300 kDa, ICN, the US); Phycoll
400000 (Pharmacia, Sweden); bovine serum albumin
(J.T. Baker, the Netherlands); human immunoglobulin
IgG (Belarussian Republican Station for Blood Trans-
fusion, Minsk); and horse radish peroxidase (HRP,
A grade, spectral purity parameter RZ = 2.7, Biolar,
Latvia).

To remove picric acid from TNBS, 1 M aqueous
solution (as judged from the weighed portion) was
cooled to 0oC and filtered. The TNBS concentration
was determined using the mean molar extinction coef-
ficient of the products of TNBS reaction with amino
acids. Hydrazine hydrate was titrated with 0.1 M HCl
with methyl orange indicator, and sulfuric acid, with
0.1 M NaOH. The concentration of hydrogen peroxide
was determined by iodometric titration.

Adipic acid hydrazide was prepared by refluxing
diethyl adipate with 80% hydrazine hydrate in ethanol
for 3 h. After cooling, the crystals were filtered off,
and the product was recrystallized from aqueous
alcohol.

Buffer solutions were prepared from appropriate
salts, acids, and bases of chemically pure or ultrapure
grade (Reakhim). The concentrate of the phosphate3

salt buffer solution (PSB) was prepared by dissolving
in distilled water 80.0 g of NaCl, 2.0 g of KH2PO4,
13.9 g of Na2HPO4 .2H2O, and 2.0 g of KCl. The
solution volume was brought to 1 l. The PSB with
pH 7.4 was prepared by tenfold dilution of the con-
centrate.

Phosphate buffer solutions were prepared by dilu-
tion of 1 M phosphoric acid and pH adjustment with
4 M NaOH. The carbonate buffer solution (pH 9.5)
was prepared by mixing 0.1 M solutions of sodium
carbonate and hydrocarbonate in a 3 : 7 ratio. Buffer
solutions containing NaCl were prepared by dissolv-
ing the required amount of NaCl. In all experiments
we used distilled water, and in the experiments with
HRP, double-distilled water.

Immunoglobulin was isolated by ion-exchange
chromatography with a 20 10-cm column packed
with Sephadex G-50 equilibrated with 0.01 M phos-
phate buffer solution (pH 6.5), and then purified
by gel filtration. The edge fractions were discarded,
and the remaining fractions were combined, con-
centrated to 20 mg ml31 with a PA-100 membrane,
and filtered through a capron membrane with pore

diameter of 0.22mm. The solution was stored at 4oC.
A 0.1% solution of purified IgG in PSB containing
1% glucose was used for immunization of a rabbit.
As adjuvant was used a mixture of 15% lanolin and
85% Vaseline oil [13].

Immunization of a rabbit by human immunoglobu-
lin G was performed by a standard procedure [13].
The activity of antibodies was determined by simple
and double immunodiffusion and by direct EMI [13].
The antiserum was separated from the coagulum and
diluted twofold with PSB,after which a saturated
solution of ammonium sulfate, pH 7.0, was added
with continuous stirring to 40% saturation. The
stirring was continued for additional 30 min. Then
the mixture was centrifuged at 6000 rpm for 15 min,
the solution was removed, and the precipitate was
dissolved in water. The procedure was repeated twice.
All experiments were performed at 4oC. The isolated
globulin fraction was purified by gel filtration and
stored under the same conditions as IgG.

The IG3HRP conjugate was prepared by the perio-
date procedure developed by Nakane and Kawaoi [14]
and modified by Wilson and Nakane [15]. Gel filtra-
tion was performed in a column packed with Sephac-
ryl S-200 equilibrated with 0.1 M borate buffer solu-
tion, pH 7.4.

As indicator reaction in EMI we used oxidation
of TMB with hydrogen peroxide, catalyzed by HRP.
The reaction was stopped with 0.5 M sulfuric acid.
The activity of immunosorbents was estimated from
the optical density of the substrate solution at a wave-
length of 450 nm and layer thickness of 1 cm.

Preparation of polysaccharide functional deriva-
tives. Apple pectin (1.07 g; 1.0 g of the main sub-
stance) was suspended in 20 ml of 89% hydrazine
hydrate; the mixture was stirred for 3 h at room tem-
perature and for 3 h at 60oC. The solvent was re-
moved in a vacuum, 10 ml of water was added, the
mixture was again evaporated to dryness, 10 ml of
water was added, and the mixture was acidified to
pH 1.532 (the reaction product is soluble in acidic and
alkaline solutions owing to the formation of salts by
hydrazide and carboxy groups, respectively), and pre-
cipitated into 100 ml of alcohol; the product was
centrifuged and vacuum-dried. Yield of the hydrazide
derivative of apple pectin 0.63 g (65% substituted
carboxy groups, according to elemental analysis for
nitrogen). Hydrazide of citrus pectin was prepared
similarly; yield 0.86 g, 72% substitution.

Phycoll (0.649 g; 20 1034 mol of monomer units)
was stirred for 3 h in 4 ml of 0.1 M phosphate buffer
solution (pH 5) containing 0.214 g (10 1034 mol) of
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NaIO4 and left overnight. To remove anions (iodate,
periodate, iodide), the solution was passed through a
column packed with Dowex 21-K anion-exchange
resin equilibrated with the same buffer solution;
0.5-ml fractions were collected. The presence of the
oxidized product was checked by the reaction with
DNPH (formation of intensely colored hydrazones).
The absence of periodate and iodate ions was verified
by the reaction with iodide ion (formation of free
iodine) in acid solution.

To prepare hydrazide-containing Phycoll, 160 mg
of the oxidized polysaccharide was added to a solution
of 300 mg of adipic acid dihydrazide in 0.1 M phos-
phate buffer solution (pH 8.5). The mixture was
stirred for 3 h and left overnight. After that, 15 mg of
sodium borohydride was added in three portions over
a period of 3 h, the mixture was stirred for an addi-
tional 1 h, and low-molecular-weight substances were
removed by threefold concentrating on a PA-100
membrane. The resulting solution was lyophilically
dried and stored at 4oC. Aldehyde and hydrazide
derivatives of hydroxyethyl starch (molecular weight
120 kDa) and dextran (molecular weight 20 and
60 kDa) were prepared similarly. To prepare the hy-
drazine-containing polysaccharide, dextran was acti-
vated by transformation of hydroxy groups into sulfo-
nate groups, after which the polymer was treated with
hydrazine hydrate [16, 17].

The reaction ofFPSSs with hydrazide-containing
polymers (5350 mg ml31) was performed in 0.1 M
phosphate buffer solution (pH 5.0) for 4 h with con-
tinuous shaking. The spheres were washed and ana-
lyzed for the content of the hydrazide groups on the
support, as described previously [11].

CONCLUSION

A series of aldehyde-, hydrazide-, and hydrazine-
containing water-soluble polysaccharide derivatives of
various structures were prepared. Reactions of hydra-
zide- and hydrazine-containing polysaccharides with
formylated polystyrene spheres yielded solid supports
for immunoassay, containing up to 0.5mmol cm32 of
active groups and suitable for covalent immobilization
of immunoreagents, including directed immobilization
of antibodies.
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Abstract-Mixed-ligand Mn(III) complexes were prepared from manganese tris(acetylacetonate) and alkyl-
benzenesulfonic acid, and their surface activity and initiating power with respect to polymerization of vinyl
monomers differing in reactivity and water solubility were studied.

Copolymerization of vinyl monomers differing in
the polarity and solubility in water attracts consider-
able attention of researchers, which is due to extensive
use of these copolymers in various branches of engi-
neering and national economy [134]. Therefore, it is
important to study the features and mechanism of for-
mation of such polymerization systems for which, in
contrast to the classical Smith3Ewart theory of emul-
sion polymerization, the colloidal behavior of the sys-
tem and hence the polymerization kinetics are deter-
mined by the solubility of a monomer in water, its
polarity, and the nature of the interphase surface
formed in the process [1, 2].

It is known that, with mixed-ligand Mn(III) com-
plexes based on acetylacetone and (in)organic acids
used as water-soluble redox initiators of radical proc-
esses, it becomes feasible to perform low-temperature
processes (0330oC) at a high rate to obtain polymers
of high molecular weight [5].

In this work, we prepared a mixed-ligand Mn(III)
complex (MMC) from manganese tris(acetylacetonate)
(MTA) and alkylbenzenesulfonic acid (ABSA) and
studied its reactivity in radical copolymerization of
acrylamide (AA) with oil-soluble vinyl monomers
differing in reactivity and solubility in water
(Table 1); the rate constant of chain propagationKp
varies within 5318000 l mol31 s31.

The MMC was prepared by mixing equimolar
amounts of MTA and ABSA at 10330oC in organic
solvent (benzene, acetone) in air [6]:

6 C5H8O2 + Mn(C5H7O2)2(SO3Ä4ÄCnH2n + 1),

Mn(C5H7O2)3 + HSO3Ä4ÄCnH2n + 1

6 C5H8O2 + Mn(C5H7O2)2(SO3Ä4ÄCnH2n + 1),

Mn(C5H7O2)3 + HSO3Ä4ÄCnH2n + 1

where n = 10314.

The ligand exchange occurs within 5310 min, and
green crystalline precipitates are formed in 70390%
yields.

We performed elemental microanalysis, measured
the IR and UV3Vis absorption spectra of MMC, and
determined its molecular weight and manganese val-

Table 1. Characteristics of monomers*

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³

Water
³ Parameters ³ KpMono-³

solubility,
³ of Q3e scheme ³

at 25oC,³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´mer ³ ³ ³
³g/100 g H2O³ Q ³ e ³ l mol31 s31

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
AA ³ 204 ³ 1.18 ³ 1.3 ³ 18000
VA ³ 2.5 ³ 0.026 ³ 30.22 ³ 1000
BA ³ 0.2 ³ 0.5 ³ 1.06 ³ 13
ST ³ 0.0125 ³ 1.00 ³ 30.8 ³ 5

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Structural formulas of the monomers:CH2ÍCHÄC ,qe

O

NH2
Acrylamide (AA)

CH2ÍCHÄOÄC ,

Vinyl acetate (VA)

qe
O

CH3
CH2ÍCHÄC ,qe

O

OC2H9
Butyl acrylate (BA)

CH2ÍCHÄ .

Styrene (ST)

pfk
cfnh
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Table 2. Rate constant of MMC decompositionKd
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ

³ ³ Kd 0 104 (s31) ³
Com- ³ Solvent ³at indicated temperature,oC³

³ ÃÄÄÄÂÄÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄ´plex ³ ³ ³
³ ³ 10 ³ 20 ³ 50 ³ 80 ³100³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÄ
MABS* ³Water ³ 2.9³ 7.1 ³ 3 ³ 3 ³ 3 ³ 32.2

³Water3 ³ 3 ³ 7.4 ³ 3 ³ 3 ³ 3 ³ 3

³toluene ³ ³ ³ ³ ³ ³
³Water3ST³ 3 ³ 9.7 ³ 3 ³ 3 ³ 3 ³ 3

³Water3BA³ 3 ³12.0 ³ 3 ³ 3 ³ 3 ³ 3

³Dioxane ³ 3 ³ 2.5 ³ 3 ³ 3 ³ 3 ³ 3

MTA* ³Water ³ 3 ³ 0.43³ 3 ³ 3 ³ 3 ³ 3

³Dioxane ³ 3 ³ 3 ³ 3 ³0.15³ 1.0³106.8
K2S2O8 ³Water ³ 3 ³ 3 ³ 0.1³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÄ
* Because of the hydrolysis of Mn(III) compounds, decomposi-

tion was performed in 0.1 M aqueous CH3COOH (pH 5) and
monitored by iodometric titration.

** (Ed) Activation energy of thermal decomposition.

Table 3. Surface tensions at 20oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Surface tensions, mN m31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄPhase boundary³ without ³ in the presence
³ MABS ³ of 0.05% MABS

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Water3air ³ 72.8 ³ 31.4
Water3toluene ³ 33.6 ³ 2.0
Water3VA (1 : 1) ³ 10.0 ³ 1.3
Water3BA (1 : 1) ³ 18.5 ³ 1.8
Water3ST (1 : 1) ³ 28.0 ³ 2.2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ence [6]. These data show that the prepared compound
is monosubstituted Mn(III) complex containing two
acetylacetonate and one aromatic sulfonate ligands,
i.e., it is manganese alkylbenzenesulfonatobisacetyl-
acetonate (MABS). The product is readily soluble in
water and polar organic solvents (acetone, alcohol,
tetrahydrofuran, dimethylformamide, etc.), partially
soluble in esters, and insoluble in aliphatic and aro-
matic hydrocarbons. On dissolution in water, the com-
plex undergoes hydrolysis, typical of Mn(III) sulfo-
nate complexes, which is suppressed at pH<4.0.

Fig. 1. Isotherms of surface tensions at the water3air
interface. (C) Concentration. (1) ABSA, (2) MABS, and
(3) MTA.

Thermal decomposition of MABS in the solid
phase under argon was studied by DTA/TGA in the
range 203600oC. Examination by elemental micro-
analysis of the stable intermediates formed in the first
stage shows that thermal decomposition involves
elimination of one acetylacetonate ligand and reduc-
tion of Mn(III) to Mn(II):

4ÄCnH2n + 1) + C5H7O2.Mn(C5H7O2)(SO3Ä76
140oC

4ÄCnH2n + 1)Mn(C5H7O2)2(SO3Ä

4ÄCnH2n + 1) + C5H7O2.Mn(C5H7O2)(SO3Ä76
140oC

4ÄCnH2n + 1)Mn(C5H7O2)2(SO3Ä

Kinetic study of MABS decomposition in aqueous
and organic solutions showed that the decomposition
rate is determined by the nature of the coordinated
ligand and solvent (monomer). The presence of the
sulfonate ligand facilitates the inner-sphere redox re-
action, apparently owing to a distortion of the[pseu-
doaromatic] character of the inner sphere; this circum-
stance determines the higher initiating activity of
MABS as compared with MTA (Table 2).

Significant acceleration of MABS decomposition
in water is probably due to specific properties of
water as solvent and to specific hydration of the com-
plex.

A study of the surface-active properties of MABS
by measuring the surface tension of its aqueous so-
lutions (ring detachment method, Fig. 1) showed that
this complex exhibits high surface activity: The sur-
face tension at the water3air interface at the critical mi-
celle concentration (CMC) of 0.70 1033 M decreases
by more than a factor of 2, and that at the water3

monomer interface falls to 132.0 mN m31 (Table 3).

Manganese trisacetylacetonate shows no surface
activity under similar conditions. The high surface
activity of MABS is due to the presence of the aro-
matic sulfonate ligand with a long alkyl chain.

Thus, a combination of the high initiating power
and surface activity of MABS allows its use in (co)-
polymerization of vinyl monomers as initiator and
emulsifier simultaneously.

The kinetics of AA copolymerization with oil-solu-
ble monomers (VA, BA, ST) was studied in aqueous
solution in the presence of 0.1 wt % MABS under
argon at 10320oC and stirring rate of 2.5 rps. The
copolymerization kinetics was monitored gravimetri-
cally: Samples of the reaction mixture were precipi-
tated into acetone in the presence of hydroquinone.
In all experiments, the conversion did not exceed
10%. The composition of the copolymers was de-
termined by elemental analysis.
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A study of the copolymerization of the above-indi-
cated monomers showed that the reaction is hetero-
geneous and is accompanied by an increase in the
viscosity of the reaction medium and formation of
fine and fairly stable dispersions which are not settled
within 24 h to several days, depending on the reaction
conditions.

The colloid properties of the dispersions of AA
copolymers with hydrophobic monomers in the pres-
ence of MABS were studied by microscopy; the
phases were colored with water- and fat-soluble dyes.
We found that the systems uner study are direct oil-in-
water emulsions.

The plots of conversion against time (Fig. 2) and
copolymerization rate against concentration of hydro-
phobic monomer (M2, Fig. 3) for thecase of AA co-
polymerization with vinyl monomers show that both
the reaction rate and the copolymer yield are the highest
(curves3) with VA, which is the most hydrophilic.

Determination of the copolymer compositions as
influenced by the composition of the initial mono-
meric mixture and calculation of the constants of AA
(M1) copolymerization with VA, BA, and ST by the
Fineman3Ross, Mayo3Lewis, and universal methods
(Table 4) allowed a conclusion that in all cases AA
is more reactive than the vinyl comonomers, and the
copolymers, irrespective of the composition of the
initial monomer mixture, are always enriched in the
more active AA.

Fig. 2. Monomer conversiona vs. time t at 20oC.
Water : oil = 2 : 1; concentrations (M): monomers 1 and
MABS 3 0 1033; the same for Fig. 3. Copolymerization
of AA with (1) ST, (2) BA, and (3) VA; the same for
Fig. 3.

Fig. 3. Copolymerization rateV vs. concentration of
the oil-soluble monomer M2 at 20oC.

Table 4 shows that the copolymers with VA exhibit
the greatest tendency toward alternation of units in the
polymer chain, whereas in the copolymers of AA with
BA and ST this tendency is weak. Nevertheless, com-
parison of our data on the relative activity for the
system AA3ST with published data [7] shows that
with MABS the reactivity of hydrophobic ST toward

Table 4. Constants of AA (M1) copolymerization with hydrophobic monomers in aqueous solution
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

M2 ³ Initiator ³ T, oC ³ r1 ³ r2 ³ r1r2 º M2 ³ Initiator ³ T, oC ³ r1 ³ r2 ³ r1r2
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ

VA ³ MABS ³ 20 ³ 5.6 ³ 0.14 ³ 0.784º ST ³ MABS ³ 20 ³ 2.16 ³ 0.8 ³ 1.73
BA ³ " ³ 20 ³ 1.9 ³ 0.6 ³ 1.14 º ³ K2S2O8 [7] ³ 70 ³ 12.5 ³ 0.25 ³ 3.13

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

Table 5. Probability ofdiad formation in copolymers of AA (M1) with VA and ST (M2) at various copolymercompositions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Copolymer composition, wt %³ Probability of diad formation ³ Number of monomeric units in block
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

m1 ³ m2 ³ F11 ³ F12 ³ F21 ³ F22 ³ L
3

M1
³ L

3

M2ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
Acrylamide3vinyl acetate

94 ³ 6 ³ 0.892 ³ 0.053 ³ 0.053 ³ 0.002 ³ 17.8 ³ 1.04
86 ³ 14 ³ 0.723 ³ 0.130 ³ 0.130 ³ 0.017 ³ 6.56 ³ 1.13
70 ³ 30 ³ 0.435 ³ 0.233 ³ 0.233 ³ 0.099 ³ 2.87 ³ 1.42
45 ³ 65 ³ 0.160 ³ 0.258 ³ 0.258 ³ 0.324 ³ 1.62 ³ 2.26

Acrylamide3styrene
96.6 ³ 3.4 ³ 0.96 ³ 0.02 ³ 0.02 ³ 0.001 ³ 49.0 ³ 1.04
95.0 ³ 5.0 ³ 0.92 ³ 0.04 ³ 0.04 ³ 0.003 ³ 24.0 ³ 1.08
90.5 ³ 9.5 ³ 0.85 ³ 0.07 ³ 0.07 ³ 0.01 ³ 13.4 ³ 1.14
78.5 ³ 21.5 ³ 0.73 ³ 0.12 ³ 0.12 ³ 0.03 ³ 7.08 ³ 1.25

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 4. Compositions (M2 content) of copolymers
(1) AA3ST, (2) AA3BA, and (3) AA3VA vs. (a) co-
polymerization time t and (b) concentration of MABS
initiator C at 20oC. Concentration of monomers in water
1 M. (a) MABS concentration 10 1033 M; (b) reaction
time 10 min.

acrylamide radical increases by more than a factor
of 5. This fact is apparently due to the possible com-
plexation of ST with MABS, which significantly af-
fects its reactivity and copolymerization activity.
Detailed comparative analysis for AA3VA and
AA3BA copolymers is impossible because of the lack
of published data.

Calculation of the intramolecular distribution of
monomeric units in AA3VA and AA3ST copolymers
(Table 5) according to [8] confirms the major contri-
bution of the AA3AA diad to the copolymer composi-
tion, because both types of the arising polymeric
radicals react preferably with AA than with VA
or ST.

At AA content in the initial monomer mixture with-
in 10350 mol %, the AA3VA copolymers, show the
most ordered structure: The AA blocks consisting of
136 monomeric units are separated by 132 VA units.
With the content of VA increasing above 50%, the ten-
dency toward alternation becomes more pronounced in-
creases. In AA3ST copolymers, even at a large excess
of hydrophobic ST in the reaction mixture (initial mono-
mer ratio 3 : 7),there are seven AA units per ST unit.

We studied(at equimolar ratio of the monomers in
the initial mixture) how the copolymer compositions
depend on the process parameters: reaction time and
temperature, concentrations of initiator and comono-
mers. We found (Figs. 4a, 4b) that, as the reaction
time and MABS concentration are increased, the con-
tent of hydrophobic monomers in the copolymer
grows. This fact suggests predominant polymeri-
zation of AA; as AA is exhausted, the copolymer

starts to incorporate growing amounts of the hydro-
phobic monomer. Also, it is seen that MABS en-
hances the activity of hydrophobic monomers, proba-
bly owing to donor3acceptor interaction, which is typ-
ical of Mn(III) compounds and vinyl monomers [5].

Variation of the total concentration of the mono-
mers in aqueous solution has virtually no effect on the
copolymer composition. As the reaction temperature
is raised from 5 to 20oC (at monomer and MABS
concentration 10 1033 M), the content of vinyl acetate
units in the AA3VA copolymer increases from 8 to
14 mol %, and that of ST units in the AA3ST co-
polymer, from 4 to 9.5 mol %.

A study of the solubility of AA copolymers with
the hydrophobic monomers showed that all the co-
polymers (except AA3VA with VA content less than,
or equal to 20 mol %) are virtually insoluble in
water and in most of organic solvents. The precipita-
tion curves for AA3VA, AA 3BA, and AA3ST co-
polymers, obtained by fractional precipitation in
the acetic acid3acetone system, are typical of co-
polymer precipitation, rather than of precipitation of
homopolymer mixtures.

Thus, based on the results obtained, we suggest the
following copolymerization mechanism: Owing to
high solubility of AA and MABS in water and the
possibility of their donor3acceptor interaction, initia-
tion and the initial period of chain propagation occur
mainly in the aqueous phase:

+ mH2O + H+

4ÄCnH2n +1]} .AA6 {[Mn(C 5H7O2)2.mH2O]+ 3[SO3Ä

4ÄCnH2n + 1) + CH2ÍCHMn(C5H7O2)2(SO3Ä

MABS AA

gg
CONH2

+ mH2O + H+

4ÄCnH2n +1]} .AA6 {[Mn(C 5H7O2)2.mH2O]+ 3[SO3Ä

4ÄCnH2n + 1) + CH2ÍCHMn(C5H7O2)2(SO3Ä

MABS AA

gg
CONH2

4ÄCnH2n +1],

H3CÄCÍO

HCÄCH2ÄC
.
H

H3CÄCÍO

6 gg
CONH2.
R

+ [Mn(C5H7O2).mH2O]+ 3[SO3Ä

ii
ee

4ÄCnH2n +1],

H3CÄCÍO

HCÄCH2ÄC
.
H

H3CÄCÍO

6 gg
CONH2.
R

+ [Mn(C5H7O2).mH2O]+ 3[SO3Ä

ii
ee

R.
+ M1 6 RM1

.
,ckiR.

+ M1 6 RM1
.
,cki

RM1
.

+ nM1 6 R(M1).n,ck11
RM1

.
+ nM1 6 R(M1).n,ck11

R(M1)n
.

+ M2 6 R(M1)nM2
..ck12

R(M1)n
.

+ M2 6 R(M1)nM2
..ck12
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The oil-soluble monomer (VA, BA, ST) occurs
in the form of monomer drops from which it diffuses
into the aqueous phase. Owing to the high surface
activity of MABS and decreased surface tension at
the oil3water interface, the hydrophobic monomer
molecules diffuse more readily to the active polymer-
ization centers. As the AA concentration in water
decreases, the fraction of the oil-soluble monomer
in the growing radicals increases, and at a certain
critical length of the oligomeric chain the growing
radicals start to precipitate; thus, the process be-
comes heterogeneous, and polymerization continues
in latex particles, following the pattern of emulsion
polymerization and yielding nucleus-in-shell par-
ticles.

EXPERIMENTAL

MABS was prepared by ligand substitution: Equi-
molar amounts of MTA and ABSA were mixed in an
organic solvent in air at 10330oC [6].

Mixed-ligand Mn(III) complexes were studied by
DTA with a Q-1500D derivatograph (MOM).

The rate constant of liquid-phase thermolysis of
MABS was determined in 0.1 M aqueous CH3COOH
(pH 5) in the range 10320oC, and that of MTA, in the
range 803100oC; the thermolysis was monitored by
iodometric titration.

The surface-active properties of MABS in water
were evaluated by the ring detachment method with
a du Nouy device [9].

Copolymerization of vinyl monomerswith different
water solubilities was performed in aqueous medi-
um in the presence of MABS under argon at tempera-
tures of 10320oC with stirring at 2.5 rps. The copoly-
merization kinetics was monitored gravimetrically.
The constants of AA copolymerization with hydro-
phobic monomers and the intramolecular distribution
of units were calculated by the Fineman3Ross and
Mayo3Lewis methods [8].

CONCLUSIONS

(1) The initiating power and surface-active proper-
ties of a mixed-ligand Mn(III) complex prepared from
manganese tris(acetylacetonate) and alkylbenzene-
sulfonic acid were studied. This complex shows high
surface activity and high reactivity in copolymeriza-
tion of vinyl monomers with different water solu-
bilities.

(2) A mechanism of copolymerization of vinyl
monomers with different water solubilities in the pres-
ence of manganese alkylbenzenesulfonatobisacetyl-
acetonate is proposed. The process follows the emul-
sion polymerization pattern and yields nucleusin-shell
particles.
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Abstract-Gelation conditions in solutions of methyl cellulose in water and dimethylacetamide were studied.
The gelation mechanisms were studied by X-ray diffraction and photocolorimetry, and their differences in
the two systems were revealed. The physicomechanical properties of methyl cellulose films prepared from
solutions with preliminary gelation were determined.

Recently there has been increased interest in self-
associated polymer systems based on natural poly-
mers, which are environmentally safe and biodegrad-
able. It is known that a number of cellulose deriv-
atives, in particular, methyl cellulose (MC), hydroxy-
propyl cellulose (HPC), hydroxypropyl methyl cellu-
lose (HPMC), and methyl ethyl cellulose (MEC),
form physical thermally reversible gels in aqueous
solutions. These cellulose derivatives are widely used
as gelating agents, thickeners, stabilizers, and emulsi-
fiers in food industry, cosmetics, and perfumery [1].
The most widely used compound is MC.

The gelation mechanism in aqueous solutions of
MC was studied in detail by various methods. It was
found that gelation conditions depend on many factors,
such as molecular weight and degree of substitution
(DS) of MC, concentration of the polymer in solution,
and uniformity of the substituent distribution in anhy-
droglucose units and along the macrochain [135].
There are several viewpoints on the gelation mechan-
ism in aqueous solutions of MC. Some authors be-
lieve that gelation in aqueous solutions of MC is due
to local crystallization of macrochain fragments con-
taining predominantly trisubstituted MC units [134].
In other papers, it is assumed that incompletely dis-
solved residual crystallites of the polymer (weakly
substituted or unsubstituted sections of cellulose mac-
rochains) may exist in aqueous solutions of MC at
low temperatures and initiate gelation on heating [6].
ÄÄÄÄÄÄÄÄÄÄ
K Deceased.

At present, it is generally believed, on the basis of
numerous experimental data, that gelation in aqueous
solutions of MC occurs in two stages. At low temper-
atures, water molecules solvate methoxy and hydroxy
groups of MC, forming specific structures in solution.
On heating, the H bonds between water molecules and
methoxy groups are broken; as a result, hydrophobic
interactions (association) are enhanced, and the size
and shape of associates (clusters) in solution change
(stage I). Further heating induces gelation accompa-
nied by phase separation (stage II) [1, 639]. The two-
stage gelation mechanism was described theoretically
by Tanaka and Ishida [10].

It should be noted that gelation on heating is ob-
served in aqueous solutions of MC only with polymer
samples in which the distribution of substituents in
the anhydroglucose units and along the macrochain is
nonuiform, i.e., with MCprepared by a heterogeneous
procedure. Methyl cellulose with uniform distribution
of substituents in macromolecules does not undergo
gelation in aqueous solutions (the polymer precipi-
tates) [5]. Therefore, commercial MC prepared under
heterogeneous conditions can be considered a multi-
block copolymer consisting of randomly alternating
blocks of unsubstituted, mono-, di-, and trisubstituted
units. The diffraction patterns of the MC samples with
various molecular weights and degrees of substitution
in gel form are similar to those of trisubstituted MC.
This fact suggests that the centers of local crystalliza-
tion (formation of a new phase) are trisubstituted MC
units [1, 4].
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Depending on the DS and preparation procedure,
MC can dissolve in other solvents, e.g., in aqueous
alkalis, aqueous dimethyl sulfoxide (DMSO), aqueous
dimethylacetamide (DMAA), chloroform, or acetone
[1, 11315]. In solutions of MC in DMAA, physical
thermally reversible gels are also formed, but only
on cooling [12315]. Thus, it is possible to prepare
physical thermally reversible gels in aqueous solutions
of MC on heating (system with lower critical solu-
tion point, LCSP) and in solutions of MC in DMAA
on cooling (system with upper critical solution point,
UCSP). The conditions of MC dissolution in H2O
and DMAA reflect the differences between the mech-
anisms of solvation of polymer macromolecules and
formation of physical thermally reversible gels in
the above solvents. Presumably, directional variation
of the structural organization of moderately concen-
trated solutions (heating, cooling) must affect the
physicomechanical properties of films prepared from
MC solutions with preliminary gelation in solutions
and subsequent evaporation of solvents.

The goal of this work was to perform a compar-
ative study of the gelation mechanisms in solutions of
MC in H2O and DMAA and examine the influence of
gelation on the physicomechanical properties of films
prepared from these systems. In our study, we used
X-ray diffraction and photocolorimetry.

EXPERIMENTAL

As solvents we used double-distilled water and
DMAA distilled in a vacuum from P2O5. The starting
material was commercial MC (MTs-100 grade, DS
1.62). Methyl cellulose was dissolved in water, and
the solutions were filtered under pressure and then
centrifuged. MC was recovered from aqueous solu-
tions by lyophilic drying. The molecular weight of
purified MC was determined viscometrically from the
viscosity of its aqueous solutions at 20oC, using the
equation [4] [h] = 2.80 1033M0.63. Purified MC
had Mh = 154000 (DP 830). Films were prepared
from 1.5% solutions of MC in H2O and DMAA, and
the turbidity was studied with 0.5 and 2.0% solutions.

Aqueous solutions of MC were prepared by swell-
ing of the polymer in hot water (80390oC) followed
by dissolution with cooling to 5oC and stirring for
6 h. Solutions of MC in DMAA were prepared by
stirring at 90oC. Dissolution was complete in 2 h.
The resulting MC solutions were filtered under pres-
sure (aqueous solutions, at 20oC; solutions of MC in
DMAA, at 60370oC) and then deaerated for 1 h.

Films were prepared at 20oC from aqueous solutions
of MC by casting onto Teflon plates through a labo-

Fig. 1. Absorption spectra of (1) 0.5 and (2) 2.0% solutions
of MC in H2O and (3) 0.5 and (4) 2.0% solutions of MC
in DMAA. (T) Transmission and (T) temperature.

ratory die with adjustable clearance, with subsequent
drying at 20oC. The solvent evaporated within 4 days.

Samples of films with preliminary gelation were
prepared by applying the solution at 20oC onto Teflon
plates, after which the plates were heated to 60oC.
The film formation was complete in 4 h.

Films from solutions of MC in DMAAwere pre-
pared by applying a heated solution (70oC) to pre-
heated plates (70oC), which was followed by evap-
oration of DMAA at 70oC. The film formation was
complete in 6 h. Films with preliminary gelation were
prepared as follows: A solution at 70oC was applied
onto plates preheated to the same temperature, after
which the plates were cooled to room temperature.
The resulting gel was dried a 20oC for 14 days. In all
the experiments, the plates were placed on a tempera-
ture-controlled table.

The resulting samples were studied by X-ray dif-
fraction analysis on a DRON-2.0 diffractometer (CuKa
radiation, Ni filter). Samples were prepared as 132-
mm-thick stacks of films. The diffraction patterns of
thermally reversible gels were obtained in a tempera-
ture-controlled cell.

The turbidity of 0.5 and 2% solutions of MC was
studied photocolorimetrically in the course of varying
the temperature from the state of solution to that of
gel, i.e., from 20 to 60oC for aqueous solutions of MC
and from 90 to 20oC for solutions of MC in DMAA.
The samples were kept at each temperature for 20 min
before measurement. The measurements were per-
formed with a KFK-2 concentration photocolorimeter
with temperature-controlled cells atl = 590 nm.

The physicomechanical properties of films were
studied under uniaxial stretching with an Instron TM-
SM universal tensile-testing machine at a rate of
5 mm min31.

Figure 1 shows the transmission spectra of the so-
lutions as influenced by temperature. For a 2.0%
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Fig. 2. Diffraction patterns of MC films prepared (a) from
aqueous solutions: (1) without gelation, (2) with pre-
liminary gelation, and (3) from gel at 50oC; (b) from solu-
tion of MC in DMAA: (1) without gelation, (2) with pre-
liminary gelation, and (3) from gel at 20oC. (a) (4) Dif-
fraction pattern of the hydrated cellulose (C II) film.
(I ) Relative intensity and (2q) Bragg angle.

aqueous solution of MC, the transmission sharply
decreases (the turbidity increases) in the temperature
range 45350oC. As the solution concentration is de-
creased, the cloud pointTcl (or the phase separation
point) of the aqueous solution shifts toward higher
temperatures, which agrees with data in [3]. In con-
trast to aqueous MC solution, the system MC3DMAA
shows no turbidization on cooling. The gel forming in
the cell remains fully transparent and elastic. The gels
formed in the systems under consideration undergo
syneresis when kept for more than 2 h. The aqueous
solution of MC exhibits a hysteresis loop for the
transition sequence solution3gel3solution, whereas
for the solution of MC in DMAA, no hysteresis is ob-
served owing to the absence of noticeable turbidization.
The absence of turbidization of the solution of MC
in DMAA on transition from solution to gel may be
due to at least two factors: (1) different mechanisms
of MC dissolution in water and DMAA and different
gelation mechanisms, and (2) smaller difference be-
tween the refractive indices of DMAA and MC, com-
pared with the MC3H2O system.

It was shown in [14] that the intrinsic viscosities
[h] of MC in water and DMAA are close, but the vis-

cosity of a 1.5% solution of MC in DMAA is an order
of magnitude lower than that of the 1.5% aqueous
solution. Such a difference in the viscosities of the
moderately concentrated solutions is due to different
mechanisms of solvation of the polymer macrochains
with water and DMAA molecules. Water molecules
can form several hydrogen bonds: with functional
groups of MC (two H bonds with hydroxy groups and
H bond with a methoxy group) and with other water
molecules in solution, thus forming a three-dimen-
sional (3D) system of H bonds and structurizing the
solutions as a whole. DMAA molecules can form one
H bond with OH groups and can interact with meth-
oxy groups of the polymer by the dipole3dipole
mechanism. In concentrated solutions of MC in
DMAA, dipole3dipole and dispersion interactions
between solvated macromolecules are possible. These
differences between the mechanisms of solvation of
MC macromolecules in water and DMAA may be
responsible for different mechanisms of gelation in
these systems.

It is known that, when aqueous solutions of MC
are heated, the weakest H bonds between the methox-
yl oxygen atoms and water molecules are broken first.
As a result, the hydrophobic interactions between the
solvated macromolecules are enhanced, and separate
blocks of the macrochains containing predominantly
trisubstituted units form a separate new phase. Di-
methylacetamide is a strongly polar associated aprotic
solvent, and the mechanism of H bonding between
the OH group of MC and a DMAA molecule may be
similar to the mechanism of solvation and dissolution
of cellulose in aprotic solvents like tertiary amine
N-oxides [16]. Self-association of solvent molecules
occurs via dipole3dipole interactions. Although the
H bonding is an exothermic process, it is necessary
to raise the temperature (to a certain extent) for de-
creasing the interactions between the solvent mole-
cules, after which H bonds with the hydroxy groups
of the polymer can be formed [17, 18]. In solutions
of cellulose with tertiary amineN-oxides, the solvent
molecules separate out with decreasing temperature
to form a new phase (to the point of solvent crystal-
lization). A similar pattern (i.e., separation of solvent
molecules in the form of a liquid phase) can be ob-
served in the MC3DMAA system.

It should be noted that, although no turbidization
is observed at the gelation temperature in the MC3
DMAA system (as judged from the optical density of
the solution), the method of polarized light scatter-
ing does detect changes in the intensity of scattered
light at the solution3gel transition [15]. As the gela-
tion temperature in the systems MC3H2O and MC3
DMAA is approached, the fluctuations of the concen-
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tration of the dissolved polymer, the anisotropy of the
scattering elements of the solution volume, and the
mutual ordering of the anisotropic elements increase.

To elucidate the differences between the gelation
mechanisms in the systems MC3H2O and MC3
DMAA, we measured X-ray diffraction patterns of the
gels and films cast from solutions and prepared by
preliminary gelation in solutions. For comparison,
Fig. 2a shows a diffraction pattern of a hydrated
cellulose (C II) film. The diffraction patterns of the
films prepared by the two different procedures and
of the gel (for the MC3H2O system) are similar to
those obtained in [1, 4]. The reflections at 2q 13.1o
and 26.8o correspond to water molecules retained in
the films [4]. The reflections at 2q 8.2o and 21.8o
suggest that gelation is accompanied by separation
into a new phase and local crystallization (ordering)
of the segments of MC macrochains containing pre-
dominantly trisubstituted units, which agrees well
with data in [4].

A different pattern is observed with the system
MC3DMAA (Fig. 2b). The reflections at 2q 17.5o and
27.0o belong to DMAA molecules. The position of
the reflection corresponding to the 101 plane at 2q
10.0o suggests that gelation is accompanied in this
system by separation from solution into a new phase
of partially substituted (and probably unsubstituted)
units of MC macrochains, followed by their crystalli-
zation (ordering). This conclusion is supported by
data in Table 1, illustrating the variation of the spac-
ing in the 101 plane for MC samples with different
DSs. The angle 2q 10.0o corresponds to the medium
degree of substitution,1.0. The reflection at 2q
21.8o322.0o corresponds to the 002 plane. The re-
flections from the 002 plane for MC films obtained
from aqueous solutions and from DMAA differ in-
significantly and lie close to 002 reflections for C II
(2q 22.4o).

The differences in the mechanisms of solvation and
desolvation of MC macromolecules with water and
DMAA molecules and the differences in the gelation
mechanisms must be manifested in the physicome-
chanical properties of films prepared directly from
solution and with preliminary gelation. Table 2 shows
that MC films prepared from DMAA solutions exhibit
better physicomechanical properties as compared with
MC films prepared from aqueous solutions. It is
known that, in moderately concentrated solutions of
MC in H2O and DMAA, solvated MC macromol-
ecules form associates of definite size, showing
mutual ordering [15]. Presumably, the supramolecular
organization of solutions must affect to a certain ex-
tent the structural organization of the forming films.

Table 1. Influence of the degree MC of substitution on
the interplanar spacingd101
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

DS
³ Position of the (101)³

d, A³ maximum, 2q, deg ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

0* ³ 12.0 ³ 7.12
0.36 ³ 11.3 ³ 7.55
0.77 ³ 10.8 ³ 7.90
1.06 ³ 10.0 ³ 5.54
1.76 ³ 8.3 ³ 10.27
3.00 ³ 8.0 ³ 11.03

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Hydrated cellulose.

Table 2. Physicomechanical properties of MC films
prepared under different conditions
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ

³ Film pre- ³ ³ ³
Sample ³ paration ³ s, MPa³ e, % ³ E, GPa

³ conditions ³ ³ ³
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
MC3H2O ³From solution³ 79.0 ³ 9.3 ³ 1.8

³From gel ³ 101.0 ³ 17.6 ³ 2.6
MC3DMAA ³From solution³ 91.0 ³ 10.2 ³ 2.3

³From gel ³ 123.0 ³ 19.3 ³ 3.3
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
* (s) Breaking stress, (e) elongation at break, and (E) modulus

of elasticity.

As the polymer concentration in solution increases in
the course of solvent evaporation, separate fragments
of MC macromolecules undergo ordering. The mech-
anism of local crystallization of separate fragments is
similar to the mechanisms of formation of crystallites
in preliminary gelation, as indicated by the positions
of the 101 and 002 reflections (Figs. 2a, 2b). In the
course of film formation, the crystallites formed in
solution are arranged in a certain order relative to each
other, and a 3D network of intermolecular H bonds is
formed.

In aqueous solutions, MC forms crystallites con-
sisting predominantly of the trisubstituted units, but
less substituted, or more hydrophilic, units also
participate in the system of H bonds when a film is
formed [4]. Thus, in MC films prepared from aqueous
solutions, crystallites are formed via hydrophobic
interactions, and fragments of MC macromolecules
containing more hydrophilic units are arranged be-
tween them, forming a 3D network of H bonds which
also fix the mutual arrangement of these crystallites
in the films.

In a solution of MC in DMAA with increasing
polymer concentration, crystallites are formed from
mono- and unsubstituted units owing to the forma-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

1362 BOCHEK et al.

tion of H bonds via unsubstituted OH groups in anhy-
droglucose units of MC. In the course of film forma-
tion, the macrochain fragments containing more hy-
drophobic polymer units, remaining in solution, par-
ticipate in formation of a 3D H-bond system. Thus,
in films prepared from solutions of MC in DMAA,
crystallites are formed from weakly substituted units
having a specific structure and mutual ordering, and
these crystallites are stabilized in the polymeric film
matrix by more hydrophobic fragments of MC mac-
romolecules forming a 3D network of H bonds and
hydrophobic interactions.

The physicomechanical properties of the films are
also influenced by the molecular weight of the poly-
mer, degree of ordering (or crystallinity), and the
system of intermolecular interactions in the films
(H bonds, dipole3dipole, dispersion interactions).
The size, shape, and content of crystallites and their
mutual arrangement in the polymer matrix may also
vary. Since solutions of MC in water and DMAA
were prepared from the same polymer sample, the ef-
fect of the molecular weight and molecular-weight
distribution can be ruled out. The films differ in the
nature of the crystallite zones and in the systems of
intermolecular 3D interactions in films. Plasticization
orientation of MC films prepared from aqueous solu-
tions is accompanied by an increase in the degree of
polymer crystallinity and simultaneously by increase
in the ordering of crystallites in the films [1]. These
processes are accompanied by an increase in the ten-
sile strengths and modulus of elasticityE of the
films, whereas the breaking elongatione drastically
decreases. Presumably, the higher values ofs and E
for the MC films prepared from solution in DMAA,
compared with the films from aqueous solution, are
due to the differences between the nature of crystal-
lites formed in the films and between the systems of
intermolecular interactions in the films. Thee values
of the films differ insignificantly.

It should be noted that, in both systems, films
prepared with preliminary transformation of the solu-
tions into gels and subsequent evaporation of the
solvents exhibit considerably better level of all the
mechanical properties. This trend is independent of
the solvent, which suggests a general nature of the
physical process responsible for the increase ins and
E with simultaneous significant increase in the elas-
ticity (parametere). The stage of preliminary gelation
accelerates formation of crystallites in the systems
(Figs. 2a, 2b). With increasing crystallinity of the
films (or with increasing content of crystallites in
them), s and E must increase, which is actually
the case. The increase in the breaking elongatione

suggests the influence of an additional factor, char-
acteristic of gels only. The suggested differences in
the film formation from solution with and without
preliminary gelation are illustrated in the scheme.

Scheme of film formation from gel and solution

Formation of films from solutions involves order-
ing of the forming crystallites relative to each other.
In films, the orientation increases in the 101 plane and
in the surface layers parallel to the support plane.
Such an orientation occurs both on the film surface and
on support sides [1]. With preliminary gelation, the
3D skeleton of the gel, consisting of crystallites, con-
siderably inhibits mutual ordering of crystallites and
their orientation relative to the surface of the forming
film and the support. The films prepared from gels
contain crystallites which are less ordered relative to
each other and to the film planes as compared with the
films prepared from solutions (see scheme). There-
fore, in the case of tension, a major contribution to
strain is made by mutual ordering of the crystallites,
which accounts for the significantly higher elasticity
of the films prepared with preliminary gelation.

Indeed, Figures 2a and 2b show that the formation
of films from solutions of MC in H2O and DMAA in-
volves ordering, or crystallization, of separate frag-
ments of MC macrochains in two planes: 101 (2q =
8o310o) and 002 (2q = 20o322o). The highest ordering
occurs in the 002 plane, as indicated by the higher in-
tensity of the reflection at 2q = 20o322o. The films
formed with preliminary gelation show a common trend:
higher ordering in the 002 plane as compared with
101. To evaluate this effect quantitatively, we meas-
ured the intensities of the peaks observed in the dif-
fraction patterns relative to the baseline at 2q = 15o,
which was proposed as reference in determining the
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crystallinity index for C II [19]. The intensity ratios
I002/I101 for the MC films prepared from aqueous
solutions and gels are 1.93 and 6.14, respectively.
For the films prepared in the system MC3DMAA
from solution and gel, the intensity ratios are 6.48
and 11.9, respectively. This trend confirms our as-
sumption that the skeleton of the forming gel inhibits
or [freezes] mutual ordering of the crystallites in the
course of film formation.

Thus, preliminary gelation in solutions has a dual
effect on the physicomechanical properties of the MC
films. On the one hand, gelation accelerates crystalli-
zation in solution, which increases the tensile strength
and the modulus of elasticity. On the other hand, gela-
tion prevents mutual ordering of the crystallites in
the course of film formation, which considerably in-
creases the breaking elongation of the films,i.e.,
preliminary gelation enhances the strength properties
of MC films with simultaneous increase in their elas-
ticity. It should be noted that the physicomechanical
properties of the films can also be influenced by the
type of the forming gel skeleton and by the gel mor-
phology, which may differ significantly [20].

CONCLUSIONS

(1) Conditions were studied under which phys-
ical thermally reversible are formed gels in the sys-
tems with the lower (methyl cellulose3H2O) and
upper (methyl cellulose3dimethylacetamide) critical
solution points. In contrast to aqueous solutions of
methyl cellulose, gelation in dimethylacetamide so-
lutions occurs with decreasing temperature.

(2) The gelation mechanism in the system methyl
cellulose3dimethylacetamide was studied for the first
time. Gelation is accompaied by separation into a new
phase of partially substituted (and possibly unsubsti-
tuted) units, followed by their crystallization. Forma-
tion of thermally reversible gels is not accompanied
by noticeable turbidization of solutions of methyl
cellulose in dimethylacetamide.

(3) Preliminary gelation enhances the strength and
elasticity of methyl cellulose films prepared in both
the systems studied, which is due to a dual effect of
gelation on the formation of the supramolecular struc-
ture of the films.
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Abstract-The refractive indices, transmission coefficients, and other service characteristics of binary and
amine-cured mixtures epoxy oligomer3glycidyl esters of phosphorus acids, proposed as optical adhesives,
were measured.

Development of new polymeric optical materials,
including adhesives, is an urgent problem [1]. Optical
adhesives must meet specific requirements [2]: they
must be highly transparent and colorless in the re-
quired wavelength range, their refractive index must
fall in a definite range, the optical properties must
be preserved in the working temperature range; these
materials must also exhibit acceptable viscosity, high
strength of adhesive joints, etc. Among the versatile
adhesives are epoxy adhesives (EAs) ensuring en-
hanced mechanical strength of adhesive joints of op-
tical parts [3].

Polymers with refractive index adjustable in a wide
range can be prepared by copolymerization of two
monomers with differentnD

20 [4]. In the case of epoxy
polymers (EPs), this is possible owing to the use of
active diluents: epichlorohydrin (OK-50) and phenyl
glycidyl ether (OK-72FT5, OK-72FT15) [2]. These
adhesives exhibit low viscosity, high transmittance
(99% at l = 40032700 nm), and high frost resis-
tance. However, these formulations also have certain
drawbacks: poor physicomechanical characteristics
and very narrow range of refractive index variation
(1.57831.582). The authors of [5] proposed an optical
adhesive withnD

20 1.49331.501, consisting of ED-20
epoxy34,4̀-isopropylidenediphenol resin modified
with silanol SEDM-3, condensation product of 1,1-
dihydroxymethyl-3-cyclohexane with epichlorohydrin,
UP-650D agent, and diglycidyl camphorate. As a cur-
ing agent was used a mixture of 1,3-bis(aminoalkyl)-
adamantane and the product of the reaction of butyl
glycidyl ether with an equimolar amount of adaman-
tanediamine. Apparent drawbacks of this compound

are the multicomponent formula, complex prepara-
tion procedure, difficult availability of some compo-
nents, and relatively narrow range of variation of the
refractive index.

It was shown previously [6] that glycidyl esters of
phosphorus acids (GEPs) are effective modifiers of
epoxy oligomers (EOs), enhancing the heat and fire
resistance and mechanical strength of epoxy polymers.
At the same time, the refractive indices of GEPs and
EOs differ significantly. Therefore, we examined in
this work the possibility of preparing optical adhe-
sives from epoxy polymers modified with GEPs.

EXPERIMENTAL

As investigation objects we chose ED-20 epoxy3
4,4̀-isopropylidenediphenol oligomer [GOST (State
Standard) 10587384]; curing agents diethylenetriam-
ine (DETA) and monocyanoethyldiethylenetriamine
(UP-0633M); and glycidyl esters of phosphorus acids

RP(O)(OCH2ÄCHÄCH2)2
eOi

of the general formula

where R = ÄOCH2ÄCHÄCH2
eOi

[triglycidyl phosphate

(I )], 3OCH3 [diglycidyl methyl phosphate (II )], and
3CH3 [diglycidyl methylphosphonate (III )]. The
synthesis and properties of GEPs are described else-
where [7].

The compounds were prepared by mixing ED-20
epoxy oligomer with various amounts of GEP and
then adding a stoichiometric amount of the curing
agent. The refractive indexnD

20 was determined
by the interference method [8] using IRF-22 and
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Fig. 1. Transmission spectrum of cured samples based on
ED-203UP-0833M3III compounds: (T) transmission and
(l) wavelength. Content ofIII , wt %: (1) 0, (2) 20, and (3) 30.

IRM-1 devices for liquid and cured samples, respec-
tively.

The electronic spectra of oligomeric samples (in
quartz cells of varied thickness) and cured polymers
(as >10-mm-thick films) were recorded on an SF-26
spectrophotometer relative to air in the range 2003
1000 nm.

Figure 1 shows the transmittance of cured com-
pounds modified withIII . It is seen that, on adding
GEP, the transmission range of the compound is ex-
tended toward shorter wavelengths, and the transmit-
tance increases in the entire wavelength range.

It is known [9] that the refractive indexnD
20 of

optical materials can be adjusted by using glycidyl
ethers or esters with appropriate refractive indices.
For example,nD

20 can be reduced by adding butyl
glycidyl ether (nD

20 = 1.417), butanediol diglycidyl
ether (nD

20 = 1.459), etc. The refractive indices of
the chosen glycidyl esters of phosphorus acids fall in
the same range. Figure 2 shows the refractive index of
EO3GEP mixtures as a function of the mixture com-
position. The virtually linear dependence ofnD

20 on
CGEP allows fairly accurate prediction of the refractive
index of the obtained polymers. The refractive indices
of cured ED-203GEP3DETA compounds are listed in
Table 1. The refractive indices of the cross-linked
samples were calculated using the approach suggested
in [10, 11] and based on the Lorentz3Lorenz equation,
on the additive principle of determination of the mo-
lecular refraction and the volume of the repeating
fragment of the epoxy polymer network, and on the
assumption that the molecular packing coefficientk
is constant. However, calculation ofk by the rela-
tion proposed in [12] showed that this coefficient may
vary with the GEP content. The calculated values of
the molecular packing coefficientk and refractive

Fig. 2. Refractive index nD
20 of ED-203GEP mixtures

vs. the GEP mole fraction. GEP: (1) III , (2) I , and
(3) II .

index of epoxy polymers with varied GEP content
are given in Table 2. As seen, the measured and cal-
culated values ofnD

20 virtually coincide. Thus, by
varying the GEP content, it is possible to adjust
the refractive indices of optical epoxy adhesives.

Table 1. Optical characteristics of epoxy polymers based
on ED-203GEP3DETA compounds
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

Composition, wt % ³
nD

20
³

A*ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ´ ³
ED-20 ³ III ³ II ³ I ³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
100 ³ 3 ³ 3 ³ 3 ³ 1.574 ³ 97
95 ³ 5 ³ 3 ³ 3 ³ 1.572 ³ 98
91 ³ 9 ³ 3 ³ 3 ³ 1.570 ³ 99
67 ³ 33 ³ 3 ³ 3 ³ 1.551 ³ 99
50 ³ 50 ³ 3 ³ 3 ³ 1.535 ³ 99
33.3 ³ 66.7 ³ 3 ³ 3 ³ 1.517 ³ 99
9 ³ 91 ³ 3 ³ 3 ³ 1.509 ³ 99
0 ³ 100 ³ 3 ³ 3 ³ 1.499 ³ 99

95 ³ 3 ³ 5 ³ 3 ³ 1.570 ³ 98
91 ³ 3 ³ 9 ³ 3 ³ 1.567 ³ 99
67 ³ 3 ³ 33 ³ 3 ³ 1.549 ³ 99
50 ³ 3 ³ 50 ³ 3 ³ 1.530 ³ 99
33.3 ³ 3 ³ 66.7 ³ 3 ³ 1.513 ³ 99
9 ³ 3 ³ 91 ³ 3 ³ 1.501 ³ 99
0 ³ 3 ³ 100 ³ 3 ³ 1.491 ³ 99

95 ³ 3 ³ 3 ³ 5 ³ 1.571 ³ 98
91 ³ 3 ³ 3 ³ 9 ³ 1.569 ³ 99
67 ³ 3 ³ 3 ³ 33 ³ 1.552 ³ 99
50 ³ 3 ³ 3 ³ 50 ³ 1.533 ³ 99
33.3 ³ 3 ³ 3 ³ 66.7³ 1.515 ³ 99
9 ³ 3 ³ 3 ³ 91 ³ 1.506 ³ 99
0 ³ 3 ³ 3 ³ 100 ³ 1.497 ³ 99

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* (A) Spectral transmission coefficient of the adhesive layer

at l = 40031000 nm.
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Table 2. Calculated molecular packing coefficients and refractive indicesnD
20 of EPs prepared from ED-203GEP3DETA

compounds
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

³ I ³ II ³ III º ³ I ³ II ³ III
ÃÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄ¶ ÃÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄ
³ k ³ nD

20 ³ k ³ nD
20 ³ k ³ nD

20 º ³ k ³ nD
20 ³ k ³ nD

20 ³ k ³ nD
20

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
0 ³ 0.701³ 1.574³ 0.701³ 1.574³ 0.701³1.574 º 0.3 ³ 0.708³ 1.551³ 0.702³ 1.548³ 0.702³1.550
0.1 ³ 0.701³ 1.566³ 0.701³ 1.565³ 0.701³1.566 º 0.8 ³ 0.713³ 1.514³ 0.704³ 1.507³ 0.703³1.511
0.15 ³ 0.701³ 1.562³ 0.701³ 1.560³ 0.701³1.561 º 0.9 ³ 0.716³ 1.506³ 0.706³ 1.499³ 0.702³1.503
0.2 ³ 0.703³ 1.558³ 0.701³ 1.556³ 0.701³1.557 º 1 ³ 0.703³ 1.499³ 0.706³ 1.491³ 0.702³1.497

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* Without considering curing agent.

Table 3. Properties of optical adhesives based on ED-203GEP3UP-0633M compounds
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Composition, wt % ³
nD

20
³

X,* MPa
º Composition, wt % ³

nD
20

³
X,* MPaÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ ÇÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ´ ³

ED-20 ³ I ³ II ³ III ³ ³ º ED-20 ³ I ³ II ³ III ³ ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

4.8 ³ 0.1 ³ 95.1 ³ 3 ³ 1.490 ³ 34.8 º 49.5 ³ 0.99 ³ 49.5 ³ 3 ³ 1.530 ³ 32.7
4.8 ³ 0.1 ³ 3 ³ 95.1 ³ 1.499 ³ 33.1 º 100 ³ 9.1 ³ 30.3 ³ 3 ³ 1.544 ³ 36.0
9.1 ³ 0.2 ³ 90.7 ³ 3 ³ 1.501 ³ 34.2 º 100 ³ 1.3 ³ 3 ³ 32.9 ³ 1.551 ³ 31.0

16.3 ³ 2.4 ³ 81.3 ³ 3 ³ 1.505 ³ 36.1 º 100 ³ 1.9 ³ 3 ³ 2.9 ³ 1.572 ³ 30.1
9.1 ³ 0.2 ³ 3 ³ 90.7 ³ 1.509 ³ 32.7 º 100 ³ 1.9 ³ 3 ³ 1.9 ³ 1.573 ³ 30.0

16.6 ³ 0.3 ³ 3 ³ 83.1 ³ 1.512 ³ 32.2 º ³ ³ ³ ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* (X) Adhesion strength for the sapphire3sapphire joint.

Table 4. Service properties of various optical adhesives based on epoxy34,4̀-isopropylidenediphenol oligomers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Developed ³ Known optical adhesives
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄParameter ³ optical ³
³ adhesive [13]³ [5] ³ OK-72FT5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Transmission coefficient in the wavelength range 40032700 nm, % ³ 99 ³ 98 ³ 99
Refractive indexnD

20, 20oC ³ 1.49031.573 ³ 1.49331.501 ³ 1.55331.557
Heat resistance of the adhesive layer (oC) no lower than ³ 150 ³ 150 ³ 140
Frost resistance of the adhesive layer (oC) no higher than ³ 3170 ³ 3170 ³ 3170
Adhesive strength for a sapphire3sapphire joint (MPa) no less than³ 30 ³ 30 ³ 9.8
Moisture resistance (%) without failure of adhesive layer at ³ 56 ³ 56 ³ 70
40oC and 98% relative humidity, no less than ³ ³ ³
Thermal shock resistance in the range from +60 to360oC, number ³ 100 ³ 100 ³ 65
of cycles, no less than ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

When developing an optical adhesive, we took
into account preliminary data on physicomechanical
properties of GEP-modified EPs, according to which
the high mechanical strength of the cured com-
pounds is due to the presence of the trifunctional
modifier I , and the required elasticity, to the pres-
ence of diglycidyl estersII and III . Therefore,
to attain the best characteristics, we added simul-
taneously in various ratios two modifiers differ-
ing in functionality. Some properties of cured ad-
hesives and formulas of compounds in the system
ED-203GEP3UP-0633M are given as example in
Table 3.

Comparative analysis of the properties of known
optical adhesives with those of the developed com-
pounds [13] reveals advantages of the new formula-
tions. The main distinctive feature of GEP-containing
adhesives is the possibility of varying the refractive
index in a relatively wide range, between 1.490 and
1.573. This was achieved by varying the ratio of
modifiers with different refractive indices. The devel-
oped compounds show relatively low initial viscosity
(0.0532.1 Pa s) and satisfactory working life (303
40 min). Also, these GEP-containing adhesives ex-
hibit high heat and fire resistance characteristic of
phosphorus-containing polymers [6].



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

OPTICAL ADHESIVES BASED ON PHOSPHORUS-CONTAINING EPOXY POLYMERS 1367

CONCLUSION

Optical adhesives were developed on the basis of
epoxy oligomer3glycidyl esters of phosphorus acids3
amine compounds, with the refractive index adjustable
in a wide range. The materials exhibit high transmit-
tance, resistance to heating and thermal shock, and
adhesion strength.
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Abstract-The influence of low- and highly oxidized atactic polypropylene on the properties of paving
and building bitumens was studied experimentally. The possibilities of commercial production of bitumen3

polymer binders are discussed.

Bitumen materials used in building are mainly pro-
duced at Russian enterprises by deep oxidative dehy-
drogenation of vacuum residue with atmospheric
oxygen. As estimated by specialists of Russian and
foreign companies using bitumens in building, oxi-
dized bitumens have low viscosity and insufficient
deformability and resistance to oxidative aging; al-
though such bitumens show better frost resistance, re-
sidual bitumens are, on the whole, preferable. It has
been shown experimentally that the quality of paving
bitumens prepared by the oxidation process leaves
much to be desired, and the longevity of roads built
with such bitumens is apparently insufficient [1].
The major line of research aimed at prolonging the
service life of articles is to modify the properties of
bitumen binders with the aim to increase their deform-
ability and heat resistance, enhance the resistance to
aging and cracking, and improve adhesion properties
with respect to polar mineral fillers. The last prop-
erty is of particular importance, since, according to the
strength theory, the failure of all composite materials
starts at the binder3filler interface. Enhancement of
the adhesion strength of bitumen binders with fillers
prolongs the service life of composite materials and
articles thereof. Highly filled bitumen composites con-
taining up to 95% inorganic fillers (e.g., asphalt con-
cretes) should be prepared using special dressing addi-
tives enhancing the adhesion of the binder to the filler.
The use of low-molecular-weight dressings is undesir-
able because of their tendency toward gradual diffu-
sion to the article surface, followed by evaporation
and washout with water [2].

As reported previously [3], bitumen3polymer bind-
ers (BPBs) containing oxidized atactic polypropylene
(APP) exhibit enhanced resistance to thermal oxida-

tive aging. Bitumens prepared by oxidation of vacuum
residue contain graphitic crystalline structures with
conduction electrons detected by ESR spectroscopy
[4]. There is a direct correlation between the concen-
tration of conduction electrons and the rate of thermal
oxidative aging of bitumen binders. Addition of a
small amount of oxidized APP (about 2.0%) results in
disappearance of the conduction electrons (as judged
from the ESR spectra), and articles prepared from
such bitumen3polymer binders have a prolonged ser-
vice life.

In this work we examined the effect of oxidized
APP on the structure and physicomechanical and
adhesion properties of bitumen binders.

EXPERIMENTAL

Atactic polypropylene (Tomsk Petrochemical Plant,
Joint-Stock Company) was oxidized by bubbling of
atmospheric oxygen through a polymer melt at 180
and 250oC for 2 and 6 h. Low- and highly oxidized
APP was prepared. The oxidation procedure and the
structure and properties of the resulting polymers are
described elsewhere [5]. The moisture absorption of
oxidized APP was determined gravimetrically from
the weight gain of the polymer kept in water for 72 h.
In our work, we used paving and building bitumens
[Achinsk Oil Refinery, GOSTs (State Standards)
22245390 and 6617390] prepared by high-tempera-
ture oxidation of vacuum residues of commercial
West-Siberian oil. Bitumen3polymer compounds were
prepared in a heated metallic reactor equipped with a
stirrer and a temperature-control unit. The polymer
was added to the bitumen melt at 140oC, and the
mixture was stirred at this temperature for 40 min.
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Oxidized APP completely dissolved in bitumen within
15 min, whereas the initial APP dissolved onlypar-
tially because of the increased molecular weight and
the presence of isotactic fraction as impurity. To
record the IR spectra ofBPBs, compounds werepre-
pared without heating, by mixing at 20oC benzene
solutions of bitumen and polymer of known concen-
trations. The IR spectra were measured on an Impact
410 Nicolet Fourier spectrometer by the multiple at-
tenuated total internal reflection technique on a zinc
selenide crystal [6]. Benzene solutions of BPB were
applied to a crystal which was then kept in a desic-
cator under vacuum for 48 h until the solvent evap-
orated completely. Melts were applied to a crystal as
films at 20oC and then kept for 48 h at room tempera-
ture. The measurement conditions were as follows:
number of scans 36, resolution 4 cm31, amplifica-
tion 4, scan frequency 0.6329, aperture 35, DTGS KBr
detector, scanning range 40003650 cm31. The optical
density of IR absorption bands was determned from
the ratio of the integral intensity of these bands to that
of the C3H bending vibrations band at 1375 cm31.

The physicomechanical properties of BPBs were
determined by standard procedures according to
GOST 22245390; the resistance of BPBs to thermal
oxidative aging was evaluated from variation of the
softening point of the binder after heating in a ther-
mal chamber a 2-mm layer of its melt for 5 and 10 h
[2, 7]. The heat resistance of BPBs wascharacterized
by their softening point which corresponds to the
upper limit of their working temperature. The adhe-
sion of BPB to concrete and steel at normal break
was determined with mushroom-shaped devices at ad-
hesive layer thickness of 30345 mm [8]. The ultimate
adhesion strength was determined with an Instron
1122 tensile-testing machine at a clamp velocity of
10 mm min31. The dynamic viscosity of BPB melts
was measured at 603200oC with a Rheotest-2 rotary
viscometer equipped with a temperature-control unit.
Bitumen3polymer binders containing 3.035.0% poly-
mer were used for preparing asphalt concrete of the
following composition (wt %): crushed stone (53
10 mm fraction) 33.0, siftings (<5 mm fraction) 18.9,
sand (<5 mm fraction) 23.5, fine mineral powder 18.9,
and BPB based on BND 90/130 bitumen 5.7. Asphalt
concrete compounds were prepared at 1203130oC,
which corresponds to the conditions of the industrial
process. The physicomechanical and strength proper-
ties of asphalt concrete compounds were determined
on standard equipment according to GOST 9128384.

Appearance of polar carbonyl and hydroxy groups
does not affect the water resistance of oxidizedAPP,
since the water absorption is the same for the initial

Fig. 1. Ultimate adhesion strengthsa vs. the polymer
contentCp. Support: (133) concrete and (4) St.3 steel.
BPB: (133) BND 90/130 bitumen + APP, highly oxidized
APP, and low-oxidized APP, respectively; (4) BN 70/30
bitumen + low-oxidized APP.

and oxidized polymers. Oxidized APP is readily com-
patible in the melt with the bitumens of the examined
grades. No additional dissolution of the polymer in oil
cuts of petroleum is required, which simplifies the
process, reduces the cost ofBPB, decreases the fire
hazard, and improves the service properties ofBPB.
In the course of prolonged storage (3 years) at temper-
atures ranging from330 to +50oC, BPBs undergo
no cracking or separation into ingredients.

With increasing concentration of the polymer, the
adhesion power of BPB (Fig. 1) is considerably en-
hanced, reaching a maximum in the polymer content
range 4.036.0 wt %. Compounds containing oxi-
dized APP exhibit higher adhesion to polar materials,
which is due to chemical interactions of hydroxy
groups of the polymer with carboxy groups of the
asphaltogenic acids of bitumens, probably to give
esters.

The IR spectra ofBPBs,compared with the initial
bitumen, contain two new bands peaked at 3280 and
1696 cm31 (Table 1). The relative intensity of the
broad band at 3280 cm31 grows with increasing poly-
mer concentration, which confirms the formation of
hydrogen bonds between the hydroxy group of oxi-
dized APP and carbonyl group of acids or esters.
The stretching vibration band at 1696 cm31 associated
with the carbonyl group of the polymer, conjugated
with the olefin double bond, is observed in BPB con-
taining APP, suggesting slight oxidation of the poly-
mer in the course of compounding in air. Cross-link-
ing of BPB is accompanied by increase in strength,
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Fig. 2. Softening point Ts vs. polymer contentCp.
BPB: (1, 2) BND 60/90 bitumen + APP or highly ox-
idized APP, respectively; (3) BND 90/130 bitumen +
low-oxidized APP; and (4) BN 70/30 bitumen + low-
oxidized APP.

hardness, and melt viscosity and decrease in the
stretchability of BPB. Similarchanges in physico-
mechanical properties are observed in cross-linking of
rubbers and polyethylene with peroxy initiators [9],
which suggests that the features of BPB cross-linking
are similar. The softening point of BPB significantly

Table 1. Relative intensityI of absorption bands in the IR
spectra of BPBs
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Polymer ³ Polymer ³ I (rel.units) of band with
for ³ content ³ indicated maximum, cm31

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄbitumen ³ in BPB, ³
modification³ wt % ³ 3280 ³ 1696 ³ 1600
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
APP ³ 2.0 ³ 0.00 ³ 0.52 ³ 0.72

³ 4.0 ³ 0.01 ³ 0.53 ³ 0.65
³ 6.0 ³ 0.02 ³ 0.50 ³ 0.51
³ 10.0 ³ 0.04 ³ 0.32 ³ 0.42

Low- ³ 2.0 ³ 0.02 ³ 0.59 ³ 2.11
oxidized ³ 4.0 ³ 0.04 ³ 0.53 ³ 1.97
APP ³ 6.0 ³ 0.09 ³ 0.52 ³ 1.75

³ 10.0 ³ 0.11 ³ 0.26 ³ 0.75
Highly ³ 2.0 ³ 0.01 ³ 0.55 ³ 1.48
oxidized ³ 4.0 ³ 0.02 ³ 0.56 ³ 1.33
APP ³ 6.0 ³ 0.06 ³ 0.32 ³ 1.18

³ 10.0 ³ 0.07 ³ 0.31 ³ 0.55
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Fig. 3. Depth of needle penetration P at (134, 6) 25 and
(5, 739) 0oC vs. the polymer contentCp. BPB: (1, 5) BND
90/130 bitumen + low-oxidized APP; (2, 7) BND 60/90
bitumen + APP; (3, 8) BND 60/90 bitumen + low-oxidized
APP; (4, 9) BND 60/90 bitumen + highly oxidized APP;
and (6) BN 70/30 bitumen + low-oxidized APP.

deviates from the additive value calculated from the
formula without taking into account the chemical in-
teraction of oxidized APP with bitumen components
(Fig. 2). Increased softening points ofBPBs (i.e., their
higher heat resistance) are especially important for use
of these compounds in roofings and asphalt concretes,
since in summer these materials warm up above
the softening point of bitumen. Unoxidized APP has
a Fraas brittle point of315oC; therefore, addition
of more than 2.0% polymer increases the brittle
point of BPB. For example, a BPB compoundcon-
taining 95.0% BND 90/130 bitumen and 5.0% low-
oxidized APP has a brittle point of315oC, which is
2oC higher than the prescribed level. The plasticity
range of BPB, increases compared with the initial
bitumen, by 15oC.

The cross-linking effect of oxidized APP decreases
the penetration (P) of BPB. Changes in thisparameter
for compounds prepared from paving bitumens are
more significant than those compounds prepared from
building bitumens (Fig. 3, curve6). Highly oxidized
APP with high content of functional groups in the
macromolecule exerts a stronger effect on the BPB
penetration owing to chemical interaction of the in-
gredients in the course of compounding. The P0/P25
ratio characterizing the heat resistance of the binder
first slightly decreases and then, on adding 4.0% po-
lymer and more, starts to rapidly increase. The most



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

INFLUENCE OF THE PRODUCTS OF CHEMICAL MODIFICATION 1371

sensitive parameter, strongly depending on the content
of the polymer in BPB, is the stretchability (Fig. 4),
which decreases particularly sharply at 25oC. The use
of low-oxidized APP in BPB has virtually no effect
on the dynamic viscosity of the binder at temperatures
used in industry (1203140oC) for preparing hot asphalt
concretes (Fig. 5). Owing to a considerable increase
in the BPB viscosity at service temperatures below
100oC, diffusion syneresis is decelerated, and the aging
of bitumens is inhibited. The resistance to thermal
oxidative degradation of BPB containing 3.035.0 wt %
low-oxidized APP increases as compared with the in-
itial bitumen by more than a factor of 2, which may
be due to chemical interaction ofa,b-unsaturated con-
jugated keto group of the polymer with paramagnetic
polyconjugated structural fragments of asphaltenes,
carbenes, and carboids in bitumens. Conjugated po-
lymeric a,b-unsaturated ketones are active dienophiles
in the Diels3Alder reaction, and linearly and peri-an-
nelated polycyclic compounds ofbitumens (anthracene,
dibenzanthracene, tetracene,3,4-benzotetracene, penta-
phene, perylene, benzanthrene, and their heterocyclic
analogs) readily react as dienes at elevated tempera-
tures [10]. As a result of cycloaddition, the size of the
polyconjugated structural fragments decreases, which
is manifested in the ESR spectra as disappearance of
signals from conduction electrons in BPBs modified
with oxidized APP (P is a polymeric radical).
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In view of the high reactivity of oxidized APP to-
ward polyconjugated systems, further progress of the
Diels3Alder reaction is possible. The adduct of pery-
lene with oxidized APP contains three dienophilic
double bonds that are not involved in the aromatic
system; they can enter a dominoes-type reaction [11]
which occurs between the surface layers of colloidal
bitumen particles containing conduction electrons and
leads to breakdown of the polyconjugated structural
fragments [12]. Distortion of the conjugated chain is
accompanied by disappearance of the signals from

Fig. 4. Stretchability of BPB at 25oC, P25, vs. the polymer
content Cp. BPB: (133) BND 60/90 bitumen + highly
oxidized, low-oxidized, and initial APP, respectively;
(4, 5) low-oxidized APP + BN 70/30 and BND 90/130
bitumens, respectively.

Fig. 5. Dynamic viscosityh of BPB with low-oxidized APP
vs. temperatureT. Bitumen3polymer binder with 5 wt %
polymer + bitumen: (1, 4) BND 90/130, (2, 5) BND 60/90,
and (3, 6) BN 70/30.

conduction electrons in the ESR spectra, which is
experimentally shown in [3]. The proposed mechan-
ism of reaction of oxidized APP with some bitumen
components is confirmed by the IR spectra (Table 1).
The relative intensity of the vibration band of the
conjugated carbonyl group at 1696 cm31 gradually
decreases in all the samples, whereas a new band of
the nonconjugated carbonyl group appears at about
1712 cm31 with increasing amount of the polymer in
BPB, which is consistent with the suggestedreaction
pattern. The decrease in the intensity of the 1600 cm31

band is due to shortening of the conjugation chain in-
volving aromatic structures. It should be noted that
oxidized APP is a more effective bitumen modifier
than the initial APP. In BPBs containing oxidized
APP, the relative intensity of the 1600 cm31 band
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Table 2. Composition and properties of hot asphalt3concrete compounds*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ APP content in BPB, % ³ BND
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´Parameter ³ ³ 90/130
³ 3.0** ³ 5.0** ³ 3.0 ³ bitumen

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Water saturation, % ³ 2.6 ³ 2.4 ³ 3.5 ³ 3.8
Swelling, vol % ³ 0.30 ³ 0.30 ³ 0.65 ³ 0.90
Ultimate compression strength, MPa, at temperature,oC: ³ ³ ³ ³

50 ³ 1.1 ³ 1.1 ³ 1.0 ³ 1.0
20 ³ 4.5 ³ 4.6 ³ 3.8 ³ 3.5
20 (after water saturation) ³ 4.4 ³ 4.5 ³ 3.5 ³ 3.1
0 ³ 8.3 ³ 8.5 ³ 9.7 ³ 10.0

Temperature sensitivity coefficient ³ 7.5 ³ 7.7 ³ 9.7 ³ 10.0
Water resistance factor ³ 0.98 ³ 0.98 ³ 0.92 ³ 0.88
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* All samples show adhesion of the binder to the mineral fraction; mean density 2.3 g cm33, porosity of the mineral fraction

18.0 vol %, residual porosity 5.0 vol %.
** Low-oxidized APP.

decreases by a factor of 2.8, and in those containing
the initial APP, by afactor of 1.7. Similar changes
are observed with the bands at 1696 and 3280 cm31.
The proposed mechanism of chemical interaction,
though being a matter of discussion, accounts for
plains the modifying effect of oxidized APP in bitu-
mens prepared by oxidation of vacuum residue. Oxi-
dized APP stabilizes the colloidal structure of bitu-
mens and simultaneously inhibits BPB aging. Under
service conditions, the thermal oxidative aging of
bitumen and that of APP occur in opposite directions.
Chemical transformations of bitumens involve forma-
tion of more condensed molecules and low-molecular-
weight substances [2], whereas APP macromolecules
are gradually oxidized under these conditions and
undergo degradation to give macromolecules of lower
molecular weight [5], reacting with polyconjugated
bitumen structures.

The properties of hot asphalt concrete compounds
are listed in Table 2. Asphalt concrete compounds
with low-oxidized APP exhibit lower water saturation,
lower swelling in water, enhanced strength at 20
and 50oC, and high water resistance factor. A de-
crease in the temperature sensitivity coefficient en-
hances the deformation resistance of road pavements
in seasonal variations of the ambient temperature, and
the low strength level at 0oC suggests enhanced crack
resistance of asphalt concrete at low temperature.
Complex improvement of the properties of BPBs
modified with oxidized APP allows these materials
to be recommended for manufacture asphalt concretes
and roofing, corrosion-protecting and waterproofing
materials. Oxidized APP is readily compatible in

melts and solutions with styrene copolymers, poly-
ethylene, and polyisobutylene, which are widely used
for preparing BPBs.

CONCLUSIONS

(1) Oxidized atactic polypropylene is an effective
modifier of bitumens prepared by high-temperature
oxidation of vacuum residue.

(2) Bitumen3polymer binders containing 2.03
5.0 wt % oxidized atactic polypropylene exhibit en-
hanced resistance to thermal oxidative degradation
and aging and high levels of adhesion, hardness, and
heat resistance.

(3) A mechanism of reaction between oxidized
atactic polypropylene and polyconjugated polycyclic
bitumen compounds is proposed and confirmed by
spectroscopic studies.
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Abstract-Quantitative relationship between the structure of organic matter of coals and composition of
functional groups in semicoking tars, on the one hand, and the capability of coals for destructive hydrogena-
tion, on the other, was studied.

Long-term researchers’ efforts have led to consider-
able progress in the techniques for thermal trans-
formation of coals, but no processes economically
competitive with oil refining have been developed
[133]. This is largely due to the fact that the structure
of these natural polymers is extremely complex. The
reasons for high reactivity of coal on heating and for
thermal transformations of the coal substance are still
unclear [1].

Traditional combustion of coals for power genera-
tion [3], though remaining the major pathway of coal
utilization throughout the world in the first half
of the XXI century, is not already the major line in
modern coal chemistry [2, 3]. Much attention is given
to qualified processing of coals into carbon materials,
fuels, and chemical products, and also to environmen-
tal protection. Along with the traditional methods of
analysis of physical, chemical, and petrographic char-
acteristics of coals, study of their structure in rela-
tion to reactivity has become a separate research line.
These lines are prevailing in coal chemistry.

At present, there is a growing trend toward corre-
lating the high reactivity of coals with the presence
in their organic matter (OMC) of functional groups,
primarily oxygen-containing groups. It is known that
the content of oxygen in coals reaches 28% of OMC
[436]. Since the nitrogen content in brown coals, as
a rule, does not exceed 1%, its role is believed to be
secondary and is not taken into account in most cases.

The major fraction of oxygen in brown coals (from
60 to 95 [7] or from 70 to 95% [8]) is in the form

of reactive functional groups. However, a significant
part of oxygen (up to 47%) is in the so-called[unac-
counted for] form, i.e., in the form of functional
groups and heteroaromatic fragments that are inac-
cessible for determination by common coal-chemical
procedures [4, 7, 8].

The concentrations of various oxygen-containing
functional groups in brown coals vary widely. Ac-
cording to [9], the content of functional groups for
various deposits of the Kansk3Achinsk basin is as
follows (%): 3OH 5311, 3CO 3310, 3COOR 137, and
3COOH 133. No ethers were detected. In contrast,
according to [10], half of oxygen in the Borodinskoe
deposit occurs in carboxylic acid derivatives, includ-
ing 12+1% free acids and 13+3% calcium carbox-
ylate; from 1 to 13% of oxygen is in ethers. The es-
timate of the ester and lactone content (21+1%) co-
incides with that in [9]. The differences between data
of various authors are often due to different analytical
procedures.

Some researchers assess quite oppositely the in-
fluence of oxygen in coals on their transformation
into final products. The only fact that is beyond any
doubt is that both reactive oxygen-containing groups
in coals [11313] and oxygen in the unaccounted for
form [8311] affect the conversion of coals and the
quality of the resulting products. It has been shown
[8] that coals with identical main technical parameters
show varied reactivity in destructive hydrogenation
and that brown coals with increased content of ester
and acid groups are more reactive. Conversion of coal
in hydrogenation is the higher, the lower the content
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of the unaccounted for oxygen in its organic matter;
however, the amount of the forming liquid products
decreases in proportion [9]. It was found [11] that ox-
ygen in the cyclic structures makes higher the extent
of coal transformation into liquid products. The pos-
itive effect of OH [2, 14] and COOH [8, 9] groups on
the degree of destructive hydrogenation of coals has
been noted. The role of oxygen-containing compounds
in coals is significant. They can appreciably affect
the rate of coal transformations and, probably, de-
termine the pathways of the main reactions.

The majority of researchers assess qualitatively
the influence of particular oxygen-containing groups
on thermal transformation of coals. Experiments per-
formed under different conditions and with different
coal samples do not allow the data to be combined
and even particular oxygen-containing groups to be
ranked with respect to their significance in the course
of processing. It is impossible to construct quantita-
tive correlations on the basis of these data.

Platonovet al. [15321] made an attempt to assess
the diversity of structural features of the OMC carbon
skeleton and, in particular, of functional groups, us-
ing a large dataset and similar analytical procedures,
with the aim of constructing quantitative relation-
ships between the concentrations of particular types of
OMC fragments and functional groups and elucidating
their correlation with the degree of destructive hydro-
genation of coal. Using IR, UV, and NMR spectros-
copies, cryoscopy, elemental, quantitative chemical,
and structural-group analyses, and capillary GLC, Pla-
tonov et al. elucidated the structure of a large number
of compounds isolated from OMC [19321] and ob-
tained partial and general linear correlations between
the degree of destructive hydrogenation and chemical
composition of OMC [19].

The problem was solved in [19] in two steps. First,
using data on the group chemical composition and de-
gree of destructive hydrogenation for 27 representative
samples taken from various mines, sections, and open
pits of the Near-Moscow Coal Fields, for which these
characteristics varied widely, Platonovet al. obtained
separate linear correlations for each parameter (here-
inafter, factor) and degree of OMC destructive hy-
drogenation [20]. Then, the partial dependences were
used to evaluate the influence of the whole set of fac-
tors on the degree of OMC destructive hydrogenation.

The quantitative results obtained in [19] are contra-
dictory. For example, for the effect of phenol ethers
on the yield of liquid products both positive (9) and
negative (30.02) coefficients were obtained.A similar
pattern is observed with the other factors. Therefore,

it is necessary to additionally consider the available
large body of experimental data and make substanti-
ated conclusions.

For clearer presentation, let us introduce vector and
matrix notations. VectorY denotes the first column
of Table 1 in [19], namely, the experimental degrees
of destructive hydrogenation of coal, wt %. The vector
consists of 27 componentsY = (87.4, ..., 21.0)m. Ma-
trix X denotes the factor concentrations in the coals
under consideration,X 0 102, wt % (Table 1 in [19])
Matrix X has 27 rows and 28 columns. In [20], Pla-
tonov et al. chose for the polydimensional linear re-
gression problem the model (1) describing the yield
of the products of destructive hydrogenationY as
a function of factors:

XA = Y. (1)

The solution of the problem consists in finding an
unknown vectorA with 28 components and satisfying
the system of linear equations (1). In our case, Eq. (1)
has a set of solutions of the form

A = A0 + tA1, (2)

where 28-dimensional vectorsA0 and A1 are as fol-
lows:

A0 = (30.3144,30.0435, 13.4250, 0.1931,31.2474, 2.4186,
4.7132, 0.6225,31.2095, 311.8149, 7.6594,32.1403,
35.3642, 311.4610, 0.7710,30.2677, 31.2562, 31.1687,
8.6950, 360.5206, 36.8589, 313.6322, 0.1812, 0.3123,

13.6757, 5.3166, 22.7809, 0.0000)t,

A1 = (0.1059, 0.1133,31.0495,30.0636, 0.0676,30.1589,
30.4069, 0.1583,30.0255, 0.7972,30.5951, 0.3133, 0.3901,
0.7299,30.0114, 0.0380, 0.1198, 0.0935,30.4078, 5.6846,
0.0764, 31.7826, 30.0108, 30.1558, 30.1352, 30.4925,

32.9380, 1.0000)t,

where t is any real number,3i < t < +i.

In a geometric representation, expression (2) sets
a straight line in a 28-dimensional space. Each solu-
tion of system (1) is a point lying on straight line (2),
and, vice versa, each point of straight line (2) is a so-
lution of system (1). It is, however, unclear what so-
lution from the set of possible solutions should be
taken for practical use. It has been proved in the eval-
uation theory that the best solution in such cases is
that obtained with the Moore3Penrose pseudo-inverse
matrix [22].

Since the set of coefficients given in the regression
equation in [19] has not been obtained with the pseu-
do-inverse matrix and, furthermore, it does not belong
to solution (2), we determined the distance in a 28-
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dimensional Euclidean space between the point with
the coordinates equal to the set of coefficients in [19]
and straight line (2). The square of this distance is
385.6, which by no means can be attributed to coef-
ficient rounding in the regression equations. There-
fore, the polydimensional regression equation ob-
tained in [19] does not correspond to the initial data,
and its use, in contrast to the authors’ viewpoint,
cannot be useful for optimizing the industrial pro-
cess.

Data in [19] show that the factors (typical frag-
ments and functional groups of OMC) affect the in-
dustrial process to varied extent, with only some of
the factors exerting significant influence on the tar-
get quantity and the others being less significantly.
The problem is to reveal and identify, using appro-
priate methods, the significant, dominating factors
against the[noise] of the other factors.

To solve this problem, we first found the mean
values of the yield of destructive hydrogenation prod-
ucts

-

Y and the factors
-

X by the formulas

Y = ÄÄ S Yi and Xj = ÄÄ S Xi, j, j = 1, 2, _, 28.
1 1
27 27

27

i = 1

27

i = 1

c c

Y = ÄÄ S Yi and Xj = ÄÄ S Xi, j, j = 1, 2, _, 28.
1 1
27 27

27

i = 1

27

i = 1

c c

In the next calculation step, we determined de-
viations of the yields from the mean value and
normalized deviations from the mean values of fac-
tors

Y = Y 3 YE, X = [X 3 Idiag(Xj)]diag(1/Dj),
~ 3 ~ 3
Y = Y 3 YE, X = [X 3 Idiag(Xj)]diag(1/Dj),
~ 3 ~ 3

whereE is a 27-dimensional unit vector;I is a 270 28
matrix consisting of unities; diag(

-

Xj) is a 280 28
diagonal matrix in which the jth element on the diag-
onal is equal to

-

Xj;

Dj = Ä (maxXi, j 3 minXi, j).
1
2

Dj = Ä (maxXi, j 3 minXi, j).
1
2

Then we found the vector of coefficientsA as a
pseudosolution to the system

XA = Y,
~ ~
XA = Y,
~ ~

i.e., A =
~
X+~Y, where

~
X+ is the pseudo-inverse matrix

to the matrix.

It should be noted that system (3) describes varia-
tion of the yield of coal destructive hydrogenation in
the vicinity of mean values, variations of the factors
are dimensionless, and the range of variation of each
factor is close to (31, 1). This procedure is extremely
useful, since it becomes possible to directly compare
the effect of various factors as dimensionless quan-
tities on the yield of liquid products in destructive
hydrogenation of coal.

The dimensionless valuesa of the coordinates of
the vector of coefficientsA obtained by solution of
system (3) are listed in the table. For comparison, we

Calculated regression coefficientsa, their rms deviations da, and absolute values of the ratios da/³a³
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
Factor³ Group of compounds ³

a [19]
³

a
ºFactor³ Group of compounds ³

a [19]
³

a
no. ³ [19] ³ ³ º no. ³ [19] ³ ³
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

1 ³Dihydric phenols ³ 1.9 ³ 14.78 º 17 ³Terpenes ³ 0.4 ³ 5.93
2 ³Trihydric phenols ³ 0.8 ³ 3.53 º 18 ³Tri- and polycyclic aromatic ³ 30.4 ³ 34.21
3 ³Phenol ethers ³30.02 ³ 1.56 º ³hydrocarbons ³ ³
4 ³ Indanols ³31.4 ³ 32.94 º 19 ³Asphaltenes ³ 4.0 ³ 10.98
5 ³Cresols ³30.3 ³ 32.53 º 20 ³Benzene3ethanol extract ³ 10.8 ³ 4.71
6 ³Xylenols ³ 0.3 ³ 2.31 º 21 ³Humic acids ³ 36.0 ³ 315.48
7 ³Alicyclic ketones ³ 1.5 ³ 1.96 º 22 ³Organic sulfur in asphaltenes ³ 354.5 ³ 33.62
8 ³Esters ³ 3.9 ³ 5.17 º 23 ³Organic sulfur in benzene3 ³ 0.1 ³ 30.34
9 ³Benzofurans ³31.7 ³ 33.53 º ³ethanol extract ³ ³

10 ³Dibenzofurans ³33.4 ³ 37.17 º 24 ³Phenolic groups of humic ³ 35.0 ³ 36.22
11 ³Lactones ³ 0.3 ³ 1.3 º ³acids ³ ³
12 ³Organosulfur compounds ³ 4.87 ³ 15.05 º 25 ³Quinoid groups of humic acids³ 13.2 ³ 21.35
13 ³Terpene derivatives ³30.3 ³ 0.016º 26 ³Carboxy groups of humic acids³ 2.1 ³ 31.41
14 ³Metal porphyrins ³32.7 ³ 310.26 º 27 ³Keto groups of humic acids ³ 315.5 ³ 312.40

³ ³ ³ ÇÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ15 ³Cycloalkanes ³ 0.5 ³ 9.29 º ³ ³ ³
16 ³Hydroaromatic hydrocarbons ³ 0.1 ³ 1.01 º 28 ³ Iodine number ³ 19.1 ³ 16.40

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
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Table. (Contd.)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Factor no.³ a1 ³ da1 ³ da1/³a1³ ³ a2 ³ da2 ³ da2/³a2³ ³ a3 ³ da3 ³ da3/³a3³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

1 ³ 10.95 ³ 2.38 ³ 0.28 ³ 9.66 ³ 2.14 ³ 0.22 ³ 10.57 ³ 2.06 ³ 0.19
2 ³ 4.46 ³ 1.73 ³ 0.39 ³ 2.34 ³ 1.55 ³ 0.66 ³ ³ ³
3 ³ ³ ³ ³ ³ ³ ³ ³ ³
4 ³ ³ ³ ³ ³ ³ ³ ³ ³
5 ³ ³ ³ ³ ³ ³ ³ ³ ³
6 ³ ³ ³ ³ ³ ³ ³ ³ ³
7 ³ ³ ³ ³ ³ ³ ³ ³ ³
8 ³ 4.46 ³ 1.82 ³ 0.41 ³ 6.49 ³ 1.27 ³ 0.20 ³ 6.38 ³ 1.33 ³ 0.21
9 ³ 33.71 ³ 2.14 ³ 0.58 ³ 32.97 ³ 1.79 ³ 0.60 ³ ³ ³

10 ³ 33.05 ³ 1.76 ³ 0.58 ³ 33.07 ³ 1.38 ³ 0.45 ³ ³ ³
11 ³ 3.29 ³ 2.06 ³ 0.63 ³ 2.02 ³ 1.96 ³ 0.97 ³ ³ ³
12 ³ 8.44 ³ 4.47 ³ 0.53 ³ 7.99 ³ 2.59 ³ 0.32 ³ 4.95 ³ 2.36 ³ 0.38
13 ³ ³ ³ ³ ³ ³ ³ ³ ³
14 ³ 310.21 ³ 1.82 ³ 0.18 ³ 38.09 ³ 1.63 ³ 0.20 ³ 36.44 ³ 1.73 ³ 0.27
15 ³ 11.41 ³ 2.19 ³ 0.19 ³ 13.42 ³ 2.14 ³ 0.16 ³ 12.67 ³ 2.07 ³ 0.16
16 ³ ³ ³ ³ ³ ³ ³ ³ ³
17 ³ 1.74 ³ 2.15 ³ 1.23 ³ ³ ³ ³ ³ ³
18 ³ 3.16 ³ 3.91 ³ 1.24 ³ ³ ³ ³ ³ ³
19 ³ 9.89 ³ 1.93 ³ 0.20 ³ 10.76 ³ 1.68 ³ 0.16 ³ 9.64 ³ 1.54 ³ 0.16
20 ³ 1.46 ³ 2.15 ³ 1.47 ³ ³ ³ ³ ³ ³
21 ³ 314.18 ³ 2.77 ³ 0.20 ³ 312.79 ³ 2.47 ³ 0.19 ³ 311.15 ³ 2.10 ³ 0.19
22 ³ 1.08 ³ 2.85 ³ 2.63 ³ ³ ³ ³ ³ ³
23 ³ ³ ³ ³ ³ ³ ³ ³ ³
24 ³ 35.82 ³ 2.77 ³ 0.4758 ³ 38.11 ³ 2.20 ³ 0.27 ³ 38.71 ³ 1.69 ³ 0.19
25 ³ 21.58 ³ 4.20 ³ 0.1948 ³ 21.90 ³ 3.47 ³ 0.16 ³ 19.72 ³ 3.23 ³ 0.16
26 ³ ³ ³ ³ ³ ³ ³ ³ ³
27 ³ 313.18 ³ 3.30 ³ 0.25 ³ 312.29 ³ 2.93 ³ 0.24 ³ 312.12 ³ 2.59 ³ 0.21

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
28 ³ 11.41 ³ 2.50 ³ 0.22 ³ 10.72 ³ 1.75 ³ 0.16 ³ 10.07 ³ 1.92 ³ 0.19

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

also present the coefficientsa1 of the linear regres-
sion equation obtained in [19]. The coefficients have
different dimensions and, therefore, cannot be com-
pared directly.

Comparative analysis of the coordinates of vec-
tor A shows that factor nos. 337, 13, 16, 23, and 26
affect the yield of the liquid products insignificantly.
Therefore, in further consideration they were disre-
garded. With the number of factors decreased from 28
to 19 and the number of destructive hydrogenation ex-
periments remaining the same (27), it became possible
to use the least-squares procedure for subsequent
analysis and calculate both the estimates of the coef-
ficients ai, i = 1, 2, 3, and the estimates of their rms
deviations dai, i = 1, 2, 3.

Then the problem was solved successively using
the least-squares procedure with the LSCOV function
(least-squares procedure in the presence of noise) of

the MATLAB 5.2 software. The factors with large
ratios dai /³ai³ were rejected three times. As a result,
from we determined 11, out of 28 initial, factors that
significantly affect the destructive hydrogenation and
found the linear regression equation

Y = 10.57(X1 3 22.05)/10.2 + 6.38(X8 3 4.01)/2.9

+ 4.95(X12 3 10.32)/4.6 3 6.44(X14 3 3.21)/2.8

+ 12.67(X15 3 21.58)/22.4 + 9.64(X19 3 10.02)/5.1

3 11.15(X21 3 7.16)/2.9 3 8.71(X24 3 6.28)/3.2

+ 19.72(X25 3 3.86)/2.6 3 12.12(X27 3 1.49)/1.0

+ 10.06(X28 3 1.16)/0.8 + 49.04.

The estimates of the rms deviations of the regres-
sion coefficients are given in the table.

Our results considerably differ from the conclu-
sions made in [19]. Determination of the coefficients
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for the normalized factors revealed three groups of
OMC fragments: those positively, negatively, and
insignificantly (the largest group) affecting the de-
structive hydrogenation.

The positive influence, in decreasing order, is
exerted by the following fragments: quinoid groups
of humic acids > cycloalkanes > dihydric phenols;
iodine number; asphaltenes > esters > organosulfur
compounds.

The negative influence, in decreasing order, is
exerted by the following fragments: keto groups of
humic acids ; humic acids> phenolic groups of
humic acids > metal porphyrins.

The group of components that affect the process
insignificantly includes phenol ethers, indanols, cre-
sols, xylenols, alicyclic ketones, terpene derivatives,
hydroaromatic hydrocarbons, carboxy groups of
humic acids, and organosulfur compounds present in
the benzene3ethanol extract.

A quantitative analysis also showed that, when all
the factors are taken into account simultaneously, as
in the general dependence in [19], the experimental
data are reproduced more adequately than in the case
when the estimation is made by a single parameter.
Indeed, coals are[living] metastable organized sys-
tems in which any change can cause a response of the
system as a whole. In this case, partial dependences
are too rough andcannot describe adequately the struc-
ture3reactivity relationship for coals. Apparently, only
examination of the whole set of the factors will allow
solution of this problem.

The results obtained with our mathematical model
suggest that it is desirable to use in destructive hy-
drogenation brown coals with high content of alkane
and cycloalkane fragments containing double bonds,
and also ester groups and oxygen-containing frag-
ments.

A striking feature is the extremely high level of the
positive effect of quinoid groups of humic acids on
the destructive hydrogenation, whereas other func-
tional groups of humic acids exert a pronounced nega-
tive effect. In combination with the positive effect of
organosulfur compounds and negative effect of metal
porphyrins, this fact suggests the leading role of
radical processes in destructive hydrogenation of coal.

The data obtained are, of course, estimates, and
they require further mathematical study and experi-
mental confirmation, since some factors may in part
duplicate each other,e.g., cycloalkanes and asphalt-
enes (fraction of aliphatic compounds).

CONCLUSIONS

(1) A linear quantitative correlation was found
between the chemical structure parameters of brown
coal and the yield of liquid products of destructive
thermal hydrogenation. Confidence intervals were
found for the parameters of this model.

(2) Among a large set of experimentally deter-
mined factors, the groups of significant and[noise]
factors were distinguished, which allowed simplifica-
tion of the general dependence.

(3) Structural parameters of the organic matter of
coals, positively and negatively affecting formation of
liquid products, were revealed, which allows predic-
tion of the capability of coals for destructive hydro-
genation.

(4) The functional groups and typical fragments of
the organic matter of coal were ranked with respect to
the extent of their effect on destructive hydrogenation
of coal.
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Abstract-A comparative study of elemental composition, thermal characteristics, and IR and NMR spectra
of humic acids recovered from modern and fossilized soils was made. The results obtained allow reconstruc-
tion of trends in variation of the environmental conditions in the course of soil formation at lake depressions
in the Khakassia over a period from 3400 to 850 years before present day.

Soil is natural matter accumulating the results of
a combined action of diverse soil-forming factors,
such as climate, plant and animal organisms, soil-
forming rocks, relief, and time. Therefore, soilfea-
tures are a peculiar memory about environmental fac-
tors controlling soil formation over periods of geo-
logical scale.

One of soil substances exhibiting the structural
environmental memory is humic acid (HA) [1].

Humic acids are dark gray or reddish-brown ni-
trogen-containing macromolecular hydroxycarboxylic
acids of variable composition. These acids are re-
covered from soils by treatment with alkaline aqueous
solution. Dergachevaet al. [134] showed that HAs
can be used for retrospective analysis of the paleo-
environment evolution.

Bioclimatic conditions that existed in the period
of formation of HA macromolecules are mainly re-
sponsible for features of this soil substance, such as
the ratio of unhydrolyzable and hydrolyzable parts,
optical characteristics, ratio of aromatic and aliphatic
fragments, degree of aromaticity, polydispersity, ca-
pability of forming organomineral complexes, etc.
The aim of this work was to reconstruct the features
of environmental conditions that existed in the re-
gion of lake depressions in Khakassiya during forma-
tion of fossilized soils of different ages. To solve
this problem, we used previously obtained data on

elemental composition, thermal characteristics, and
IR and NMR spectra of HAs of well-studied soils [5].

EXPERIMENTAL

In this work, we studied humic acids recovered
from soil samples taken from lake depressions lo-
cated in the Khakassian steppe region (Table 1). The
absolute age of these soils varies from 850+ 45 to
3370+ 85 years [6]. In passing from the oldest to
more recent soils, the content of the total organiccar-
bon (Corg) and the ratio of humic and fulvic acids
(CHA/CFA) gradually increase. The elemental com-
position (C, H, N, P) and thermochemical character-
istics of HA samples were studied, and the IR and
13C and 31P NMR spectra were recorded. To recon-
struct the variation with time of the environmental
features via corresponding changes in humic acid
characteristics, we used previously obtained data re-
ported in [5].

The carbon, hydrogen, and nitrogen content of
humic acids was determined on a 1106 Carlo Erba
elemental analyzer. The C and H content was also de-
termined by the technique commonly used in elemen-
tal analysis of organic compounds. The total phos-
phorus was determined spectrophotometrically in the
form of a colored complex with a vanadium-mo-
lybdenum reagent. Prior to determining phosphorus,
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Table 1. Characteristics of fossilized soils
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Sample* ³ Profile ³ Soil type** ³ Corg, % ³ CHA/CFA
³ Age, year

no., cm ³ ³ ³ ³ ³ (dating by 14C)
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

5315 ³ 16396, Lake Utich’e³ Ordinary chernozem ³ 4.28 ³ 1.80 ³ 850+ 45
7317 ³ 4396, Lake Shunet³ " ³ 6.00 ³ 2.03 ³ 940+ 45

20327 ³ 2396, Lake Shunet³ Meadow-marsh-humus with buried³ 4.28 ³ 1.70 ³ 1940+ 35
³ ³ peaty horizon ³ ³ ³

32337 ³ 25396, Lake Utich’e³ Meadow-chernozem ³ 1.52 ³ 1.11 ³ 2800+ 90
45359 ³ 4396, Lake Shunet³ Ordinary chernozem ³ 0.93 ³ 0.82 ³ 3370+ 85

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* Depth of soil deposition.

** All the soils have sandy loam composition.

Table 2. Elemental composition of humic acids of soils
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ

³ Elemental composition (at. %) ³ ³ ³

Humic acid sources ³ in terms of weighed portion of benzene ³ H/C ³ O/C ³ C/NÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³ ³
³ C ³ H ³ N ³ O ³ P ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
Soils of various climatic zones

Southern chernozem ³ 43.17 ³ 29.70 ³ 2.38 ³ 24.65 ³ 0.39 ³ 0.69 ³ 0.57 ³ 18.14
Chestnut ³ 47.60 ³ 26.95 ³ 2.20 ³ 23.17 ³ 0.04 ³ 0.56 ³ 0.49 ³ 21.64
Grey forest ³ 30.62 ³ 46.74 ³ 1.40 ³ 20.79 ³ 0.31 ³ 1.53 ³ 0.68 ³ 21.87
Tundra podzolic gley 3 ³ 25.64 ³ 57.68 ³ 1.94 ³ 13.69 ³ 0.50 ³ 2.25 ³ 0.53 ³ 13.21
Tundra podzolic gley 4 ³ 27.20 ³ 52.94 ³ 2.56 ³ 16.15 ³ 0.62 ³ 1.95 ³ 0.59 ³ 10.63
Tundra podzolic gley 5 ³ 24.69 ³ 45.19 ³ 0.82 ³ 28.21 ³ 0.66 ³ 1.83 ³ 1.14 ³ 30.11
Tundra surface gley 2 ³ 30.20 ³ 47.55 ³ 1.45 ³ 20.18 ³ 0.38 ³ 1.57 ³ 0.69 ³ 20.83

Paleosoils

Sample, cm: ³ ³ ³ ³ ³ ³ ³ ³
5315 ³ 29.97 ³ 40.97 ³ 2.17 ³ 26.59 ³ 0.29 ³ 1.37 ³ 0.89 ³ 13.84
7317 ³ 35.66 ³ 35.66 ³ 1.84 ³ 26.53 ³ 0.22 ³ 1.00 ³ 0.74 ³ 19.35

20327 ³ 34.07 ³ 36.11 ³ 2.23 ³ 26.83 ³ 0.77 ³ 1.06 ³ 0.79 ³ 15.29
32337 ³ 34.17 ³ 36.12 ³ 2.13 ³ 27.13 ³ 0.44 ³ 1.06 ³ 0.79 ³ 16.04
45359 ³ 19.72 ³ 44.49 ³ 1.29 ³ 34.20 ³ 0.31 ³ 2.26 ³ 1.73 ³ 15.33

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ

the humic acid samples were burned in a flask filled
with oxygen and the resulting residue was dissolved.

The HA NMR spectra was recorded in a solution
prepared by dissolving a weighed HA sample in 0.5 M
NaOH3D2O mixture. This solution was placed in
a 5-ml cylindrical tube of external diameter 5 mm.
The 13C and 31P NMR spectra were recorded on an
DRX-500 Bruker NMR spectrometer at frequencies
of 125.76 and 202.46 MHz, respectively. The Over-
hauser effect was eliminated by proton decoupling
using the INVGATE technique. The31P NMR spec-
tra were recorded under monoresonance conditions.
In recording 13C and 31P NMR spectra, TMS and
H3PO4 (85%), respectively, were used as external
references. The NMR spectra were recorded with
1-s delay between pulses.

The IR spectra (KBr pellets, HA/KBr = 1 : 50)
were recorded on an IR Fourier spectrometer in the
40034000 cm31 range.

Thermal analysis of HA sample placed in a plat-
inum crucible was carried out on an MOM deriva-
tograph (Hungary) in air with heating from 20 to
1000oC at a rate of 5 deg min31. The measurement
sensitivity was as follows: TG 100 mg, DTG 1/3, and
DTA 1/3.

It was found that the elemental composition of
HAs recovered from fossilized soils of different ages
is consistent with the HA classification proposed by
Orlov [7]. It is known [2] that the chemical compo-
sition of HA depends not only on the soil type, but
also on the bioclimatic conditions of soil formation.
The elemental composition of HAs reflects the genet-
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Fig. 1. DTA curves of HAs of (a) modern soils of different climatic zones and (b) fossilized soils. (T) Temperature. (a) Soil:
(1) tundra 1, (2) tundra 2, (3) tundra 4, (4) gray-forest, (5) chestnut, and (6) south chernozem. (b) Fossilized soils (cm): (1) 5315,
(2) 7317, (3) 20327, (4) 32337, and (5) 45349; the same for Figs. 2 and 3.

ic features of soil and is one of the main parameters
allowing reconstruction of paleoenvironmental con-
ditions. Humic acids recovered by means of identical
techniques from soil samples taken at a step of 53

10 cm from different horizons of the soil profile can
be used for time reconstruction of changes in the en-
vironmental conditions in a given geographical zone.

We found (Table 2) that the elemental composition
of fossilized soils is intermediate between the com-
positions of steppe and tundra soils. This fact shows
that the paleosoils were formed under conditions dif-
fering from those for the modern soils. Table 2 shows
that in passing from chernozem to tundra surface
gley soil, as well as from a top to deeper horizons in
a series of the paleosoils, the total carbon content de-
creases and both H/C ratio and the extent of carbon
oxidation O/C increases. The features of paleosoil
samples taken from the oldest horizon (45349 cm) are
close to those of tundra soils. The C/N ratio in a se-
ries of the humic acids exhibits irregular deviations.
Elucidation of the relationship between the C/N ratio
and the environmental conditions of HA formation
requires further study.

There is a great body of data on HA thermochem-
ical characteristics. These data were analyzed in de-
tail and generalized by Orlov [8]. Thermal analysis
is an efficient technique for HA identification. This
technique is also promising for elucidation of the ef-
fect of artificial and environmental factors on HA
composition and properties.

Figure 1a shows that the shape of the DTA curves
of HAs of dry-steppe soils significantly differs from
those of tundra soils. All the DTA curves show a low-
temperature (100oC) endothermic effect. Figure 1
shows also that for HAs of tundra soil the heat evo-
lution is characterized by two pronounced maxima
separated by some temperature interval, whereas for
HAs of chernozem the exothermic effect extends over
a range from 3703400 to 700oC. We believe that
this difference is due to the following factors. De-
composition of the aromatic core of HA from dry-
steppe soil is accompanied by so pronounced heat
evolution that the exothermic effect due to decom-
position of small amounts of the aliphatic groups
becomes unnoticeable. At the same time, in decom-
position of HAs from tundra soil with small aro-
matic content, the exothermic effects due to decom-
position of both the aliphatic and aromatic constit-
uents become well resolved.

As seen from Fig. 1b, for HAs of paleo- and dry-
steppe soils the exothermic effects due to decomposi-
tion of the aliphatic groups and aromatic core are
not clearly resolved. Only one paleosoil sample taken
from the 7317 cm horizon exhibits a distinct exo-
thermic effect at 360oC. We believe that this soil
was formed at the middle of intermittently water-
logged flat slope. The DTA curves show also that,
with increasing soil age, the temperature of com-
plete HA decomposition decreases, and the peak in
the DTA curve shifts toward lower temperatures
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corresponding to less thermostable humic acids. How-
ever, the behavior of the exothermic peac for HAs
from the paleosoil taken from the 5315 horizon is
an exception. It is possible that a shift of the envi-
ronmental conditions toward cooling and wetting oc-
curred within a period of 9403850 years to pres-
ent day. This assumption is confirmed by analysis of
these soil samples by other techniques.

The IR spectra of both the paleo- and modern soils
(Fig. 2) contain a diverse set of absorption bands due
due to vibrations of various atomic groups in the
HA macromolecule. These spectra are characterized
by several features allowing elucidation of the envi-
ronmental changes over periods on the geological
scale. With increasing soil age, the total intensity of
the HA absorption bands gradually decreases. The IR
spectra of HA of the oldest soils are close to those
of the tundra soil.

The 13C NMR spectra (Fig. 3) allow determination
of the following functional groups in HA macromo-
lecules: alkyl radicals (0365 ppm), carbohydrates, al-
cohols and acetals (653100 ppm), aromatic core (1103
160 ppm), and carboxy groups (1603200 ppm). The
above-noted ranges of the13C chemical shifts of dif-
ferent functional groups are commonly used in analyz-
ing the 13C NMR spectra of humic acids. However,
these intervals may differ by 5310 ppm in a number
of cases.

It is known that for low-molecular-weight com-
pounds the integratedintensity of the13C NMR spectra
allows only qualitative determination of carbon atoms
of different types. This limitation is caused by the sig-
nificant effect of the chemical environment on the
relaxation rate of the13C nucleus. However, for hum-
ic acids the difference between the relaxation param-
eters of13C nucleus with different kinds of environ-
ment decreases so that a 1-s delay between pulses is
sufficient to ensure their quantitative determination.
This is due to low mobility of humic acid molecules
and presence in their composition of paramagnetic
centers (mainly semiquinones and Fe3+ ions).

The content of various functional groups in hu-
mic acids from both the modern soils of different
climatic zones and paleosoils, determined from the
13C NMR spectra, is given in Table 3. These results
show that, with increasing paleosoil age, the content
of alkyl groups in HA macromolecule increases from
14.4 to 27.2% and the content of the aromatic core
decreases from 44.7 to 25.9%. In HA from paleosoil
of 850-year age, the content of alkyl groups is abnor-

Fig. 2. IR spectra of HAs recovered from fossilized soils:
(T) light transmission and (n) wave number.

Fig. 3. 13C NMR spectra of HAs of fossilized soils.
(d) Chemical shift.

mally high (34.2%). With increasing paleosoil age,
the content of polysaccharides in the humic acid in-
creases from 10.6 to 29.8%, and the content of the
carboxy groups decreases from 14.8 to 6.8%.

The 31P NMR spectra of HAs of paleosoils ex-
hibit a broad signal of the phosphorus atoms of phos-
phate monoesters at about 5 ppm. All the spectra, ex-
cept that of HAs of the soil sample of 850+ 45-year
age, show the presence of small amounts of diester
groups. We found that, on the whole, the humic
acids of modern soils contain phosphorus in smaller
amounts than humic acids of older soils do.
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CONCLUSION

As compared with humic acids of fossilized soils,
humic acids of the modern soils are characterized by
larger aromatic core, reduced aliphatic component, and
modified relative contents of its separate constituents.
Since fossilized and modern humic acids were recov-
ered from soils of the same territory, we believe that
the above-noted differences between their features are
due to gradual warming within a period from 30003

1000 years to present day. The specific features of hu-
mic acids of the youngest fossilized soils formed about
850 years ago may indicate cooling and waterlogging
that occured during the preceding 100-year period.
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Abstract-The chemical composition of various extracts from oil shale (kerogen-70) was studied in detail.

The composition of oil shale is a subject of numer-
ous studies [1310]. However, there are no generally
accepted views about the origin of the mother sub-
stance of kerogen (and shale in general), genetic rela-
tionship of its composition with the initial vegetable
and animal material and biogeochemical transforma-
tions of this material in the course of dia- and cat-
agenesis. There are also no common procedures for
studying oil shales, which is primarily due to the
complex chemical composition of their organic mat-
ter (OM).

This work is devoted to detailed and comprehen-
sive study from the organic matter of oil shale (kero-
gen-70) from Leningrad oblast. This shale is a compet-
itor formed in the lower Ordovician period and having
a purely sapropelite origin. The moisture content of
this shale is 25.0, and the ash content, 30.0%. The
elemental composition (wt % daf) is as follows: C
69.9, H 8.1, N 0.3, and O + S 21.7. The functional
composition (mg-equiv g31) is as follows: phenolic
groups 0.91, keto groups 10.40, quinoid groups 5.90,
carboxy groups 0.20, and iodine number 0.36.

To characterize the molecular structure of shale
compounds, we used extraction, adsorption-liquid and
capillary gas3liquid chromatography (CGLC); ele-
mental, emission spectrum, X-ray fluorescence, quan-
titative functional, and structural-group analyses;
cryoscopy; and IR and UV/Vis spectroscopy.

Extraction of oil shale was performed in a Soxhlet
apparatus at the boiling points of the solvents in the
sequence shown in the scheme. The yields of separate
extracts, their molecular weights, and elemental com-
positions are given in Table 1.

In the IR spectra of the extracts, we identified the
absorption bands of the following structural fragments
(3n, cm31):

3 aromatic rings [300033100, 303033070, doublet
at 150031600 with higher intensity of the low-
frequency component, especially for toluene and ace-
tone extracts, which suggests prevalence of mono-
cyclic structures (1450, 6753900)] in these extracts;

Scheme of comprehensive study of shale kerogen.
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Table 1. Yield and structural parameters of extracts and eluates of kerogen-70
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Yield, ³
Extract ³ wt % ³ Structural parameters*

³ of OMS ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Toluene (1), including ³ 20.0 ³ M 254; C 85.8; H 11.4; N 0.4; O, S 2.4; H/C 1.59;Ca 0.09; Cn 0.20; Cas 0.71
eluates: ³ ³

hexane (1.1) ³ 13.0 ³ M 200; C 84.8; H 12.1; N 0.2; O, S 2.9; H/C 1.71;Ca 0.05; Cn 0.14; Cas 0.81
benzene3hexane (1.2)³ 2.4 ³ M 265; C 84.2; H 10.5; N 0.8; O, S 4.5; H/C 1.49;Ca 0.2; Cn 0.12; Cas 0.68
benzene (1.3) ³ 1.0 ³ M 328; C 77.8; H 9.1; N 0.6; O, S 12.5; H/C 1.40;Ca 0.19; Cn 0.36; Cas 0.45
chloroform (1.4) ³ 2.7 ³ M 372; C 82.3; H 11.8; N 0.7; O, S 5.2; H/C 1.72;Ca 0.13; Cn 0.47; Cas 0.40
acetone (1.5) ³ 0.3 ³ M 390; C 79.9; H 10.5; N 0.7; O, S 8.9; H/C 1.58;Ca 0.24; Cn 0.38; Cas 0.38
ethanol (1.6) ³ 0.6 ³ M 425; C 65.5; H 6.5; N 0.5; O, S 27.5; H/C 1.19;Ca 0.30; Cn 0.28; Cas 0.42

Chloroform (2) ³ 0.2 ³ M 342; C 74.4; H 8.4; N 0.6; O, S 16.6; H/C 1.35;Ca 0.21
Acetone (3) ³ 6.2 ³ M 410; C 69.9; H 7.5; N 2.6; O, S 20.0; H/C 1.29;Ca 0.33
Ethanol (4) ³ 8.6 ³ M 445; C 62.2; H 5.0; N 3.9; H/C 0.96;Ca 0.50
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (OMS) Organic matter of shale; (M) molecular weight, amu; (C, H, N, O, S) content of carbon, hydrogen, nitrogen, oxygen,

and sulfur, wt % daf; (H/C) atomic ratio; (Ca, Cn, Cas) degrees of aromaticity, naphthenicity, and alkyl substitution, respectively.

mononuclear aromatic structures give rise to bands at
735 and 710. The chloroform and ethanol extracts
contain bi- and tricyclic fragments;

3 CH3, CH2, and CH groups of alkyl chains and
cycloalkane rings (292632980, 2860, 2880, 2925,
2960, 1455, 1460, 1470, 1440, 1380, 1375, 1270,
970, 728); long-chain alkanes prevail in the toluene
extract, and cycloalkanes, in the chloroform and ace-
tone extracts;

Fig. 1. IR spectra of extracts from shale kerogen: (T) trans-
mission and (3n ) wave number; the same for Fig. 3.
(1) C7H8, (2) CHCl3, (3) (CH3)2CO, and (4) C2H5OH.

3 hydroxy groups of phenols and alcohols (3570,
3300, 131031410, 1360, 133031420, 1215, 1220,
6353660) prevailing in the acetone and ethanol ex-
tracts;

3 keto groups (1695, 1705, 1715); aliphatic and
alicyclic ketones prevail in the toluene, chloroform,
and, especially, acetone extracts, and the ethanol ex-
tract contains mainly aliphatic ketones. The major
amount of ketones is contained in the acetone extract;

3 carboxy groups (250033000, 1705, 1715, 1410,
120031300, 925), mainly present in the ethanol ex-
tract containing aliphatic and alicyclic carboxylic
acids. The chloroform extract contains virtually no
acids;

3 alkoxy groups (2900, 120031225, 1085, 10203
1075, 814); ester and lactone groups (173531750,
100031300, 1163), including methyl esters of long-
chain fatty acids (1250, 1205, 1175);

3 cyclic anhydrides and amides (1770, 1850,
340033450, 1690) prevailing in the acetone and eth-
anol extracts;

3 furan (312533165, 1565, 1500, 1030, 8853870,
8003740), thiophene (305033125, 1520, 1050, 6903
750, 850), and pyrrole heterocycles, amines, pyridine,
quinoline, and piperidine fragments (330033370,
3440, 345033460, 1490, 125031350, 745); disulfides
(420, 460). The content of furan heterocycles is the
highest in the acetone extract; that of thiophene deriv-
atives, in the acetone and ethanol extracts; and that of
pyrrole derivatives, in the chloroform extract which
also contains significant amounts of amines and vari-
ous nitrogen-containing heterocyclic compounds.

The IR spectra of the extracts are shown in Fig. 1.
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According to the obtained UV/Vis data, the extracts
contain (band peak position, nm) unsaturated acids and
their derivatives (200), flavonols (250, 370), caroteno-
id pigments (450, 4803494, 5003550), chlorophylls
(380, 418, 428, 464, 510, 580, 675, 700), steroid dike-
tones (280),a-diketones (466), and chromones (625).

Emission-spectral and X-ray fluorescence analyses
showed that the mineral fraction of the shale contains
Al, Si, S, Cl, Ca, K, Fe, Cu, Ti, Zn, Br, Sr, Pb, Mn,
Ni, and V (some of these in the form of organometal-
lic complexes).

Thus, we can conclude that the chemical composi-
tion of OMS is very nonuniform; the extracts differ
considerably in elemental and functional compo-
sition, molecular weight, and nature and content of
metals.

In view of the high yield of the toluene extract
(Table 1), for obtaining more detailed data on the
OMS composition it is appropriate to further separate
this extract by adsorption liquid chromatography, with
subsequent characterization of the resulting extracts
by means of a set of physicochemical methods (see
scheme). The yields, molecular weights, and elemental
compositions of the eluates of the toluene extract are
listed in Table 1.

The major fraction (76.7 wt %) of the toluene ex-
tract is eluted with hexane and benzene3hexane (1 :1);
the yield of the chloroform eluate is also rather sig-
nificant (13.5 wt %, Table 1).

The hexane eluate is characterized by increased
H/C ratio and presence in the IR spectrum of strong
bands (cm31) of the CH, CH2, and CH3 groups of
long alkyl chains and cycloalkane fragments (2950,
2909, 2850, 1450, 1460, 1470, 1378, 1270, 1260,
965, 728). The band at 780 indicates the presence
of C2H5 groups. Among aromatic compounds, mono-
cyclic compounds prevail (303033050, doublet at
151031605 with higher intensity of the low-frequency
component; series of bands at 1595, 90031200).
Also detected are carotenoids (780, split band at
965, 880), double bonds (158031650), minor amounts
of long-chain alkanoic acids (170031710, 1720),
esters, and lactones (1795, 1745, 1760, 1790). The IR
data are confirmed by the UV/Vis data. The major
absorption peaks (nm) belong tol-diketones and
carotenoids (432, 598, 650), nickel porphyrins (515,
550), unsaturated acids and their derivatives (220),
and enones (220, 310).

Using CGLC, we identified in the alkane fraction
of the hexane eluaten- and iso-alkanes C113C37 with
maximum at C16 (Table 2). The even homologs

Table 2. Content ofn- andiso-alkanes in the hexane eluate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Content, wt % of fraction
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

n-alkanes ³ iso-alkanes
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
n-C11H24 ³ 0.06 ³ i-C11H24 ³ 0.02
n-C12H26 ³ 0.08 ³ i-C12H26 ³ 0.20
n-C13H28 ³ 0.08 ³ i-C13H28 ³ 0.04
n-C14H30 ³ 0.33 ³ i-C14H30 ³ 0.10
n-C15H32 ³ 0.89 ³ i-C15H32 ³ 0.35
n-C16H34 ³ 22.03 ³ i-C16H34 ³ 0.66
n-C17H36 ³ 1.73 ³ i-C17H36 ³ 0.20
n-C18H38 ³ 1.24 ³ i-C18H38 ³ 0.23
n-C19H40 ³ 1.73 ³ i-C19H40 ³ 0.15
n-C20H42 ³ 2.18 ³ i-C20H42 ³ 0.13
n-C21H44 ³ 2.54 ³ i-C21H44 ³ 0.11
n-C22H46 ³ 2.60 ³ i-C22H46 ³ 0.28
n-C23H48 ³ 3.58 ³ i-C23H48 ³ 3

n-C24H50 ³ 3.43 ³ i-C24H50 ³ 3

n-C25H52 ³ 2.97 ³ i-C25H52 ³ 0.33
n-C26H54 ³ 2.96 ³ i-C26H54 ³ 0.37
n-C27H56 ³ 2.54 ³ i-C27H56 ³ 0.23
n-C28H58 ³ 2.56 ³ i-C28H58 ³ 0.19
n-C29H60 ³ 2.24 ³ i-C29H60 ³ 0.009
n-C30H62 ³ 1.81 ³ i-C30H62 ³ 0.26
n-C31H64 ³ 1.54 ³ i-C31H64 ³ 0.23
n-C32H66 ³ 1.29 ³ i-C32H66 ³ 0.21
n-C33H68 ³ 1.02 ³ i-C33H68 ³ 0.19
n-C34H70 ³ 0.84 ³ i-C34H70 ³ 0.31
n-C35H72 ³ 0.56 ³ i-C35H72 ³ 0.23
n-C36H74 ³ 0.55 ³ i-C36H74 ³ 0.19
n-C37H76 ³ 0.33 ³ i-C37H76 ³ 0.23
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

clearly prevail, and the content of C163C31 com-
ponents is high. The coefficient characterizing the
content of odd homologs is 0.52. The whole chroma-
togram of the alkane fraction of the hexane eluate is
shown in Fig. 2.

The benzene3hexane eluate, compared with the
hexane eluate, is characterized by lower H/C ratio

Fig. 2. Chromatogram of the alkane fraction of the hexane
eluate of the toluene extract: (I ) relative intensity and
(t) retention time.
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and lower oxygen content. This fact suggests preva-
lence of weakly polar saturated compounds.

In the IR spectrum of the eluate, we identified the
following fragments and bands (3n, cm31):

3 aromatic rings, nonconjugated or characterized
by low degree of conjugation (C3H stretching vibra-
tions at 303033050, C=C in-plane vibrations at 15743
1606, 148031510);

3 CH3 and CH2 groups of long alkyl chains and
cycloalkanes (2908, 2950, 2850, 1470, 1460, 1450,
1380, 1270, 1260, 965, 720);

3 unsaturated bonds in long alkyl chains; terpenes
and carotenoids may also be present (305032970,
185031800, 187031625, 132031270, 968, 860, 780);

3 keto groups of aliphatic ketonbes (1715, 1705);

3 C=O stretching vibrations in esters and lactones
(1770, 1745, 1735) and quinones (1675, 1645);

3 C3O stretching vibrations and O3H in-plane
bending vibrations in primary and secondary alcohols
(107531000, 135031260 and 112031030, 135031260,
respectively); O3H stretching vibrations in alcohols
(3400 with shoulders at 3480 and 3450) involved in
inter- and intramolecular hydrogen bonds.

By UV/Vis spectroscopy we detected in this eluate
the following compounds (band peak position, nm):
unsaturated compounds (200), naphthalene rings (200,
281, 314), steroid derivatives (284, 338), carotenoids
(338, 428, 440.5); chlorophyll b (428, 465, 675), and
chlorophyll (380, 418, 428, 510, 580, 700).

According to elemental analysis (Table 1), the ben-
zene eluate, has the lowest carbon content and a sig-
nificant content of oxygen and sulfur. This fact sug-
gests that this eluate mainly consists of polar and un-
saturated compounds.

According to the IR spectra, the following frag-
ments prevail in the eluate (3n, cm31): CH, CH2, and
CH3 groups of alkanes and cycloalkanes (2960, 2925,
2880, 146031470, 1475, 1380; the broad band is split,
suggesting the presence of isopropyl andgem-di-
methyl groups); band at 7703780 is characteristic of
ethyl groups, and that at 735, ofn-propyl groups;
aromatic rings (304033045, doublet at 150031600,
1610, a series of bands at 9003700); aliphatic ketones
(1715, 1100); ester groups (1735), three bands at
100031300, 130031310, 100031065; four-membered
cyclic ketones (1780). The presence of the thiophene
ring is confirmed by bands at 700, 1040, 1520, 30503

3125. The UV/Vis spectra (l, nm) suggest the pres-
ence in the benzene eluate of meso-chlorins (619),

chlorophyll b (442, 578, 628), carotenoids (440),
cisoid cyclic diene (262) of thel-terpinene type, fla-
vonols (279, 380), chlorophyll b (728, 464, 675), and
compounds with a thiophene ring (302).

The chloroform eluate is characterized by rela-
tively high yield and increased H/C atomic ratio
(Table 1), suggesting the presence of large amounts
of aliphatic and hydroaromatic structures.

In the IR spectra, we identified (3n, cm31) alkane
and cycloalkane structures (2960, 2925, 2860, 14703

1455, 1380 sharp, 1260, 970), aromatic rings (30103

3080, doublet at 150031600, 1580), mainly con-
densed, possibly with admixture of hydroaromatic
rings; alkoxy (2850, 281532830, 107031150, 10703
1020), quinoid (1676, 1638), keto (1720, 1710, 1695)
groups; pyridine, quinoline, pyrrole, and indole rings
(3490, 310033125, doublet at 150031600, 10103
1035, 7403770, 7703830).

By UV/Vis spectroscopy, we detected in this elu-
ate (l, nm) steroid diketones (280), chromones (625),
porphyrin rings (520, 560), carotenoids (440.5), chlo-
rophyll a (380, 418, 428, 510, 580, 700), and chloro-
phyll b (428, 465, 675).

The acetone eluate is characterized by high con-
tent of oxygen and sulfur and medium H/C atomic
ratio (Table 1); hence, it mainly consists of strongly
polar aromatic compounds. According to the IR spec-
tra, the content of alkyl groups is insignificant; we
detected aromatic rings (300033060, a doublet at
150031600, 12003900), including phenanthrene
structures (890, 812, 800, 760). The major oxygen
compounds (3n, cm31) are cyclic ethers (broad band
at 118031290), steroid alcohols [3390, 3200, 1612,
1585, 1500, 143531415 (O3H groups in steroids-17),
1054, 870, 815], and ketones (1725, 1715, 1690).

According to the UV/Vis spectra, the acetone elu-
ate contains (l, nm) alkylbenzenes (263.5, 202); cy-
clic a-diketones (263.5, 323); chlorins (696); presu-
mably, derivatives of flavonols, anthocyan (5103550),
and anthocyanidins (404, 449, 346); carotenoids
(440.5); chlorophyll a (388, 418, 428, 510, 580, 700);
chlorophyll b (428, 465, 675).

The ethanol extract has rather high content of
oxygen and sulfur and low H/C ratio, which sug-
gests the presence of strongly polar compounds
(Table 1).

According to the IR spectra, the prevailing compo-
nents of this eluate (3n, cm31) are long-chain carbox-
ylic acids, esters, ketones, lactones (2960, 2925, 2860,
175531770, 1715, 1720, 1730, 1740, 1780 broad,
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Fig. 3. IR spectra of separate eluates of the toluene ex-
tract.

1460, 1470, 1480, 137531380, 1260, 970, 720) and
alcohols (3170, 3420, 3620, 131031410, 1155). By
UV-Vis spectroscopy we detected (l, nm) chlorins
(698), in particular, meso-pyrroetiochlorins (642);
diketones of the diterpene series (311); coumarone
derivatives (shoulder at 240 and peak at 283); flavo-
nols (251, 371, 5103540); chromone derivatives
(622); pyrrole rings (214); chlorophyll b (428, 465,
675).

The IR and UV/Vis spectra of separate eluates of
the toluene extract are shown in Figs. 3 and 4.

CONCLUSIONS

(1) The chemical composition of the toluene ex-
tract from oil shale (kerogen-70) was studied for the
first time by using a combination of extraction, ad-
sorption-liquid and capillary gas3liquid chromatog-
raphy; elemental, emission spectrum, X-ray fluores-
cence, quantitative functional, and structural-group
analyses; cryoscopy; and IR and UV/Vis spectroscopy.

(2) A procedure including extraction and adsorp-
tion liquid chromatography was developed for sepa-
rating oil shale into fractions differing in molecu-
lar weight, elemental and functional composition,
degree of aromaticity, and type of condensation.

(3) The formation of the organic matter of shale
involved not only an algal material, but also a ter-

Fig. 4. UV/Vis spectra of separate eluates of the toluene
extract: (A) absorption and (l) wavelength. (1) C6H14,
(2) C6H14 : C6H6, (3) C6H6, (4) CHCl3, (5) (CH3)2CO,
and (6) C2H5OH.

rigenic material of higher plants, bacterial bioproduc-
tion, animal bodies, and fungi.
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Abstract-The quasi-binary section mullite3zirconium dioxide in the ternary system Al2O33SiO23ZrO2,
described by an eutectic phase diagram withTeut = 1750oC, was studied experimentally.

Published ternary phase diagrams of the system
Al2O33ZrO23SiO2 are constructed on the assumption
that the section mullite3ZrO2 is a quasi-binary system
of a simple eutectic type [1]. Tentatively constructed
phase diagrams [2, 3] contain no experimental data
on the true composition and melting point of the eu-
tectic in the 3Al2O3 . 2SiO23ZrO2 quasi-binary system.
Moreover, this section was not, probably for technical
reasons, among the seven sections studied in detail in
[4]. This made it necessary to specify the position of
the eutectic point in the 3Al2O3 . 2SiO23ZrO2 quasi-
binary system, which is of great importance for fabri-
cating refractory structural materials.

Initially, the phase diagram of this system was
calculated in terms of the ideal solution approximation
[5] relying upon the Schroder3Le-Chatelier equation
for determining the liquidus temperatures.

According to the calculations, the eutectic con-
tains 12 wt % ZrO2 and its melting point is
1870oC; however, the calculated values were found
to be in disagreement with experiment. For thisrea-
son, the system was studied by differential thermal
(DTA), metallographic, and X-ray phase (XPA) anal-
yses. Compositions with various weight contents of
mullite and zirconium dioxide were prepared by mix-
ing powdered starting components in isopropyl al-
cohol.

The differential thermal analysis was performed in
molybdenum crucibles in an atmosphere of helium,
using a VTA-980 high-temperature analyzer. Heating
was performed to 2200oC at a rate of 10380 degmin31.

The DTA curves of samples containing 10370 wt %
ZrO2 showed clearly resolved peak at 1750oC + 15oC
(Fig. 1), attributable to an irreversible endothermic
effect. This temperature was taken to be the eutectic
melting point.

For a number of the compositions studied, another
endothermic effect attributable to liquidus line cross-
ing was recorded (see the table). This endothermic
effect was not recorded for the composition contain-
ing 70 wt % ZrO2. Thus, we can conclude that the
liquidus temperature for this composition is above
2200oC. The lack of the second effect in heating the
mixtures containing 30 and 35 wt % ZrO2 can be
accounted for by the impossibility of resolving by
means of thermal analysis the liquidus and solidus
temperatures for compositions close to the eutectic.

Thus, the performed analysis of the DTA data sug-
gests that the eutectic in the 3Al2O3 . 2SiO23ZrO2
system has a melting point of 1750+ 15oC and con-
tains 30335 wt % ZrO2.

The structure of samples formed upon melting
and crystallization of the mixtures in the course of
DTA was studied by optical microscopy. A typical
eutectic structure was observed for a composition con-
taining 30 wt % ZrO2. In addition to the characteristic
eutectic structure, excess grains of mullite could be

Thermal analysis data
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ZrO2
³ The onset temperature (oC)

content, ³ of the indicated endothermic effect
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄwt % ³ first ³ second

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
10 ³ 1750 ³ 1850
20 ³ 1750 ³ 1810
25 ³ 1750 ³ 1780
30 ³ 1750 ³ 3

35 ³ 1760 ³ 3

40 ³ 1765 ³ 1810
50 ³ 1740 ³ 1950
70 ³ 1745 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 1. DTA curves of samples of the 3Al2O302SiO23ZrO2
system. (T) Temperature; the same for Fig. 2. ZrO2 con-
tent (wt %): (1) 0, (2) 10, (3) 20, (4) 25, (5) 30, (6) 35,
(7) 40, (8) 50, and (9) 70.

Fig. 2. Experimental phase diagram of the system mullite3

zirconium dioxide.

seen in polished sections of samples containing 10,
20, and 25 wt % ZrO2; and excess ZrO2, in sections
of samples containing 35 wt % and more ZrO2.

According to XPA, all the samples studied are two-
phase and contain onlym-ZrO2 and mullite, which
confirms the assumed quasi-binary character of the
section studied.

In constructing the phase diagram, the melting
point of pure ZrO2 was taken to be 2700oC [6, 7].
The evidence on the character and temperature of
melting of pure mullite is contradictory [8]. A DTA

curve of mullite preliminary obtained by solid-phase
synthesis at 1600oC demonstrated another endo-
thermic peak at 1910oC (Fig. 1a). Just this temper-
ature was accepted as the melting point of pure mul-
lite in constructing the phase diagram, in agreement
with [9].

An experimental phase diagram of the quasi-binary
system 3Al2O3 . 2SiO23ZrO2 is presented in Fig. 2;
the mutual solubility of components was not studied.

The whole set of data furnished by the differential
thermal, metallographic, and X-ray phase analyses
suggests that the system 3Al2O3 . 2SiO23ZrO2 is
indeed a quasi-binary eutectic system. The eutectic
contains 30 wt % ZrO2 and 70 wt % 3Al2O3 . 2SiO2
and its melting point is 1750oC.

The obtained data may serve as a basis for develop-
ing high-temperature ceramic composites.
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Abstract-The possibility of processing aluminum sulfates into alumina with the use of calcium carbonate
was studied.

Production of alumina from aluminum sulfates in
processing of high-silica aluminum ores (alunites,
nephelines, clays, poor-quality bauxites, siallites, etc.)
is of great practical interest. The known methods to
obtain alumina from aluminum sulfates have a number
of shortcomings: cumbersome technological schemes,
difficult deferrization of solutions, necessity for high-
temperature heating of salts containing a great amount
of crystallization water, evaporation of large amounts
of mother liquors, and high energy expenditure for
thermal decomposition of aluminum sulfates.

For example, according to the Kalunit scheme [1],
dehydrated alunite ore is leached with reused sulfuric
acid containing potassium sulfate. Fe(III) is removed
from the sulfate solutions with dehydrated alunite ore.
A more thorough removal of iron(III) from solutions
can be achieved in the scheme by recrystallization of
alum calcined at 1000oC. SO2 and SO3 gases obtained
in calcination are used in production of sulfuric acid.
The product of alum decomposition is leached with
water, with sulfates of alkali metals dissolved and
alumina remaining in a sediment.

In another method [2], clay is treated to remove
Fe(III) with a weak solution of sulfuric acid, calcined,
and decomposed with sulfuric acid. Aluminum and
iron(III) hydroxides isolated from the sulfate solu-
tion by adding Na2CO3 are dissolved in alkali, and
Al(OH)3 is isolated by carbonization. Aluminum hy-
droxide is then used to obtain alumina by calcination.

Much attention has been given by researchers to
processing of alunite ores [3]. Alunites are sulfated
aluminates of alkali metals-MAl 3(OH)6(SO4)2, where
M = Na, K. The sulfate products obtained in ore pro-
cessing are used to obtain alumina by various meth-

ods. However, all of these require improvement and
simplification of their technological schemes.

The present study is concerned with the possibility
of processing of aluminum sulfates with the use of
calcium carbonate to obtain alumina without solution
evaporation or crystallization and thermal decomposi-
tion of salts, which much simplifies the technology.

An aluminum sulfate solution to be used in the
experiments was obtained by processing an alunite
ore of the following chemical composition (wt %):
Al2O3 27.5, K2O 7.2, Na2O 0.15, SO3 26.3, Fe2O3
1.3, CaO 1.08, SiO2 24.1, and calcination loss 12.37.
The ore was sintered at 4003650oC and the resulting
mass was treated with 10320% sulfuric acid at 100oC
in the reactor. The resulting suspension (sludge) was
filtered to remove the solid phase (SiO2 and its com-
pounds). The filtrate contained sulfates of aluminum,
iron(III), potassium, sodium, etc.

To the filtrate was added calcium carbonate for
aluminum(III) and iron(III) to be precipitated in the
form of their hydroxides by the reactions

Al2(SO4)3 + 3CaCO3 + 3H2O

6 2Al(OH)32+ 3CaSO4+3CO28, (1)

Fe2(SO4)3 + 3CaCO3 + 3H2O

6 2Fe(OH)32 + 3CaSO4 + 3CO28. (2)

The obtained mass was agitated in the reactor with
a stirrer at 20330oC for 10330 min. Then the liquid
and solid phases of the suspension were separated.
The filtrate was composed of potassium, sodium, and
other sulfates; the residue contained Al(OH)3, Fe(OH)3,
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and CaSO4. MgCO3 or CaMg(CO3)2 (dolomite) could
be used for the above purposes instead of CaCO3.

To obtain alumina, the mixture of aluminum and
iron(III) hydroxides and calcium sulfate was subjected
to alkaline treatment, and then Fe(OH)3 and CaSO4
were separated from the aluminate solution by filtra-
tion. The sodium aluminate solution was carbonized
to give Al(OH)3 transformed into alumina upon de-
hydration at 650oC.

In the present study, the influence exerted by
various factors: treatment temperatureT, process
duration t, amount (dosage) of CaCO3 (relative to
stoichiometry) CCaCO3

, mass ratio of liquid and
solid phases l : s, on the degreea of Al(OH)3 and

Table 1. Effect of various factors on the degree of
precipitation of Al(OH)3 and Fe(OH)3 from their sulfates
ÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T,
³

t,
³ l : s, ³ CCaCO3, % ³ a, %

³ ³ by ³ relative to ³³ ³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ
oC

³
min

³weight³ stoichiometry³Al(OH)3³Fe(OH)3
ÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
20³ 60 ³ 10 : 1³ 100 ³ 90.1 ³ 86.7
60³ 60 ³ 10 : 1³ 100 ³ 96.3 ³ 91.9

100³ 60 ³ 10 : 1³ 100 ³ 99.8 ³ 99.7
100³ 5 ³ 10 : 1³ 100 ³ 62.3 ³ 51.6
100³ 20 ³ 10 : 1³ 100 ³ 88.5 ³ 86.4
100³ 40 ³ 10 : 1³ 100 ³ 98.8 ³ 97.9
90³ 50 ³ 1 : 1 ³ 100 ³ 98.8 ³ 97.9
90³ 50 ³ 4 : 1 ³ 100 ³ 74.9 ³ 70.3
90³ 50 ³ 8 : 1 ³ 100 ³ 97.8 ³ 95.4
90³ 50 ³ 12 : 1³ 100 ³ 99.6 ³ 99.2

100³ 60 ³ 9 : 1 ³ 90 ³ 87.4 ³ 85.6
100³ 60 ³ 9 : 1 ³ 95 ³ 96.1 ³ 95.2
100³ 60 ³ 9 : 1 ³ 100 ³ 99.6 ³ 99.7
100³ 60 ³ 9 : 1 ³ 105 ³ 95.7 ³ 93.1
ÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 2. Effect of various factors on recovery of alumi-
num(II) from solid residue in its alkaline treatment
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC ³ CNaOH, g l31 ³ Al2O3 recovery, %
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

20 ³ 250 ³ 85.4
60 ³ 250 ³ 95.7
90 ³ 250 ³ 98.9

100 ³ 50 ³ 89.4
100 ³ 100 ³ 92.8
100 ³ 200 ³ 100.0

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Fe(OH)3 precipitation from sulfate solution was stud-
ied (Table 1).

The obtained results suggest that the optimal pro-
cess conditions are as follows:T = 503100oC, t =
40360 min, stoichiometric dosage of CaCO3, l : s =
6 : 1310 : 1.

Further, the process of alkaline treatment of the
obtained residue, containing Al(OH)3, Fe(OH)3, and
CaSO4, was studied in order to separate the residue
into components and make these marketable. For this
part of the technological process, the effect of various
factors on the extraction of residue components, name-
ly, aluminum and iron, into solution was studied. The
basic results for recovery of aluminum in the form of
Al2O3 from a mixture of Al(OH)3, Fe(OH)3, and
CaSO4 in alkaline treatment are presented in Table 2.
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When a mixture of Al(OH)3, Fe(OH)3, and CaSO4
is treated with alkali, Al(OH)3 dissolves in accordance
with the equation

Al(OH)3 + NaOH 6 Na[Al(OH)4]. (3)

The obtained mixture is filtered, with the solid
phase composed of a mixture of Fe(OH)3 and CaSO4,
processed into a pigment (Fe2O3) and alabaster
(CaSO4 . 0.5 H2O). The liquid phase consists of sodi-
um aluminate. The filtrate is treated with carbon(IV)
oxide formed in accordance with Eqs. (1) and (2). As
a result of this treatment, Al(OH)3 precipitates:

2Na[Al(OH)4] + CO2

6 Na2CO3 + 2Al(OH)32 + H2O. (4)

Calcination of aluminum hydroxide at 5503600oC
gives alumina (see the scheme).

The method also enables processing into alumina
of basic aluminum sulfates, with the consumption of
CaCO3 markedly reduced in this case. It should also
be noted that the chemical composition of potassium
and sodium sulfates in the starting sludge remains

unchanged. These salts are isolated from the mother
liquor by crystallization.

CONCLUSIONS

(1) The optimal mode of Al(OH)3 formation from
Al2(SO4)3 with the use of calcium carbonate is as fol-
lows: treatment temperature 503100oC, process du-
ration 40360 min, stoichiometric dosage of CaCO3,
l : s = 6 : 1310 : 1.

(2) A technique was developed for obtaining alu-
mina from poor-quality aluminum ores.
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Abstract-A simple method is proposed for determining the anisotropic component of the energy of inter-
molecular interactions in strongly polar liquids.

It is known [1] that the anisotropic component of
the field of molecular forces affects virtually all of
the thermodynamic properties of polar liquids, and,
therefore, determining its value is of particular practi-
cal importance. According to the commonly accepted
approach to description of the energetics of intermo-
lecular interactions (IMI) in liquid insulators [2, 3],
the IMI energy is operationally separated into the an-
isotropic and isotropic components-DUan and DUis,
respectively. Then the total energy of a molecule,DUs,
is given by

DUs = DUis + DUan.

By DUan andDUis are understood theDUs compo-
nents which are, respectively, dependent on, and inde-
pendent of the orientation of the polar molecule. This

communication proposes an unsophisticated indepen-
dent method for evaluation ofDUan for simple unas-
sociated strongly polar liquids in whichDUan is de-
termined by the orientation of dipole molecules in lo-
cal molecular fields. As shown in [4], the extent of
mutual compensation of dipole momentsB of molec-
ules within a sample of polar liquid, taken in a vacu-
um, is determined by the average strength of the local
molecular fieldF created by all other particles of the
system at the center of an arbitrarily chosen molecule:

(1)cB = ccc
Nm

Mf
h

= 1 L (a),3c
2
d
2f
h0

where�M2
d�0 is the average squared spontaneous elec-

tric moment of a macroscopic sphere in a vacuum,N
the number of molecules within the sphere,m the di-

Values of the anisotropic part of IMI in polar liquids, obtained in two independent ways
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Compound
³

nD

³
m0, D

³
e

³ �M2
d�0 ³ Nm2 ³ Uan`

* ³ Uan
**

³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
³ ³ ³ ³ 10314, D2 mol31 ³ kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Nitrobenzene ³ 1.553 ³ 4.22 ³ 35.25 ³ 265 ³ 2345 ³ 20.9 ³ 18.4
Acetonitrile ³ 1.342 ³ 3.91 ³ 35.95 ³ 140 ³ 1510 ³ 25.7 ³ 23.3
Propionitrile ³ 1.366 ³ 3.56 ³ 27.5 ³ 181 ³ 1285 ³ 16.5 ³ 18.0
Nitromethane ³ 1.380 ³ 3.50 ³ 35.8 ³ 142 ³ 1276 ³ 21.3 ³ 23.4
Dimethyl sulfoxide ³ 1.477 ³ 3.96 ³ 46.7 ³ 191 ³ 1878 ³ 23.3 ³ 25.2
Dimethylformamide ³ 1.427 ³ 3.86 ³ 36.71 ³ 203 ³ 1700 ³ 19.7 ³ 21.4
Acetone ³ 1.359 ³ 2.88 ³ 20.7 ³ 180 ³ 864 ³ 10.8 ³ 13.6
Pyridine ³ 1.507 ³ 2.20 ³ 12.3 ³ 164 ³ 556 ³ 7.20 ³ 6.6
Acetophenone ³ 1.534 ³ 3.02 ³ 17.4 ³ 265 ³ 1125 ³ 9.4 ³ 9.5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Given by (8).

** Independent estimate [3].
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pole moment of molecules in liquid,L(a) the Lange-
vin function of a, and

a =ccf
h

9

F
9cc
f
h

kT
.

m
c (2)

The �M2
d�0 value is determined by Fr1ohlich’s strict

thermodynamic relation [5]

cccc
e + 2
e 3 e

i

V =cccc3
cf
hf
hc.4p

3kT
cc

Md
2

(3)

The m value is given by the conventional approx-
imation

m = m ,0
ccccccccce
i

+ 2 2e + 1
3 2e + e

i

cccccccccccc (4)

where e
i
, 1.05nD, and nD is the refractive index.

In the case of strongly polar liquids (a >> 1), it can
be written with sufficient accuracy that

L(a) , 1 3 a31.

Then, using Eq.(1), we have

a32 3 2a31 + B = 0, (5)

whence

a = [1 3 H1 3 B
cccc

] .
c

31
(6)

Using Eqs. (1) and (6) for the average energy of
anisotropic interaction of polar molecules in a mole
of liquid, we obtain [4]

,cc1
2=
f
hmFf
h

NanU NmL (a)
f
h

99

Ff
h

cc1
2

L (a)a RTcc1
2

=

=cccccccc
H1 3 B
cccc

H1 3 B
cccc

13
c

2
RT .ccc
c

(7)

At B << 1 we have

Uan,
cccc2 B3

2B RT` . (8)

As shows comparison of theDUàn values calcu-
lated using relation (8) with the result obtained in de-
terminingDUan by another independent method [2, 3],
whose efficiency was convincingly confirmed in de-
scribing quantitatively numerous processes in liquids,
there is satisfactory agreement betweenDUàn and
DUan. The average deviation for the nine considered
liquids was about 10% (see table).
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Abstract-The results of a study of the rheological properties of the interphase layer formed when an aqueous
phase containing HCl and PrCl3 is brought in contact with a solution of an extracting agent (nonoxymethyl-
phosphonic acid) in toluene at varied content of the components in the system are presented.

In extraction of metal ions with organophosphorus
acids, an important role is played by interphase layers
within which chemical reactions between the com-
ponents of the extraction system, giving rise to two-
dimensional structures, can be localized [1].

The influence exerted by the content of components
on the rheological properties of an interphase layer
formed on bringing in contact the PrCl33H2O3HCl
system with a solution of nonoxymethylphosphonic
acid (NMPA) in toluene was investigated.

The rheological parameters were found from ki-
netic deformation curves [2] obtained by the method
of tangential displacement of a plate at 298 K and
from flow curves. A 0.1-mm-thick plate 3 mm in di-
ameter, made of a ferromagnetic material and plati-
num plated to improve its corrosion resistance, was
used in the study.

The method consists in that the displacement of
plate 1 at the phase boundary under the action of an
electromagnet driven by voltageU (V) from a dc
power supply was measured with a microscope at cer-
tain intervals of timet. Preliminary experiments de-
monstrated that the shear stress is proportional to the
electric voltage across the electromagnet terminals.
The measurements were done until the displacement
of 1 became larger than 1 mm. The measurement error
did not exceed 10%. The experimental technique was
described in detail in [3].

Typical flow curves obtained at varied content of
the components PrCl3 and HCl and the extracting
agent NMPA are presented in Fig. 1. An analysis of
the rheological curves demonstrated that, under the
conditions studied, the adsorption layers can be class-
ed as systems of three types [436]: approximately
Newtonian, Newtonian-dilatant, and weakly structured.

With increasing solution acidity, there occurs a
transition from an approximately Newtonian system
in a 1034 M solution of HCl to a weakly structured
system, disintegrating in the course of time in a
1034

31033 M solution of HCl and becoming more
stable atC > 1033 M HCl.

When the NMPA content is varied (0.230.4 M),
weakly structured layers are formed, mainly with
a structure becoming stronger with time.

The structure strengthening is presumably due to
hindered diffusion and orientation of the extracting
agent molecules being adsorbed, which can both dis-
sociate at low HCl concentrations and form a poly-
meric structure at higher HCl concentrations.

Raising the concentration of the extracting agent
makes weaker the contact interaction and leads to
higher flowability and longer time of the elastic after-
effect.

Fig. 1. Rheological flow curves for interphase layers.
(l/t) Flow velocity and (U ) voltage across electromagnet
terminals. Time of contact between phases (h): (1) 9,
(2, 4) 0.5, (3, 9) 4.5, (5) 10, (6) 5, (7) 1, and (8) 2.5. Con-
centration (M): HCl: (1, 437) 1032, (2, 3) 1034, and
(8, 9) 1033; PrCl3: (1, 4) 0.05 and (2, 3, 539) 0.75; extract-
ing agent: (1, 4) 0.2 and (2, 3, 5-9) 0.4.
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Fig. 2. Structuring factorKh vs. the concentrations of
the system’s components: (1, 2) HCl, CH+; (3) extract-
ing agent,CS; and (4) PrCl3, CPr3+. Time of contact be-
tween phases (h): (1) 1 and (234) 4.

Fig. 3. Structuring factorKh vs. the time of contact be-
tween phasest. Concentration (M): HCl: (1, 437) 1032,
(2) 1034, and (3) 1032; PrCl3: (1) 0.025, (234, 6, 7) 0.075,
and (5) 0.05; extracting agent: (1, 537) 0.2 and (234) 0.4.

The broadest spectrum of interphase layer states is
manifested when varying the salt concentration in the
range (2.537.5)0 1032 M PrCl3: approximately New-
tonian, Newtonian-dilatant, and weakly structured
kinds of systems. In the PrCl3 concentration range
(2.535.0)0 1032, slowed-down formation of the inter-
phase layer is observed, taking 8 h. A transition to di-
latant systems occurs, as shown by [5, 6], when stabi-
lization is enhanced and nearly monodisperse systems
are formed. The maximum layer flowability is ob-
served at a PrCl3 content of 5.00 1032 M. At higher
concentrations of the salt, the interphase layers can be
regarded as weakly structured systems. Modification
of the adsorption layers-[stretching]- causes ir-
reversible disintegration of contacts, upon which the

surface layer becomes a Newtonian system as regards
its rheological parameters.

Viscosity is a rheological parameter that is the
most sensitive to the influence of the factors under
study. An estimate was made of the structuring factor
Kh in relation to the concentration of the components
of the system (Fig. 2).

The concentration dependence of the structuring
factor indicates that introduction of acid and extract-
ing agent makes the structuring factor lower. The
dominating influence is exerted by hydrochloric acid:
the Kh value decreases by nearly two orders of mag-
nitude in the interval 1034

31032 M HCl 1 h after
the formation of the adsorption layer. The extract-
ing agent also strongly affects theKh value. In
the course of time, the steep decrease inKh slows
down and the influence domain is shifted to lower
HCl concentrations.

The whole set of results obtained in studying the
structuring kinetics at varied content of components
reveals three types of theKh = f ( t ) dependence
(Fig. 3): decreasing structuring factorKh, increasing
Kh, and Kh passing through a maximum.

The decrease inKh is observed in systems with
HCl content in the range 1034

31033 M HCl, with the
rate of Kh variation decreasing after 4 h. An antibate
run of the dependence is observed at 1032 M HCl.
The kinetic curvesKh = f ( t ) pass through a maximum
in systems containing 0.075 M PrCl3 and 0.2 NMPA.

The decrease in the strength of interphase layers is
presumably favored by increasing degree of dissocia-
tion of the extracting agent and the large thickness of
the electric double layer at low HCl concentrations.
With the content of the acid and, correspondingly,
the ionic strength of the solution increasing further,
the electric double layer contracts, the thickness of
the diffusion layer decreases, the number of contacts
between particles grows, and the structuring is
enhanced.

Interphase layers possess pronounced elasticity.
The degree of elasticity, calculated from kinetic de-
formation curves, changes with time from 90 to 70%
in a system with 1032 M HCl, the time of elastic after-
effect q2 in this system is 30340 s, which exceeds
nearly twofold that in other systems, thus confirming
the development of a structure.

The obtained results may be helpful in choosing
optimal conditions of formation of interphase layers
with prescribed rheological properties in order to
control the rate of mass exchange in combined pro-
cessing of raw materials and industrial wastes.
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CONCLUSIONS

(1) The interphase layers formed when a salt solu-
tion PrCl33H2O3HCl is brought in contact with a so-
lution of nonoxymethylphosphonic acid in toluene
under the conditions studied can be classed as systems
of three types: approximately Newtonian, Newtonian-
dilatant, and weakly structured.

(2) From the standpoint of structuring, the optimal
conditions of extraction are created in the concentra-
tion range 1034

31033 M HCl, since the interphase
layers disintegrate in the course of time.

REFERENCES

1. Dupal, A.Ya., Tarasov, V.V., Yagodin, G.A., and Aru-
tyunyan, V.A., Kolloid. Zh., 1988, vol. 50, no. 2,
pp. 3553358.

2. Izmailova, V.N. and Rebinder, P.A.,Strukturoobrazo-
vanie v belkovykh sistemakh(Structuring in Protein
Systems), Moscow: Nauka, 1974.

3. Tarasov, V.V., Yagodin, G.A., and Pichugin, A.A.,Ki-
netika ekstraktsii neorganicheskikh veshchestv. Itogi
nauki i tekhniki. Neorganicheskaya khimiya(Kinetics
of Extraction. Advances of Science and Technology.
Inorganic Chemistry), Moscow: VINITI Akad. Nauk
SSSR, 1984, vol. 11, pp. 38339.

4. Merinov, Yu.A., Trapeznikov, A.A., Kartashova, N.A.,
and Kirillov, A.I., Kolloid. Zh., 1982, vol. 44, no. 6,
pp. 107731082.

5. Merinov, Yu.A. and Ryabov, V.V.,Kolloid. Zh., 1994,
vol. 56, no. 2, pp. 2143219.

6. Merinov, Yu.A., Trapeznikov, A.A., Zakharova, Z.S.,
and Shvarev, E.P.,Kolloid. Zh., 1984, vol. 46, no. 5,
pp. 9173926.



1070-4272/01/7408-1400 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 8,2001, pp. 140031402. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 8,2001,
pp. 136231364.
Original Russian Text CopyrightC 2001 by Medvedev, Makrushin.

BRIEF
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

COMMUNICATIONS

Electrodeposition of Tin3Antomony3Copper Alloy
from Sulfate Electrolytes with Organic Additives

G. I. Medvedev and N. A. Makrushin

Novomoskovsk Institute, Mendeleev Russian University of Chemical Technology, Novomoskovsk, Russia

Received April 12, 2001

Abstract-The process of electrodeposition of a tin3antimony3copper alloy from a sulfate electrolyte with
organic additives was studied.

A Sn3Sb3Cu alloy has been recommended for im-
proving the antiwear properties of metals [1]. This
alloy is presently electrodeposited from a fluoroborate
electrolyte with organic additives. As additives of this
kind are usedb-naphthol and joiner’s glue. The pro-
cess is performed at 25oC and current density of
6 Adm32, with an alloy of the following composition
deposited at the cathode (wt %): Sn 88, Sb 5.1 and
Cu 6.3 [2].

The present study is concerned with electrodeposi-
tion of a Sn3Sb3Cu alloy from a sulfate electrolyte
with the following organic additives: 2-butyne-1,4-
diol (35% solution), formalin (37% solution), and
syntanol DS-10. The electrodeposition was performed
in an electrolyte of composition (g l31): SnSO4 20330,
Sb2(SO4)3 0.530.8, CuSO4 . 5H2O 0.531.0, H2SO4
1003120, syntanol 133; 2-butyne-1,4-diol 1350; for-
malin 1310 ml l31. Antimony sulfate was prepared by
dissolving metallic antimony in hot concentrated sul-
furic acid. The investigations were carried out in
the temperature range 18325oC.

Polarization curves were measured in potentiody-
namic mode with a P-5827 potentiostat. The alloy
was analyzed by the method described in [3]. Coat-
ings 9330 mm thick were deposited onto copper
samples.

A study of the outward appearance of the coatings
in relation to current density and nature of organic
substances demonstrated that poor-quality coatings are
obtained in an electrolyte containing 1 to 10 ml l31

of formalin, or 1 to 50 ml l31 of butynediol, or
both. Adding formalin or butynediol to an electro-
lyte with syntanol also yields matte coatings. At
the same time, simultaneous presence in an elec-

trolyte of 1 to 3 g l31 of syntanol, 6 to 8 ml l31 of
formalin, and 40 to 45 ml l31 of butynediol gives
shining finely crystalline coatings. It should be noted
that shining coatings are only obtained with electro-
lyte stirring. Without stirring, matte coatings are pro-
duced. A chemical analysis of the coatings obtained
from the electrolytes studied demonstrated that a
Sn3Sb3Cu alloy is formed in this case. The influence
of the SnSO4, Sb2(SO4)3, and CuSO4 concentrations
on the alloy composition is illustrated in Table 1. It
can be seen that the content of Sb and Cu in the alloy
decreases with increasingic. Raising the concentration
of Sb2(SO4)3 and CuSO4 trolyte at constant SnSO4
concentration in the elecmakes higher the Sb and Cu
content in the alloy. Raising the concentration of
SnSO4 [at constant concentration of Sb2(SO4)3 and
CuSO4] leads to lower content of Sb and Cu in
the alloy.

Table 1 also indicates that for the electrolytes
studied the content of Sb in the alloy varies within
2.4313.5 wt %, and that of Cu, within 3.2328.1 wt %,
at ic = 134 A dm32. At ic = 334 A dm32 and ap-
propriate SnSO4, Sb2(SO4)3, and CuSO4 concentra-
tions, tin babbitts can be obtained of the following
compositions (wt %): B-88 brand: Sn 90.7388.7,
Sb 7.337.8, Cu 2.533.5; B-83 brand: Sn 84.5381.5,
Sb 10.0312.0, Cu 5.536.5 [4].

Changing the H2SO4 concentration in the electro-
lyte from 100 to 120 g l31 has not effected on change
the outward appearance of the obtained coatings, but
makes the Sb and Cu content of the alloy higher by
131.5 wt %, depending on theic value. The current
efficiency by the alloy (CE) was measured in elec-
trolytes that allow fabrication of shining coatings.
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Data on how the Sb2(SO4)3 and CuSO4 concentrations
affect CE at differentic are presented in Table 2. It
can be seen that the CE by the alloy decreases with
increasing ic. With increasing content of Sb2(SO4)3
or CuSO4 in the electrolyte, the CE by the alloy de-
creases or slightly increases, respectively.

Polarization measurements were performed in elec-
trolytes with organic additives in electrodeposition of
Sn, Sb, Cu, and Sn3Sb3Cu. As seen from the figure,
the cathodic polarization curve of alloy deposition lies
in a more electropositive range of potentials, com-
pared with the curves for Sn, Sb, and Cu,i.e., Sn,
Sb, and Cu are deposited into the alloy with depolar-
ization. The depolarization in deposition of metals
into the alloy is presumably due to a decrease in their
partial energy of alloying [5]. To determine the rates
of deposition of separate metals into the alloy, partial
current densities of Sn, Sb, and Cu deposition were
calculated. The calculation was done by the procedure
described in [6] with account of alloy composition at
different ic, the CE by the alloy, and electrochemical
equivalents of Sn, Sb, Cu, and Sn3Sb3Cu alloy.
As it can be seen from the figure (curves1`33`),
at ic = 134 A dm32 the rate of Sn deposition into
the alloy, i S̀n, is higher thani S̀b and i C̀u, which leads
to formation of tin-rich alloys. Comparison of the
partial current densities of Sb and Cu deposition
shows that the share of antimony in the alloy exceeds
that of copper in the case of electrodeposition at
ic = 134 A dm32 (see the figure, curves2` and 3`).

The investigation performed made it possible to
develop a sulfate electrolyte for electrodeposition of
the Sn3Sb3Cu alloy. Electrolyte composition: H2SO4
20330, Sb2(SO4)3 0.530.8, CuSO4 . 5H2O 0.531.0,
syntanol DS-10 233 g l31; butynediol (35% solution)
40345, formalin (37% solution) 638 ml l31; ic =
134 A dm32. Content of metal in the alloy (wt %):
antimony 2.4313.5, copper 3.2328.1. Current ef-
ficiency by the alloy 92398%.

Electrodeposition is to be performed in the tem-
perature range 18325oC in an agitated electrolyte.
The alloy should be deposited onto copper samples.
In depositing the alloy onto steel, the substrate should
be preliminarily coated with copper. Anodes of pure
tin are to be introduced into the electrolyte with
voltage already applied to preclude contact deposition
of Sb and Cu onto Sn. After the completion of an ex-
periment, the anodes are to be removed from the elec-
trolyte. The adjustment of the electrolyte with respect
to SnSO4, Sb2(SO4)3, CuSO4, H2SO4, formalin, and
butynediol is done in accordance with chemical anal-
ysis data [7]. The electrolyte adjustment with respect

Table 1. Effect of SnSO4, Sb2(SO4)3, and CuSO4
concentrations and current density on the composition of
the Sn3Sb3Cu alloy (Electrolyte composition: H2SO4 100,
syntanol 2 g l31; butynediol 40, formalin 6 ml l31)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Concentration³
M

³ M* content in the alloy (wt %)
of sulfates, g l31³ ³at indicated current density, Adm32

ÄÄÄÂÄÄÄÂÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
Sn ³ Sb ³ Cu ³ ³ 1 ³ 2 ³ 3 ³ 4
ÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ

³ ³ �³ Sb ³ 10.1 ³ 9.2 ³ 8.5 ³ 7.4
20 ³ 0.5³ 0.5 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 9.7 ³ 6.8 ³ 4.3 ³ 3.2

³ ³ �³ Sb ³ 8.3 ³ 7.2 ³ 5.7 ³ 3.8
20 ³ 0.5³ 0.7 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 13.1 ³ 9.7 ³ 7.5 ³ 5.4

³ ³ �³ Sb ³ 6.9 ³ 5.4 ³ 3.7 ³ 2.8
20 ³ 0.5³ 1.0 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 28.1 ³ 23.5 ³ 18.4 ³ 15.5

³ ³ �³ Sb ³ 13.5 ³ 12.4 ³ 11.5 ³ 10.5
20 ³ 0.8³ 0.5 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 9.8 ³ 7.8 ³ 6.5 ³ 5.5

³ ³ �³ Sb ³ 11.4 ³ 9.5 ³ 7.3 ³ 5.8
20 ³ 0.8³ 0.7 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 9.8 ³ 8.5 ³ 5.3 ³ 4.5

³ ³ �³ Sb ³ 8.3 ³ 7.2 ³ 6.4 ³ 4.8
20 ³ 0.8³ 1.0 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 25.4 ³ 18.3 ³ 16.1 ³ 11.4

³ ³ �³ Sb ³ 8.2 ³ 7.3 ³ 6.1 ³ 5.3
30 ³ 0.5³ 0.5 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 7.0 ³ 4.9 ³ 3.5 ³ 2.5

³ ³ �³ Sb ³ 6.7 ³ 5.4 ³ 4.3 ³ 3.2
30 ³ 0.5³ 0.7 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 10.7 ³ 8.4 ³ 6.5 ³ 4.6

³ ³ �³ Sb ³ 5.6 ³ 4.3 ³ 3.2 ³ 2.4
30 ³ 0.5³ 1.0 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 25.3 ³ 18.1 ³ 14.3 ³ 11.2

³ ³ �³ Sb ³ 9.3 ³ 8.3 ³ 7.3 ³ 6.4
30 ³ 0.8³ 0.5 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 5.1 ³ 3.5 ³ 2.5 ³ 1.7

³ ³ �³ Sb ³ 8.1 ³ 6.9 ³ 5.2 ³ 4.5
30 ³ 0.8³ 0.7 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 7.9 ³ 5.8 ³ 4.5 ³ 3.8

³ ³ �³ Sb ³ 6.5 ³ 5.6 ³ 4.8 ³ 3.5
30 ³ 0.8³ 1.0 �³ ³ ³ ³ ³³ ³ �³ Cu ³ 20.0 ³ 15.0 ³ 11.1 ³ 8.2
ÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* M = Sb, Cu.

Table 2. Effect of Sb2(SO4)3 and CuSO4 concentrations
and current density on the CE by the Sn3Sb3Cu alloy
(Electrolyte composition:SnSO4 30, H2SO4 100, syntanol
2 g l31; butynediol 40, formalin 6 ml l31; mechanical
stirring)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Concentration, ³ CE by alloy (%) at indicated
g l31 ³ current density, A dm32

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
Sb2(SO4)3 ³ CuSO4 ³ 1 ³ 2 ³ 3 ³ 4

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
0.5 ³ 0.5 ³ 96.1 ³ 95.3 ³ 93.9 ³ 92.1
0.5 ³ 0.7 ³ 97.2 ³ 96.1 ³ 95.3 ³ 93.4
0.5 ³ 1.0 ³ 97.8 ³ 96.8 ³ 96.1 ³ 94.3

³ ³ ³ ³ ³0.8 ³ 0.5 ³ 93.5 ³ 92.9 ³ 91.3 ³ 90.3
0.8 ³ 0.7 ³ 94.4 ³ 93.5 ³ 92.3 ³ 91.4
0.8 ³ 1.0 ³ 95.5 ³ 94.6 ³ 93.4 ³ 92.3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
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(133) Cathodic and (1`33`) partial polarization curves of
deposition of (1, 1̀) Sn, (2, 2̀) Cu, (3, 3̀) Cu, and (4) Sn3
Sb3Cu alloy. Electrolyte composition: H2SO4 100, syntan-
ol 2 g l31; butynediol 40, formalin 6 ml l31; mechanical
stirring. (ic) Current density and (E) potential. Electrolyte +
additive (g l31): (1) SnSO4 30, (2) Sb2(SO4)3 0.8,
(3) CuSO4 0.5, and (4) 1 + 2 + 3.

to syntanol should be made on passing 50 A h l31

of electricity through the electrolyte, by introducing
1 g l31 of additive into the bath.

In contrast to the fluoroborate electrolyte, the de-
veloped sulfate electrolyte contains no fluorides,

allows deposition in a wideric range, and makes it
possible to obtain tin babbitts of B-88 and B-83
brands [4].
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Abstract-The kinetic parameters of the reaction ofN,N-dichloro-p-chlorobenzenesulfonamide with hy-
drochloric acid were determined, and the main parameters of the commercial process were estimated.

In the context of elimination of chemical weapons,
a problem arises of utilization of agents used for ren-
dering war gases harmless. One of such agents isN,N-
dichloro-p-chlorobenzenesulfonamide (I , Russian com-
mercial name DTKh-2). Owing to the high reactivity
of the N3Cl bond, a promising way of its utilization
is replacement of active chlorine atoms by hydrogen
atoms with the formation ofp-chlorobenzenesulfon-
amide (II ), which can be used for synthesis of sulfamide
drugs, dyes, and effective means for plant protection
[133]. For this process, a reagent should be chosen
that would be cheap and readily available and would
give the minimum amount of minor or difficult-to-trap
products. One of such agents is hydrochloric acid.

The goals of this study were to determine the ki-
netic characteristics of the reaction ofI with HCl
and estimate the main parameters of the commercial
process.

EXPERIMENTAL

The reaction was performed in a glass vessel
equipped with a jacket and a thermometer. The vessel
was charged with 10 g ofI , after which 50 ml of 2 N
HCl (equivalent excess 0.34 mmol) was added, and
the solution was heated to a required temperature
(77 or 92oC) under stirring with a magnetic stirrer.

The experimental conditions should be chosen so
as to ensure the most active reaction (i.e., to eliminate
possible diffusion hindrance); the optimal temperature
and concentration should be determined. Preliminary
experiments showed that at a stirrer rotation rate of no
less than 700 rpm the conversion is independent of the
stirring rate. The suitable reaction temperature is re-
stricted by the thermal stability of the melt ofI under

water (up to 95oC [4]); 2 N HCl is convenient as it
is sufficiently concentrated, but does not fume yet.
Also, it is known that in more concentrated HCl the
solubility of chlorine increases, which complicates
its separation.

At appropriate intervals, we sampled the reaction
mixture to determine the HCl concentration by alkali
titration. Samples of the solid phase were analyzed for
available chlorine by iodometric titration [5] after dry-
ing to constant weight and dissolution in a 1 : 1 mix-
ture of 1,2-dichloroethane and glacial acetic acid.
When calculating the conversion, we took into account
the variation of the molecular weight of the solid
phase in the course of the reaction.

Amide II was identified by the melting point (143+
1oC; according to [4], 1433144oC) and IR spectrum.
The IR spectra ofI and II in mineral oil were meas-
ured on a Specord-80 spectrophotometer. The spec-
trum of II shows two bands (3332 and 3240 cm31)
belonging to antisymmetric and symmetric stretching
vibrations of the NH2 group. Such bands are absent
in the spectrum ofI .

Figure 1 shows as a function of timet the con-
versionh with respect to available chlorine (1, 3) and
HCl (2, 4), at 92 and 77oC; the conversion with re-
spect to HCl was calculated by the formula

h = 1 3 (C 3
3
C )/(C0 3

3
C ), (1)

whereC,
-

C, andC0 are the current, excess, and initial
concentrations of HCl, respectively.

It is seen from the figure that the conversion is
complete only with respect to dichloramideI (with
respect to HCl,h < 1). This means that reversible
reaction [4] is shifted to the right (owing to removal
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Fig. 1. (a) Conversionh with respect to (1, 3) available
chlorine and (2, 4) HCl vs. time t; (b) linearization of
curves 1 and 3 in the coordinates ln (13 h)3t. Tempera-
ture, oC: (1, 2) 92 and (3, 4) 77.

of chlorine) and that HCl is not only consumed, but
also formed (most probably, by reaction of chlorine
with water):

p-ClC6H4SO2NCl2 + 2HCl64 p-ClC6H4SO2NH2 + 2Cl2. (2)

Therefore, the kinetic parameters were calculated
only from dependences1 and3 linearized in the coor-
dinates ln (13 h)3t (Fig. 1b).1 From the slope of
the straight lines we determined the rate constants of
removal of available chlorinek, and from their temper-
ature dependence we estimated the activation energy
of the process to be 89.1 kJ mol31.

Then, in the formula for calculating the conversion
of available chlorine

h = 1 3 exp(3kt) (3)

the rate constantk (h31) is

k = 3.60 1012exp(389 100/RT). (4)

where R = 8.314 J mol31 K31.
ÄÄÄÄÄÄÄÄÄÄ

1 Linearization of dependences1 and 3 in the coordinates of
a first-order reaction equation is probably due to the mutual
compensation of two opposite processes: acceleration owing
to additional formation of HCl and deceleration owing to
the reaction reversibility. Therefore, the constants determined
in this work should be regarded as apparent.

The experimentally estimated activation energy
confirms the assumed kinetic control of the process.

Formulas (3) and (4) allow approximate estimation
of the most important parameter of the commercial
process, specific outputV of a reactor of unit volume.
If the reaction is performed at 92oC to 98% conver-
sion, then, according to formulas (3) and (4), the res-
idence time will be 5 h; hence,V = 40 kg m33 h31,
i.e., the specific output is moderate.

A significant factor in this process is stirring.
Calculation of the power of the electric stirrer accord-
ing to [6] gave a value of 0.65 kW m33. The heat
consumption for heating of the reaction volume (1 m3)
is 0.1 Gcal. It is seen that the power consumption is
low. Note also that the released gaseous chlorine can
be readily absorbed in a standard alkaline absorber [7]
to form a valuable product, hypochlorite.

Thus, the proposed procedure for utilization of I
is attractive owing to the low power consumption and
low environmental impact.
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Abstract-The feasibility of low-waste production of 5-hydroxy-1,4-naphthoquinone with regeneration of
Cr(VI) with the use of ozone was examined. The optimal conditions were found for oxidation of Cr(III) to
Cr(VI) in the presence of manganese(II) sulfate.

Oxidation of aromatic compounds with potassium
dichromate is widely used in production of food addi-
tives, drugs, intermediates, and dyes. Oxidation, as a
rule, occurs under mild conditions but is accompanied
by the formation of large amounts of highly toxic dif-
ficultly utilizable acidic chromium-containing waste-
water whose treatment requires large expenditure.
A promising way to improve the environmental safety
of such processes is to develop low-waste technol-
ogies using ozone [1].

In this study, we examined the feasibility of prod-
uction of 5-hydroxy-1,4-naphthoquinone by a closed-
loop process.

5-Hydroxy-1,4-naphthoquinone (juglone) is used as
preservative for nonalcoholic drinks. It is prepared in
22.0% yield by the following scheme:
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To increase the yield of 5-hydroxy-1,4-naphthoqui-
none, it is recommended to add 1,5-dihydroxynaph-
thalene in the oxidation stage without its isolation in
the form of an aqueous suspension containing 1,5-di-
hydroxynaphthalene (1.53 M), Na2SO4 (1.72 M), and
H2SO4 (0.21 M) [2]. The resulting 5-hydroxy-1,4-
naphthoquinone is separated, and a mixture of the
filtrate with wash water, containing Cr2(SO4)3, sul-

furic acids, and organic impurities, is subjected to
ozonation.

In this study, we examined the possibility of (i) ox-
idizing Cr(III) to Cr(VI) by ozonation of aqueous
acidic solutions of chromium sulfate obtained in filtra-
tion of 5-hydroxy-1,4-naphthoquinone suspension and
(ii) utilizing the ozonized solutions for oxidation of
1,5-dihydroxynaphthalene.

According to the procedure described in [3], ozona-
tion of wastewater was performed in a 0.4-l glass
column equipped with a dispersing glass frit. The
column was charged with 50 ml of the solution from
the filtration stage, containing 0.127 M Cr2(SO4)3,
0.56 M H2SO4, and 0.02 M MnSO4 .5H2O. The re-
quired temperature was adjusted, and an ozone3air
mixture was passed through the solution at a rate of
30 l h31 for 8312 h. The gas mixture contained 1.23

1.6 vol % ozone; the degree of ozone uptake was

Fig. 1. Influence of the concentration of the MnSO4 .5H2O
catalyst on the rate of Cr(VI) accumulation. Solution
volume 50 ml, rate of ozone3oxygen mixture feeding
30 l h31, T = 80oC, CH2SO4

= 6%, CCr2(SO4)3
= 0.127 M.

(C) Cr(VI) concentration and (t) reaction time; the same
for Figs. 2 and 3. Catalyst concentration (M): (1) 0,
(2) 0.01, (3) 0.02, and (4) 0.03.
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Fig. 2. Influence of temperature on the rate of Cr(VI) ac-
cumulation. Solution volume 50 ml, rate of ozone3oxygen
mixture feeding 30 l h31, CH2SO4

= 6%, CMnSO4 .5H2O
=

0.02 M. Temperature,oC: (1) 20, (2) 60, (3) 80, and
(4) 100.

Fig. 3. Influence of the H2SO4 concentration on the rate
of Cr(VI) accumulation. Solution volume 50 ml, rate
of ozone3oxygen mixture feeding 30 l h31, T = 80oC,
CMnSO4 .5H2O

= 0.02 M. CH2SO4
, %: (1) 3, (2) 4.5,

(3) 6, and (4) 9.

90395% in the first 233 h and 40345% by the end of
ozonation; oxidation of Cr(III) to Cr(VI) was quanti-
tative.

To the ozonized solution containing 0.25 M CrO3
we added oleum to an H2SO4 content of 2.38 M. The
resulting solution (70 ml, 2.38 M H2SO4, 0.25 M

Results of 1,5-hydroxynaphthalene oxidation in a closed-
loop process
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Run ³
Cycle

³ Compensation for ³
A, %

no. ³ ³ MnSO4 loss, M ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ First ³ 0.000 ³ 22.18
2 ³ Second ³ 0.000 ³ 22.12
3 ³ Third ³ 0.000 ³ 18.54
4 ³ Fourth ³ 0.003 ³ 23.4
5 ³ Fifth ³ 0.000 ³ 22.2
6 ³ Sixth ³ 0.000 ³ 19.1
7 ³ Seventh³ 0.000 ³ 17.59
8 ³ Eighth ³ 0.002 ³ 23.67
9 ³ Ninth ³ 0.001 ³ 22.44

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

CrO3, 0.02 M MnSO4) was placed in a 0.5-l flask at
20oC, and a suspension of 1,5-dihydroxynaphthalene
(75 ml) from the stage of sulfuric acid breakdown
of the alkali fusion product was loaded. Oxidation
was performed for 4 h, after which the suspension
was filtered and the precipitate washed to neutral
reaction. The filtrate and wash waters were combined
and ozonized.

Figure 1 shows that inder the experimental con-
ditions Cr(III) is not noticeably oxidized by ozone
(curve 1). Only in the presence of catalytic amounts
of manganese(II) sulfate, transformation of Cr(III) to
Cr(VI) is practically quantitative (curves3, 4). The
following mechanism of the catalytic effect of manga-
nese was suggested [4]:

(1)Mn(II) + O3 6 Mn(III) + O3
.3 ,

O3
.3 + H+

6 HO3
. , (2)

HO3
.

6 HO. + O2, (3)

O3
.3 + H2O 6 HO. + HO3 + O2, (4)

Mn(II) + HO.

6 Mn(III) + HO3, (5)

3Mn(III) + Cr(III) 6 3Mn(II) + Cr(VI). (6)

In the presence of manganese(II) sulfate, Cr(III) is
oxidized by ozone even at room temperature, but quan-
titative conversion of Cr(III) to Cr(VI) takes 22324 h
(Fig. 2). Therefore, it is more appropriate to perform
oxidation at elevated temperatures. For example, the
reaction time is three times shorter at 80oC.

The rate of oxidation of Cr(III) to Cr(VI) also de-
pends on the sulfuric acid concentration in the solu-
tion being ozonized, reaching a maximum in 6% acid,
which is consistent with the scheme of catalysis.

Thus, oxidation of Cr(III) in chromium(III) sulfate
solutions to Cr(VI) is quantitative and fast at 80oC in
the presence of 6% H2SO4 and catalytic amounts of
manganese(II) sulfate.

After being ozonized and concentrated, wastewaters
were repeatedly used for oxidation of 1,5-dihydroxy-
naphthalene (see table). As seen from the table, the
yield of 5-hydroxy-1,4-naphthoquinone decreases in
run nos. 3 and 7 owing to the loss of MnSO4 in the
stage of filtration. Compensation for the catalyst loss
in the fourth, eighth, and ninth cycles restores the
yield of the target product at a level of 22324%. The
quality of 5-hydroxy-1,4-naphthoquinone met the re-
quirements (mp 1453148oC) in all cases.
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CONCLUSION

The feasibility of Cr(VI) regeneration in the course
of synthesis of 5-hydroxynaphthoquinone in weakly
acidic solutions by ozonation in the presence of cata-
lytic amounts of manganese(II) sulfate was examined.
The ozonized chromium and manganese compounds
can be used repeatedly for oxidation of 1,5-dihydroxy-
naphthalene to 5-hydroxy-1,4-naphthoquinone.
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Abstract-A procedure is proposed for preparing polyvinyl alcohol fiber with increased water absorption
by acetalization of a freshly formed fiber with dialdehyde-containing polyvinyl alcohol fiber. The fiber
characteristics were determined in relation to the acetalization conditions.

One of the ways to render polyvinyl alcohol (PVA)
fiber insoluble is acetalization with aldehydes. In the
case of acetalization with dialdehydes (glyoxal; male-
ic, glutaric, phthalic, and isophthalic dialdehydes),
the presence of two reactive groups in the molecule
makes intermolecular reaction the most probable.
However, part of aldehyde groups remain unchanged
[133]. The resulting fibers exhibit relatively high
water-absorbing power and, at the same time, preserve
the fibrous structure with active centers required for
further modification, i.e., grafting of ionic vinyl poly-
mers and covalent immobilization of proteins, en-
zymes, and drugs.

Acetalization with low-molecular-weight dialde-
hydes is performed in aqueous solutions in the pres-
ence of mineral salts (sodium sulfate) and sulfuric
acid. Salts are added to decrease the swelling of the
fiber, and sulfuric acid serves as a process catalyst.
Among the negative features of the process are fiber
degradation under the action of acid and the necessity
for prolonged washing of the fiber to remove excess
salt. As a result, the resulting fiber is brittle.

Instead of low-molecular-weight dialdehydes, it is
possible to carry out acetalization with freshly formed
PVA fiber containing terminal aldehyde groups in-
troduced by periodate oxidation [4]. Oxidation of
PVA in solutions to give PVA dialdehyde was per-
formed by Sakurada [5]. With certain corrections, this
process can be successfully carried out with freshly
formed PVA fiber. Oxidation of freshly formed PVA
fiber was performed in aqueous solutions of periodic
acid at 20oC and liquid-to-solid ratio of 50. The con-
ditions and results of oxidation are listed in Tables 1
and 2.

The resulting dialdehyde from PVA fiber was used
for acetalization of freshly formed PVA fiber. The
reaction was performed as follows: Freshly formed
PVA fiber was thoroughly mixed with dialdehyde

Table 1. Influence of periodic acid concentrationCa
on the characteristics of the dialdehyde from PVA fiber*

(reaction time 60 min)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

³ ³ SW ³ W
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄCa, M ³ CCOH, wt % ³
³ ³ %

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
0.1 ³ 0.67 ³ Gelation ³ 226
0.2 ³ 1.48 ³ 44 ³ 350
0.3 ³ 3.12 ³ 30 ³ 339
0.4 ³ 3.60 ³ 27 ³ 229

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* (CCOH) Content of free aldehyde groups, (SW) shrinkage of

fiber in boiling water, and (W) water absorption [determined
in all cases according toGOST (State Standard) 3816381].

Table 2. Influence of oxidation time on the characteristics
of dialdehyde from PVA fiber (periodic acid concentration
0.3 M)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

³ ³ SW ³ W
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄt, min ³ CCOH, wt % ³
³ ³ %

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
30 ³ 0.06 ³ Gelation ³ 276
60 ³ 3.12 ³ 30 ³ 339
90 ³ 3.65 ³ 29 ³ 326

120 ³ 3.92 ³ 28 ³ 304
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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from PVA fiber and heated in an oven on a Teflon-
coated tray. After the reaction was complete, the char-
acteristics of the fiber were determined (Table 3; the
boundary values are given).

With water absorption taken as the main criterion of
fiber assessment, we can conclude that, with increas-
ing temperature and concentration of dialdehyde from
PVA fiber, the influence of acetalization time de-
creases considerably (run nos. 1, 8).

Originally, acetalization under these conditions
seemed to be improbable. However, there is evidence
that the reaction does occur. At the lowest reaction
parameters (run no. 1), the fiber undergoes neither
dissolution nor gelation on boiling. With increasing
reaction parameters, the water absorption steadily in-
creases, suggesting the formation of a fibrous network
structure capable of water absorption. In our case this
may be due to acetalization.

Fairly good results were obtained when the aceta-
lized PVA fiber was heat-treated with IR radiation.
Data on the water absorption of a thus treated fiber
are given below:

Cd, % 75 50 33 25 20
W, % 590 780 845 660 510

As expected, at too high dialdehyde concentrations
the water absorption decreases because of the high
degree of cross-linking.

We failed to prepare by acetalization with low-
molecular-weight dialdehydes a fiber with water ab-
sorption of 8003900%; the best results obtained, e.g.,
with maleic dialdehyde were 4503470%.

EXPERIMENTAL

Freshly formed PVA fiber (length 50360 mm) was
placed in flat-bottomed flasks with beads, and the
calculated amount of periodic acid was added at 20oC.
The mixture was kept for 303120 min. After that the
fiber was thoroughly washed with distilled water (the
completeness of acid removal was checked with meth-
yl orange) and dried at 20oC.

The IR treatment was performed at a wavelength
of 1.2 mm for 40380 s; a KG 220-1000-6 lamp was
placed at a distance of 80 mm from the fiber surface.

The content of free aldehyde groups was deter-
mined by condensation with hydroxylamine hydro-
chloride [6].

To determine the water absorption, air-dry fiber
(weighed with 0.005-g accuracy) was placed in a

Table 3. Characteristics of PVA fiber acetylated with
dialdehyde from PVA fiber
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄ

Run
³ ³ ³ ³

CCOH,
³ SW ³ W

³ ³ ³ ³ ÃÄÄÄÄÁÄÄÄÄ³Cd,* %³ T, oC ³ t, min ³ ³no.
³ ³ ³ ³

wt %
³ %

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄ
1 ³ 25 ³ 50 ³ 30 ³ 0.79 ³ 51 ³ 484
2 ³ 25 ³ 50 ³ 150 ³ 0.61 ³ 50 ³ 717
3 ³ 25 ³ 90 ³ 30 ³ 0.69 ³ 51 ³ 671
4 ³ 25 ³ 90 ³ 150 ³ 0.58 ³ 46 ³ 817
5 ³ 50 ³ 50 ³ 30 ³ 1.60 ³ 58 ³ 572
6 ³ 50 ³ 50 ³ 150 ³ 1.36 ³ 52 ³ 732
7 ³ 50 ³ 90 ³ 30 ³ 1.24 ³ 50 ³ 818
8 ³ 50 ³ 90 ³ 150 ³ 0.95 ³ 38 ³ 900

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
* (Cd) Concentration of dialdehyde from PVA fiber.

vessel with distilled water for 0.5 h. Then the sample
was placed on a filter paper folded in three layers,
covered with three layers of filter paper, and care-
fully squeezed with constant force. After that the
sample was weighed, and the water absorption was
calculated.

The shrinkage in boiling water was determined as
follows. Fiber samples (50360 mm) were measured
at 20oC with accuracy of 0.05 cm and placed in a
round-bottomed flask equipped with a reflux condens-
er; then distilled water at 95398oC was added, and the
flask was placed in a boiling water bath for 30 min.
After that the fiber was dried at 20oC, and the shrin-
kage was determined.

CONCLUSION

A procedure was developed for acetalization of
freshly formed polyvinyl alcohol fiber with aldehyde-
containing polyvinyl alcohol fiber. The water absorp-
tion of the resulting fiber considerably exceeds that
of the fiber acetalized with low-molecular-weight di-
aldehyde.
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Abstract-Zinc dialkyls with linear radicals were prepared from zinc and alkyl bromides in the presence
of stimulating systems based on a transition metal derivative and an organometallic compound capable of
reducing the transition metal derivative under the reaction conditions.

Zinc alkyl compounds are widely used in labora-
tory studies and industry as starting compounds in
inorganic, organic, and organometallic synthesis and
as catalysts for polymerization of unsaturated com-
pounds [137]. However, one of the major application
fields of alkyl derivatives of nontransition metals and
zinc is preparation of materials for electronics [7322].

A procedure for preparing diethylzinc in 92% yield,
involving reaction of zinc powder with ethyl bromide,
was proposed in [23]:

Zn + AlkBr 6 AlkZnBr, (1)

2AlkZnBr 6 Alk2Zn + ZnBr2. (2)

Stage (1) is performed in the liquid phase under at-
mospheric pressure without solvent at 38345oC in
the presence of catalytic amounts of stimulating sys-
tems whose necessary components are a transition
metal derivative and an organometallic compound
(OMC). The latter should be capable of reducing the
transition metal derivative under the reaction condi-
tions. Disproportionation of alkylzinc bromide (2)
with simultaneous distillation of dialkylzinc in a vac-
uum is performed in the same vessel at elevated tem-
perature under isothermal conditions, or with a more
sophisticated temperature schedule. This procedure
eliminates the labor-consuming procedure for prepar-
ing a zinc3copper couple, the use of relatively expen-
sive ethyl iodide, and the uncontrollable induction
period in the first stage. Among a broad range of
tested stimulating systems based on a transition metal
derivative and an OMC (some of them are listed in
patent [23]), the system copper(I) iodide3ethylzinc
bromide showed high performance in synthesis of di-
ethylzinc. However, attempts to use this system for

preparing dipropyl- and dibutylzinc resulted in low
yields of zinc dialkyls. Therefore, we carried out a
study aimed at extending the synthetic potential of the
procedure for preparing zinc dialkyls.

It is known [2, 3] that organic halides can react
with OMCs. This is a complex process, and its mech-
anism is not still fully understood; the reactions are
often accompanied by exchange, hydride reduction,
and dehydrohalogenation of the organic halide. As a
result, a complex mixture of products is usually
formed. The reaction catalysts are commonly transi-
tion metals or their derivatives. Hence, it could be
expected that the most probable reasons for low yields
of dipropyl- and dibutylzinc in the preliminary exper-
iments are side reactions of the initial alkyl bromides
with the forming mono- and diorgano derivatives of
zinc, yielding a mixture of hydrocarbons and zinc
bromide. The other possible side reactions [reduction
of copper(I) iodide with organozinc compounds or
their thermal decomposition] can hardly be responsi-
ble for the poor yields of zinc dialkyls. Indeed, even
complete reduction of the catalytic amounts of cop-
per(I) iodide as a component of the stimulating system
can decrease the yield of zinc dialkyl only to approx-
imately 93%. The insignificant effect of thermal de-
composition of zinc dialkyls on their synthesis fol-
lows, e.g., from the approximately equal yields of
diethyl-, dipropyl-, and dibutylzinc (78386%) in
their synthesis by Noller’s procedure from a zinc3

copper couple and equimolar mixtures of the corre-
sponding alkyl iodides and alkyl bromides under con-
ditions similar to those of our experiments [1]. If this
is the case, then, if unchanged alkyl bromide or a
solid residue containing a transition metal and its de-
rivative is removed from the reaction mixture before
thermal disproportionation of alkylzinc bromide, the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 8 2001

SYNTHESIS OF ZINC DIALKYLS FROM ZINC AND ALKYL BROMIDES 1411

selectivity of zinc dialkyl synthesis must increase con-
siderably.

Our experiments showed that the selectivity of syn-
thesis of alkylzinc bromides atT < 50oC is very high:
The reaction mixtures contained only unchanged ini-
tial compounds (zinc and alkyl bromide) and alkylzinc
bromide. The release of gaseous products was moni-
tored with a gas meter connected to the reactor, and
was insignificant. However, the conversion of alkyl
halides in 438 h was as low as 50380%. Subsequent
thermal disproportionation of alkylzinc bromides with
simultaneous vacuum distillation of zinc dialkyls from
such reaction mixtures resulted in low yields of zinc
dialkyls. The results of two of such experiments
(nos. 1 and 3) are listed in the table. Removal of
unchanged alkyl bromides from the reaction mixtures
by vacuum distillation at temperatures below 50oC
prior to thermal decomposition noticeably increased
the yield of zinc dialkyls. Also, we found that, in the
absence of other components of the reaction mixtures,
the alkyl bromides in hand do not react with the cor-
responding organozinc compounds under the experi-
mental conditions. Therefore, as expected, when the
solid residue was removed from the reaction mixture
prior to disproportionation, the yield of zinc dialkyls
also increased (see table, run nos. 2 and 4). Since
5315% of the formed organozinc compounds always
remains in the reactor after the final stage of synthesis,
our results show that, in the absence of alkyl bromides
or substances catalyzing reaction of organic halides
with OMC, disproportionation of alkylzinc bromides
into zinc dialkyls is highly selective.

Thus, our study supports the above assumption
concerning the reasons for the low yield of zinc dial-
kyls in their synthesis from zinc and alkyl halides in
the presence of stimulating systems based on a tran-
sition metal derivative and an OMC. It should be
noted that, to prepare high-purity zinc dialkyls, it is
appropriate to use alkylzinc bromide formed in the
first stage or the corresponding zinc dialkyl as the
organometallic component of the stimulating system.

EXPERIMENTAL

In our experiments, we used PTs-10 zinc powder
[TU (Technical Specifications) 48-4015-1/0381] and
pure grade copper(I) iodide (TU 6-09-02-437387).
Pure grade alkyl bromides were dried over calcium
chloride and distilled before use. Ethylzinc bromide
was prepared from zinc powder and ethyl bromide in
the presence of the copper(I) iodide3ethylzinc bromide
stimulating system, as described in [23]. The result-
ing solution of ethylzinc bromide in ethyl bromide

Synthesis of zinc dialkyls from zinc and alkyl bromides
in the presence of the copper(I) iodide3ethylzinc bromide
stimulating system
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³

Alk2Zn

³

t,* h

³ Yield, %
³ ³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

no. ³ ³ ³ AlkZnBr ³
Alk2Zn

³ ³ ³ by analysis³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1 ³ Pr2Zn ³ 7 ³ 75 ³ 30
2 ³ Pr2Zn ³ 7 ³ 81 ³ 68**

3 ³ Bu2Zn ³ 4 ³ 52 ³ 0
4 ³ Bu2Zn ³ 8 ³ 78 ³ 66**

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (t) Time of AlkZnBr synthesis.

** The solid residue was removed from the reaction mixture
prior to disproportionation of alkylzinc bromide.

was separated from unchanged zinc, and excess ethyl
bromide was distilled off in a vacuum. The remaining
crystalline ethylzinc bromide was dissolved in an
appropriate alkylbromide for subsequent use as a com-
ponent of the stimulating system.

Synthesis of zinc dialkyls.A mixture of 8.76 g
(0.046 mol) of copper(I) iodide and 50 g (0.765 mol)
of zinc powder was vacuum-treated for 10 min, dry
oxygen-free argon was passed, and alkyl bromide and
a solution of ethylzinc bromide in the corresponding
alkyl bromide were added. The total amount of alkyl
bromide and the amount of ethylzinc bromide in the
mixture were 0.66 and 0.0430.05 mol, respectively.
In the process, the reactor was protected from atmos-
pheric moisture. Then the system was connected to a
gas meter. The first stage was performed with stirring
at 50oC. Then the stirring was stopped, the mixture
was cooled to room temperature, and thermal dis-
proportionation of alkylzinc bromide formed in the
first stage was performed, with simultaneous vacuum
distillation of zinc dialkyl. In certain experiments
unchanged alkyl bromide was distilled off in a vacu-
um prior to disproportionation, or unchanged zinc
was separated by decanting and washed with several
portions of appropriate alkyl bromide. The liquid
phase was separated by decanting after each washing.
After combining all the liquid phases from washings
and the liquid fraction of the reaction mixture, alkyl
bromide was distilled off in a vacuum, and alkylzinc
bromide was subjected to thermal disproportionation.
The constants of the resulting dipropylzinc and di-
butylzinc agreed with published data [1]. The yield of
zinc dialkyls was determined from the amount of the
isolated reaction products. The content of alkyl bro-
mide in the reaction mixture was determined by GLC
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on a Tsvet-110 chromatograph after hydrolysis of
alkylzinc bromide and extraction of alkyl bromide
with toluene [24]. The yield of alkylzinc bromide in
the first stage of the synthesis was evaluated from the
content of zinc ions (EDTA titration [25]) after hy-
drolysis of alkylzinc bromide in a solid particle-free
sample of the reaction mixture and dissolution of
the resulting zinc hydroxide precipitate in aqueous
HCl.

CONCLUSIONS

(1) Stimulating systems based on a transition
metal derivative and an organometallic compound
allow synthesis of zinc dialkyls with linear radicals in
high yields from zinc and alkyl halides.

(2) In thermal disproportionation of alkylzinc
halides, the reaction mixture should not contain sig-
nificant amounts of the initial alkyl halides.
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Abstract-Copolymerization of vinyl chloride with 1-vinyl-1,2,4-triazole was studied. The copolymerization
constants were determined. The chemical structure of the resulting copolymers was studied by NMR and IR
spectroscopy.

Polyvinyl chloride is one of the most important and
widely used polymers. To modify the properties of
polyvinyl chloride (solubility, processability, soften-
ing point, physicochemical properties), vinyl chloride
is copolymerized with other monomers.

Previously, we have studied radical copolymeriza-
tion of vinyl chloride (VC) withN-vinyl-4,5,6,7-tetra-
hydroindole [1] and with 2-methyl-5-vinylpyridine
and showed that the formation of macromolecules is
accompanied by dehydrochlorination, with the degree
of dehydrochlorination depending on the nature of
the comonomer.

In this work, we studied radical copolymerization
of VC with 1-vinyl-1,2,4-triazole (VT). Preliminary
experiments showed that, as expected, the degree of
dehydrochlorination is lower when copolymerization
is performed in solvents. Therefore, experiments on
copolymerization of VC with VT were performed in
solutions of N-methyl-2-pyrrolidone and dimethyl-
formamide (DMF). DMF appeared to be the most
suitable solvent, since double-reprecipitated copoly-
mers prepared inN-methyl-2-pyrrolidone contained,
according to the13C NMR spectra, fragments origi-
nating from reaction ofN-methyl-2-pyrrolidone with
HCl [2]. The copolymers prepared in DMF showed
no such signals. Therefore, all further experiments
on copolymerization of VC with VT were performed
in DMF.

Copolymers are formed at any initial monomer
ratio in the examined range (see table). Copolymeri-
zation of VC with VT yielded powdered products
readily soluble in DMF, dimethyl sulfoxide, and
N-methyl-2-pyrrolidone.

The VT units introduced into the copolymer affect
its solubility: The range of solvents dissolving the co-
polymers extends as compared with polyvinyl chlo-
ride. Hence, new possibilities arise for processing
these copolymers.

With increasing content of VT in the initial mix-
ture, the yield of the product and its intrinsic viscosity
grow.

For the system VC3VT, we determined the copoly-
merization constants. Their values,rVC = 0.30+0.02
andrVT = 1.24+0.02, indicate that the rate constant of
the reaction of VC radical with VT monomer is much
higher than the rate constant of its reaction with VC.

The IR spectra of the copolymers contain no ab-
sorption bands characteristic of theN-vinyl group
(960, 1680 cm31), whereas the vibration bands of the
triazole ring are preserved (1030, 1210, 1560 cm31),
and a band appears at 1640 cm31, characteristic of

Copolymerization of VC with VT ([AIBN] = 1.57 wt %,
60oC)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄ

VT/VC ³VT/VC molar ratio in copoly-³ ³
monomer³mer, calculated from content of³ ³

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³molar ³ ³ ³
ratio ³ N ³ Cl ³ ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
20/80 ³ 24.91/75.09 ³ 28.33/73.67³ 5.01³ 0.07
40/60 ³ 58.69/41.39 ³ 62.77/39.29³ 6.28³ 0.09
50/50 ³ 65.33/33.67 ³ 71.20/30.80³ 7.32³ 0.12
60/40 ³ 74.47/25.53 ³ 79.48/22.52³ 8.48³ 0.58
80/20 ³ 84.76/15.24 ³ 90.73/12.94³ 9.16³ 0.75

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
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the CH=CH bonds. The13C NMR spectrum of the
VT3VC copolymer contains broadened resonance
signals corresponding to the carbon atoms of the
triazole rings (151.91 and 144.38 ppm), a group of
signals of the vinyl fragment CH=CH (127.923

127.58 ppm), and signals from the >CHCl carbon
atoms (58.49356.67 ppm), NCH group (54.6 ppm),
and >CH2 groups (45.4341.9 ppm).

The CH=CH fragments in the copolymer originate
from dehydrochlorination of VC.
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The fact that signals from the CH=CH fragment
appear in the13C NMR spectra directly confirms the
occurrence of dehydrochlorination in the course of
copolymerization. From the13C NMR spectra, we
calculated the degree of dehydrochlorinationZ

Z = a/A,

where a is the amount of CH=CH groups andA is
the total amount ofvinyl chloride and CH=CH groups.

Also, the degree of dehydrochlorination was calcu-
lated from the difference between the content of VC
units in the copolymer, calculated from the chlorine
content and from the content of VT units (evaluated
from the nitrogen content). These two independent
procedures for determiningZ give reasonably con-
sistent results. With increasing content of VT in the
initial mixture, the degree of dehydrochlorination
grows, reaching a maximum (15%) at a VT content
of 80 mol %.

Thus, copolymerization of VC with VT in DMF
occurs with insignificant dehydrochlorination. In con-
trast to polyvinyl chloride, the resulting copolymers
are soluble in DMF andN-methyl-2-pyrrolidone,
which extends the possibilities of processing these
materials.

EXPERIMENTAL

Copolymerization of the monomers was performed
in sealed ampules at 60oC in the presence of azobis-
(isobutyronitrile) in an argon atmosphere. The reac-
tion mixture was dissolved in DMF, and the copoly-
mer was precipitated with acetone. The copolymers
were reprecipitated from solution into acetone and

vacuum-dried to constant weight. The intrinsic viscos-
ity was determined in DMF at 20oC by the dilution
procedure.

The relative activity constants were calculated by
the Fineman3Ross and Kelen3Tudos procedures [3],
using the program developed by G.I. Deryabina and
the Mortimer3Tidwell experimental design method.
In calculations we used the results of experiments
performed to no more than 10% conversion. The IR
spectra were taken on a Specord 75-IR spectrometer
from KBr pellets or mulls in mineral oil.

The proton-noise-decoupled13C NMR spectra of
copolymer samples were recorded on a Varian VXR-
500S spectrometer (125.5 MHz) from DMSO-d6 solu-
tions, with the relaxation delay of 2.5 s and 90o pulse.
Chromium tris(acetylacetonate) (0.02 M) was used as
relaxant.

The molar ratios of the copolymer components and
impurities were calculated by a common procedure:
The fraction of a single carbon atom in VT,qVT, was
taken equal to one carbon atom, which corresponds
to 1 mol of VT, MVT. The numbers of moles of the
other components were calculated by the formula

MX = qX/qVT ,

whereqX is the fraction of the carbon atom in compo-
nent X; qX = IX/Itot (IX and Itot are the integral inten-
sity of the signal from atom X and the total integral
intensity, respectively).

CONCLUSIONS

(1) Radical copolymerization of vinyl chloride
with 1-vinyl-1,2,4-triazole is accompanied by insignif-
icant dehydrochlorination; the second comonomer
appears to be more reactive.

(2) Introduction of 1-vinyl-1,2,4-triazole units into
the copolymer improves the solubility of the polymers
in organic solvents.
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Abstract-Monoalkyl ethers of ethylene and triethylene glycols were prepared and tested for intensification
of oil recovery. The features of oil displacement with aqueous solutions of glycol ethers from bulk models
of strata and the effect of glycol ethers on acid treatment of oil-saturated samples were examined. A cor-
relation between the structure of ether and its performance was revealed. The interphase tension at the
boundary between the aqueous solution of the glycol ether and kerosene was determined.

Glycol ethers are widely used as solvents for water3

hydrocarbon systems owing to their good compati-
bility with the aqueous and organic phases, high
hydrolytic stability, and low toxicity. In the oil re-
covery practice, ethylene glycol monobutyl ether
(EGMBE) is used as a component of complex acid
formulations for treatment of critical zones of oil
strata [1]. It is known that dipropylene glycol ethers,
e.g., butyl ether used in paint-and-varnish industry [2]
or methyl ether used for dissolving oil components
[3], surpass cellosolves in performance owing to the
higher washing-out power with respect to aliphatic
and aromatic hydrocarbons.

The goal of this study was to prepare a series of
glycol monoalkyl ethers differing in length of the
hydrocarbon radical and number of oxyalkyl units and
to choose the best ethers for intensification of oil re-
covery.

In industry, glycol ethers are prepared by oxyalky-
lation of alcohols. For their laboratory synthesis, we
chose another procedure involving reaction of alkyl
halide with glycol in aqueous dioxane in the presence
of solid alkali, followed by isolation of the product by
vacuum distillation [4]. We prepared ethylene glycol
monoheptyl ether (EGMHE) and triethylene glycol
monomethyl, monopentyl, and monoheptyl ethers
(TEGMME, TEGMPE, and TEGMHE, respectively).
Their structures were proved by refractometry and IR
spectroscopy (see table).

The synthesized glycol ethers, EGMBE, and ethyl-
ene glycol (EG) were tested as additives to acid solu-
tions used in oil recovery for treatment of critical

zones of the strata with the aim to improve their
filtration properties and capacity. Glycol ethers de-
crease the interphase tension between oil and water
and facilitate removal of fine particles wetted with oil
and restoration of the hydrophilic properties of the
surface owing to the washing-out effect. The effect of
glycol ethers on acid treatment was studied under
laboratory conditions using a model of carbonate rock
saturated with oil and water. To a weighed portion of
the rock we added a solution of HCl and glycol ether
and determined the rate of CO2 evolution. The rate of
breakdown of the carbonate rock with HCl (ml CO2/s)
in the presence of various ethers was as follows: no
ether, 0.3; EG, 0.26; EGMBE, 0.50; EGMHE, 0.10;
TEGMME, 0.37; TEGMPE, 0.56; and TEGMHE,
0.46 (0.01 g of CaCO3, 0.130.2 mm fraction, 5 ml of
3% HCl, 10 wt % of glycol ether).

These results show that, in the presence of glycol
ethers, the rate of reaction of the acid with the rock

Selected propereties of glycol ethers*

ÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³Published data [5]³ Data of this work
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄGlycol
³ ³ bp, oC ³

nD
20 ³ bp, oC ³

nD
20ether ³ ³ ÄÄÄÄÄÄÄ³ ³ ÄÄÄÄÄÄÄ³³ ³P, mm Hg³ ³P, mm Hg³

ÄÄÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄ
EGMHE ³27 ³ 92/3 ³1.4325³ 90/3 ³1.4362
TEGMME ³15 ³ 122/10 ³1.4380³ 95/3 ³1.4376
TEGMPE ³27.5³ 3 ³1.4410³ 200/3 ³1.4413
TEGMHE ³26 ³ 3 ³1.4450³ 250/3 ³1.4450
ÄÄÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄ
* IR data, cm31: C3O3C 1360, 3OH 380033400.
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Fig. 1. Influence of the structure of (a) ethylene glycol and
(b) triethylene glycol ethers on the interphase tensions

at the water3kerosene boundary. (n) Number of atoms in
the alkyl group of glycol ether. Concentration of glycol
ether, wt %: (1) 1 and (2) 10.

increases. The performance of an acid formulation
depends on the structure of ether, namely, on the
length of the hydrocarbon radical and the number of
oxyethyl units. The breakdown of the carbonate rock
was the fastest with ethers containing 435 carbon
atoms in the alkyl group. Apparently, glycol ethers
with short alkyl group dissolve oil to a lesser extent,
and ethers with long alkyl group are worse miscible
with the aqueous phase. Owing to their better com-
patibility with water and oil, triethylene glycol ethers
accelerate breakdown of the oil-saturated model rock
at any length of the alkyl radical.

Similar trends were obtained in studying the oil-
displacing power of ether. A special column modeling
an oil stratum was charged with crushed rock and
brought to required temperature, after which water,
oil, and again water were successively fed until the
oil displacement stopped (at a constant rate of filtra-
tion of the liquids). From the volume of displaced oil
we calculated the oil displacement factorKo equal to
the fraction of oil displaced from the column with
water. After that, an aqueous solution of glycol ether
was fed. Below are given the valuesDKo by which the
oil displacement factor increased on adding glycol

(concentration of glycol ether 10 wt %; reagent vol-
ume 15% of the pore volume):

Glycol EGMBE EGMHE TEGMME TEGMPE TEGMHE
ether

DKo, % 18.0 11.8 2.2 24.8 7.0

It is seen that TEGMPE and EGMBE show the
best performance. Apparently, 435 carbon atoms in
the alkyl group are sufficient to ensure the maximal
compatibility of a solution being pumped-in and re-
sidual oil in the stratum model and its efficient dis-
placement. With longer alkyl radicals, the solubility
of an ether in oil becomes the prevailing factor, which
results in retention of oil in the stratum model. On
the whole, triethylene glycol ethers show a higher oil-
displacing power owing to higher hydrophilicity.

The performance of formulations used for oil re-
covery is usually associated with a decrease in the
interphase tension at the aqueous phase3oil boundary.
Using a stalagmometer, we determined the interphase
tension at the boundary between aqueous solution of
glycol and kerosene. As seen from Figs. 1a and 1b,
the interphase tension decreases on adding glycol
ethers to water (1 or 10%). However, there is no un-
ambiguous correlation between the interphase tension
and performance of ethers in intensification of oil
recovery. For example, TEGMHE considerably de-
creases the interphase tension but shows poor per-
formance in oil displacement. In acid treatment, it is
adsorbed on the particle surface and makes it more
hydrophobic, decreasing the efficiency of reaction of
acid with the rock; in oil displacement, it readily
mixes with residual oil, is adsorbed on the rock, and
is not displaced by liquid. The minimal interphase
tension is observed with a 10% solution of EGMBE,
though it is not the best oil-displacing agent. Thus,
along with interphase tension, some other factors may
be significant, e.g., compatibility of ethers with the
aqueous and organic phases.

CONCLUSIONS

(1) Ethylene glycol monoheptyl ether and triethyl-
ene glycol monomethyl, monopentyl, and monoheptyl
ethers were prepared and tested for intensification of
oil recovery.

(2) Glycol ethers accelerate breakdown of oil-
saturated calcium carbonate with acid formulations
owing to washing-out of oil. The breakdown rate
depends on the structure of an ether. The highest per-
formance is shown by glycols containing 435 carbon
atoms in the alkyl group.
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(3) Aqueous solutions of glycol ethers make con-
siderably higher the oil displacement factor and can
be used for secondary recovery of oil. Ethylene glycol
monobutyl ether and triethylene glycol monopentyl
ether raise the oil displacement factor to the great-
est extent.

(4) High performance of these ethers in acid treat-
ments and oil displacement is due not only to a de-
crease in the interphase tension at the water3oil
boundary but also to compatibility with the aqueous
and oil phases.
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Abstract-The surface activity of block copolymers of ethylene and propylene oxides, based on ethylene-
diamine, mono(ethylene glycol), and triethanolamine, was studied. Adsorption characteristics of the inves-
tigated compounds at the water3air interface are estimated.

At present, nonionic surfactants are widely used
as emulsifiers, stabilizers of dispersions, corrosion
inhibitors, antistatic agents, and demulsifiers [1, 2].

Both in Russia and abroad, studies of surfactants
as demulsifiers revealed that the highest demulsify-
ing effect is provided by nonionic surfactants. Fur-
thermore, it is known that high-molecular-weight com-
pounds of this type are more efficient than low-mo-
lecular-weight compounds [3]. However, their adsorp-
tion characteristics at the water3air interface have
not been studied adequately. Therefore, we studied
in this work the surface activity of newly synthesized
nonionic surfactants, block copolymers of ethylene
oxide (EO) and propylene oxide (PO), based on ethyl-
enediamine (EDA), mono(ethylene glycol) (MEG),
and triethanolamine (TEA), and estimated the adsorp-

tion characteristics of the investigated compounds at
the water3air interface.

In the experiments, we used nonionic surfactants
based on EDA (sample nos. 139), MEG (sample nos.
10316), and TEA (sample nos. 17, 18), with differ-
ent molecular weightsM and PO/EO ratios or having
the sameM, but different degrees of oxyethylation.
All the surfactants were developed at the NIInefte-
promkhim Joint-Stock Company.

EXPERIMENTAL

The surface tension of aqueous solutions of the
nonionic surfactants at the water3air interface was
determined by the anchor-ring method with a LAUDA
tensometer without displacement, using an inductive

Fig. 1. Surface tension isotherms of aqueous solutions of block copolymers of PO and EO, based on (a) EDA, (b) MEG, and (c)
TEA. (s) Surface tension and (C) concentration. The numbers1315, 17, and18 correspond to the sample numbers; andI, to MEG.
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Adsorption characteristics of nonionic surfactants studied
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Sample ³ PO : EO, ³
M

³ CMC 0 103, ³ G 0 106, ³ Sm 0 1017, ³ Ma,
no. ³ % : % ³ ³ M ³ mol m32 ³ m2 ³ kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 80 : 20 ³ 7000 ³ 0.1000 ³ 0.802 ³ 0.208 ³ 57.6
2 ³ 75 : 25 ³ 7000 ³ 0.1096 ³ 0.613 ³ 0.272 ³ 49.5
3 ³ 70 : 30 ³ 7000 ³ 7.9430 ³ 0.643 ³ 0.259 ³ 46.4
4 ³ 60 : 40 ³ 7000 ³ 9.1200 ³ 0.540 ³ 0.309 ³ 44.6
5 ³ 50 : 50 ³ 7000 ³ 11.4800 ³ 0.580 ³ 0.287 ³ 43.6
6 ³ 30 : 70 ³ 7000 ³ 50.1200 ³ 0.869 ³ 0.192 ³ 42.0
7 ³ 80 : 20 ³ 10 000 ³ 0.3980 ³ 0.476 ³ 0.350 ³ 49.0
8 ³ 50 : 50 ³ 10 000 ³ 10.0000 ³ 0.579 ³ 0.288 ³ 46.0
9 ³ 70 : 30 ³ 4500 ³ 13.8038 ³ 0.618 ³ 0.270 ³ 46.0

10 ³ 80 : 20 ³ 6000 ³ 0.6025 ³ 0.639 ³ 0.261 ³ 58.0
11 ³ 70 : 30 ³ 6000 ³ 0.7244 ³ 0.661 ³ 0.252 ³ 48.0
12 ³ 60 : 40 ³ 6000 ³ 0.8709 ³ 0.660 ³ 0.252 ³ 45.0
13 ³ 80 : 20 ³ 7000 ³ 0.1047 ³ 0.655 ³ 0.254 ³ 57.0
14 ³ 70 : 30 ³ 7000 ³ 0.2187 ³ 0.639 ³ 0.261 ³ 46.0
15 ³ 80 : 20 ³ 10 000 ³ 0.0209 ³ 0.869 ³ 0.192 ³ 49.0
16 ³ 70 : 30 ³ 4200 ³ 0.0692 ³ 0.302 ³ 0.552 ³ 45.0
17 ³ 70 : 30 ³ 7500 ³ 8.7096 ³ 0.593 ³ 0.281 ³ 52.0
18 ³ 70 : 30 ³ 7500 ³ 0.4365 ³ 0.682 ³ 0.244 ³ 56.0

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

receiver of an amplifier, embodying the displacement
angle concept. The force proportional to the surface
tension is converted into electric voltage recorded by
a self-recorder. Prior to each measurement, the ring
was washed with bichromate and distilled water and
then steamed. Each measurement was repeated at least
three times at 20+ 2oC.

Figures 1a31c demonstrate the surface tension iso-
therms of aqueous solutions of the investigated non-
ionic surfactants. It should be pointed out that over
the concentration range from infinite dilution to crit-
ical micelle concentration (CMC) there are two por-
tions of the isotherms, whose position and slope de-
pend, in our opinion, on the PO/EO ratio.

From the experimental surface tension isotherms,
we estimated, using data from [437], the adsorptionG,
limiting adsorptionGm, work of adsorptionWa, mo-
lecular site areaSm, and CMC.

The adsorptionG was estimated from the slopes
(ds/dlog C) of tangents to the initial portions of the
isotherms, by substitution of these slopes in the Gibbs
equation:

G = 3 ÄÄÄÄ1
2.3RT

ÄÄÄÄÄds
dlog C

. (1)

To determineGm, the slope ds/dlog C of the linear
section of the isotherm before CMC was substituted
in Eq. (1).

The work of adsorptionWa, characterizing the sur-
face activity, in the energy gain on passing of a mole

of the surfactant from the bulk to the surface. This
parameter was estimated to be

Wa = RTln(G / dC),

where d is the thickness of the adsorption layer,
determined taking into account the range of inter-
molecular forces at the interface (90 10310 m for
the water3air interface [8]).

We estimatedWa of the investigated nonionic sur-
factants at various concentrationsC, including that
at infinite dilution. In discussing the obtained results,
we comparedWa values found by extrapolation to
zero concentration of a surfactant.

CMC was determined from the adsorption iso-
therms plotted in the coordinatess3log C, and Sm
was estimated to be

Sm = 1 / (GmNA).

The results are summarized in the table.

It was demonstrated for a series of polymeric ho-
mologs of oxyethylated alkylphenols and aliphatic al-
cohols [9] thatSm depends on the length of the oxy-
ethyl chain. At low degrees of oxyethylation,Sm re-
mains unchanged as a result of straightening of the
hydrophilic chains and their vertical orientation in
saturated adsorption layers. At high content of the ox-
yethyl groups, straightening becomes thermodynam-
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Fig. 2. Limiting adsorptionGm and molecular site areaSm
vs. the degree of oxyethylation. (a) Degree of oxyethyla-
tion expressed as the percentage of EO (see table); the same
for Figs. 3 and 4.

Fig. 3. Work of adsorptionWa and CMC vs. the degree
of oxyethylation a.

Fig. 4. Demulsifying activityb of block copolymers based
on (1) EDA and (2) MEG vs. the degree of oxyethylationa.

ically unfavorable, and, in this case,Sm is controlled
by the size of a convolute oxyethyl chain [9].

We found thatSm is about the same for all the sur-
factants studied, being only slightly dependent on their
molecular weight. For EDA-based PO/EO block co-
polymers with MW 7000 (sample nos. 136), Sm de-
pends on the degree of oxyethylation, reaching the

maximum (Sm = 0.3090 10317 m2) at PO/EO = 60/40
(Fig. 2). For MEG-based block copolymers at the
same degree of oxyethylation and comparable MW
(sample nos. 10312), Sm remains unchanged, which
is probably due to different molecular arrangements of
the indicated block copolymers.

It is seen from Fig. 2 and the table thatGm shows
a minimum at PO/EO = 60/40 for sample nos. 136. It
is interesting that increased demulsifying activity of
similar compounds at the same PO/EO ratio was re-
ported in [3].

The adsorption activity of compounds is mostly
characterized bySm or Gm. However, it is more pic-
torial to express it via such energy parameter as the
work of adsorptionWa. Our results showed thatWa
monotonically decreases with increasing degree of
oxyethylation (Fig. 3), which can be attributed to in-
creasing degree of pulling of the hydrophilic fragment
of a molecule into the aqueous phase, which results
in decreasing energy gain in adsorption from water.
With increasing hydrophilicity of a molecule, CMC
increases (see table andFig. 3). Such a pattern is
typical of both EDA- and MEG-based block copoly-
mers.

For the example of nonionic surfactants prepared
on the basis of commercial and thoroughly dried
TEA (sample nos. 17 and 18, respectively), we dem-
onstrated the effect exerted by the composition of a
starting reagent on the surface activity of the resulting
block copolymers. It is seen from the table that CMC
of sample no. 18 is lower by an order of magnitude
than that of sample no. 17, while the other adsorption
characteristics are only slightly different. Additional-
ly we studied the demulsifying activity of a series
of EDA- and MEG-based copolymers with MW 7000
and 6000, respectively, having various PO/EO ratios.
Figure 4 shows the dependences of the demulsifying
activity of the block copolymers on the degree of oxy-
ethylation. The demulsifying activity decreases with
increasing hydrophilicity of the samples. Finally anal-
ysis of the results obtained (Figs. 3, 4) reveals that
the work of adsorption decreases together with the
demulsifying activity of the block copolymers with
increasing degree of oxyethylation.

CONCLUSION

With increasing hydrophilicity of nonionic surfac-
tant molecules, their CMC grows and the work of
adsorption and demulsifying activity decrease. The
molecular site area andlimiting adsorption are de-
pendent on the degree of oxyethylation and steric
characteristics of molecules of nonionic surfactants.
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Works of Academician B. S. Jacobi in the Field
of Applied Chemistry

(To B. S. Jacobi’s bicentennial birthday anniversary)

The scientific interests of Academician Jacobi were
primarily with physics and investigations of electro-
magnetic phenomena and their practical applications.
At the same time, he made an outstanding contribu-
tion to the development of applied electrochemistry,
studied and improved chemical power sources; he also
discovered galvanoplastics and promoted its wide
acceptance.

Boris SemenovichJacobi (Moritz Herman von Jaco-
bi before acquiring Russian citizenship) was born on
September 9 (21), 1801, in Potsdam (Germany) into
a highly educated merchants’ family. He received his
primary, very high-grade education at home, studied
ancient and European languages, and fundamentals of
mathematics. In January 1821, after a year of military
service, Jacobi entered Berlin University; however,
already in August of the same year he went to G1ot-
tingen University. In October 1823, he returned to
Potsdam and started working at the Building depart-
ment of Prussia. In May 1829, he received G1ottingen
University’s diploma in architecture.

Already in those years, Jacobi, dealing with build-
ing works, displayed keen interest in investigations
in electricity and magnetism and studied works of
such known scientists as T.J. Seebeck (177031831),
A.M. Ampere (177531836), H.C. Oersted (17773
1851), and M. Faraday (179131867).

In 1883, Moritz Herman Jacobi moved to Ko1nigs-
berg, where his younger brother, Karl Gustav Jacobi
(180431851), professor, an already known mathemati-
cian, one of creators of the theory of elliptic functions,
member of the Berlin Academy of Sciences (since
1836), and a corresponding (since 1830) and full
member (since 1833) of the St. Petersburg Academy
of Sciences, was teaching at the University. In K1o-
nigsberg, M.H. Jacobi continued working as architect
and devoted his entire off-service time and the avail-
able means to problems of electrical engineering and
electric motor design.

On March 1, 1833, Jacobi became a full member of
the Ko1nigsberg physico-economical society. In this
connection, he delivered at a meeting of the society,
in June of the same year, a scientific report[On the

B.S. Jacobi in 1836.

Use of Natural Forces for Human Needs,] published
in the form of a separate brochure. The author ap-
peared before the members of the Society as an ex-
cellently educated person and broad-minded engineer
well familiar with the latest advances in science [1].
In May 1834, Jacobi demonstrated a prototype electric
motor to a group of scientists including A. Humboldt
(176931859), an outstanding German naturalist. Jaco-
bi sent a report about the electric motor, invented
by him, to the Paris Academy of Sciences, and later
submitted there a detailed description of the invention.
Jacobi’s works strongly influenced further research in
electric motor design in various countries [2]. In De-
cember 1834, by Humboldt’s request, the Prussian
government provided some funds for financing Jaco-
bi’s experiments. However, the scientist’s position in
Ko1nigsberg gave him no way of expanding his studies
in the field of practical application of electromagnetic
phenomena.
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In June 1835, K1onigsberg University awardedhon-
oris causathe doctor of philosophy degree to Jacobi,
and already in June of that year he was elected, by rec-
ommendation of known Russian scientists K.M. Ber
(179231876) and V.Ya. Struve (179331864), an ex-
traordinary professor at the chair of civil architecture
at Derpt (Tartu) University (Estonia). In September
1835, Jacobi moved to Derpt, and his entire scientific
and engineering activities proceeded in Russia from
that time on. In May 1837, Jacobi reported to the
minister of public education and, simultaneously, the
president of the St. Petersburg Academy of Scientists
PrinceS.S.Uvarov (178631855) on the possibility of
practical application of the electric motor. Already in
June, [Committee for Application of Electromagne-
tism to Machine Motion by Professor Jacobi’s Meth-
od] was created by the Academy [3]. The Commit-
tee included such known scientists as academicians
P.N. Fuss (179831855), A.Ya. Kupfer (179931865),
M.V. Ostrogradskii (180131861), and E.H. Lenz
(180431865); P.G. Sobolevskii (178131841), a cor-
responding member of the St. Petersburg Academy of
Sciences; and P.L. Shilling (178631837), inventor of
electromagnetic telegraph. The Committee was headed
by Admiral I.F. Krusenstern (177031846), an out-
standing seafarer and honorary member of the Acad-
emy of Sciences.

In August 1837, Jacobi was invited to St. Peters-
burg to carry out experiments on use aboard ships of
the motor designed by him. From that time, and till
the end of his life, the scientist lived in St. Petersburg.
However, till June 1840 he remained professor of
Derpt University, but was relieved of delivering lec-
tures. In November 1839, by initiative of a group
of academicians headed by Fuss, Jacobi was elected
an adjunct of the St. Petersburg Academy of Sciences
in practical mechanics and applied mathematics. In
May 1842, at a general meeting of the Academy of
Sciences, Jacobi was elected extraordinary academi-
cian in applied mathematics. In February 1847, Jacobi
was elected ordinary academician in technology and
applied chemistry. In October 1865, in view of the
opening of a vacancy after Lenz’s death, Jacobi was
appointed ordinary academician in physics. In April
1848, the scientist acquired Russian citizenship.

Krusenstern’s committee was mainly concerned
with the assessment of the possibility of applying the
electric motor to ship motion; however, with galvanic
cells as electric power source, this problem was un-
solvable. The activities of the Committee were termi-
nated in 1842, and its final report pointed out that
the investigations carried out[aided in explanation of
quantitative relations associated with the phenomenon
of electromagnetism] [4].

Being very broad-minded scientifically, Jacobi was
one of the first in the world to construct cable tele-
graph lines in St. Petersburg (184131846), invented
about ten designs of telegraph apparatus, and per-
formed basic research in the field of electromagnetic
phenomena [5, 6]. Jacobi dealt with problems of ap-
plied chemistry, took active part in studies of ways to
machine platinum, and wrote a spacious treatise[On
Platinum and Its Use as Coins] (1860). Evidence on
scientist’s investigations in this field can be found
in his correspondence with H. Saint-Claire Deville
(181831881), a French chemist and a foreign corre-
sponding member of the St. Petersburg Academy of
Sciences [7].

The present brief essay covers only Jacobi’s works
in applied electrochemistry. High-power galvanic cells
were necessary for feeding electric motors. The first
Jacobi’s paper on power sources, published in 1837
(Pogg. Ann., 1837, no. 40, pp. 67373) was written in
Derpt in connection with the dispute on the so-called
Becquerel circuit. A.-C. Becquerel (178831878), a
French scientist, described a galvanic cell comprising
two platinum electrodes, one in contact with concen-
trated nitric acid, and the other, with a concentrated
solution of potassium hydroxide. The two liquids were
separated by a porous clay diaphragm. According to
Becquerel, neutralization was the reaction responsible
for current generation. Jacobi confirmed Becquerel’s
experiments and studied thoroughly the gaseous prod-
ucts evolved on platinum, but made little progress in
understanding the mechanism of the occurring elec-
trode reactions. However, somewhat later (1841),
Jacobi noted that[As regards galvanic action, plati-
num in nitric acid is a metal different from platinum
immersed in alkali] [5].

Much greater attention was paid by Jacobi to im-
proving the copper3zinc cell proposed in 1836 by
British scientist J.F. Daniell (179031845). In this cell,
amalgamated zinc was immersed in a sulfuric acid
solution, and copper, in a copper(II) sulfate solution.
The solutions were separated by a porous clay dia-
phragm well wettable by both the liquids. Jacobi pro-
posed to replace sulfuric acid with an ammonium
chloride solution and used in the diaphragm a materi-
al with much lower electrical resistance. As noted by
W. Ostwald (185331932), in the understanding of the
mechanism of operation of this cell[Daniell failed to
make the final, decisive step, despite that he was very
close to doing so... the conclusion thatthere is no
need at all for sulfuric acid was made not by him] [8].
Jacobi improved the copper3zinc cell already in Derpt
in the end of 1836 and reported on his achievement
in his letter to Academician Lenz in February 1837.
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In a search for a more powerful current source,
Jacobi thoroughly studied the cell proposed by En-
glish physicist W.R. Grove (181131896). The circuit
comprised platinum, concentrated nitric acid, dilute
sulfuric acid, and zinc. Grove cells were used by
Jacobi in his experiments with a boat driven by
electric motor. Having made a detailed theoretical
analysis of the possibilities of primary galvanic cells,
Jacobi came to a conclusion that their combination
with electric motor is noncompetitive with steam
machines.

The last Jacobi’s works on chemical power sources
already referred to secondary cells-batteries. As
noted by Academician A.N. Frumkin (189531976)
[5, 9], Jacobi holds priority on making an attempt to
use secondary cells for practical purposes. Originally,
Jacobi’s battery had only platinum electrodes, which
allowed accumulation of a very small amount of elec-
tricity. In experiments performed in 1870 at the sug-
gestion of French physicist G. Plante (183431889),
platinum electrodes were replaced by lead ones im-
mersed in concentrated sulfuric acid. This allowed
a substantial increase in the storage capacity of sec-
ondary power cells.

Jacobi’s studies in the field of chemical power cells
led the scientist to the discovery of galvanoplastics,
made in February 1937, before moving to St. Peters-
burg. It is this date of the discovery that was given by
Jacobi himself in a letter to M. Faraday of June 21,
1839 [5]. On October 4, 1838, Jacobi reported on his
invention in an official letter to the Academy of Sci-

ences and submitted a sample fabricated by him. In
1840, the scientist got a permission of the Russian
government to publish the results of his investigations
in the form of a detailed manual [10, 11]. The book
Galvanoplastics or a Method to Fabricate Prototype-
reproducing Copper Articles from Copper Solutions
by Means of Galvanismwas published in Russian and
German simultaneously and was at once translated
into English and French. Its author stated with pride:
[Galvanoplastics belongs exclusively to Russia. Here
it originated, and here it was developed.] This was
confirmed by Academician P.I. Walden (186331957)
who paid much attention to the history of chemistry
[12]. In the manual, Jacobi presented quite a number
of conditions for production of good copper deposits.
The author was aware of the broadest possibilities
of practical application of galvanoplastics. The devel-
opment of galvanoplastics in Russia during the first
years after its discovery was described in detail in
I.G. Spasskii’s article, included as a supplement in
the collection of Jacobi’s works [5]. The same sup-
plement contains other materials referring to this dis-
covery (Jacobi’s leters to Prince Uvarov, correspon-
dence with A.N. Demidov, comments by press, opin-
ions of scientists.

In April 1840, Jacobi was awarded Demidov Prize
for the invention of galvanoplastics, but the scientist
handed the entire amount of money to the Academy
of Sciences. In summer of 1867, at the World Exhibi-
tion in Paris, Jacobi was awarded for his discovery
the First Prize and the Major Gold Medal. In 1889,
a galvanoplastics exhibition was staged in St. Peters-
burg, devoted to 50th anniversary of Jacobi’s discov-
ery [13].

Already after discovering the galvanoplastics, Jaco-
bi submitted to the Academy of Sciences the results of
his investigations of the processes of gilding (1842),
brass coating (1844), and electrolytic recovery of
iron (1868). This field of applied electrochemistry was
named galvanostegy by the scientist.

A major part of Jacobi’s electrochemical works
was devoted to development of methods for measur-
ing the amount of electricity, electromotive force of
galvanic cells, and their internal resistance. All these
works were initiated by the need to have more precise
evaluation techniques on which depended the possi-
bility of using in practice various kinds of chemical
power sources [5, 14].

Jacobi took active part in the activities of the St.
Petersburg Academy of Sciences; he was repeatedly
elected a member of the managing committee of the
Academy, was a member of a great number of various
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permanent and temporary committees, and performed
various tasks.

As noted by Frumkin [5], the discovery of galva-
noplastics, investigation of chemical power sources,
and development of methods for measuring electro-
chemical quantities putJacobi to one of the first places
in the electrochemical science of the XIX century.

Jacobi’s merits in various fields of science and
technology were highly appreciated in Russia and
abroad. A full member of the St. Petersburg Academy
of Sciences, he was also elected a foreign correspond-
ing member of the Berlin Academy of Sciences, G1ot-
tingen Society of Sciences, scientific societies of Italy,
honorary member of the British society for promotion
of valuable arts, Scottish society of arts, a member of
the Physical society in Frankfurt, Dutch society of
sciences in Harlem, and other societies and institu-
tions. By the end of his life, Jacobi had the title of
Privy Counselor and had been awarded the highest
Orders of Russia and orders of other countries.

Among the vast number of publications devoted to
Jacobi, mention should necessarily be made of the
book by M.G. Novlyanskaya [15]. The book presents
lists of scientist’s works (176 items) and publications
about Jacobi’s life and activities, which appeared dur-
ing the period from 1834 till 1953 (571 items), and
biographic materials covering in chronological order
all his life.

Boris Semenovich Jacobi died of heart attack on
February 27, 1874, at age of 72. He was buried at
Smolenskoe Lutheran cemetery in St. Petersburg.
A memorial plaque on an Academy of Sciences build-
ing in Vassilievsky island on a Neva embankment re-
minds descendants that[a famous physicist and elec-
trical engineer Boris Semenovich Jacobi] had lived
in this house.
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Aleksandrovskii, S.V., Dong Von Li, and Gopienko, V.G.,
Novye protsessy polucheniya tugoplavkikh soedinenii titana
(New Processes for Producing High-Melting Titanium
Compounds), Moscow: Ruda i Metally Publ. House,

2001, 128 pp.

High-melting titanium compounds-carbides, ni-
trides, and carbonitrides find wide use in diverse
fields of new technology. All the three classes of
compounds are characterized by high melting points,
hardness, and wear resistance, and serve as a basis
for manufacture of alloys and formulations with a
required set of properties. In a small monograph by
Aleksandrovskii and co-authors, the existing and
prospective ways to obtain high-melting compounds
belonging to the systems Ti3C, Ti3N, and Ti3C3N are
considered.

The book comprises a brief introduction, three
chapters, and bibliography containing 101 references
to works of domestic and foreign authors. The intro-
duction (pp. 335) mainly presents the fields of appli-
cation of high-melting titanium compounds. The first
chapter (pp. 6325) describes the properties of the
compounds under consideration-phase diagrams of
the systems Ti3C, Ti3N, and Ti3C3N, wettability of
the carbides and nitrides by various metals, and other
physicochemical properties are discussed. The second
chapter (pp. 26334) considers the most important
methods for obtaining high-melting titanium com-
pounds. To these belong direct synthesis of titanium
compounds from components, reduction of titanium
dioxide by carbon, reaction of titanium tetrachloride
with ammonia to give titanium nitrides, reduction of
titanium dioxide by various reducing agents in atmo-
sphere of nitrogen, and synthesis of carbonitrides by
nitration of a mixture of titanium dioxide with carbon.

The third chapter, occupying the central place in
the monograph (pp. 343118), is concerned with in-
vestigations of ways to obtain high-melting titanium

compounds by various new methods. In this group are
placed plasmochemical synthesis of titanium carbide,
synthesis of high-melting compounds in vapor phase,
and self-propagating high-temperature synthesis. How-
ever, particular attention is given by the authors to
synthesis of high-melting titanium compounds with
the use of technologies, apparatus, and half-products
of titanium-magnesium production. Manufacture of
a wide assortment of various kinds of high-melting
titanium compounds with relatively low production
cost can be set up on the basis of a titanium-magne-
sium combine. The technological process can be
based on thermal reduction with magnesium of titani-
um and carbon chlorides on standard equipment used
in production of titanium sponge.

The monograph has clearly pronounced technolog-
ical orientation. Thermodynamic calculations would
become more thorough with the use of data presented
in a monograph by A.G. Turchanin and M.A. Turcha-
nin [Termodinamika tugoplavkikh karbidov i karbo-
nitridov (Thermodynamics of Carbides and Carbo-
nitrides), Moscow: Metallurgiya, 1991].

The book is well published and contains extensive
reference material. Unfortunately, insufficient atten-
tion was given in editing the book to unity of termi-
nology and measurement units.

Judging from the manner of presentation, the mono-
graph by S.V. Aleksandrovskii andco-workers can be
used by wide audience of specialists interested in prob-
lems of inorganic materials science.

A.G. Morachevskii
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Stiller, W., Uravnenie Arreniusa i neravnovesnaya kinetika
(Arhenius Equation and Nonequilibrium Kinetics),

Translation from English, Moscow: Mir, 2000, 176 pp.

The book is written by a known German physicist
and published in English in connection with the cen-
tennial jubilee of the Arrhenius equation, celebrated
in 1989. In addition to presenting the history of the
equation, the book contains a brief, but informative
treatise of the modern state of the theoretical founda-
tions of nonequilibrium kinetics.

The author considers theoretically and practically
important problems associated with intensively devel-
oping fields of chemistry, physics, physical chemistry,
and chemical technology. Much attention is paid in the
monograph to correct use of concepts and quantities in
considering theoretical and practical problems.

In 1889, Svante August Arrhenius (185931927), an
outstanding physical chemist and, later, a Nobel Prize
winner (1903), published a paper[On Rates of Inver-
sion Reaction in Cane-Sugar under the Action of Ac-
ids] (Z. Phys. Chem., 1889, vol. 4, pp. 2263248)
containing an expression for the reaction rate constant.
This expression became widely known as the Arrhe-
nius equation. At that time Arrhenius worked as as-
sistant of W. Ostwald (185331932) at the physico-
chemical laboratory of Leipzig University.

In a brief foreword, the translation editor (L.S. Po-
lak) and translator (A.V. Khachoyan) noted that by
now the application domain of the famous equation
has expanded considerably. The notion[Arrhenius
kinetics] is used in analyzing and describing a wide
diversity of processes: from stress relaxation in solids
to mass transfer in gas systems.

The book comprises eight chapters, afterword, sup-
plement, and bibliography with 231 references to works
of virtually only foreign authors. The first chapter
(pp. 9324) is a historical essay covering three periods
of the development of chemical kinetics: prior to
Arrhenius’s works (before 1889), the time when his
basic works were published (188931900), and the later
time (before 1950). The author gives a brief charac-
terization of the main directions of physicochemical
kinetics in the first half of the XX century.

The second chapter (pp. 25343) is concerned with
the present state of the Arrhenius kinetics. Primary

attention is given to gas-phase reacting systems. Ion-
molecular and radical-molecular reactions are con-
sidered. Problems encountered in applying the Arrhe-
nius equation to modeling of complex reactions are
discussed, methods for calculating the parameters ap-
pearing in the Arrhenius equation are presented, and
possible cases of deviation from this law are analyzed.

The third chapter (pp. 44369) considers specific
features of equilibrium gas-phase kinetics for the case
of moderately rarefied gases with uniform tempera-
ture. The fourth chapter (pp. 70378) discusses nonequi-
librium gas-phase systems with reactants having dif-
ferent temperatures (two-temperature Arrhenius equa-
tion). The fifth (pp. 79392) and sixth (pp. 933111)
chapters present a mathematical description of the non-
equilibrium kinetics of chemically reacting gas-phase
systems. In the seventh chapter (pp.1123137), the meth-
ods of nonequilibrium kinetics are applied to systems
with nonthermally activated reactions (plasmochem-
istry, radiation chemistry, chemistry of[hot atoms]).

The final, eighth chapter (pp. 1383147) is named
[Prospects of the Arrhenius equation.] The author
discusses the possible future applications of the Arrhe-
nius equation and its modifications in various fields
of physical chemistry, physics, and biology. In the af-
terword to the Russian translation (pp. 1483161), the
editor and translator supplement some concepts of the
monograph, in the first place those concerning open
systems interacting with the environment and exhibit-
ing varied degree of departure from equilibrium, and
give reference to the relevant literature.

The supplement (pp. 1623166) presents evidence
concerning the chronology of Arrhenius’s life and
activities and a list of his basic works.

In a foreword, the editor and translator, justly note
that the book is written in a concise, nearly sketchy
manner and is intended for a trained reader. At the
same time, regarding the nature of the problems dis-
cussed, the monograph may be of interest for a wide
audience of scientists, high-school teachers, and post-
graduate students specialized in chemistry and physics.

I.N. Beloglazov and A.G. Morachevskii
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Prilutskii, V.S., Vol’framovyi torirovannyi karbidirovannyi katod
(Carbidized Thoriated Tungsten Cathode), Moscow: Ruda

i Metally Publ. House, 2001. 152 pp.

Thoriated tungsten (tungsten wire with ThO2 ad-
ditive) was proposed as emitter and material for fab-
rication of cathodes for electronic valves by Langmuir
as far back as 1915. Thorium dioxide additive (132%)
enables much stronger electron emission as compared
with pure tungsten. The cathode performance can
be substantially improved further by using cathodes
made of thoriated tungsten whose surface layer is
converted into tungsten carbide W2C (carbidized).
The monograph by Prilutskii considers from modern
standpoint the theory and practice of designing and
fabricating carbidized thoriated tungsten cathodes
(CTTC). The book comprises introduction, nine
chapters, supplement, and bibliography including 171
references to works of domestic and foreign authors.

The first chapter considers properties of tungsten
carbides: phase diagram of the system tungsten3car-
bon, various properties of the carbides, and the nature
of chemical bonding in these materials. The second
chapter (pp. 21341) is devoted to the technology of
carbidization and activation of CTTCs. Among the
methods for obtaining tungsten carbides, the follow-
ing are discussed: synthesis from elements, reduction
of carbides by carbon, chemical isolation from alloys,
electrolysis of molten media, and gas-phase deposi-
tion. Also considered is the process of CTTC fabri-
cation and optimization. A very brief third chapter
(pp. 42344) contains evidence concerning some prop-
erties of carbidized thoriated tungsten (electrical re-

sistivity, thermal and physical and physicomechanical
characteristics). The fourth chapter (pp. 45356) dis-
cusses the physical understanding of how the CTTCs
operate. Their high emissive ability is ensured by
the presence on the cathode surface of a nearly mono-
layer-thick film of thorium atoms. The fifth chapter
(pp. 57370) is concerned with specific features of the
design and calculation of CTTCs, the sixth chapter
(pp. 71381) considers the specific features of their
fabrication technology.

The seventh chapter (pp. 823107) discusses prob-
lems associated with the service life of CTTCs, de-
termined by a combination of factors. Ways to make
the service life of a cathode longer are discussed.
The eighth (pp. 1083119) and ninth (pp. 1203130)
chapters contain special evidence concerning the de-
sign and calculation of cathodes and their accelerated
longevity tests.

The monograph as a whole gives integrated con-
sideration to the theory and practice of CTTC design
and fabrication and is largely based on the author’s
working experience.

In addition to accomplishing strictly specialized
purposes, the evidence presented in the monograph
may be of interest for specialists in inorganic mate-
rials science and technology of electronic materials.

A.G. Morachevskii
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Anomalous Phenomena in Zirconium, Hafnium, and Titanium
Salt Solutions, Studied by Capillary Isotachophoresis
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Abstract-Capillary isotachophoresis was used to separate mixtures of solutions containing zirconium,
hafnium, titanium, and aluminum salts with various anions. Anomalous phenomena occurring in separation
of mixtures in solutions with medium and high concentrations are described and analyzed.

The conventional capillary isotachophoresis [1]
consists in that bands of pure electrolyte solutions
move in a capillary under the action of electric field at
the same rate. The bands of pure solutions are formed
as a result of separation of their mixture in the course
of motion of the constituent ions in a separating
column under the action of a dc electric field. Ionic
components with only slightly differing mobilities are
separated using a hydrodynamic counterflow [2] in
order to have an opportunity to make longer the dis-
tance traversed by the ions relative to the solvent,
without increasing the column length. For example,
nearly all rare-earth elements have been separated
by means of isotachophoresis under counterflow con-
ditions [3].

The situation is somewhat more complicated in the
case of isotachophoretic crystallization [4] considered
in [5]. The conventional capillary isotachophoresis
uses single-phase systems, liquid solutions. Isotacho-
phoretic crystallization adds a solid phase, crystals, in
one or several bands.

EXPERIMENTAL

The aim of this study was to analyze by means of
cationic isotachophoresis the conditions of separation
of various mixtures of solutions containing zirconium,
hafnium, titanium, and aluminum salts.

A single-channel device for capillary isotacho-
phoresis with boundary detection by means of a re-
fraction pattern was used [6]. Experiments were done
in glass and quartz capillaries with uncoated inner

surface, having outer diameter of 0.230.6 mm and
channel diameter of 0.130.3 mm. The strength of the
electric current flowing through the capillary was in
the range 0.533.0 mA. Isotachophoregrams obtained
upon separation were interpreted using the method
described in [7].

The separation was done in solutions of chloride
and thiocyanate salts. As leading solution (leader), or
catholyte, in separation of chlorides commonly served
hydrochloric acid of concentration 4.038.0 M; as ter-
minating solution (terminator), or anolyte, were used
aqueous solutions of cadmium, zinc, and uranyl chlor-
ides. In the case of thiocyanate solutions, 2.0 M solu-
tion of ammonium thiocyanate served as leader, and
solutions of cadmium and zinc salts as terminators.
In the experiments, terminators were acidified to hy-
drochloric acid concentrations of 0.0330.2 M to make
the pH lower in the bands by creating a through H+

flow from the anolyte into the catholyte. Such a flow
makes bands of pure electrolyte solutions longer
owing to the fact that the mobility of H+ is higher that
that of the other ions and the electric current is largely
created by motion of hydrogen ions at low pH. In the
steady state, the H+ flow is the same in any section
of the column:

Qi = Ci ui Ei = const,

whereCi andui are the concentration and mobility of
H+ in ith band;Ei is the electric field strength in the
same band.

Lowering the pH value by a through flow of H+

precludes precipitation of metal hydroxides in the
column.
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Separation was applied to multicomponent mix-
tures of substances with widely varying pH of pre-
cipitation of their hydroxides. These mixtures con-
tained cations of potassium, sodium, calcium, samari-
um, magnesium, lithium, cobalt, aluminum, zirconi-
um, hafnium, titanium, copper, and iron in various
combinations. To prevent precipitation of hydroxides
directly in a mixture under study prior to the experi-
ment, it was strongly acidified to a hydrochloric acid
concentration of 2.033.0 M. It was found that at weak,
less than 0.03 M, acidification of the terminator an
attempt to separate a mixture leads to solution column
rupture and precipitation of some hydroxides. In the
case of terminator acidification in the range 0.13

0.2 M, the mixture separation process goes till band
formation, with the zirconium-containing band ex-
hibiting unusual behavior.

Let us describe in more detail one of the experi-
ments and consider the essence of the anomaly.
A 5.4 M hydrochloric acid solution served in this ex-
periment as leader, and a 0.9 M solution of zinc chlor-
ide acidified to a hydrochloric acid concentration of
0.1 M, as terminator. The strength of the electric
current flowing through the capillary was 0.832.0 mA.
The electric current initiated separation of the mixture
and led to adjustment of electrolyte solutions in ac-
cordance with the controlling relationship [8]. In the
course of separation, a sharp symmetric peak first
appeared in the refraction pattern, gradually transform-
ing into a broad zirconium band. The longer the time
of mixture separation, the wider the zirconium band in
the refraction pattern. The time of mixture separation
varied within 3310 h in different runs. The greater
width of the zirconium band in the refraction pattern
of the capillary indicates an exceedingly high refrac-
tive index of the substance in this band, evaluated as
follows. It was shown in [9] that the refractive index
of a solution in a band is proportional to the width of
its refraction pattern. Among the available relations
between the band width in the refraction pattern and
the refractive index of the solution, we chose that
best fitting the point corresponding to a 5.4 M hydro-
chloric acid solution. This linear dependence was
extrapolated to refractive indices of about 1.5. The
width of the refraction pattern of the zirconium band
was used to evaluate the refractive index of the sub-
stance in this band to be 1.49+0.02. This parameter
could not be found in any other way since the volume
of the zirconium band was only about 1.50 1035 cm3

and the contents of the band could not be extracted
from the capillary. The refractive index of the sub-

stance in the zirconium band is close to that for
glasses. Particular emphasis is to be placed on the fact
that, in the course of the adjustment, the zirconium
band becomes immobile relative to walls of the sep-
aration column, and adheres to them. This follows
from the fact that the band does not move along the
capillary when the solution levels in the electrode
vessels are varied widely. The position of the band
remains unchanged, either, in varying the strength of
the electric current flowing through the capillary. The
zirconium band is seen not only in the refraction
pattern, but also simply by visual inspection. Its
boundaries with neighboring solutions are well vis-
ible, whereas the boundary between the zirconium
band and the capillary wall (glass or quartz) cannot be
seen, apparently because of the closeness of the re-
fractive indices. Despite the already formed gel-like
zirconium band, the mixture continues to separate
and ions pass through this immobilized band in both
directions. In the process, pure solution bands are
formed both in front of, and behind the zirconium
band, being arranged between the leader and ter-
minator in the order of decreasing mobilities of
their ionic components. Raising the current strength
causes an increase in the separation rate, and vice
versa.

Commonly the concentration of ionic substance
in a mixture being separated is chosen to be much
lower than the steady-state value. This is due to the
fact that at the same current strength the separation is
in this case much faster than that in separating a mix-
ture with the concentration higher than the equilibri-
um value. In the experiment described here the start-
ing mixture was much more diluted than the steady-
state bands.

After a mixture is separated and bands are formed,
all of them remain immobile relative to the separation
capillary. Creating an external pressure difference of
10320 cm of water column did not cause hydro-
dynamic flow of the solution in the column and, con-
sequently, left the bands unshifted. The solution flow
in the capillary cannot be induced even upon applying
a pressure difference of about 1 atm, created by a
water-jet pump, to a capillary with separated mixture,
extracted from the device. After the zirconium band is
formed, raising the strength of the electric current
flowing through the capillary to the point of overheat-
ing and rupture of the solution column does not shift
the bands along the capillary, either. In fact, the
formation of a gel-like band rules out any motion
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of the solutions as a whole, induced by counterflow
and electroosmosis.

The contents of the zirconium band had the form of
a gelatinous, glassy mass. This could be ascertained
by breaking the capillary at this band.

After the experiment was complete, the zirconium
band and all other bands could not be removed from
the capillary by conventional methods to enable its
repeated use. It was necessary to pass reverse current
through the column for a long time or replace the
catholyte and anolyte in the electrode vessels with
concentrated hydrochloric acid and then also pass
current through the capillary.

Occasionally, two, rather than one, zirconium
bands separated by solution were formed in separating
a zirconium-containing mixture.

Similar anomalous phenomena were observed in
separation of hafnium-containing mixtures. With zir-
conium and hafnium present simultaneously in a
sample, they could not be separated, being always
concentrated in a single, glassy band. In addition, a
glassy band was observed when separating a mixture
containing Ti(III) ions in chloride and thiocyanate
solutions. The gel-like band of titanium had lower re-
fractive index than the zirconium and hafnium bands;
it was transparent, but had a violet tint characteristic
of titanium solutions. A very narrow band of glassy
gel was also obtained from an aluminum formate solu-
tion, but its refractive index was nearly the same as
that of the other solutions. A solution of ammonium
formate served as leader, and a formic acid solution,
as terminator.

Let us make an attempt to explain these phenom-
ena, uncommon for the conventional isotachophoresis,
for the example of zirconium. Zirconium is contained
in such cation species as Zr4+, ZrO2+, Zr(OH)2+,
Zr2O3

2+, Zr5O8
4+, and ZrOOH+. At the initial instant

of electrolysis in a strongly acidic mixture taken for
separation, the equilibrium is shifted toward formation
of Zr4+ and ZrO2+ ions. In further separation, H+ ions
are continuously removed from the mixture into the
leading solution, with the pH in the column depending
on the through flow of H+ from the anolyte into the
catholyte. This flow may also decrease in intensity,
depending on the electrolysis time and other separa-
tion conditions. All this results in that the solution
pH in the column grows steadily, with the equilibrium
between cation species shifted toward ZrOOH+ to
give hydrated zirconium dioxide whose formation
on raising the solution pH was described in a mono-

graph [10], where the appropriate equations were also
given:

ZrOCl2 + H2O 76 ZrOOH+ + H+ + 2Cl3,

H2O
ZrOOH+ + OH3 76 ZrO(OH)2 76 ZrO2 .xH2O.

Hydrated zirconium dioxide is composed of very
fine crystals whose accretion forms the crystalline
skeleton. An opinion has been reported [10] that,
depending on the conditions of ZrO2 .xH2O formation
(pH, temperature, etc.), there occurs dehydration ac-
companied by polymerization:

H2O H2O
Zr(OH)4 76 ZrO(OH)2 76 ZrO2 .xH2O.

Glassy gels are hydrated compounds in which
water and zirconium dioxide are present in non-
stoichiometric ratio.

Thus, the appearance of ZrO2 .xH2O glassy gel is
presumably accounted for by the chemical properties
of this amphoteric element, by the process of iso-
tachophoretic concentration adjustment, and by the
creation in the column of conditions leading to a slow
increase in pH in the formed zirconium band.

The above data on zirconium refer in full measure
to hafnium because of the closeness of their chemical
properties and mobilities of their cation components.
Similarly to zirconium, titanium can form hydrated
oxides [10]. Under the conditions when hydrated
oxides of zirconium, hafnium, and titanium are
formed in chloride and thiocyanate solutions, alumi-
num concentrates into a common isotachophoretic
band. The appearance of a glassy aluminum gel in the
form of a narrow band in its band in aqueous formate
solutions could not be accounted for as yet.

To conclude, it should be noted that gel-like bands
were only observed in amphoteric substances. Prob-
ably, formation of a kind of gel-like bands would also
be expected for other amphoteric compounds, e.g.,
organic, of the type of proteins.

CONCLUSION

Depending on the composition of mixtures being
separated and separation conditions, isotachophoresis
and, in particular, its capillary variety, furnishes an
opportunity to obtain bands in the form of pure elec-
trolyte solutions, glassy gels, and saturated solutions
with solid crystals. Zirconium and hafnium give an
immobilized glassy band in which the substance has
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the refractive index close to that of a solid glass.
Similar, but less pronounced phenomena are observed
in separation of titanium-containing solutions.
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Abstract-The p3T3x dependences were measured in the entire concentration range of the systems
Ti[N(CH3)2]43C6H6 and Ti[N(C2H5)2]43C6H6, the enthalpies and entropies of vaporization were found, the
energies of specific interactions in liquid titanium tetrakis(dialkylamides) were evaluated, and a strong inter-
molecular interaction between the nitrogen atom in Ti(NR2)4 and a benzene molecule was substantiated.

The developed technique for synthesizing tita-
nium(IV) tetrakis(dialkylamides) with benzene as
solvent ensures high yield of the target compounds
[1]. Obtaining these compounds in high-purity state
for synthesizing titanium nitride films and carbide3
nitride coatings requires that thep3T3x dependences
and thermodynamic properties of solutions containing
these components should be determined. Since the
observed set of changes in the solutions is associated
in a certain way with the energy- and entropy-related
(structural) characteristics, the thermodynamic charac-
teristics of the solutions, combined with data on the
structure of liquid components, furnish information
about the mutual position of species in solution [2].
The present study, proceeding with investigations in
this direction, is concerned with thep3T3x depen-
dences and thermodynamic properties of solutions in
the systems Ti[N(CH3)2]43C6H6 and Ti[N(C2H5)2]43
C6H6.

For dialkylamide compounds of titanium(IV), the
thermodynamic characteristics of vaporization process
have been obtained with good accuracy [3, 4], and the
existence of monomer molecules in vapor has been
substantiated. In [5], the tetrahedral structure of the
TiN4 fragment in the Ti[N(CH3)2]4 molecule with
strong bonding was established. An NMR study of
Be[N(CH3)2]2 [6] revealed the structure of the mole-
cule. The NMR spectrum of Al[N(CH3)2]3 shows
peaks corresponding to terminal and bridging N(CH3)2
groups [6], with the bridge formation being due to the
donor properties of the nitrogen atom in this group:
Al3NR26Al. The most favorable structure for liquid
Ti(NR2)4 will be that with two bridging bonds

Ti3N6Ti and a coordination number of six for the
titanium atom:
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In such a structure, each titanium atom forms two
bonds with the terminal amide group and four bridg-
ing bonds. This ensures a high enthalpy of vaporiza-
tion. However, it is the considerable difference in
DvH0(T) and DvS0(T) between Ti[N(CH3)2]4 (53.8+
3.0 kJ mol31 and 107+0.7 J mol31 K31) and Ti.
[N(C2H5)2]4 (94.6+4.0 kJ mol31 and 170.2+
9.5 J mol31 K31) that points to the essential influence
of the ethyl group on the enthalpy of vaporization.
The value of this parameter reflects the fact that the
carbon atom of the methyl group and the terminal
methyl group of the ethyl group [7] differently affect
the intermolecular interaction [8]. The formation of
a dative bond [7] provides for the enhanced donor
properties of the methyl carbon atom in the ethyl
group and, consequently, for stronger intermolecular
interactions:

Therefore, at equal numbers of nitrogen atoms in
the molecules of titanium(IV) tetrakis(dimethyl- and
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Coefficients of the equation logp = B 3 A/T, enthalpies and entropies of vaporization of solutions of the systems
Ti(NR2)43C6H6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

c [Ti(NR2)4], M ³ T, K ³ A ³ B ³ DH0(T), kJ mol31 ³ DS0(T), J mol31 K31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Ti[N(CH3)2]43C6H6

100 ³ 343.13423.2 ³ 2815+144.0 ³ 10.60+0.35 ³ 53.8+3.0 ³ 107.1+7.0
90.51 ³ 293.73339.4 ³ 1531+1.0 ³ 8.42+0.05 ³ 29.32+0.30 ³ 65.4+1.0
74.35 ³ 293.83341.8 ³ 1554+1.0 ³ 8.88+0.04 ³ 29.76+0.27 ³ 74.2+0.8
49.14 ³ 293.93353.1 ³ 1645+1.0 ³ 9.35+0.08 ³ 31.51+0.29 ³ 84.2+0.9
26.85 ³ 294.03360.2 ³ 1655+1.0 ³ 9.56+0.57 ³ 31.61+0.55 ³ 87.3+0.8
16.09 ³ 281.93360.4 ³ 1645+1.0 ³ 9.58+0.07 ³ 31.50+0.25 ³ 87.7+0.8
0 ³ 293.33334.5 ³ 1738+1.0 ³ 9.93+0.05 ³ 32.28+0.31 ³ 94.4+1.0

Ti[N(C2H5)2]43C6H6

100 ³ 423.13463.2 ³ 4930+176.0 ³ 13.89+0.38 ³ 94.6+4.0 ³ 170.2+9.5
89.66 ³ 290.73351.1 ³ 1576+0.1 ³ 8.44+0.01 ³ 30.19+0.11 ³ 66.9+0.3
81.02 ³ 297.73358.9 ³ 1549+0.1 ³ 8.62+0.01 ³ 29.66+0.38 ³ 69.3+1.2
60.24 ³ 294.33359.6 ³ 1632+1.0 ³ 9.18+0.03 ³ 31.25+0.18 ³ 80.0+0.5
50.98 ³ 290.93354.6 ³ 1637+1.0 ³ 9.30+0.04 ³ 31.35+0.27 ³ 82.4+0.8
40.68 ³ 293.93349.9 ³ 1616+2.0 ³ 9.35+0.55 ³ 30.95+0.90 ³ 83.3+2.1
19.12 ³ 293.83352.3 ³ 1678+1.0 ³ 9.65+0.03 ³ 32.13+0.23 ³ 89.1+0.7

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

diethylamides) and the same numbers of the Ti4N
donor3acceptor bonds in the liquid state and the
N4R (R = CH3, C2H5) intermolecular interactions,
the difference of 40.8 kJ mol31 in the enthalpies of
vaporization qualitatively reflects the influence
exerted by the ethyl group on the stabilization of the
intermolecular interaction. The question concerning
the effect of the ethyl group can be elucidated using
the method proposed in [9]. The energy of interaction
between the alkyl group (CH3 or C2H5) and the nitro-
gen atom of a contacting molecule is determined by
the half-sum of the energies of interaction in liquid
methane or ethane between Ti(NR2)4 and a similar
ligand. Correspondingly,DN4CH3

andDN4CH33CH2
are 3.15 and 4.15 kJ mol31. The last two digits in the
estimates can be disregarded.

With all their tentativeness, these results un-
doubtedly correctly reflect the behavior of real sys-
tems. With account taken of the number of N4R
interactions (8) and donor3acceptor bonds (6) in
solution, the energies of dissociation of the latter
in liquid dimethyl- and diethylamides are 4.8 and
10.2 kJ mol31, respectively.

These values are limiting because of the unac-
counted-for universal interactions. It follows from
these data that the less stable dative bond in N(C2H5)2
determines the better donor properties of the nitrogen
atom and of the carbon atom in the terminal methyl
group of the ethyl substituent in the formation of the
bonds DTi4N and (H2C2)N6(C2H5)N of the con-

tacting molecules in Ti[N(C2H5)2]4, compared with
the corresponding properties of Ti[N(CH3)2]4.

The studies were carried by the static method with
a membrane null gage. The starting compounds, pre-
liminarily degassed by freezing in a vacuum, were
distilled into ampules by means of cooling with liquid
nitrogen on a special manifold with ground-glass
joints. All measurementswere done in all-sealed sys-
tems preliminarily dried by heating with a zeolite
pump. The membrane chambers were filled in a spe-
cial device, with successive opening of the ampules
and distillation of, first, titanium(IV) tetrakis(dialkyl-
amide) and then benzene. Vapor pressure measure-
ments were done in an air thermostat with a bulky
metal block for equalizing the temperature along the
entire membrane chamber. The vapor pressure was
measured with an MChR-3 gage with a scale interval
of 13.3 Pa at strictly fixed temperatures with the
accuracy of controlling and measuring temperature
of +1 K.

The results obtained in measuring the total vapor
pressure over solutions of varied composition are
described by the dependence logp = f (1/T) in the form
of straight lines arranged in a fan-like pattern, lying
between the lines corresponding to the vapor pressures
of the individual starting components. The experi-
mental vapor pressures are described by the depen-
dence logp = B 3 A/T whose coefficients are pre-
sented in the table.
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The isotherms calculated from data on vapor pres-
sure indicate the occurrence in the system of a posi-
tive deviation from the line representing a pressure
change in accordance with the Raoult law. The system
Ti[N(CH3)2]43C6H6 exhibits a stronger deviation
from the additive value, increasing with temperature.
The enthalpies and entropies of vaporization calcu-
lated from data on vapor pressure for various solution
compositions (see table) in the form of the depen-
dencesDH0(T) = f (x) and DS0(T) = f (x) demonstrate
a negative deviation from the additive value (Figs. 1a,
1b). Addition of 10313 mol % benzene to titani-
um(IV) tetrakis(dialkylamide) leads to a dramatic de-
crease in the enthalpy of vaporization. The difference
between the enthalpies of vaporization and the respec-
tive additive values is 24.5 kJ mol31 for the Ti.
[N(CH3)2]43C6H6 system and 64.5 kJ mol31 for Ti .
[N(C2H5)2]43C6H6. The total entropy decreases in
this system from 170.2 J mol31 K31 for Ti[N(C2H5)2]4
to 67 J mol31 K31 at 10.34 mol % C6H6. The informa-
tion about specific features of the interaction in sys-
tems with benzene is extracted from the fact that the
stability of titanium(IV) tetrakis(dialkylamides) falls
dramatically upon their dissolution in benzene:

c{Ti[N(CH 3)2]4}, T, K c{Ti[N(C 2H5)2]4}, T, K
mol % mol %

100 423 100 413
90.51 349 89.66 351
74.35 347 81.66 354
49.14 353 60.24 353
26.86 353 50.98 352
16.09 352 40.68 344

19.12 355

The recorded temperature of the onset of thermal
decomposition of titanium(IV) tetrakis(dimethyl-
amide) (423 K) decreases upon its dissolution in
benzene by 70376 K. Correspondingly, the tempera-
ture of noticeable thermal decomposition of titani-
um(IV) tetrakis(diethylamide) (413 K) decreases in
this case by 58369 K. This fact can be accounted for
by a significant change in the intramolecular bond
Ti6N in the molecule of titanium(IV) tetrakis(dial-
kylamide), caused by the interaction between the ni-
trogen atom and benzene molecules.

The obtained decomposition temperatures give no
way of speaking about any tendency in this influence
with increasing content of benzene in solution. How-
ever, in the context of the problem considered here, an
important result obtained in studying the dependence
of the enthalpies of vaporization on the content of
components (Figs. 1a, 1b) is that these dependences

(a)

(b)

Fig. 1. (1) Enthalpy DH0(T) and (2) entropy DS0(T) of
vaporization vs. content of Ti(NR2)4 in the systems
(a) Ti[N(CH3)2]43C6H6 and (b) Ti[N(C2H5)2]43C6H6 and
(3, 4) the corresponding additive values.

show a minimum at 10313 mol % benzene, i.e., in the
case when titanium(IV) tetrakis(dialkylamide) acts as
a solvent. Interpreting the specificity of the interaction
between the nitrogen atom and the benzene molecule
is a complicated task. However, judging from its
energy contribution, it must be insignificant since the
minimum in the composition dependence of the en-
thalpy of vaporization of the solutions is observed
at 10313 mol % C6H6 and the contribution from in-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

1438 BAEV, MIKHAILOV

teractions occurring in liquid Ti(NR2)4 to the enthalpy
of vaporization decreases by 24.5 and 64.5 kJ mol31,
compared with the additive values, for Ti[N(CH3)2]4
and Ti[N(C2H5)2]4, respectively.

CONCLUSION

The choice of a procedure for purification of titani-
um(IV) alkylamides is governed by the vapor pres-
sures of the systems Ti[N(CH3)2]43C6H6 and Ti.
[N(C2H5)2]43C6H6, measured in a wide temperature
range, by the calculated thermodynamic characteristics
of the vaporization process, and by the established
fact of a decrease in the decomposition temperatures
of titanium(IV) dialkylamides owing to rather strong
specific interactions between benzene and the un-
shared electron pair of the nitrogen atom.
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Abstract-Sorption properties of fibrous nitrogen-containing sorbents based on polyacrylonitrile containing
diethyldithiocarbamate (TIOPAN-2) and 8-mercaptoquinoline groups (TIOPAN-6) with respect to the plati-
num(IV) chloride complex were studied. The effects of the temperature, platinum concentration, and acidity
on the metal recovery were determined. The kinetics of sorption and sorption capacity of sorbents in hydro-
chloric acid and chloride solutions were established. The most probable mechanism of sorption and the
composition of compounds formed in the fiber phase were proposed.

Sorbents with N,S-containing functional groups are
promising materials for recovery of platinum metals
from solutions [134]. The mechanism of sorption is of
special interest. It was discussed in [5316]. A review
on sorption recovery of platinum with N,S-containing
materials was made in [5].

Materials containing thioamide groups are widely
used for recovery of platinum metals [6312]. MTI-
LON-T fiber, which is a copolymer of polyacryloni-
trile (PAN) and cellulose treated with hydrogen sul-
fide, recovers 0.5 mmol g31 of K2PtCl6 from 1 M HCl
at 100oC. In the presence of Fe(III) and Cu(II) salts,
sorption decreases by 50370% [6]. The mechanism
of platinum recovery with MTILON-T fiber was not
considered.

The modified copolymer of polyvinyl alcohol with
PAN (MSPVS fiber) containing thioamide groups
quantitatively and selectively recovers platinum(II)
and (IV) chloro complexes from HCl and NaCl solu-
tions of various concentrations [7312]. In 2 M HCl,
the sorption capacity of the MSPVS fiber with respect
to K2PtCl4 is 0.48 and 1.50, and with respect to
K2PtCl6, 0.16 and 0.42 mmol g31 at 20 and 98oC, re-
spectively. It was found that the sorption in both cases
proceeds with formation of a [Pt2+{R-C(NH2)S}Cl3]
type complex, in which thioamide groups are coor-
dinated via sulfur atoms, with the successive hy-
drolytic conversion of thioamide complexes into sul-
fides strongly retained in the fiber matrix [7]. To re-
cover Pt(IV) complexes, Ni Cai-Hia and Xu Yu-Wu

[13] proposed a chelating ion exchanger containing
groups of the CH23CH23SH3CH23N(C2H5)2 type,
which was prepared by treating polyoxyethylene with
diethylaminomethylthiirane. The composition of the
sorbed complexes was not determined. Chelating
resins containing dithiocarbamate groups quantitative-
ly and very selectively recover precious metals, in-
cluding Pt(IV), from solutions. The platinum species
were not studied [14].

Fibrous sorbent TIOPAN-13 based on PAN with
mercaptobenzothiazole functional groups very rapidly
recovers Pt(IV) complexes from solutions at pH 0.53

2.0. Large amounts of heavy metals do not interfere
with the recovery [15]. The mechanism of the sorption
recovery was not studied.

Monivex and Srafion resins, which are styrene3

divinylbenzene copolymers containing isothiourea,
can recover platinum group metals, including plati-
num [16]. The chelating resin based on macronetwork
styrene3divinylbenzene copolymer with thiosemicar-
bazide as a functional group quantitatively recovers
platinum group metals, including Pt(IV), from hy-
drochloric acid solutions. The maximal sorption ca-
paccity with respect to Pt(IV) (0.71 mmol g31) is ob-
served in 1 M HCl, in which platinum group metals
form stable complexes. It was found that the metal3

thiosemicarbazide ratio in the complex formed in
the sorbent phase is close to 1 : 1 [17].

Earlier we studied the sorption properties of
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Table 1. Conditions of preparation of TIOPAN-type fibers and their properties [20]
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent ³ Modifying reagent, wt % ³ t, min, at 100oC ³ CS, % ³ SSCAg, mmol g31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
TIOPAN-1 ³Thiosemicarbazide, 2 ³ 15 ³ 10.0 ³ 2.04
TIOPAN-2 ³Sodium diethyldithiocarbamate, 8³ 30 ³ 14.3 ³ 1.48
TIOPAN-3 ³Thioacetamide, 8 ³ 60 ³ 15.5 ³ 2.59
TIOPAN-4 ³Thiourea, 8 ³ 40 ³ 8.7 ³ 1.48
TIOPAN-5 ³Ammonium thiocyanate, 4 ³ 60 ³ 7.8 ³ 1.48
TIOPAN-6 ³Sodium 8-mercaptoquinolinate, 3³ 20 ³ 4.0 ³ 1.11
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

GLIPAN-1 fiber (which is a fibrous sorbent based on
PAN modified with thiosemicarbazide) with respect to
Pt(IV) chloride complexes and showed that this fiber
quantitatively recovers K2PtCl6 from HCl and NaCl
solutions (CPt = 1310 mM) with similar rates [18].
The maximal sorption capacity (1.35 mmol g31) is
observed in 0.5 M HCl. Sorption of Pt(IV) chloride
complexes with GLIPAN-1 in all cases is caused by
metal complexation with sorbent as a polymeric
ligand and metal reduction in the fiber phase. The
complex [R3NH3C(NH3NH2)=SPt(II)Cl2], in which
the thiosemicarbazide group is a bidentate ligand, is
the final sorbed species of platinum [18].

For recovery of platinum(II) chloride complexes,
we proposed fibrous nitrogen-containing sorbents of
the TIOPAN type (copolymers of PAN with grafted
polyglycidyl methacrylate PAN3PGMA) modified
with various N,S-containing reagents (Table 1) [193

22]. High Pt(II) sorption is observed with TIOPAN-6
at room temperature and with TIOPAN-2, TIOPAN-5,
and TIOPAN-6 at elevated temperatures. The static
sorption capacity (SSC) of these fibers in 1 M HCl
decreases in the order TIOPAN-6 > TIOPAN-5 >
TIOPAN-2 at 20oC and TIOPAN-2 > TIOPAN-5 >

Table 2. Recovery of platinum from 1 M HCl with
TIOPAN-type sorbents
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Recovery, %
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent
³

Pt(IV) at
³ Pt(II) at indicated

³ ³ temperature,oC [19]
³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³

98oC
³ 20 ³ 98

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
TIOPAN-1³ 1 ³ 29 ³ 47
TIOPAN-2³ 82 ³ 15 ³ 100
TIOPAN-3³ 0 ³ 3 ³ 8
TIOPAN-4³ 19 ³ 9 ³ 25
TIOPAN-5³ 2 ³ 43 ³ 82
TIOPAN-6³ 97 ³ 100 ³ 96
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

TIOPAN-6 at 98oC (Table 2). We concluded that in
all cases the Pt(II) sorption is caused by complexation
with the sorbents as polymeric ligands. In the fiber
phase, TIOPAN-2 forms complexes [Pt(SR2)Cl2],
TIOPAN-5 gives [Pt(SHR)2Cl2] in which polymeric
ligands coordinate via sulfur atoms, and TIOPAN-6
forms cis-[Pt(SQuinR)2Cl2] in which 8-mercapto-
quinoline group is a monodentate ligand bonded to
Pt(II) via nitrogen atom [19].

In this work, we studied the sorption properties of
TIOPAN-type N,S-containing fibers with respect to
Pt(IV) chloride complexes and the composition of the
species formed in the sorbent phase.

EXPERIMENTAL

Sorption was studied under static conditions at the
continuous agitation and at 18 and 98oC. The starting
Pt(IV) compound, K2PtCl6, was synthesized by the
method described in [23]. Sorption was performed
from freshly prepared 1320 mM solutions of K2PtCl6
in 0.134.0 M HCl or 0.132 M NaCl. In all cases, the
volume of solutions taken was 20 ml, and the sorbent
sample was 0.1 g. The platinum content in solutions
was determined spectrophotometrically with tin(II)
chloride [24]. The amount of the metal sorbed was
calculated as the difference between its content in the
solution before and after sorption. The IR spectra of
fibers within the 40034000 cm31 range were meas-
ured on an IKS-29 spectrophotometer, and within the
1403400 cm31 range, on a Hitachi FIS-3 spectro-
photometer. Samples were prepared as in [5]. X-ray
photoelectron spectra (XPES) were recorded on a
Perkin3Elmer PH 15400 spectrometer with excitation
by Mg X-ray radiation. Spectra were treated (quan-
titative analysis and line separation) using standard
programs. The spectra were standardized against C1s
electron binding energy of 285.0 eV. The binding
energy was determined with an error of 0.2 eV. Ther-
mograms of sorbents were recorded on an MOM
(Hungary) derivatograph within the 203800oC range
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at a heating rate of 10 deg min31. Isothermal heat-
ing of sorbents was performed on a special device
equipped with a system for a qualitative analysis of
the liberated gaseous products. Thermal conversion of
samples (temperature of the decomposition onset) was
visually controlled on a Koeffler stage.

Initially, the sorption power of TIOPAN fibers
with respect to Pt(IV) at sorption from solutions of
K2PtCl6 in 1 M HCl was studied at 98oC (Table 2).
The sorption duration was 1 h, the platinum concen-
tration in the initial solution was 1 mM. As seen,
Pt(IV) is efficiently recovered with TIOPAN-2 and
TIOPAN-6, and Pt(II), also with TIOPAN-5. There
is no correlation between the sulfur content in the
fiber and the recovery of both Pt(II) and Pt(IV)
(Tables 1, 2). TIOPAN-1, TIOPAN-3, TIOPAN-4, and
TIOPAN-5 fibers recover Pt(IV) poorly.

TIOPAN-2 and TIOPAN-6 fibers containing di-
ethyldithiocarbamate and 8-mercaptoquinoline groups,
respectively, were studied in detail. It was found that
the time of attaining the apparent equilibriumtap in
distribution of Pt(IV) between the fiber and 1 M HCl
solution is 2 h at 18oC and 1 h at 98oC for TIOPAN-6
and 2 h at 98oC for TIOPAN-2. The half-sorption
time t1/2 for TIOPAN-6 is 2 and 4 min at 98 and
18oC, respectively. The low rate of Pt(IV) sorption
with TIOPAN-2 should be noted:t1/2 is 25 min even
at 98oC (Fig. 1a, Table 3).

For sorption from 0.5 M NaCl, the apparent equi-
librium of Pt(IV) between the solution and sorbent
in all cases is attained in 2 h, andt1/2 both at 98
and 18oC is 4 min for TIOPAN-6 and~23 min for
TIOPAN-2 (Fig. 1a, Table 3). At room temperature,
TIOPAN-2 recovers Pt(IV) chloride complexes neither
from HCl nor from NaCl solutions.

The type of the diffusion kinetics of sorption is
commonly determined using the known dependence of
the exchange degreeF (F = Q

t/Qi , whereQt is sorp-
tion in time t and Qi is the equilibrium sorption)
on sorption timet [25] and the dependence on sorp-
tion time ofBt and3ln (1 3 F), whereBt is the kinetic
coefficient of sorption [B

t = (F/1.08)2] [26]. The
analysis of the kinetic curves of sorption (Fig. 1)
shows mixed diffusion character of the kinetics of
Pt(IV) sorption with TIOPAN-6 fiber from acid solu-
tions. The linear sections of3ln (1 3 F)3t curves in-
dicate that the[film diffusion] is the major factor af-
fecting the kinetics of Pt(IV) sorption with TIOPAN-2
fiber [26] (Fig. 1c).

It was found that at platinum sorption with TIO-
PAN-6 at 18 and 98oC (CPt = 1 mM) the Pt(IV) re-

(a)

(b)

(c)

t, min

Fig. 1. Dependences of (a)F, (b) B
t
, and (c)3ln (1 3 F) on

the time of sorptiont of K2PtCl6 from 1 M HCl with (1, 2)
TIOPAN-6 and (3) TIOPAN-2 and from 0.5 M NaCl with
(4, 5) TIOPAN-6 and (6) TIOPAN-2. (F) Exchange degree;
F = Q

t
/Q
i

, whereQ
t

is Pt sorption in timet and Q
i

is
equilibrium sorption; (B

t
) kinetic coefficient of sorption,

B
t

= (F/1.08)2. Temperature,oC: (1) 3, (6) 98, and (4, 5) 18.

covery decreases with increasing concentration of
hydrochloric acid: platinum is practically completely
recovered from 0.130.5 M HCl and to only 753
80% from 4 M HCl. The effect of HCl concentration
on platinum(IV) sorption with TIOPAN-2 is even
stronger. At 98oC, platinum recovery decreases from
100 to 45% in going from 0.1 to 4 M HCl.

The dependence of SSE with respect to Pt(IV) on
equilibrium metal concentration is shown in Fig. 2.
Sharp slope of the isotherms of the Pt(IV) sorption
from HCl solutions allows TIOPAN-2 and TIOPAN-6
to be recommended for quantitative recovery of plati-
num from both dilute and concentrated solutions, the
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Table 3. Recovery of platinum(IV) chloride complexes with TIOPAN-2 and TIOPAN-6 fibers
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³

Medium, M
³

SSC, mmol g31
³ t1/2 ³ tapp ³

Pt(IV) recovery,³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ min ³ %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
TIOPAN-2

98 ³HCl, 1 ³ 0.75 ³ 25 ³ 120 ³ 82
98 ³NaCl, 0.5 ³ 0.54 ³ 23 ³ 120 ³ 79

TIOPAN-6

18 ³HCl, 1 ³ 0.57 ³ 4 ³ 120 ³ 91
18 ³NaCl, 0.5 ³ 0.16 ³ 4 ³ 120 ³ 21
98 ³HCl, 1 ³ 0.80 ³ 2 ³ 60 ³ 97
98 ³NaCl, 0.05 ³ 0.53 ³ 4 ³ 120 ³ 35

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

former sorbent at heating and the latter, both at room
temperature and heating. The data on SSC of fibers
are listed in Table 3. The platinum(IV) recovery from
NaCl solutions is weaker (Table 3,Fig. 2).

Sorption of Pt(IV) with TIOPAN-2 and TIOPAN-6
is practically irreversible: only 0.6 and 1.0% of Pt is

SC, mmol g31 (a)

CPt, eq, mM

SC, mmol g31 (b)

CPt, eq, mM

Fig. 2. Isotherms of K2PtCl6 sorption from (a) 1 M HCl
and (b) 0.5 M NaCl at (1, 2) 98 and (3) 18oC. (SC) Sorption
capacity; (CPt, eq) equilibrium concentration. Sorbent:
(1) TIOPAN-2 and (2, 3) TIOPAN-6.

desorbed with 6 M HCl and 22 and 26% of Pt is
desorbed with thiourea solution in 10% HCl from
TIOPAN-2 and TIOPAN-6, respectively.

The comparison of the kinetic and capacity charac-
teristics of the fibers shows that in all cases plati-
num(II) is recovered faster and with greater SSC as
compared to Pt(IV). This may be due to two factors:
(1) greater charge density onPtCl4

23 as compared to
PtCl6

23, which increases electrostatic attraction of
the complex anion to the protonated nitrogen atom of
the fiber, and (2) greater steric hindrance in interaction
of the octahedral PtCl6

23 complex as compared to the
square-planar PtCl4

23 ion.

It should be noted that TIOPAN-5 containing thiol
groups practically completely recovers K2PtCl4 [19]
but sorbs K2PtCl6 poorly (Table 2).

The analysis of the kinetics and capacity param-
eters of TIOPAN-2 with respect to K2PtCl6 suggests
that the platinum recovery from both hydrochloric
acid and NaCl solutions proceeds with formation of
a Pt(II) compound of the [Pt(SR)2Cl2] type in the
sorbent phase. The diethyldithiocarbamate group of
the polymeric ligand coordinates to Pt(II) via sulfur
atom as a monodentate ligand. The low rate of sorp-
tion, sharp temperature dependence of sorption, and
comparison of the IR and far-IR spectra of fibers after
sorption of K2PtCl6 (Figs. 3, 4) and K2PtCl4 [19] in-
dicate complex formation. In both cases the spectra
are similar. A strong change of the IR spectrum in the
n(CS) andn(CN) range (120031600 cm31) (Fig. 3)
shows formation of a covalent bond of platinum with
the fiber. XPES indicates reduction of Pt(IV) to Pt(II)
during K2PtCl6 sorption. The binding energy of the
Pt4f7/2 electron is 72.7 eV, which agrees withrefer-
ence data for Pt(II) [27].
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For comparison, we performed a reaction of
K2PtCl4 with the monomeric ligand, sodium diethyl-
dithiocarbamate. To a hot solution of K2PtCl4, a hot
solution of sodium diethyldithiocarbamate was added
gradually with stirring. The resulting pale yellow pre-
cipitate was filtered off and washed with ether. As
shown by elemental analysis and far-IR and IR spec-
tra, the compound corresponds to the previously de-
scribed complex [PtS2N(C2H5)2] [28] in which di-
ethyldithiocarbamate ion coordinates to platinum atom
via sulfur atom. In the IR spectra of this compound
and of TIOPAN-2 fiber after K2PtCl6 sorption the
same bands assigned to stretching vibrations of the
coordinated diethyldithiocarbamate group are ob-
served in the 120031600 cm31 range (Fig. 3). How-
ever, their far-IR spectra differ substantially: the spec-
trum of the fiber after sorption of K2PtCl6 from 1 M
HCl contains two bands at 310 and 328 cm31 assigned
to the stretching vibrationsn(Pt3Cl) of asymmetrical
cis-[Pt(SR)2Cl2]. TIOPAN-2 fiber after sorption of
K2PtCl6 from 0.5 M NaCl has the similar spectrum.
In the far-IR spectrum of the chelate with the mono-
meric ligand such bands are absent [28]. The differ-
ence in reaction of K2PtCl6 with the monomeric lig-
and and the fibrous sorbent, both containing diethyl-
dithiocarbamate group, may be due to two factors:
(1) one of two sulfur atoms of the polymeric ligand
(TIOPAN-2) is bound with the fiber matrix PAN3
PGMA and cannot participate in formation of the
chelate bond with platinum and (2) steric hindrances
arise in interaction of the platinum atom with
the bulky diethyldithiocarbamate group bonded with
the polymeric matrix of the fiber.

The high rate of recovery of the platinum(IV)
chloride complexes with TIOPAN-6 fiber from both
acid and neutral media and weak dependence on tem-
perature suggest that in the first stage of sorption the
initial complex reacts with protonated fiber

2RQuinS.HCl + K2PtCl6 6 (RQuinSH)2PtCl6 + 2KCl,

2RQuinS.H2O + K2PtCl6 6 (RQuinSH)2PtCl6 + 2KOH.

The next stage is the partial reduction of the onium
platinum(IV) complex to the analogous platinum(II)
complex [(RQuinSH)2PtCl4] with 8-mercaptoquino-
line groups that do not participate in sorption. The
XPES data indicate the prevalence of platinum(II)
complexes on the fiber. The binding energy of the
Pt4f7/2 electron of 73.1 eV is in a good agreement
with the reference data for Pt4f7/2, e.g., in K2PtCl4
[27]. We can assume that sorption from NaCl solu-
tions involves in the second stage the Anderson rear-

2

n, cm31

Fig. 3. IR spectra of (1) [Pt(S2N(C2H5)2], (2) TIOPAN-2
fiber after K2PtCl6 sorption from 1 M HCl, and (3) sodium
diethyldithiocarbamate. (A) Absorption and (n) wave
number; the same for Fig. 4.

2

n, cm31

Fig. 4. Far-IR spectra of fibers after K2PtCl6 sorp-
tion. Sorption temperature 98oC, CPt = 8 mM. Sorption
from (133) 1 M HCl and (4) 0.5 M NaCl. (2) Fiber
heated at 180oC for 0.5 h. Sorbent: (1) TIOPAN-2 and
(234) TIOPAN-6.

rangement with formation ofcis-(RQuinSH)2PtCl4
coordinated via the nitrogen atom:

(RQuinSH)2PtCl4 6 cis-[Pt(RQuinS)2Cl2] + 2HCl.

Heating promotes such transformation. To simulate
this reaction, we estimated the rearrangement tem-
perature from the termogravimetric data for the
fiber. In the far-IR spectrum of TIOPAN-6 fiber after
sorption of K2PtCl4 from 1 M HCl, subjected to iso-
thermal heating at 180oC for 0.5 h, two bands are



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

1444 SIMANOVA et al.

observed at 305 and 329 cm31, belonging to Pt3Cl
stretching vibrations of the asymmetricalcis-dichloro-
diammine complex. Formation of H bonds between
protonated nitrogen of the fiber mercaptoquinoline
groups and chloride ions in the inner coordination
sphere of the metal complex facilitates such trans-
formation.

It is known that in reactions of platinum complexes
with 8-mercaptoquinoline and its derivatives yield
the Pt(II) chelates [29]. For instance, reaction of
8-mercaptoquinoline with both K2PtCl4 and K2PtCl6
produces the compound [Pt(SNC9H6)2] in which
the organic ligand coordinates to platinum via N and
S atoms [29]. Since, when PAN3PGMA is modified
with sodium 8-mercaptoquinolinate [20], the modify-
ing agent is incorporated into the fiber matrix via the
sulfur atom. The platinum atom is probably bound
with the fiber via the nitrogen atom.

CONCLUSIONS

(1) Sorbents TIOPAN-2 and TIOPAN-6 (copoly-
mers of polyacrylonitrile with grafted polyglycidyl
methacrylate modified with sodium diethyldithiocar-
bamate and 8-mercaptoquinoline, respectively) can
quantitatively recover platinum(IV) chloride com-
plexes from acid and neutral solutions. TIOPAN-6
with high rate and quantitatively recovers Pt(IV) at 18
and 98oC, while TIOPAN-2 efficiently sorbs Pt(IV)
only at heating.

(2) In all cases, Pt(IV) sorption is caused by com-
plexation with sorbents as polymeric ligands. The
platinum(IV) chloride complex reacts with TIOPAN-2
fiber with formation of the [Pt(SR)2Cl2]-type com-
pound, in which the polymeric ligand coordinates via
sulfur atom. At Pt(IV) sorption with TIOPAN-6,
the onium compound (RQuinSH)2PtCl4 is formed.
At heating, this compound converts intocis-[Pt.
(RQuinS)2Cl2] in which 8-mercaptoquinoline group
coordinates via nitrogen atom.
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Abstract-The effect of the nature of exchangeable cation (Na+, Mg2+, Ba2+, La3+) in FIBAN K-1 fibrous
sulfonic cation-exchange resin on sorption of tetramminepalladium(II) and its cross-sectional distribution
in fabrication of Pd catalysts is studied.

Sulfonic cation-exchange resins can be used as
supports in fabrication of metal-containing catalysts.
For instance, it was demonstrated [1, 2] that the
supported Pd catalyst based on FIBAN K-1 fibrous
cation-exchange resin in the Ba form shows high
activity in oxidation of hydrogen.

In the first stage of preparation of Pd catalysts pal-
ladium is incorporated in a polymeric support (fibrous
cation-exchange resin) by ion exchange in a tetram-
minepalladium(II) chloride solution. Then the catalyst
is dried, heated in a helium current, and reduced to
Pd0 in a hydrogen stream.

A review of works on sorption of [Pd(NH3)4]2+ on
granulated cation-exchange resins can be found in [3].
However, information on its sorption on fibrous sul-
fonic cation-exchange resins is lacking in the literature.

Since the catalyst activity depends not only on the
Pd content and dispersity, but also on its distribution
throughout the bulk of a support, in this work we
studied certain features of ion exchange Mz+ 6

[Pd(NH3)4]2+ (Mz+ = Na+, Mg2+, Ba2+, La3+) in
FIBAN K-1 fibrous sulfonic cation-exchange resin
and also the effect of the cationic form of this resin on
the Pd cross-sectional distribution.

EXPERIMENTAL

FIBAN K-1 fibrous sulfonic cation-exchange resin
was prepared by radiation three-dimensional grafting
of a copolymer of styrene (98%) and divinylbenzene
(2%) to polypropylene staple fiber followed by sul-
fonation of the resulting matrix with concentrated sul-
furic acid [4]. The grafting proceeds quite uniformly

(at a 120% degree of grafting the fiber diameter is
40+3 mm).

Totally substituted Na, Mg, Ba, and La forms of
K-1 were prepared from the H form (exchange capac-
ity 3.24 mg-equiv g31) by passing an excess of a 1 N
solution of the corresponding metal chloride through a
column packed with the resin until pH of the filtrate
became equal to that of the initial solution. Then the
samples were washed with distilled water to a nega-
tive reaction for chloride and air-dried at room tem-
perature. The swellability of the samples was deter-
mined by centrifugation [5].

Ion exchange of Na+, Mg2+, Ba2+, and La3+ for
[Pd(NH3)4]2+ was studied by placing a weighed por-
tion of the resin in the corresponding form in 0.01 N
tetramminepalladium(II) chloride atnPd0

2+/nPd2+
max =

0.35, wherenPd0
2+ is the [Pd(NH3)4]2+ content in the

initial solution andnPd2+
max is the limiting (estimated

from the exchange capacity) content of [Pd(NH3)4]2+

in the resin phase.

The resin samples (2 g) were preliminarily held in
distilled water to attain the limiting swellability, and
then the tetramminepalladium(II) chloride solution
was added in amount estimated taking into account
the exchange capacity of the given cationic form of
K-1 resin. The total volume of the aqueous phase was
100 ml. Keeping in mind that the ammine complex
[Pd(NH3)4]2+ is stable at pH> 8 [6], and also to mini-
mize formation of lanthanum hydroxide and basic
salts, ion exchange Mz+ 6 [Pd(NH3)4]2+ was per-
formed at pH 838.5. The experimentswere carried out
at room temperature with vigorous stirring (magnetic



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

EFFECT OF CATIONIC FORM OF A FIBROUS SULFONIC CATION-EXCHANGE RESIN 1447

stirrer). The contact time was 10 min, which was dem-
onstrated to be sufficient for reaching the saturation.
Samples (1 ml) of the liquid phase were taken at fixed
intervals (10360 s) and analyzed for Pd and the ex-
changeable cation. Palladium was determined spectro-
photometrically [7], and Mg2+, Ba2+, and La3+, by
chelatometric titration with Na2EDTA (Mg2+ and
Ba2+ with Eriochrome Black T [8] and La3+ with
Xylenol Orange [9]). The Na+ concentration was
determined indirectly as follows [10]: An aliquot of
the solution was acidified with HCl to pH 1, evap-
orated to dryness, and heated at 120oC to remove HCl.
Then the solid residue was dissolved in water, and the
sum of chlorides was determined by Mohr titration.
From this value we determined the sum of sodium and
palladium in the solution. The Na+ concentration
was then estimated as the difference between this
value and the Pd concentration determined spectro-
photometrically.

Using the data on the Mz+ and [Pd(NH3)4]2+ con-
centrations in the aqueous phase, the selectivity coef-
ficient was estimated as

3XPdXM
S = ÄÄÄÄÄÄ

XPd
3XM

where
3

X and X are the equivalent fractions of the
cations in the resin phase and solution, respectively.
The equivalent fraction of palladium in the resin phase
3

XPd was estimated as

nPd0
2+

3 nPd2+
eq3XPd = ÄÄÄÄÄÄÄÄÄÄÄÄ,

nPd2+
max

where nPd2+
eq is the Pd content in the equilibrium

solution.

The degree of exchange with respect to Mz+ was
estimated as the ratio of the amount of the exchange-
able cation in the equilibrium solution to its initial
amount in the resin.

As an experimental parameter characterizing the
ion-exchange rate with various exchangeable cations
we selectedt0.9, i.e., the time required toreach 90%
saturation of the resin with respect to [Pd(NH3)4]2+.

The cross-sectional distribution of Ba2+ and
[Pd(NH3)4]2+ was studied by electron micro probe
analysis (EPMA) with a Cameca MS-46 instrument.
The distribution data were obtained parallelly for no
less than 10 fibers of a sample. The reproducibility of
the data was sufficiently high (738 fibers of 10 had

a, %

t, s

Fig. 1. Degree of sorption of [Pd(NH3)4]2+ on FIBAN K-1
a as a function of timet. Cationic form of the resin:
(1) Na, (2) Mg, (3) Ba, and (4) La.

practically the same diameters and demonstrated iden-
tical distribution curves).

The Pd content in samples specially prepared for
EPMA was about 1%. The catalyst based on the Na
form of K-1 was prepared as follows. A weighed por-
tion of the resin (2 g) was poured over with 20 ml of
distilled water, allowed to stand until reaching the
limiting swelling, and 13.2 ml of 0.025 N tetram-
minepalladium(II) chloride was added with vigorous
stirring. After a 10-min contact the resin was sepa-
rated from the solution, washed to remove chloride,
and air-dried at room temperature. The catalysts based
on the Mg and Ba forms were prepared similarly, ex-
cept that the volume of 0.025 N tetramminepalladi-
um(II) chloride added was 14.0 and 15.2 ml, respec-
tively.

The kinetic curves of cation exchange on various
cationic forms of K-1 with [Pd(NH3)4]2+ are given
in Fig. 1. In thecase of the Na form tetramminepalla-
dium(II) is practically totally recovered from the aque-
ous phase. For the Mg, Ba, and La forms the degree
of exchange was found to be 95, 89, and 80% of the
theoretical value, respectively. The degree of satura-
tion of the resin phase with [Pd(NH3)4]2+ is 0.35,
0.33, 0.31, and 0.28% for the Na, Mg, Ba, and La
forms, respectively. The relative error of determina-
tion of the degree of saturation was within 1.5%. The
degrees of exchange estimated from the [Pd(NH3)4]2+

and exchangeable cation contents in the equilibrium
solution were well consistent (the difference was
within 1%).
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Characteristics of FIBAN K-1 in variouscationic forms
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄ

Cation

³ Swellability ³
t0.9,

³

SÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ³
³

wt %
³mol H2O equiv31³ s ³

³ ³ resin ³ ³
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄ
H+ ³ 111.0³ 19.0 ³ 3 ³ 3

Na+ ³ 97.0³ 17.8 ³ 22 ³ >20
Mg2+ ³ 91.0³ 16.2 ³ 25 ³ 9.4
Ba2+ ³ 54.8³ 11.4 ³ 40 ³ 3.1
La3+ ³ 54.2³ 10.7 ³ 72 ³ 1.5
[Pd(NH3)4]2+ ³ 35.8³ 7.8 ³ 3 ³ 3

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄ

On passing from the Na form of the resin to the
Mg, Ba, or La formst0.9 increased from 22 to 72 s,
and the selectivity coefficient decreased (see table).

Previously we demonstrated by EPMA that in a
sulfonic cation-exchange resin the cross-sectional dis-
tribution of functional groups depends on the syn-
thesis conditions [11]. In this work with an example
of the Ba form of K-1 we demonstrated that in FIBAN
K-1 fibrous sulfonic cation-exchange resin functional
groups are uniformly distributed throughout the cross
section of its fibers (Fig. 2a). In the Na form and to
a lesser extent in the Mg form the surface layer of the

(a) (b)

(c) (d)

YPd, wt %YBa, wt %

YPd, wt % YPd, wt %

d, mm d, mm

Fig. 2. Cross-sectional distribution of (a) Ba2+ and (b3d)
[Pd(NH3)4]2+. (YBa, YPd) Ba and Pd contents and (d) fiber
diameter. Cationic form of the resin: (b) Na, (c) Mg, and
(d) Ba.

resin grains is enriched with [Pd(NH3)4]2+ ions
(Figs. 2b, 2c). In the Ba form Pd is distributed uni-
formly throughout the fiber cross section (Fig. 2d).
The results obtained suggest that under the experi-
mental conditions the system approaches the ion-
exchange equilibrium only in the case of the Ba form.
Presumably, the observed rapid exchange of Na+ and
Mg2+ for [Pd(NH3)4]2+ results in formation of slightly
swelling surface layer {see data for the [Pd(NH3)4]2+

form in the table}, impeding further penetration of
strongly hydrated Na and Mg cations. For the Na and
Ba forms t0.9 was found to be 22 and 40 s, respec-
tively. This result is consistent with the conclusion
made in [12]. Finally, changing the cationic form of
the resin, one may control the rate of ion exchange
Mz+ 6 [Pd(NH3)4]2+ as well as the Pd cross-sectional
distribution, which is important for fabrication of
special-purpose Pd catalysts.

CONCLUSIONS

(1) The limiting exchange capacity for [Pd.
(NH3)4]2+ decreases on passing from the Na form of
FIBAN K-1 fibrous sulfonic cation-exchange resin
to the Mg, Ba, and La forms.

(2) The cross-sectional distribution of [Pd.
(NH3)4]2+ depends on the cationic form of the resin:
in the Na form Pd is concentrated in the surface layer,
whereas in the Ba form it is uniformly distributed
across the fiber. The Mg form takes an intermediate
position.
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Abstract-Low-swelling sorbent with weakly basic anion-exchange properties was prepared from clinoptilo-
lite-containing tuffs and polyethylenimine using epichlorohydrin cross-linking agent. The properties of this
sorbent (total anion-exchange capacity, swellability, etc.) were studied as influenced by the concentrations
of the modifying and cross-linking agents, their ratio, period after sorbent preparation, and number of sorp-
tion3desorption cycles. The optimal conditions for modifying clinoptilolite-containing tuffs were developed
and elemental composition of the resulting sorbent (with respect to C, H, and N) was determined.

At present cheap ion-exchange materials find ex-
panding application in solving various problems in
industry and ecology. These sorbents include natural
zeolites such as clinoptilolite-containing tuffs (CTs)
[1] and new sorbents prepared from CTs modified
with amino-containing organic compounds, e.g.,
cheap and available hexadecyltrimethylammonium,
which affects the surface properties and imparts anion-
exchange properties to the natural zeolite [234]. How-
ever, the anion-exchange capacity of such material is
rather low (0.0230.06 mg-equiv g31). Anion ex-
changers based on CT were prepared by tuff impreg-
nation with polyhexamethyleneguanidine amine-con-
taining electrolyte (PHMG) followed by cross-linking
with epichlorohydrin (ECH) [5, 6]. As a result, we
obtained sorbents with a moderate exchange capacity;
the anion-exchange capacity of the best samples was
0.1530.20 mg-equiv ml31. The selectivity of these
sorbents with respect to oxygen-containing anions
(e.g., chromate ion [7]) was studied. The resulting
sorbents preserve the cation-exchange capacity of the
initial CTs [6].

In this work we studied the preparation of organo-
zeolite with weakly basic properties and high anion-
exchange capacity.

EXPERIMENTAL

As mineral support we used natural CT, an abun-
dant zeolite. The required material containing 503

60% zeolite was supplied from the Tedzami deposit

(Georgia), and its fractional composition was as fol-
lows (mm): 31.0+0.5 and32.5+1.6 The unit cell of
this zeolite can be described by the empirical formula
(K2, Na2, Ca)3(Al6Si30O72) .24H2O.

As modifying agent we used polyethylenimine
(PEI), which is a water-soluble polyelectrolyte with
weakly basic amine groups [8]. The initial zeolite
was modified with PEI by the following procedure.
A weighed portion of washed CT with certain grain
size was wetted with the appropriate volume of the
PEI solution (the PEI concentration was varied from
15 to 33%) and thoroughly mixed. Then the cross-
linking agent was added and the resulting composition
was mixed. In our work we used ether ECH tetrahy-
drate or its 25% alcoholic solution. The PEI/ECH
molar ratio was varied within 2.035.0. The sorbent
with the modifying agent after its treatment with ECH
was left overnight, and then washed with water to re-
move soluble and weakly bound polymer from the
sorbent [8].

The quality of the resulting sorbent was evaluated
using the experimental data on the anion- and cation-
exchange capacity and swellability of the modified
samples. The anion-exchange capacity of zeolites
modified with PEI was studied using the static proce-
dures, which allow determination of the total ex-
change capacity and its variation as influenced by
the solution pH.

The total anion-exchange capacity of the sorbent
was determined from the sorption of anions from
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acidic solutions by the following procedure. The
sorbent was preliminarily converted to the Cl form
using a 0.3 M HCl solution under the static conditions
(6 ml of sorbent, 90 ml of 0.3 M HCl, 48 h contact
time). Then the sorbent was washed with distilled
water (50 20 ml). The chloride anions were de-
sorbed under the static conditions with 0.2 N H2SO4
(100 ml), contact time 48 h. It was found that the ad-
ditional portion of sulfuric acid did not affect desorp-
tion of Cl3 anions. The amount of chloride anions
in the regenerate corresponded to the total anion-
exchange capacity of the sorbent. The concentration of
chloride ions in solution was determined by mer-
curimetry [9]. The anion-exchange capacity was calcu-
lated by the following equation:

ACl = CClV /w,

where ACl is the anion-exchange capacity
(mg-equiv ml31), CCl is the concentration of chloride
ions in the regenerate (mg-equiv ml31), V is the
volume of 0.2 M sulfuric acid solution (ml), andw is
the sorbent volume (ml).

The anion-exchange capacity at pH 637 was
evaluated by sorption of sulfate ions at pH 637 and
their desorption with carbonate ions using the ion
chromatography [10].

The cation-exchange capacity of modified CT was
measured by sorption of ammonium ions. In this case,
0.5-g sorbent sample was placed in a 0.1 M solution
of ammonium chloride (25 ml), stirred for 28 days
under the static conditions, and then ammonium cat-
ions were desorbed with 2 M sodium chloride solu-
tions (50 ml) for 13 days, also under the static condi-
tions. The content of the desorbed ammonium cations
was determined with formaldehyde [11].

The cation-exchange capacity of the modified CT
sorbent was calculated from the following equation:

ANH4
+ = CNH4

+V /m,

where ANH4
+ is the cation-exchange capacity

(mg-equiv g31), CNH4
+ is the concentration of am-

monium ions in the eluate (mg-equiv ml31), V is the
volume of 2 M sodium chloride solution (ml), and
m is the sorbent weight (g).

The swellability of the sorbent was determined as
the volume (ml) occupied by a 1-g sample of the
modified CT after its preliminary swelling in water.

To determine the modification conditions, we
studied the anion-exchange capacity and swellability

Table 1. Anion-exchange capacityACl (pH 637) and
swellability of modified CTs as influenced by the prepara-
tion conditions
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Concentration, %³PEI/ECH³ Swella- ³

ACl,ÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ ³
PEI ³ ECH ³

molar
³

bility,
³mg-equiv ml31³ ³ ratio ³ ml g31 ³

ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
25 ³ 4 ³ 5.0 ³ 1.1 ³ 0.04
25 ³ 4 ³ 2.5 ³ 1.0 ³ 0.16
25 ³ 4 ³ 2.0 ³ 1.2 ³ 0.14
15 ³ 25 ³ 5.0 ³ 1.1 ³ 0.15
25 ³ 25 ³ 5.0 ³ 1.1 ³ 0.24
33 ³ 25 ³ 5.0 ³ 2.4 ³ 0.20
25 ³ 25 ³ 5.0 ³ 1.1 ³ 0.24
25 ³ 25 ³ 2.5 ³ 1.2 ³ 0.30
25 ³ 25 ³ 2.0 ³ 1.5 ³ 0.35

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 2. Anion-exchange capacityACl of modified CT as
influenced by the time after the sample preparationt, its
granulation, and solution pH
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Granula-
³

t, days
³ACl, mg-equiv ml31, at indicated pH

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄtion, mm ³ ³ 2 ³ 6
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

0.531.0 ³ 6 ³ 3 ³ 0.34
0.531.0 ³2703540³ 0.86 ³ 0.40
1.632.5 ³ 4 ³ 0.48 ³ 3

1.632.5 ³ 28 ³ 0.63 ³ 3

1.632.5 ³ 62 ³ 0.67 ³ 3

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

as influenced by the concentrations of the modifying
(PEI) and cross-linking (ECH) agents, the PEI/ECH
molar ratio, and the time after the sample preparation.
The main properties of the resulting samples are listed
in Tables 1 and 2.

As seen from Table 1, the highest anion-exchange
capacity was found for the CT samples modified
with 25% PEI solution and 25% ECH solution at
PEI/ECH = 2.0. With increasing PEI concentration
(>25%) and decreasing PEI/ECH ratio (<2.5) the
swellability of the resulting sorbent significantly in-
creases. More detailed study of the anion-exchange
properties was performed using the CT samples modi-
fied with 25% PEI solution in the presence of 25%
ECH solution at PEI/ECH = 2.5 and granulation of
0.531.0 and 1.632.5 mm. We studied the effect of pH
on the working capacity and some other properties of
the modified sorbent (time after the sample prepara-
tion and number of sorption3desorption cycles under
the dynamic conditions). The results are listed in
Tables 2 and 3.
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Table 3. Anion-exchange capacityACl of modified CTs as
influenced by the number of sorption3desorption cycles;
sorbent granulation 0.531.0 mm
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Cycle no.
³ ACl, mg-equiv ml31, at indicated pH
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 637 ³ 2

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 0.27 ³ 3

2 ³ 0.42 ³ 3

3 ³ 0.44 ³ 3

4 ³ 3 ³ 0.75
5 ³ 3 ³ 0.90
6 ³ 3 ³ 0.86

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Theoretical (based on the data of elemental
analysis) and experimental anion-exchange capacity of
modified CTs
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Modi- ³ Content, % ³

a*
³ACl, mg-equiv ml31

ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄfying
³ H ³ C ³ N ³ ³theory ³experimentagent³ ³ ³ ³ ³ ³

ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
PEI ³ 1.04³ 6.74³ 2.52³ 3/4 ³ 1.04 ³ 0.630.9
PHMG³ 0.34³ 2.33³ 0.96³ 1/3 ³ 0.21 ³ 0.1530.20
ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Fraction of nitrogen capable of ion exchange.

Table 5. Cation-exchange capacity of natural and modi-
fied CT
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Clinoptilolite
³ PEI/ECH ³ Cation-exchange
³ molar ratio³capacity, mg-equiv g31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Natural ³ 3 ³ 1.10
Modified ³ 7.7 ³ 0.70

³ 2.5 ³ 0.79
³ 2.0 ³ 0.80

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

As seen, our procedure allows preparation of the
sorbent with stable properties, almost independent of
the time after the sample preparation and of the num-
ber of sorption3desorption cycles.

Elemental analysis for carbon, hydrogen, and nitro-
gen (Table 4) allows evaluation of the theoretical ca-
pacity and its comparison with the experimental data.

Our data show that the theoretical values of the
anion-exchange capacity of CT modified with PEI or
PHMG are fairly close to the experimental results.
The anion-exchange capacity of CT modified with
PEI exceeds the capacity of CT modified with PHMG
by a factor of 3 and 6 in neutral and acidic solutions,
respectively.

The sorbent properties listed in Table 5 indicate
that the cation-exchange capacity of the modified
sorbent is slightly smaller than the cation-exchange
capacity of the initial zeolite, which is probably due to
partial blocking of the zeolite surface with the modify-
ing agent.

CONCLUSIONS

(1) Modification of clinoptilolite with polyethyl-
enimine followed by cross-linking with epichlorohy-
drin yields sorbents exhibiting the properties of weak-
ly basic anion exchangers but retaining the cation-
exchange properties of the initial clinoptilolite-con-
taining tuffs. The anion-exchange capacity depends on
the solution pH, and the highest capacity is attained
in a weakly acidic medium.

(2) The total anion-exchange capacity (0.63

0.9 mg-equiv ml31) of the resulting sorbent is
significantly higher than the capacity (0.153

0.20 mg-equiv ml31) of the sorbent prepared by modi-
fication of clinoptilolite-containing tuffs with 15%
polyhexamethyleneguanidine solution.

(3) The cation- and anion-exchange capacities of
the resulting sorbent are comparable.
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Abstract-The effect of oxidizing treatment of walnut shell on the yield of activated carbon and on its pore
structure was studied.

We have shown recently that active carbons (AC)
with acceptable structural and sorption characteristics
can be obtained by a traditional procedure (carboniza-
tion with subsequent activation) from walnut shell
(WS) with the yield of about 10%. At the same time,
it is known that fruit kernels and various nut shells are
cellulose materials [2], and the procedures conven-
tionally used in their heat treatment can be extended
to the technology of obtaining AC [3].

Preliminary oxidation is one of the methods for the
treatment of cellulose materials with the aim to im-
prove the pore structure and increase the yield of
AC obtained from them [[2]. In this case we must dis-
tinguish between the action of oxygen as an external
agent, the excess of which will result in complete
combustion of a polymer, and the action of oxygen
incorporated into elementary units of a polymer and
taking part in the material cross-linking on heat treat-
ment. In the latter case oxygen promotes formation of
intermediate bridges and intra- and intermolecular
cross-links determining the formation of the molecular
structure of a carbon material.

Within limited temperature and concentration
ranges atmospheric oxygen also can play the same
role, but its excess is undesirable, since it decreases
the carbon yield at the expense of incontrolled de-
gradation of the polymer and ultimately results in a
loss of the AC quality. In view of the aforesaid the
method of [sparing] oxidizing heat treatment found
use in obtaining carbon fibers [7] and also synthetic
AC (SKN and SKS) [8].

In this work we studied the effect of preliminary
oxidizing treatment on preparation and properties
of AC based on WS.

EXPERIMENTAL

The installation and procedures for oxidizing treat-
ment of WS, the carbonization of the oxidized materi-
al, and the activation of the resulting carbonizates
were described earlier [1]. WS was preoxidized in
air at 1503330oC for 1310 h and carbonized in
flowing argon at a heating rate of 5 deg min31. The
samples were kept at 800oC for 1 h. To obtain AC
with various degrees of combustion loss, the activa-
tion was carried out in steam under a pressure of
0.1 MPa at 750oC for 0.132 h.

In this work after each stage of heat treatment we
measured changes in the weightXm (%) and volume
XV (%) of the samples under study (weight and
volume combustion loss), the pore volume with re-
spect to benzeneVs (%) (cm3 g31), and also the yield
of AC R (%). The parameters of the pore structure of
the samples in various stages of the thermolysis: the
micropore volumeVmi (cm3 g31), the sorption pore
volume Vs (cm3 g31), and the specific surface area
SBET (m2 g31), were determined from the isotherms of
carbon dioxide adsorption at 0oC and of nitrogen ad-
sorption at 3196oC. The isotherms were treated by
generally accepted procedures of the modern adsorp-
tion theory [9, 10].

Structural changes resulting from the heat treatment
of the products were studied by X-ray diffraction (a
DRON-2 diffractometer), and the interplanar spacings
d002 (A) were calculated. The static exchange capacity
(mg-equiv g31) of the materials based on WS was
determined by alkali titration. In this work averaged
data of 335 experiments are given.

Oxidation of WS was accompanied by weight loss
and contraction of the material. Figure 1 gives the
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Xm, %

t, h

Fig. 1. Kinetic curves of the WS weight lossXm on its
oxidation in air. (t) Time. Temperature (oC): (1) 150 and
(2) 200.

Table 1. Properties of the initial and oxidized WS
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

WS
³ Xm, ³ Vs, ³ d002, ³ SEC,
³ ³ ³ ³³ % ³ cm3 g31 ³ A ³ mg-equiv g31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Initial ³ 3 ³ 0.01 ³ 4.16 ³ 0.23
Oxidized ³ 58.3 ³ 0.02 ³ 3.52 ³ 0.68
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 2. Properties of carbonizates and activates obtained
from WS*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Parameter
³ Carboni- ³

Activates-1
³

Activates-2³ zates ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Xm, % ³ 72.3 ³ 25 ³ 58

³ (69.8)** ³ (23) ³ (60)
³ ³ ³R, % ³ 27.7 ³ 20.8 ³ 11.6
³ (30.2) ³ (23.3) ³ (12.1)
³ ³ ³Vs, cm3 g31 ³ 0.06 ³ 0.34 ³ 0.60
³ (0.15) ³ (0.44) ³ (0.95)
³ ³ ³Vmi(N2), cm3 g31 ³ 0.03 ³ 0.32 ³ 0.33
³ (0.18) ³ (0.37) ³ (0.47)
³ ³ ³Vmi(CO2), cm3 g31³ 0.19 ³ 0.23 ³ 0.18
³ (0.19) ³ (0.19) ³ (0.26)
³ ³ ³Vs(N2), cm3 g31 ³ 0.05 ³ 0.50 ³ 0.50
³ (0.19) ³ (0.55) ³ (0.85)
³ ³ ³SBET(N2), m2 g31 ³ 70 ³ 700 ³ 720
³ (350) ³ (800) ³ (1040)
³ ³ ³d002, A ³ 3.87 ³ 3 ³ 4.01
³ (3.93) ³ (3) ³ (3.99)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Activates-1 and activates-2 correspond to the AC combustion

loss of 23325 and 58360%, respectively.
** The values for preoxidized samples are given in parentheses.

data on the kinetics of the weight loss during WS oxi-
dation in air. At 150oC (curve1) the weight loss of
WS is slow, and even in 10 h less than 10% is lost. At
200oC (curve2) the kinetics of the process is sharply
changed: in 1 h the WS weight loss is already about
40% and in the subsequent 9 h it attains almost 60%.
At 300oC and higher the weight loss in 1 h exceeds
70%. The oxidation is accompanied by contraction of
the material, which attains about 30% in 1 h at 200oC.

We emphasize that the heat treatment of the initial
WS in argon at 200oC for 10 h [1] results in an in-
crease in the pore volume and in the static exchange
capacity (SEC) of the material to 0.04 cm3 g31 and
0.45 mg-equiv g31, respectively. Carbonization
decreases the yields to 25% and increasesVs to
0.05 cm3 g31. After activating the carbonizate to the
combustion loss of 63%, the resulting AC has the pore
volume of 0.77 cm3 g31, and its yield is 9.3%. These
data suggest that the heat treatment of WS in an inert
medium results in a decrease inVs and in the AC
yield compared to the AC samples obtained from WS
preoxidized at 200oC for 10 h. The characteristics
of the initial WS and that oxidized under the above-
mentioned condition are given in Table 1. The pore
volume by benzene in both initial and oxidized WS
samples is 0.0130.02 cm3 g31, i.e., no micro- and
mesoporous structure is developed during the WS
oxidation.

Preliminary heat treatment of cellulose materials in
air allows the structural defects resulting from de-
gradation to be[healed] at the expense of the forma-
tion of intermolecular bonds,[oxygen bridges] among
them [4]. The degradation of cellulose on heating
in air yields oxycellulose [11] containing carboxy
groups. Typical of the oxycellulose thermolysis are
hampering of depolymerization [5] and intensification
of dehydration [12], occurring both intramolecularly
to give the >C=O and >C=C< groups and intermolec-
ularly with cross-linking.

In fact, the measurements (Table 1) have shown
that the static exchange capacity increases from 0.23
to 0.68 mg-equiv g31 during the WS oxidation, which
points to the formation of phenol and carboxy groups
on the material surface. Therefore, after oxidation of
the initial WS we obtain another material, so-called
oxidized WS (Table 1).

On carbonization and activation of the initial and
also preoxidized WS samples we obtained materials
whose properties are given in Table 2 and Fig. 2. On
carbonization of WS a further weight loss occurs:
up to 69.8% in oxidized WS and up to 72.3% in the
initial WS [1, 13]. Therefore, the yield increases even
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in the stage of the carbonization of preoxidized WS,
as compared to the carbonization of the unoxidized
samples (Table 2).

Table 2 also shows that on the carbonization of
the initial and oxidized WS samples their porous
structure develops differently. The carbonization of
the preoxidized samples, as compared to the initial
samples, results in the development of larger micro-
pores, as determined by nitrogen adsorption (0.18 and
0.03 cm3 g31, respectively). The volumes of smaller
micropores, determined by CO2 adsorption, appear to
be approximately the same for the oxidized and un-
oxidized carbonizates (~0.19 cm3 g31). At the expense
of larger volume of coarse micropores in the car-
bonizates obtained from oxidized WS, theirSsp ap-
pears to be higher than in the carbonizates obtained
from unoxidized WS (350 m2 g31 compared to 70). It
is known that the volumes and the average size of
micropores determined from N2 adsorption isotherms
for carbons with high combustion losses (50370%)
considerably (sometimes twice) exceed the corre-
sponding values calculated from the data on CO2 ad-
sorption. Such a difference is determined by the
formation of large micro- and supermicropores in
which the CO2 adsorption at 0oC occurs partially by
the mechanism of superficial and not only volume
filling [14].

We emphasize that no mesoporosity develops in
the stage of carbonizing materials obtained from both
the initial and preoxidized WS. As forVs, preoxida-
tion of WS results in the increase in the pore volume
of the carbonizate from 0.06 for unoxidized samples
to 0.15 cm3 g31 for preoxidized samples (Table 2).

During carbonization of carbon-containing materi-
als the precursors of AC are formed. Their properties
largely determine the properties of AC [15]. The yield
of carbonizates obtained from the oxidized material
somewhat increases (30.2% compared to 27.7%), and
a more developed porous structure is formed, as
compared to carbonizates based on the initial WS
(Table 2).

In the activation stage, the differences in the prop-
erties of materials obtained from preoxidized and un-
oxidized WS become substantial. The yield of ac-
tivates-1 (Table 2, combustion loss 23325%) from the
oxidized material is 23.3% and from the unoxidized
material, only 20.8%. But even when the combustion
loss is 58360% (activates-2), the yield also appears to
be higher for preoxidized samples compared to unoxi-
dized ones (12.1 and 11.6%).

Vs, cm3 g31

Xm, %

Fig. 2. Plot of pore volumeVs vs. the degree of combustion
lossXm on activation of WS carbonizates. Samples: (1) un-
oxidized and (2) oxidized.

Testing activates-1 with the 25% combustion loss
for N2 and CO2 adsorption (Table 2) showed that the
preoxidized samples have a more developed porous
structure compared to the samples obtained from un-
oxidized WS and, as a consequence, a larger specific
surface area (800 and 700 m2 g31, respectively). The
distinctive feature of activates obtained from oxidized
WS is formation of mesoporosity in them, as demon-
strated by the difference between the volumes of sorp-
tion pores and micropores (Table 2).

Testing activates-2 for nitrogen adsorption showed
a more developed porous structure in them. In the
activates obtained from the oxidized WS samples the
specific surface area exceeds 1000 m2 g31, whereas in
the activates obtained from the unoxidized materials
the specific surface area is 720 m2 g31. The depen-
dence of the pore volume on the combustion loss in
activation (Table 2, Fig. 2) shows that in AC with the
combustion loss of 30340%, obtained from both pre-
oxidized and unoxidized WS, the pore volume is ap-
proximately the same (Fig. 2, curves1, 2). The differ-
ences appear in the samples with the combustion loss
more than 40%. For example, when the combustion
loss is more than 60%, the AC samples from unoxi-
dized WS haveVs ~ 0.60 cm3 g31, whereas in AC
from preoxidized WSVs = 0.95 cm3 g31.

It is known [16] that the X-ray patterns of cellulose
materials, WS among them, are characterized by
strong (101) and (002) relfections, which point to a
regular structure. The X-ray patterns of heat-treated
WS samples (preoxidized WS, carbonizate, and also
the activate obtained from it) are shown in Fig. 3.
Structural changes in WS occur during both its con-
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2q, deg
Fig. 3. X-ray diffraction patterns of carbon materials
in various stages of WS heat treatment. (2q) Bragg’s angle.
(1) Oxidized sample, (2) carbonizate, and (3) activate.

ventional heat treatment [1] and the treatment with
preoxidation (Fig. 3).

It is essential that in oxidized WS (Fig. 3, curve1)
the cellulose structure appears to be preserved; the
carbon structure also is not formed, in contrast to WS
carbonization in argon at 700oC [1]. The carbon struc-
ture is formed in preoxidized WS samples only on
their carbonization (Fig. 3, curve2). A similar struc-
ture of carbonizates is also observed in the samples
obtained by the conventional procedure [1]. During
carbonizate activation under these conditions no es-
sential structural changes occur in the material (Fig. 3,
curves 2, 3).

An important characteristic of structural changes in
carbon materials is the interplanar spacing. Preoxida-
tion of WS results in a decrease in the interplanar
spacings of its crystal lattice from 4.16 to 3.52A
(Table 1). This occurs at the expense of linking of
lattice planes by oxygen bridges. The heat treatment
of WS in an inert medium decreases the interplanar
spacings only to 4.10A [1].

It was shown previously that the WS carbonization
results in a decrease in the interplanar spacings: on
the carbonization of the initial WS (800oC) the inter-
planar spacing decreases to 3.87A. The carbonization
of preoxidized WS results in the increase in the inter-
planar spacings to 3.93A compared to the carboni-
zates obtained from the initial WS (Table 2), which
is due to expansion of the interplanar space of the
sample crystal lattice at the expense of the loss of
a part of bridging oxygen groups formed during WS
oxidation. In this case the carbonizates obtained from
both preoxidized and unoxidized WS have close inter-
planar spacings of~3.90 A (Table 2). The activation
of carbonizates to high degrees of combustion loss

(activates-2), both preoxidized and unoxidized, results
in the minor increase in the interplanar spacings,
to 4.01 and 3.99A (Table 2).

Thus, the cross-linked structural units in the com-
position of oxidized materials have a considerable
effect on the properties of not only carbonizates, but
also of activates. The preoxidation of WS allows pre-
paration of AC with a more developed porous struc-
ture and with pores of particular size, with retention of
structural carbon and increased yield of AC.

CONCLUSION

The effect of oxidizing treatment of the walnut
shell on the properties and yield of the resulting ac-
tivated carbons was studied. The preoxidation pro-
motes the development of micro- and mesoporosity of
carbons (the total volume of micro- and mesopores
attains 0.931.0 cm3 g31, Ssp by BET is within
100031100 m2 g31). The yield of the product is 12%.
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Abstract-Isotherms of chlorobenzene adsorption on V2O5/g-Al2O3 catalyst within the 0.07318 Pa range of
adsorbate partial pressure were measured, and certain thermodynamic characteristics of adsorption were found.

The V2O5/g-Al2O3 catalyst can be used for deep
oxidation of chlorobenzene (ChB). The kinetics of
this process was studied in [1]. Davidenkoet al. [2, 3]
examined the mechanism of ChB adsorption on the
above catalyst using IR spectroscopy and temperature-
programmed desorption. At the same time, data on
ChB equilibrium adsorption on oxide vanadium3alu-
minum catalyst are lacking. This problem is studied
in the present work.

EXPERIMENTAL

Synthesis ofg-Al2O3 used as a support is described
in [4]. Vanadium(V) oxide (5% of the support weight)
was applied to aluminum oxide by impregnation with
aqueous solutions of pure grade NH4VO3. Then the
catalyst was dried at 373 K and annealed in air at
673 K for 5 h. The specific surface area of the catalyst
sample found by nitrogen thermal desorption was
115 m2 g31.

Adsorption isotherms were measured chromato-
graphically [5] on a Tsvet-500 chromatograph equipped
with a flame-ionization detector. Helium additionally
dried over aluminum oxide and CaA zeolite was used
as a carrier gas; its flow rate was 30 ml min31.
A 0.20030.315-mm catalyst fraction and a 35 cm0
4 mm stainless steel column were used. The catalyst
sample in the column was 1.183 g. Before the ex-
periment, the column was conditioned at 573 K for
638 h.

Chemically pure grade chlorobenzene was addi-
tionally distilled and kept in hermetically sealed flasks
over freshly calcined NaA zeolite. The samples of the
adsorbate vapor were introduced into the column
through a heated dosing cock. The vapor3helium mix-
ture was prepared by mixing pure helium and helium
saturated with the ChB vapor in a temperature-con-
trolled saturator.

Adsorption isotherms (figure, Table 1) were meas-
ured within the 4633513 K range. The error of deter-
mination of the adsorbate partial pressurep (Pa) and
excess adsorptionG (mol m32) was less than 5%. In
the above temperature interval, the chromatograms
showed no evidences of chemical conversion of
chlorobenzene.

The adsorption isotherms are characterized by
slight nonlinearity and are well (determination coef-
ficient r2 > 0.999) approximated by the Freundlich
equation of the adsorption isothermG = Cp1/n, where
C and n are coefficients depending on temperature
T (K). Within the temperature range studied, the
dependence ofC on T can be described by the func-
tion C(T) = 5.060 1038 3 5.230 1035/T + 0.0135T2

(r2 = 0.997), and the dependence ofn on T, by the
function n(T) = 0.234 + 425/T (r2 = 0.88).

The isosteric heats of the ChB adsorptionqst calcu-
lated from the isotherms obtained are listed in Table 2
for certainG values. Theqst values for ChB on the

lnG [mol m32]

ln p [Pa]

Isotherms of chlorobenzene adsorption on V2O5/g-Al2O3
catalyst: (G) adsorption of chlorobenzene and (p) chloro-
benzene partial pressure. Temperature, K: (1) 463, (2) 473,
(3) 483, (4) 493, (5) 503, and (6) 513.
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supported catalyst coincide within the experimental
error with the heats of ChB adsorption on neat support
[4]. Hence, vanadium oxide on theg-Al2O3 surface
does not generate more active adsorption centers than
those on the surface of the initial support. Spiridonova
et al. [6] studied pyridine adsorption on V2O5/g-Al2O3
catalyst and concluded that vanadium ions do not
affect the character of Al2O3 acidity: the total number
of the acidic centers does not change, but the fraction
of weaker (relative to pyridine) centers increases.
Taking into account the difference in the nature of
adsorbates, we can suggest that the data of [6] are
consistent with our results.

The change of the differential excess entropy of
adsorption [7]D

3
Ss is equal to3qst/

^
T, where

^
T is the

average temperature of the interval studied,
^
T = 488 K.

Transition from the change of the differential entropy
to the change of the average molar entropyD

~
Ss for the

case when adsorption is described by the Freundlich
equation is realized by the equation [8]

D
~
Ss = D

3
Ss + R[n( ^T) + Tǹ( ^T)],

where n`(T) is the derivative ofn(T) function in the
point

^
T; the second term of the equation (right part)

amounts to 2 J mol31K31.

Certain information on the behavior of ChB mole-
cules in the adsorption layer can be obtained by com-
paring the experimentalD

~
Ss values and those theoret-

ically calculated from the model of ideal two-dimen-
sional gas [4, 9],D

~
Ss

calc. These values for certainG
are listed in Table 2. As seen,9D

~
Ss

calc9 < 9D
~
Ss9.

This inequality can be explained by assuming that the
motion of ChB molecules along the surface is not
absolutely free, as it is assumed in the model of ideal
two-dimensional gas, and hence spaces with elevated
adsorption potential exist. They retain the adsorbate
molecules for a some time, which is less than the res-
idence time of the molecule on the surface. Changes
in the inner (rotational and vibrational) degrees of
freedom at adsorption are also possible. However,
thermodynamic characteristics are insufficient to make
unambiguous conclusion about the redistribution of
adsorbate molecules with the respect to the degrees of
freedom in the adsorption field. Since the measure-
ments are related to very small values of adsorption,
all deviations from ideality are caused by adsorbent3
adsorbate interactions.

The difference between the calculated and experi-
mental entropy decreases (in parllel withqst) as the
degree of surface filling increases,i.e., the state of the

Table 1. Excess adsorption of chlorobenzene on
V2O5/g-Al2O3 catalyst
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

p, Pa
³ G 0 1010, º

p, Pa
³ G 0 1010,

³ mol m32 º ³ mol m32

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
º463 K º 493 K
º

0.06 ³ 0.64 º 0.24 ³ 0.72
0.11 ³ 1.06 º 0.28 ³ 0.86
0.24 ³ 2.33 º 0.43 ³ 1.31
0.54 ³ 4.77 º 0.63 ³ 1.84
1.16 ³ 9.65 º 1.11 ³ 3.07
1.25 ³ 10.3 º 2.43 ³ 6.53
2.12 ³ 17.9 º 4.01 ³ 10.9
2.63 ³ 20.2 º 3.99 ³ 11.2
3.48 ³ 25.9 º 4.35 ³ 11.8
4.82 ³ 34.2 º 4.36 ³ 12.2
6.29 ³ 43.2 º 6.88 ³ 17.9
7.75 ³ 50.9 º 7.27 ³ 18.3

³ º 9.23 ³ 23.5
³ º 10.8 ³ 26.9
³ º 11.0 ³ 27.1

º
473 K º 503 K

º
0.06 ³ 0.43 º 0.10 ³ 0.24
0.19 ³ 1.25 º 0.23 ³ 0.52
0.32 ³ 2.03 º 0.30 ³ 0.68
0.56 ³ 3.44 º 0.66 ³ 1.45
0.70 ³ 4.25 º 0.87 ³ 1.87
1.86 ³ 10.9 º 1.96 ³ 4.03
3.16 ³ 17.0 º 3.50 ³ 6.94
3.52 ³ 18.5 º 4.90 ³ 10.0
4.20 ³ 22.1 º 6.06 ³ 12.2
4.85 ³ 24.9 º 7.79 ³ 15.2
4.97 ³ 25.3 º 13.7 ³ 25.1
5.69 ³ 28.2 º

º
483 K º 513 K

º
0.10 ³ 0.45 º 0.29 ³ 0.45
0.18 ³ 0.81 º 0.50 ³ 0.77
0.24 ³ 1.03 º 0.58 ³ 0.91
0.38 ³ 1.65 º 1.46 ³ 2.27
0.44 ³ 1.88 º 2.28 ³ 3.37
0.69 ³ 2.90 º 3.54 ³ 5.27
1.16 ³ 4.75 º 8.19 ³ 11.4
1.41 ³ 5.55 º 11.4 ³ 15.5
2.71 ³ 10.2 º 14.3 ³ 19.1
2.96 ³ 11.5 º 18.0 ³ 24.0
3.13 ³ 12.0 º ³
4.44 ³ 16.0 º ³
6.08 ³ 21.5 º ³
6.30 ³ 22.2 º ³
8.16 ³ 28.3 º ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Table 2. Thermodynamic characteristics of chlorobenzene adsorption on V2O5/g-Al2O3 catalyst
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

G 0 1010, mol m32
³

qst, kJ mol31
³ 3D

~
Ss ³ 3D

~
Ss

calc ³ 9D
~
Ss9 3 9D

~
Ss

calc9

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ J mol31 K31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0.9 ³ 80+7 ³ 162+15 ³ 107 ³ 55
8.7 ³ 72+3 ³ 145+7 ³ 105 ³ 40

26.1 ³ 68+2 ³ 137+3 ³ 104 ³ 33
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

real adsorption layer approximates the state of the
ideal one. This also shows that ChB molecules ad-
sorbed on the active centers from the first adsorbate
portions are less mobile than those adsorbed from the
successive portions.

CONCLUSIONS

(1) Vanadium oxide on the surface ofg-Al2O3
generates no adsorption centers more active with re-
spect to chlorobenzene.

(2) Within the studied interval of adsorption values
the state of the chlorobenzene adsorption layer differs
from that of the ideal two-dimensional gas, but ap-
proaches it with increasing degree of filling.
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Abstract-Epitaxial growth of rhenium layer electrodeposited from chloride melts onto single-crystal and
polycrystalline rhenium substrates with orientations (10

3
10), (11

3
20), and (0001) was studied. Conditions for

epitaxial growth on single-crystal rhenium foil with orientation (0001) were found. The surface morpholgy of
rhenium deposits was studied and microhardness of single-crystal and polycrystalline rhenium layers with
orientation (0001) was measured.

Previously, a number of experiments have been
carried out in order to study the growth of molybde-
num and tungsten in deposition from oxide and chlo-
ride solutions onto crystalline molybdenum substrates
of various orientations. These studies revealed funda-
mental aspects of the epitaxial growth of metals with
body-centered crystal lattice in electrocrystallization
from salt melts [6]. It has been shown for molybde-
num that the mechanism of transition from epitaxy to
growth texture includes two stages. The first stage
consists in formation of grains in twinning positions,
and the second involves preferential growth of grains
in twinning position with their simultaneous gradual
and continuous inclination within 15o in the direction
of the texture growth axis characteristic of these con-
ditions [3]. This suggested the possibility of epitaxial
growth of bent monoface single-crystal coatings of
small thickness (up to 1 mm). Coatings of this kind
were obtained with molybdenum and tungsten.

It seems of interest to study the influence exerted
by the symmetry of a metal being deposited and its
physicochemical properties on the mechanism of
epitaxial growth. In contrast to molybdenum and
tungsten, rhenium crystallizes to give a more complex
face-centered close-packed lattice and possesses a
unique combination of physicochemical properties:
ultrahigh temperature resistance, room-temperature
plasticity, and chemical inertness (except toward
oxygen).

This study is concerned with the structure, texture,
and morphology of the growing surface and the micro-
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 Reported at X Kola Symposium[Electrochemistry of Rare
Metals,] Apatity, December 437, 2000.

structure of epitaxial rhenium layers electrodeposited
from chloride melts onto planar and bent single-
crystal and polycrystalline substrates of various orien-
tations.

EXPERIMENTAL

Experiments were performed in a hermetically
sealed quartz cell. A CsCl3Cs2[ReCl6] electrolyte was
placed in a crucible made of pyrocarbon-densified
graphite, with side walls screened by a rhenium ring
whose upper edge was above the electrolyte level. The
ring served as reference electrode. A rhenium billet
was used as anode.

The supporting electrolyte CsCl was dried under
vacuum and then remelted in air. The rhenium salt
was prepared by chlorination in a melt. The rhenium
concentration in the electrolyte was 335 wt %, as de-
termined analytically. The difficulty consisted in that
cesium hexachlorohenate is poorly soluble in water.
A weighed portion of the salt was heated in distilled
water until rhenium(IV) hydroxide was formed and
then dissolved in hydrogen peroxide [7]. Rhenium
was determined by atomic-absorption spectroscopy in
an N2O3acetylene flame on a 403 Perkin3Elmer spec-
trophotometer (l = 346.0 nm). The relative determina-
tion error did not exceed 3%.

The inert gas (argon) passing over the melt was
purified to remove traces of oxygen with a solid-elec-
trolyte electrochemical pump; the gas purity at the
cell inlet was monitored with an electrochemical
transducer. A weak flow of argon was continuously
passed through the cell during its operation.
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The studies were carried out in the temperature
range 7203920oC at current densities of 0.013
0.20 A cm32. The deposition was done onto substrates
of annealed dense graphite, single-crystal rhenium foil
with orientation (0001), and polycrystalline rhenium
foils with orientations (0001), (11

3
20), and (10

3
10). The

cathode area did not exceed 2 cm2. Prior to deposition,
rhenium substrates were polished in an electrolyte of
the composition K3[Fe(CN)6] : CH3COOH : H2O and
then washed in distilled water. A part of rhenium foil
substrates was bent, with the bending radius ranging
from 3 to 10 mm. The structural perfection and tex-
ture of the obtained rhenium layers and their surface
morphology were studied by X-ray structural, metal-
lographic, and optical-goniometric methods on
DRON-3 and DRON-3M diffractometers, Neophot-32
optical microscope, and Camebax scanning electron
microscope. To study the microstructure of deposits
and determine their microhardness, metallographic
cross sections of the samples studied were prepared
by mechanical grinding with abrasive paper and
diamond paste and subsequent chemical etching with
K3[Fe(CN)6] : NaOH : H2O etchant with the com-
ponents taken in appropriate proportions.

Polarization curves were measured in the galvano-
static mode with a PI-50 potentiostat, andE3t curves
were recorded with an S9-8 digital storage oscillo-
scope. The current densities were in the range 0.0053

0.100 A cm32 at a pulse duration of 0.1 s. To preserve
the electrode surface, an anodic pulse was applied
after each cathodic pulse, with the amplitude and
duration equal to that of the cathode pulse. The elec-
trode potential, monitored with a digital voltmeter, did
not differ from its initial value by more than 2 mV at
high current densities.

The investigations performed revealed that rheni-
um deposits on graphite mainly had growth texture
(10

3
1L), where 3< L < i. With increasing temperature

and decreasing deposition current density,L 6 i and
the texture is transformed into (0001). At low tem-
peratures (7203750oC) and high current densities
(0.1 A cm32 and more) a growth texture (1120) was
formed in the deposits. If the rhenium substrate orien-
tation coincided with the growth texture direction,
epitaxial growth of the deposit was observed till ter-
mination of electrolysis (400mm). The epitaxial
growth was disrupted and growth texture formed in a
rhenium layer being deposited in the case of misalign-
ment of the substrate orientation and the direction of
the growth texture axis. Epitaxial growth on single-
crystal rhenium foils with (0001) orientation was
observed at 8703920oC and cathodic current densities

in the range 0.0130.10 A cm32. Similar results were
obtained on bent single-crystal substrates with (0001)
orientation at any bending radii. In depositing rheni-
um onto polycrystalline foils with orientations (11

3
20)

and (10
3
10) under the above conditions, a (0001)

growth texture was formed, as also in the case of
graphite substrates [8]. Under the conditions when a
(11

3
20) texture was formed, epitaxial growth was ob-

served on the substrates with the same orientation. No
rhenium deposits with (10

3
10) growth texture were

obtained in the studies, and, therefore, there was no
epitaxial growth on foils with (10

3
10) orientation. In

this case, rhenium deposits with (11
3
20) and 10

3
1L)

textures were obtained.

The morphology of the growing surface of rhenium
layers was studied. Growth pyramids faceted with
(10

3
13) planes were formed on the surface of poly-

crystalline deposits obtained under the conditions of
(101L) growth texture. In the case of epitaxial growth
on a planar or bent single-crystal foil with orientation
(0001), growth pits appeared on the surface. They had
the form of 6312-face inverse pyramids faceted with
(10

3
11) and (10

3
12) planes. Some of them had blunted

vertex (Fig. 1a). Under the conditions when (11
3
20)

texture was formed at 750oC and cathodic current
densities in the range 0.130.2 A cm32, skeletal growth
forms were observed on a (10

3
10) substrate (Fig. 1b).

In this case, the rate of the deposit growth in the direc-
tion perpendicular to the substrate exceeded that along
the substrate. With increasing temperature and de-
creasing deposition current density, holohedral pyra-
mids appeared, faceted with (10

3
11), (10

3
12), and

(10
3
13) planes (Fig. 1c). The inclination of the faceting

planes with respect to the substrate plane is dependent
on the deposition current density. With increasing
cathodic current density, the angle of inclination
grows too. The surface morphology of rhenium dep-
osits is the same on planar and bent foils with identi-
cal orientations and is independent of the foil bending
radius.

Metallographic studies of cross sections and frac-
tures of rhenium deposits demonstrated that, in the
case of epitaxial growth, the deposit3substrate bound-
ary was either absent at all, or was observed in the
form of a step (Fig. 2a). A clearly visible boundary
between the deposited rhenium and the substrate is
present in samples having no epitaxial layer (Fig. 2b).
The structure of deposits on graphite is columnar, the
grain size is 20330 mm (Fig. 2c, thickness 50mm). As
seen from Figs. 1a and 1c, the types of fracture of
rhenium deposits are different. In the case of a single-
crystal epitaxial deposit, a pitted relief, characteristic
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(a)

(b)

(c)

Fig. 1. SEM image of the surface of rhenium deposits ob-
tained on rhenium foils with various orientations. Mag-
nification: (a) 400 and (b, c) 800. Current densityic,
A cm32: (a) 0.01, (b) 0.17, and (c) 0.10. Temperature,oC:
(a, c) 900 and (b) 750. Rhenium substrate: (a) single-crystal
(0001), epitaxy; (b) polycrystalline (10

3
10); and (c) poly-

crystalline (11
3
20).

of ductile fracture, is observed. For polycrystalline
rhenium deposit on graphite, a mixed type of fracture
is observed: brittle intergrain fracture with regions
of ductile detachment and minor regions of brittle
cleavage.

The microhardness was measured on metallograph-
ic cross sections of polycrystalline and single-crystal
rhenium deposits with (0001) orientation. Its values
were in the range 2403270 kg mm32, which indicates
the high purity of the obtained rhenium layers. It has
been shown previously that the polarization of the
rhenium electrode depends on its orientation and
grows in the order (10

3
10) 6 (11

3
20) 6 (0001). The

overall polarization also grows with improvement of

(a)

(b)

(c)

Fig. 2. Cross-sectional micrographs of rhenium deposits.
Magnification: (a, c) 400 and (b) 300. (a) Fracture of rheni-
um deposit on single-crystal (0001) rhenium substrate,
(b) metallographic cross section of rhenium deposit on
(10

3
10) polycrystalline rhenium substrate, and (c) fracture of

(11
3
20) rhenium deposit on graphite.

the (0001) texture to reach the maximum value for the
single-crystal electrode of the same orientation [9].
In the present study, anodic and cathodic polarization
curves (Fig. 3)were obtained on planar and bent
single-crystal electrodes with (0001) orientation.
Comparison of the obtained data suggests that the
overall polarization is lower on the bent electrode,
especially in the anodic region, which may be due to
build-up of elastic deformation and increasing number
of active sites.

CONCLUSIONS

(1) The possibility is demonstrated of obtaining
relatively thick (400mm) epitaxial single-crystal rhe-
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i, A cm32

3h, mV

Fig. 3. Polarization curves for rhenium on (1, 1̀) planar
and (2, 2̀) bent (0001) single-crystal substrates at
780oC. (i) Current density and (h) overvoltage. Curves:
(1, 2) anodic and (1, 2`) cathodic.

nium layers by electrodeposition onto single-crystal
rhenium foils from salt melts.

(2) The surface morphology of a growing rhenium
deposit depends on both the substrate orientation and
the electrolysis conditions. For example, with increas-
ing deposition current density, the surface is smoothed
and growth pits and pyramids become smaller. How-
ever, the deposit structure is independent of the sub-
strate bending radius.

(3) The microhardness of rhenium deposits with
(0001) orientation is within the range 2403
270 kg mm32. This indicates that the electrodeposited
rhenium is comparable in purity with that of the metal
obtained by electron-beam zone melting.
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Abstract-Electrodeposition of the tin3antimony alloy from sulfate electrolytes containingSnSO4, Sb2(SO4)3,
H2SO4, syntanol, formalin, and coumarin was studied. The electrolyte composition and electrodeposition
conditions allowing deposition of lustrous coatings of tin3antimony alloy of controllable composition were
determined.

Previously, the electrodeposition of the Sn3Sb
alloy from sulfate electrolytes in the presence of syn-
tanol, formalin, butynediol, and benzyl alcohol has
been studied [133]. It was shown that syntanol, for-
malin, butynediol, and benzyl alcohol contained in
electrolytes favor formation of lustrous alloy coatings
at ic = 0.5312 A dm32. Proceeding with these in-
vestigations, we studied the electrodeposition of the
Sn3Sb alloy from a sulfate electrolyte in the presence
of syntanol, formalin, and coumarin. As is known [4],
coumarin is a luster-producing additive to nickel plat-
ing electrolytes.

The electrodeposition was performed from an elec-
trolyte of the composition (g l31): SnSO4 5350,
Sb2(SO4)3 0.130.8, H2SO4 1003120, syntanol
(DS-10) 133, and coumarin 0.132; formalin (37%
solution) 1310 ml l31. The process temperature was
18320oC. Coatings were deposited onto copper sub-
strates to a thickness of 1320 mm.

Polarization curves were measured by the potentio-
static method with a P-5827 potentiostat. The alloy
composition was analyzed by the technique described
in [5]. Antimony(III) sulfate was prepared by dissolv-
ing metallic antimony in hot concentrated sulfuric
acid.

The leveling power of the electrolytes was found
by direct prophilography [6]. The throwing power was
determined in Mohler’s slit cell [6]. The microhard-
ness of Sn3Sb alloy deposits was measured on a
PMT-3 device. The internal stress was measured by
the method of deformation of a flexible cathode [7].
The electrical resistance of the coatings was measured
in accordance with GOST (State Standard) 9.302379.

The solderability was determined using a soldering
iron in accordance with GOST (State Standard)
20-57.406381. An X-ray diffraction analysis of Sn3Sb
alloy deposits was made on DRON-3 X-ray diffrac-
tometer in CuKa radiation.

A study of the influence exerted on the outward ap-
pearance of coatings by organic additives in the elec-
trolyte (g l31): SnSO4 5350, Sb2(SO4)3 0.130.8, and
H2SO4 100, demonstrated that high-quality lustrous
coatings can only be obtained in the simultaneous
presence of 233 g l31 of syntanol, 638 ml l31 of forma-
lin, and 1.532 g l31 of coumarin. Going beyond these

concentration limits leads to deposition of silvery
matte coatings. It should be noted that 1320-mm-thick
lustrous coatings can be obtained with electrolyte
stirring. Without stirring, lustrous coatings are only
formed to a thickness of 133 mm.

It was found that theic range in which lustrous
coatings are obtained is determined by the SnSO4
concentration in the electrolyte. At concentrations of
SnSO4 5320 and Sb2(SO4)3 0.130.8 g l31, lustrous
coatings are obtained atic = 135 A dm32. Raising the
SnSO4 concentration to 30350 g l31 expands theic
range in which lustrous coatings are obtained to 23
10 A dm32. A chemical analysis of the electrolytic
deposits obtained from the electrolytes under study
demonstrated that an Sn3Sb alloy is formed in this
case.

Data on the influence exerted by the concentrations
of SnSO4 and Sb2(SO4)3 in the electrolyte and the
current density on the alloy composition are presented
in Table 1. It can be seen that, with increasing
Sb2(SO4)3 concentration in the electrolyte (at constant
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Table. 1.Content of Sb in the alloy and CE by the Sn3Sb alloy in relation toSnSO4 and Sb2(SO4)3 concentrations and cur-
rent densityic. Electrolyte composition, g l31: H2SO4 100, syntanol, 2, coumarin 2; formalin 6 ml l31; mechanical stirring
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Concentration, g l31 ³ Sb content, wt %, at indicatedic, A dm32

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
SnSO4 ³ Sb(SO4)3 ³ 1 ³ 2 ³ 3 ³ 4 ³ 5 ³ 6 ³ 7 ³ 8 ³ 9 ³ 10
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

5 ³ 0.1 ³ 19.1 ³ 18.8 ³ 18.6 ³ 17.0 ³ 15.8 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 21.0 ³ 20.4 ³ 19.5 ³ 18.1 ³ 16.4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 22.7 ³ 22.3 ³ 21.6 ³ 19.9 ³ 17.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 24.2 ³ 23.9 ³ 23.2 ³ 21.7 ³ 20.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³10 ³ 0.1 ³ 17.0 ³ 16.1 ³ 15.2 ³ 14.0 ³ 13.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 19.0 ³ 18.0 ³ 17.2 ³ 16.2 ³ 14.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 21.0 ³ 20.2 ³ 19.1 ³ 17.8 ³ 16.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 23.0 ³ 22.1 ³ 21.0 ³ 19.9 ³ 18.5 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³20 ³ 0.1 ³ 13.0 ³ 11.7 ³ 10.6 ³ 9.8 ³ 8.8 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 15.8 ³ 14.0 ³ 12.9 ³ 11.9 ³ 11.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 18.0 ³ 16.1 ³ 15.0 ³ 14.0 ³ 13.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 20.4 ³ 19.0 ³ 18.0 ³ 17.2 ³ 16.9 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³30 ³ 0.1 ³ 3 ³ 12.4 ³ 10.5 ³ 9.3 ³ 8.5 ³ 7.5 ³ 7.2 ³ 6.8 ³ 3 ³ 3

³ 0.3 ³ 3 ³ 13.0 ³ 11.5 ³ 10.2 ³ 9.3 ³ 8.6 ³ 7.9 ³ 7.2 ³ 3 ³ 3

³ 0.5 ³ 3 ³ 14.0 ³ 12.2 ³ 11.0 ³ 10.0 ³ 9.0 ³ 8.6 ³ 8.0 ³ 3 ³ 3

³ 0.8 ³ 3 ³ 15.7 ³ 14.5 ³ 13.7 ³ 12.8 ³ 12.1 ³ 11.7 ³ 11.0 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³50 ³ 0.1 ³ 3 ³ 3 ³ 3 ³ 4.7 ³ 3.5 ³ 2.8 ³ 2.5 ³ 2.2 ³ 2.1 ³ 2.0
³ 0.3 ³ 3 ³ 3 ³ 3 ³ 5.2 ³ 4.1 ³ 3.5 ³ 3.2 ³ 2.9 ³ 2.7 ³ 2.5
³ 0.5 ³ 3 ³ 3 ³ 3 ³ 5.7 ³ 4.7 ³ 4.0 ³ 3.6 ³ 3.4 ³ 3.2 ³ 3.0
³ 0.8 ³ 3 ³ 3 ³ 3 ³ 6.3 ³ 5.4 ³ 4.8 ³ 4.5 ³ 4.1 ³ 4.0 ³ 3.9

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Concentration, g l31 ³ CE by the alloy, %, at indicatedic, A dm32

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
SnSO4 ³ Sb(SO4)3 ³ 1 ³ 2 ³ 3 ³ 4 ³ 5 ³ 6 ³ 7 ³ 8 ³ 9 ³ 10
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

5 ³ 0.1 ³ 94.2 ³ 83.4 ³ 75.6 ³ 71.4 ³ 69.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 93.2 ³ 82.3 ³ 74.6 ³ 70.1 ³ 68.8 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 92.1 ³ 80.3 ³ 72.1 ³ 69.4 ³ 68.2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 91.3 ³ 77.4 ³ 70.2 ³ 67.4 ³ 65.2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³10 ³ 0.1 ³ 95.2 ³ 88.3 ³ 82.4 ³ 77.1 ³ 73.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 94.3 ³ 84.3 ³ 80.1 ³ 75.2 ³ 72.0 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 93.1 ³ 85.4 ³ 79.5 ³ 74.2 ³ 71.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 92.3 ³ 84.1 ³ 77.2 ³ 72.1 ³ 68.4 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³20 ³ 0.1 ³ 95.3 ³ 93.4 ³ 88.3 ³ 84.5 ³ 80.1 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.3 ³ 94.5 ³ 92.4 ³ 87.6 ³ 82.8 ³ 79.2 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.5 ³ 94.1 ³ 91.3 ³ 86.5 ³ 91.2 ³ 78.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 0.8 ³ 92.3 ³ 88.5 ³ 92.1 ³ 77.3 ³ 73.1 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³30 ³ 0.1 ³ 3 ³ 99.2 ³ 99.0 ³ 98.3 ³ 91.8 ³ 89.1 ³ 84.8 ³ 83.4 ³ 3 ³ 3

³ 0.3 ³ 3 ³ 99.1 ³ 97.2 ³ 94.3 ³ 90.0 ³ 86.1 ³ 82.0 ³ 79.2 ³ 3 ³ 3

³ 0.5 ³ 3 ³ 98.1 ³ 95.8 ³ 92.1 ³ 87.0 ³ 82.4 ³ 79.6 ³ 76.2 ³ 3 ³ 3

³ 0.8 ³ 3 ³ 96.1 ³ 93.8 ³ 89.3 ³ 84.0 ³ 80.1 ³ 76.8 ³ 75.3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³50 ³ 0.1 ³ 3 ³ 3 ³ 3 ³ 99.8 ³ 99.7 ³ 99.6 ³ 98.3 ³ 96.2 ³ 94.7 ³ 93.1
³ 0.3 ³ 3 ³ 3 ³ 3 ³ 99.7 ³ 99.6 ³ 99.6 ³ 97.7 ³ 95.3 ³ 93.8 ³ 91.7
³ 0.5 ³ 3 ³ 3 ³ 3 ³ 99.6 ³ 99.4 ³ 99.2 ³ 96.5 ³ 94.3 ³ 92.0 ³ 90.2
³ 0.8 ³ 3 ³ 3 ³ 3 ³ 99.5 ³ 98.0 ³ 97.3 ³ 94.4 ³ 90.3 ³ 88.5 ³ 87.2

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
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SnSO4 content), the content of antimony in the alloy
grows. Raising the concentration of SnSO4 [at con-
stant content of Sb2(SO4)3] and the current density
leads to lower content of antimony in the alloy.

The effect of the H2SO4 concentration on the out-
ward appearance of coatings and the alloy composi-
tion was also studied. It was found that raising the
H2SO4 concentration in the electrolyte from 100 to
120 g l31 does not change theic range in which lus-
trous coatings are obtained, but leads to an increase in
the antimony content of the alloy by 0.531.0 wt %
[depending on the Sb2(SO4)3 concentration in the
electrolyte and the current density]. Such an influence
of the H2SO4 concentration on the alloy composition
can be accounted for by a change in the ion composi-
tion of the electrolyte with increasing H2SO4 concen-
tration. In this case, a complex ion, Sn[Sn(SO4)2], is
probably present in the electrolyte together with Sn(II)
and Sb(III) ions [8]. The presence of such a complex
in the electrolyte leads to lower activity of tin(II)
ions and a shift of its reduction potential to negative
values, with kinetic hindrance to Sn(II) discharge
enhanced and the alloy enriched in antimony.

The current efficiency (CE) was measured in elec-
trolytes allowing deposition of lustrous Sn3Sb alloy
coatings. The data on how the electrolyte composition
and current density affect the CE are presented in
Table 1. It can be seen that, with the Sb2(SO4)3 con-
tent of the electrolyte increasing from 0.1 to 0.8 g l31

and growing current density, the CE decreases. With
the concentration of SnSO4 increasing from 5 to
50 g l31, the CE becomes higher.

Raising the concentration of H2SO4 from 100 to
120 g l31 lowers the CE by 131.5%.

The microhardness of the obtained deposits was
measured. It can be seen from Table 2 that the micro-
hardness increases with growing content of Sb2(SO4)3
in the electrolyte and decreases with increasing current
density. The increase in the microhardness of the
alloy is associated with its growing antimony content
(Table 1).

As is known [9], for alloys of the type of mechani-
cal mixture, a linear relationship must exist at a con-
stant current density between the logarithms of the
ratio of metal contents in the alloy and the ratio of the
concentrations of their cations in the electrolyte. In
the case of electrodeposition of an intermetallic com-
pound or a solid solution the type of dependence is
different.

The dependence log ([Sn]/[Sb])3log ([Sn2+]/[Sb3+])
for Sn3Sb alloys deposited from the electrolyte under

Table 2. Alloy microhardness in relation to Sb2(SO4)3
concentrationC in the electrolyte and current densityic
Electrolyte composition, g l31: SnSO4 30, H2SO4 100,
syntanol 2, coumarin 2; formalin 6 ml l31; mechanical
stirring
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

C,
³ Microhardness, MPa, at indicatedic, A dm32

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
g l31

³ 1 ³ 2 ³ 3 ³ 4
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

0.1 ³ 588.1 ³ 519.4 ³ 460.6 ³ 431.2
0.3 ³ 590.0 ³ 550.1 ³ 510.0 ³ 440.1
0.5 ³ 627.2 ³ 558.6 ³ 519.4 ³ 490.0
0.8 ³ 656.5 ³ 617.4 ³ 588.0 ³ 558.6

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

study at an Sb2(SO4)3 content ranging from 0.1 to
0.8 g l31 and ic 238 A dm32 is presented in Fig. 1
whence follows that it is nonlinear. These data suggest
that an intermetallic compound or a solid solution is
formed in the course of Sn3Sb electrodeposition.

An X-ray diffraction analysis of the alloy composi-
tion demonstrated that a solid solution of antimony in
tin (a-phase) is, indeed, formed in all of the electro-
lytes studied at an Sb content of 235 wt % in the
alloy. At an antimony content of 10325 wt %, a two-
phase system (mechanical mixture), solid solution of
antimony in tin and intermetallic compound SnSb
(a + b phases), is formed, in agreement with the
phase diagram of the Sn3Sb system [10].

The dependences in Fig. 1 allow prediction of the
composition of the Sn3Sb alloy in relation to the con-
centration of deposited components in the electrolyte.

Fig. 1. log ([Sn]/[Sb])3log ([Sn2+]/[Sb3+]) dependence for
Sn3Sb alloys. Electrolyte composition (g l31): SnSO4 30,
H2SO4 100, syntanol 2, coumarin 2; Sb2(SO4)3 0.1, 0.3,
0.5, and 0.8; formalin 6 ml l31. Mechanical stirring; the
same for Fig. 2. Current density (A dm32): (1) 2, (2) 4,
(3) 6, and (4) 8.
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Table 3. Throwing power of sulfate electrolytes with respect to current (TPc), metal (TPm), and thickness (TPth) for
electrodeposition of Sn3Sb alloy. Electrolyte composition, g l31: Sb2(SO4)3 0.8, H2SO4 100, syntanol 2, coumarin 2;
formalin 6 ml l31; mechanical stirring
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

CSnSO4
, g l31

³
TP

³ TP value, %, at indicatedic, A dm32

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ ³ 1 ³ 2 ³ 3 ³ 4 ³ 5 ³ 6 ³ 7 ³ 8

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
10 ³TPc ³ 36.4 ³ 34.7 ³ 32.8 ³ 30.3 ³ 25.0 ³ 3 ³ 3 ³ 3

³TPm ³ 32.8 ³ 31.6 ³ 29.5 ³ 28.0 ³ 20.2 ³ 3 ³ 3 ³ 3

³TPth ³ 33.2 ³ 32.0 ³ 29.9 ³ 28.5 ³ 20.6 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³ ³
30 ³TPc ³ 3 ³ 33.0 ³ 21.0 ³ 16.9 ³ 15.5 ³ 14.8 ³ 13.0 ³ 11.4

³TPm ³ 3 ³ 31.7 ³ 19.2 ³ 15.9 ³ 14.5 ³ 13.3 ³ 12.1 ³ 10.8
³TPth ³ 3 ³ 32.2 ³ 21.0 ³ 16.5 ³ 14.8 ³ 13.9 ³ 12.8 ³ 11.3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

The leveling (LP) and throwing (TP) power values
were measured in electrolytes that yield lustrous coat-
ings. It was found that the sulfate electrolytes yielding
lustrous coatings possess leveling power. The depen-
dence LP3ic is presented in Fig. 2. It can be seen that
the LP value is determined by the SnSO4 concentra-
tion in the electrolyte. At an SnSO4 concentration of
10 g l31 the LP3ic dependence passes through a maxi-
mum (P = 0.8) at ic = 3 A dm32 (curve 1). At an
SnSO4 concentration of 30 g l31 the leveling power
decreases from 0.35 to 0.18 (curve2). The different
leveling power values of sulfate electrolytes with
organic additives at SnSO4 concentrations of 10 and
30 g l31 are possibly due to changing conditions of
adsorption3diffusion processes involving the organic
additives [11].

Data on the throwing power of the electrolytes
studied are presented in Table 3. It can be seen that
the TP decreases with increasing cathodic current
density and increases with decreasing SnSO4 concen-
tration in the electrolyte.

LP

ic, A dm32

Fig. 2. Leveling power LP of sulfate electrolyte vs. current
densityic for electrodeposition of the Sn3Sb alloy. Electro-
lyte composition (g l31): Sb2(SO4)3 0.8, H2SO4 100, syn-
tanol 2, coumarin 2; SnSO4 (1) 10 and (2) 30; formalin
6 ml l31.

The data in Table 3 indicate that TPm < TPc,
TPth > TPm, although the current efficiency by the
alloy decreases with increasingic. This is due to the
fact that, with increasingic, the alloy is enriched in tin
having higher electrochemical equivalent and density,
compared with antimony.

Lustrous alloy coatings were tested for adhesion
strength, porosity, and solderability, and their internal
stresses and electrical resistance were measured. It
was found that Sn3Sb alloy coatings firmly adhere to
the substrate and have no pores at thicknesses exceed-
ing 3 mm. Weak internal compression stresses appear
in the alloy deposits, decreasing from 6.6 to 2.8 MPa
with increasingic. The solderability tests with sam-
ples coated with the Sn3Sb alloy demonstrated that
coatings with antimony content of 5310 wt % are well
solderable. At an Sb content of 15 and 20 wt %,
soldered samples have rough surface, which does not
conform to GOST (State Standard) requirements.

The electrical coating resistanceRc of lustrous tin
and Sn3Sb alloy coatings was measured. It was found
that the Rc of the Sn3Sb alloy is somewhat higher
than that of pure tin.Rc grows with increasing content
of antimony in the alloy. For example, at antimony
content in alloy of 5, 10, and 15 wt % and a load of
10 g at a current of 50 mA theRc value increases
from 6 to 8 mW.

The anodic process was studied with tin and an-
timony as anode. It was found that the anodic dissolu-
tion of tin occurs with weak polarization and current
efficiency of 100%. The anodic dissolution of anti-
mony proceeds with strong polarization as a result of
surface polarization. In view of this fact, it is recom-
mended to use pure tin as anode. The anodic current
density should be 1.3 times less than the cathodic
current density. To preclude contact deposition of
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Table 4. Main characteristics of sulfate electrolytes with
organic additives for electrodeposition of the Sn3Sb alloy
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ TPG electrode
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ no. 1 ³ no. 2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
SnSO4, g l31 ³ 5320 ³ 30350
Sb2(SO4)3, g l31 ³ 0.130.8

³H2SO4, g l31 ³ 1003120
Syntanol (DS-10), g l31 ³ 233
Formalin (37% solution), ml l31³ 638
Coumarin, g l31 ³ 1.532.0
ic, A dm32 ³ 1.035.0 ³ 2.0310.0
Sb, wt % ³ 9.8324.7 ³ 3.0310.0
CE, % ³ 64.2393.7³74.3398.3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

antimony, tin anodes are to be introduced into, and
removed from the bath with voltage applied. To
prevent electrolyte contamination through sludge for-
mation, the anodes are to be placed in sheaths of
polypropylene fabric.

Based on our results, we developed sulfate electro-
lytes with organic additives for electrodeposition of
lustrous Sn3Sb alloy coatings. The compositions and
the main characteristics of the electrolytes are pre-
sented in Table 4.

Sulfate electrolyte no. 1 is more dilute. This re-
duces the consumption of reagents for its preparation
and the loss of tin(II) and antimony(III) with proc-
essed articles and their accumulation in washing
water, which improves the environmental safety of
the process.

Sulfate electrolytes allow preparation of Sn3Sb
alloy coatings with an antimony content of 153
30 wt %, exhibiting better physicomechanical charac-
teristics and suitable for use instead of tin coating.

Sn3Sb alloy coatings are to be deposited onto
copper substrates or steel substrates with preliminarily
deposited 233-mm-thick copper layer. The electrolysis
is to be carried out at room temperature with electro-
lyte stirring. The content of SnSO4, Sb2(SO4)3,
H2SO4, formalin, and coumarin in the electrolyte is to
be adjusted in accordance with chemical analysis data
[12]. The adjustment of the syntanol content is done
by introducing into the bath its additional amount of
1 g l31 after passing 80 A h l31 of electricity.

CONCLUSIONS

(1) A study of the electrodeposition of the Sn3Sb
alloy from sulfate electrolytes in the presence of or-
ganic substances demonstrated that high-quality lus-
trous coatings are obtained in an electrolyte containing
SnSO4, Sb2(SO4)3, and H2SO4, and also organic
additives: syntanol, formalin, and coumarin.

(2) The content of antimony in the alloy grows
with increasing concentration of SnSO4 and H2SO4 in
the electrolyte. Raising the SnSO4 concentration leads
to lower content of antimony in the alloy. With in-
creasing current density, the content of antimony in
the alloy decreases.

(3) The investigations performed made it possible
to develop sulfate electrolytes for electrodeposition of
an Sn3Sb alloy with controllable composition.
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Abstract-Effect of various factors on the character of anodic processes and the properties of vanadium(V)
oxide deposits electroplated from oxovanadium(IV) sulfate solutions in the presence of sodium ions was
studied.

Because of high electrochemical characteristics,
vanadium(V) oxide electroplated from aqueous solu-
tions of oxovanadium sulfate, including that plated in
the presence of sodium ions, is efficient cathode
material of lithium batteries [133]. The preliminary
experimental tests showed that compact coatings and
dispersed deposits of vanadium(V) oxide can be ob-
tained in a quantitative yield from a 0.1530.3 M oxo-
vanadium sulfate solutions (pH 1.632.0) at 75385oC
and an anodic current density of 7312.5 mA cm32. The
use of gauze or smooth anodes made of 12Cr18Ni9Ti
steel, in contrast to gold and platinum anodes used in
[3, 4], make the given conditions of the electrolysis
suitable for industry. However, in this case the corro-
sion resistance of the anode material during electrol-
ysis becomes a factor of particular importance. These
data and data on the effect of sodium ions on the
character of anodic processes in electroplating of
vanadium(V) oxide from vanadium sulfate solutions
are lacking. The presence of sodium ions can change
not only the nature of the electrode process but the
properties of the formed deposits as well.

It was appropriate to study in detail the electrolysis
conditions in the above solutions, including those con-
taining sodium ions, taking into account their effect
on the properties of anodic deposits and the corrosion
of anode material.

Solutions were prepared from an equimolar mixture
of crystalline vanadium(V) oxide and oxalic acid
sintered at 1253135oC. The resulting dark blue sinter
contained vanadium dioxide VO2 as the main product
and vanadium oxide V2O3 as the main by-product.
Solution of oxovanadium sulfate VOSO4 containing
vanadium(III) sulfate impurity V2(SO4)3 was prepared

by dissolving the sinter in distilled water with added
sulfuric acid. To prepare solutions, we used pure and
analytically pure grade reagents and distilled water.

The electrolysis was performed in a temperature-
controlled glass cell of 0.25 dm3 volume from the
solutions containing 0.15, 0.25, and 0.35 M oxovana-
dium sulfate at pH 1.632.0, 85oC, and Ia = 0.53
35 mA cm31, and also in the presence of sodium sul-
fate (0.02530.4 M). Compact coatings of vanadi-
um(V) oxide were deposited on gauze and smooth
two-side anodes made of 12Cr18Ni9Ti steel of
100 100 0.15 mm size (gauze cell 0.0430.1 mm), to
which thin-plate current leads made of the same steel
were welded. Preliminarily, the electrodes were de-
greased with Vienna lime and activated in concen-
trated hydrochloric acid. Smooth plates made of the
above steel were used as cathodes.

The electrolysis efficiency under the given condi-
tions was determined from the yield of the anodic
deposit as a function of current, assuming that the
whole efficient current is spent for oxidation of
oxovanadium(IV) ions and formation of vanadi-
um(V) oxide (electrochemical equivalent 3.4 g h31).
The current efficiency was measured with a copper
coulometer.

The polarization curves were taken in the range
Ia = 0.533.5 mA cm32 at 85oC and different sodium
sulfate concentrations in the solution on the surface of
a 12Cr18Ni9Ti steel electrode. The curves were taken
with a temperature-controlled glass cell. A plate of
VT-1 commercial titanium with a ratio of the anodic
and cathodic surfaces of 1 : 2 served as a cathode.
The anode potentials were measured relative to silver
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chloride reference electrode (jref = 0.225 V) using
a P3003 voltage comparator and then were recal-
culated to hydrogen scale. The external appearance of
the deposits and the microstructure of the surface of
the corresponding thin-film (1.532.5 mm thick) oxide
coatings were studied with an MBI-1 microscope.
The adhesion and mechanical resistance of the dep-
osits were estimated from the weight loss of a 200
1000.3-mm sample with an oxide coating at a 180o
bending. The phase composition of the deposits
was determined by X-ray diffraction (DRON-2 dif-
fractometer).

The current efficiency as a function of the current
density, pH, and sodium ion concentration in oxo-
vanadium sulfate solution at its constant concentration
and temperature is plotted in Figs. 1 and 2.Irrespec-
tive of the presence of sodium ions, the current effi-
ciency in the range pH 1.632.0 markedly increases,
reaching the limiting value at pH 1.832.0 (Fig. 1a).
The current efficiency increases jumpwise in the range
Ia = 5315 mA cm32, passes through a maximum at
7.5 and 10 mA cm32 at the sodium sulfate concentra-
tions below and above 0.1 M, respectively, and then
decreases to a certain constant value (Fig. 1b). It
should be noted that under the same conditions the
rate of the vanadium oxide deposition attains the
maximal value at the currant densities of 10315 and
15320 mA cm32 (5.5 and 2.5 mg cm32 h31, respec-
tively). In the range of the oxovanadium sulfate con-
centrations of 0.1530.35 M the efficiency of the anod-
ic process is affected slightly. When small amounts of
sodium sulfate (up to 0.05 M) are added to a solution
with a constant concentration of oxovanadium sulfate
(0.25 M), the current efficiency slightly increases as
compared to that in the initial solution containing no
additive. As the Na2SO4 concentration is increased
further, to 0.1530.2 M, the current efficiency de-
creases nearly twofold and then gradually approaches
the lowest value at the supporting electrolyte concen-
tration above 0.4 M (Fig. 2). This result is responsible
for the enhanced tendency to corrosion of the anode
material during electrolysis, which is due to the longer
time from the instant of the current switching on to
the formation of a continuous oxide film on the anode.
This results in the accumulation of iron, nickel, and
other ions in the solution, destabilization of electroly-
sis, and contamination of anodic deposits by foreign
impurities.

Table 1 shows how the rate of the gauze electrode
dissolution depends on the electrolysis time in oxo-
vanadium solution containing 0.43 M sodium sulfate
at pH 1.8 and 2.0. As seen, the weight loss of the

CE, % (a)

CE, % (b)

Ia, mA cm32

Fig. 1. Current efficiency CE by V2O5 vs. (a) pH and
(b) anodic current densityIa in electrolysis of 0.25 M
VOSO4 solutions.T = 85oC; (a) Ia = 10 mA cm32; (b) pH
1.8. Na2SO4 concentration, M: (1) 0, (2) 0.05, (3) 0.1,
(4) 0.2, and (5) 0.4.

CE, % Vcor , mg cm32 h31

C, M

Fig. 2. (1) Current efficiency CE by V2O5 and (2) the
dissolution rate Vcor of the anode support made of
12Cr18Ni9Ti steel in electrolysis of 0.25 MVOSO4 solu-
tions vs. Na2SO4 concentration C. T = 85oC, Ia =
10 mA cm32, pH 1.8.

anode mainly occurs in the initial period of the elec-
trolysis and is terminated after a continuous oxide
film is formed on the surface. Correspondingly, the
shortening of this time at higher pH markedly de-
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Table 1. Dissolution of a gauze electrode made of a
12Cr18Ni9Ti steel during anodic deposition of V2O5 from
a 0.25 MVOSO4 + 0.43 M Na2SO4 solution atT = 85oC
and Ia = 10 mA cm32

ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pH
³ Weight loss, mg cm32 h31, in indicated time, min
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 5 ³ 10 ³ 15 ³ 20 ³ 25 ³ 30

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
1.8 ³ 0.6 ³ 0.65 ³ 0.70 ³ 0.72 ³ 0.73 ³ 0.73
2.0 ³ 0.37 ³ 0.43 ³ 0.45 ³ 0.45 ³ 0.45 ³ 0.47
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

Table 2. Current efficiency with respect to V2O5 in elec-
trolysis. Solution: (1) 0.25 M VOSO4 and (2) 0.25 M
VOSO4 + 0.20 M Na2SO4; T = 85oC, Ia = 10 mA cm32,
pH 1.8
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solu-
³Current efficiency, wt %, at indicated ratioSa : Sc
ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄtion ³ 1 : 1³ 1 : 2 ³ 1 : 3 ³ 1 : 4 ³ 1 : 5 ³ 1 : 7

ÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
1 ³ 12 ³ 13 ³ 18 ³ 20 ³ 30 ³ 33
2 ³ 3 ³ 4 ³ 9 ³ 10 ³ 13 ³ 15

ÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

creases the corrosion rate. The calcination of the
anode support at 300oC for 131.5 h increases the cor-
rosion resistance owing to the formation of the protec-
tive passivation film. In this case, even in solutions
with a high sodium sulfate concentration (0.4 M), the
weight loss of the anode decreases to difficultly detec-
table values (0.130.3 mg cm32 h31). Under the similar
electrolysis conditions, the corrosion rate of the
smooth platelike anode made of the same steel is two
times lower than that of the gauze anode.

Ia, mA cm32

ja, V

Fig. 3. Voltammetric curves of the anodic process in elec-
trolysis of 0.25 M VOSO4 solutions in the presence of
Na2SO4. T = 85oC, pH 1.8. (Ia) Anodic current density and
(ja) potential. Na2SO4 concentration, M: (1) 0, (2) 0.1,
(3) 0.2, and (4) 0.4.

Under similar other conditions, the electrolysis
stability is largely determined by the ratio of the
anode to cathode surfaces. This is caused by the
change in the dynamic equilibrium established in the
solution between the vanadium compounds of various
oxidation states, depending on the relative rates of
electrode reactions. For example, apart from oxovana-
dium oxidation and the side reaction of oxygen evolu-
tion, the following reactions can also occur:

V3+ + 2H2O 3 2e 6 VO2
+ + 4H+, (1)

V3+ + H2O 3 e 6 VO2+ + 2H+. (2)

Owing to the high concentration of oxovanadium
ions in the solution and their directional migration
toward the cathode, the occurrence of reverse reac-
tion (2) with a sufficient intensity is also probable on
the cathode. Therefore, atIa ; Ic the V3+ ions accumu-
late in the solution, which decreases the yield of the
anodic products and causes hydrolysis of vanadium
sulfate, with the solution becoming turbid. In the
presence of sodium ions, the intensity of these proc-
esses increases owing to alkalization of the near-
cathode space and larger extent of the hydrolytic proc-
esses. This is confirmed by the observed decrease in
the current efficiency with respect to the anodic
deposit at the decreased relative cathode surface
(Table 2). The comparison of data in the table shows
that the ratioSa : Sc = 1 : (> 5), at which the rate of
the side cathodic reactions decreases to minimum, is
optimal.

For the identical electrolysis conditions, the depen-
dences considered agree satisfactorily with the corre-
sponding voltammetric curves of the anodic process
(Fig. 3). It is notable that the curves have two ascend-
ing branches with a transition plateau between them.
The anodic current densities corresponding to the ex-
treme points and the relative positions of the upper
and lower sections of the curve strictly correlate with
the concentration of sodium ions in the solution. The
higher the concentration, the lower the limiting transi-
tion current and the larger the shift of the lower and
upper sections toward higher and lower anode poten-
tials, respectively.

It is quite evident that the nature of the anodic
processes in the region of the above sections is dif-
ferent. For example, the lower sections predominantly
reflect formation of vanadium(V) oxide at a weakly
competing reaction of oxygen discharge. When the
diffusion-limited current of this process is attained,
the anode potential shifts toward positive region (the
limiting plateau) to the values corresponding to oxy-
gen evolution under the given conditions. This process
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Table 3. Comparative characteristics of the V2O5 anodic deposits plated from the 0.25 MVOSO4 solutions atT = 85oC,
Ia = 10 mA cm32, and pH 1.8
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Deposit characteristics
³ Na2SO4 concentration in solution, M
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 3 ³ 0.1 ³ 0.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
External appearance of de-³Very rough, with developed³Rough, fairly compact, uni-³Dull, smooth, compact, uni-
posits (d > 10 mm) ³surface; marked edge effect³form ³form, slight pitting

³ ³ ³Microstructure of the surface³Amorphous, with highly de-³Crystalline with a random³Crystalline, with ordered struc-
of thin-film coatings (d > 53 ³veloped microrelief ³orientation of grains and a³ture and regular sequence of
2.5 mm) ³ ³marked microrelief ³microprotrusions and concaves

³ ³ ³Adhesion and mechanical re-³ 12315 ³ 739 ³ 537
sistance, as estimated from³ ³ ³
the weight loss at bending of³ ³ ³
15317 mg cm32 coating, wt %³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

process becomes potential-determining in the region
of the upper sections of curves. Hence, it follows that
the retardation of the vanadium(V) oxide formation
and the decrease in the limiting transition current
density with increasing sodium concentration are
governed by the increase in the anodic polarization
and by the creation of more favorable conditions for
oxygen evolution [5]. This can explain why the lower
sections of curves shift toward higher anode poten-
tials. The acceleration of oxygen discharge and the
corresponding shift of the upper sections toward lower
anode potentials are evidently caused by deceleration
of the anodic deposit formation and by weakening of
the shielding effect initiated by it.

The vanadium(V) oxide deposits electroplated in
the presence of sodium ions have essentially different
quality and structure. This is clearly seen from com-
parison of some characteristics of the deposits plated
from the solutions with and without sodium ions
(Table 3). In this case, sodium ions actively affect the
phase formation process. This is manifested in forma-
tion of anodic deposits, which, unlike amorphous
deposits formed without additive, are characterized by
ordered crystalline structure enhancing their mech-
anical resistance and adhesion. The phase composition
of the deposits which, according to X-ray diffraction
analysis, mainly consist of an NaxV2O5-type com-
pound (x = 0.223033), changes simultaneously. The
latter compound heat-treated at 5003520oC is clearly
identified as sodium3vanadium bronze. At the sodium
sulfate concentration above 0.1 M the phase composi-
tion of the deposits remains unchanged. This is quite
important for preparation of ballastless cathodes of
lithium batteries by deposition of oxide coatings of
the given phase composition on gauze or smooth
stainless steel support, providing enhanced adhesion

and mechanical resistance and a highly developed
specific surface area of coatings, with the high effi-
ciency of the anodic process being preserved.

The optimal conditions for electrolytic preparation
of the corresponding oxide materials are anodic depo-
sition from the solutions containing 0.230.25 M oxo-
vanadium sulfate and 0.0530.1 M sodium sulfate at
80385oC, Ia = 7.5312.5 mA cm32, pH 1.832.0, and
Sa : Sc = 1 : 5 and subsequent heat treatment at 5003
520oC for 537 h.

CONCLUSIONS

(1) Upon electrolysis of oxovanadium sulfate solu-
tions in the presence of sodium ions, the deposits
qualitatively different from those prepared without
additives are formed on the anode.

(2) According to X-ray diffraction analysis, the
deposits heat-treated for 537 h at 500oC are sodium3
vanadium bronzes of the composition NaxV2O5 char-
acterized by enhanced electrochemical activity and
showing promise as cathode material of lithium
batteries.
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Abstract-A study was made of the voltammetric characteristics and dependences of the deposition rate and
current efficiency on the electrolysis conditions in anodic deposition of vanadium(V) oxide on a stainless steel
support from saturated solutions of ammonium vanadate, including those containing active and supporting
additives.

Vanadium(V) oxide can be electroplated, prefera-
bly in a cyclic mode, from saturated neutral aqueous
solutions of ammonium metavanadate in the presence
of conducting additives, Na2SO4 and K2SO4, at 403
60oC and a current density of 134 mA cm32 on gold,
platinum, and stainless steel supports [133]. The
resulting product is crystalline vanadium pentoxide
containing ammonium ions and water, which are par-
tially removed at 300oC. However, data on the effects
of the electrolysis conditions, including current den-
sity, temperature, time, active and supporting in-
organic additives, on the process stability are lacking.
This was the subject of the present work.

Test solutions were prepared from analytically pure
and pure grade reagents and distilled water. The elec-
trolysis was performed in a 200-ml temperature-con-
trolled open glass cell with symmetrically arranged
cathodes (smooth plates of stainless steel or VT-1
titanium alloy) at 20, 30, 50, and 85oC. The sample to
be plated was inserted between them so as to maintain
a 15-mm interelectrode spacing and the ratioSa : Sc =
1 : 5. To prepare the saturated solution, a calculated
volume of water with an excess of the salt was heated
at 50355oC for 2.5 h on a water bath. Inorganic addi-
tives were added into the solution after preliminary
dissolution in a small volume of water with stirring
and moderate heating to 30340oC. The deposition
rate Vdep (mg cm32 h31) of vanadium oxide was esti-
mated from the weight gain of the deposit after elec-
trolysis and then recalculated per unit surface and unit
time. The current efficiency (CE) was measured with
a copper coulometer. The anode potential was meas-
ured relative to silver chloride reference electrode (E =
+0.225 V) in the rangeIa = 0.137.0 mA cm32 with

a Shch-4315 digital voltmeter. The X-ray structural
analysis of the deposits was done on a DRON-2 dif-
fractometer. The microrelief and microstructure of
the surface of deposits were studied by a nanoscope.

A specific feature of the electrolytic preparation of
anodic vanadium oxide deposits from ammonium
metavanadate saturated solutions is the necessity of
their preliminary[development] to accelerate deposi-
tion. Below we show how the deposition rateVdepand
the current efficiency by vanadium(V) oxide vary with
electrolysis timet in a solution freshly prepared for
each experiment (pH6.5, 85oC, Ia = 4 mA cm32,
Sa : Sc = 1 : 5, anode load 1 dm2 dm33):

t, min Vdep, mg cm32 h31 CE, %

15 1.3 8.7
30 2.1 14.5
45 3.0 21.0
60 3.5 24.5
75 4.3 30.1
90 4.7 33.0

120 5.0 35.0
150 7.1 42.0

The data obtained show that the yield of the anodic
product increases with increasing electrolysis time.
This results from gradual accumulation in the solution
of vanadium ions of the lower oxidation state, among
which the oxovanadium ions VO2+ formed by cathod-
ic reduction of vanadium(V) are predominant:

VO3

3 + 4H+ + e 6 VO2+ + 2H2O. (1)

During 50360 min of development, the solution
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color changes from pale yellow to green. In the devel-
oped solution (without taking into account develop-
ment period) the anodic product yield reaches 60%
(Vdep = 9.039.5 mg cm32 h31).

The relationships presented can vary depending on
various factors, including volume load, current den-
sity, cathode material, ratio of electrode surfaces, etc.
For example, a twofold increase in the anodic current
density and anodic load corresponds to a nearly two-
fold shortening of the development time. This in-
dicates that the vanadium oxide formation under the
conditions considered is mainly limited by oxidation
of oxovanadium ions accumulated in the solution by
reaction (1):

2VO2+ + 2H2O 3 e 6 2VO+
2 + 4H+, (2)

2VO+
2 + H2O 6 V2O5 + 2H+ (3)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
2VO2+ + 3H2O 3 2e 6 V2O5 + 6H+ (4)

which agrees with the data of [4]. However, along
with these reactions, vanadium oxide(V) can be de-
posited on the anode owing to the adsorption-molecu-
lar interaction of HVO3 forming in the near-electrode
space, by analogy with reaction (3):

HVO3 6 V2O5 + H2O. (5)

The occurrence of this reaction is confirmed to a
certain extent in the case of electrolysis with the
anode and cathode spaces separated by ceramic parti-
tions. In the process, the current efficiency by the
anodic product markedly exceeds that attained in the
same time without separation of the electrode spaces,
despite the lower rate of delivery of oxovanadium(IV)
ions formed on the cathodes and a less intense change
in the solution color near the anode. Even after 1 h
of electrolysis the corresponding deposition rate
reaches a maximum value for the developed solution
(9.5 mg cm32 h31).

The rate of the vanadium oxide(V) depositionVdep
from unsaturated solution of NH4VO3 (pH 6.5) is
a function of the current densityIa and temperatureT:

Ia = 4 mA cm32

T, oC Vdep, mg cm32 h31

25 0.9
35 2.0
50 3.5
75 8.2
85 9.0
90 8.7

T = 85oC

Ia, mA cm32 Vdep, mg cm32 h31

0.5 3.0
1.0 5.0
2.0 6.7
3.0 8.5
4.0 9.0
5.0 9.5
7.0 8.6

10 7.3

The data presented show that with increasing tem-
perature and current density the rate of the anodic
product formation grows to a certain maximum and
then decreases.

The deposition rate is affected by pH insignificunt-
ly in the range pH 637 and decreases at higher pH,
especially at pH > 7.5. When the solution is adjusted
with sulfuric acid to pH < 6.0, the electrolysis is
destabilized, which is manifested as formation of
flaky particles of vanadium oxide.

Correspondingly, the external appearance and
quality of the anodic deposits change. In the range of
moderate current densities (234 mA cm32) and high
temperatures (>75oC), the vanadium oxide deposits
are compact and uniform and have enhanced adhesion,
which allows mechanically resistant coatings up to
20325 mm thick to be deposited onto smooth stain-
less steel plates. At current densities exceeding
10 mA cm32 the anodic deposits, even thin (103

15 mm), are loose, and their adhesion is considerably
worse. Decreasing electrolysis temperature produces
the similar effect. The vanadium oxide deposits
formed under the conditions have a color from light
orange to light brown and are crystalline. These de-
posits strongly differ from black deposits with a com-
paratively developed structure, plated from acid
solutions [5].

The supporting and active inorganic additives sig-
nificantly affect electrolysis under the conditions
considered.

The rates of vanadium oxide deposition from satu-
rated solution of ammonium metavanadate containing
0.3 and 0.1 M Na2SO4 are given in the table. As seen,
in the presence of sodium ions the deposition rate is
lower than in the initial ammonium vanadate solution,
and it decreases with growing concentration of the
supporting electrolyte. The highestVdep is attained at
comparatively high current densities (5.0 mA cm32).
The appearance of the deposits does not essentially
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RateVdep of vanadium(V) oxide deposition from saturated
solutions of NH4VO3 containing Na2SO4 at 85oC and
pH 6.5
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ia,
³Vdep, mg2 cm32 h31, at indicatedCNa2SO4

, M
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

mA cm32
³ 0.03 ³ 0.10

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1.0 ³ 1.5 ³ 1.0
2.0 ³ 2.6 ³ 1.9
3.0 ³ 5.0 ³ 3.8
4.0 ³ 6.2 ³ 5.9
5.0 ³ 7.3 ³ 7.0
6.0 ³ 7.0 ³ 6.7
7.0 ³ 6.7 ³ 6.2

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

change in the process. At the same time, the deposits
are more fine-grained and more compact and exhibit
higher chemical resistance and stronger adhesion to
the support than those deposited from the initial
solution.

With the nitrate ions added into the solution in the
form of 0.130.4 M sodium salt,Vdep decreases by a
factor of nearly 5 compared to the optimal values, but
the adhesion and uniformity of the deposits are im-
proved. At the same time, the high oxidizing power of
nitrate ions produces the negative effect on electroly-
sis stability.

The active components under study were man-
ganese, nickel, and cobalt sulfates and cobalt nitrate.

Study of the V3Mn system under various electroly-
sis conditions, even at a low (0.00530.01 M) concen-
tration of manganese sulfate, shows that after 73

C 0 103, M

Ia, mA cm32

Vdep, mg cm32 h31

Fig. 1. Deposition rateVdep of vanadium(V) oxide vs.
(1) CoSO4 .7H2O concentration atIa = 4 mA cm32 and
(235) current densityIa. (1, 4) Saturated NH4VO3 solution;
additive (M): (2) 0.02 CoSO4 .7H2O, (3) 0.04 CoSO4 .
7H2O, and (5) 0.02 Co(NO3)2 .6H2O. Temperature 85oC,
pH 6.5; the same for Figs. 3 and 4.

10 min of switching on the current the solution be-
comes turbid and the electrolysis destabilizes. In the
process, an abundant brown deposit precipitates on the
cell bottom. A brown film on the anode is formed at a
rate of 1.031.5 mg cm32 h31.

In the presence of NiSO4 .7H2O (concentration
range 0.00430.02 M), formation of the anodic deposit
is fully suppressed. Under the electrolysis conditions
optimal for the solution studied, a thin opalescent
passivating oxide film is formed on the anode in the
presence of nickel ions. In this case, oxygen evolution
on the anode is the predominant process.

Among the systems considered, only the system
V3Co is electrolytically compatible. When even small
amounts (<0.02 M) of cobalt in the form of sulfate or
nitrate are added to the solution, the nature of the
anodic process and the structure and composition of
the anodic product change. Figure 1 shows the rate
of the anodic deposit formation in the saturated solu-
tion of NH4VO3 as a function of the cobalt sulfate
concentration (curve1) and of the current density for
the initial solution (curve4) and for those contain-
ing cobalt sulfate (curves2, 3) and cobalt nitrate
(curve 5). Curves 1 and 2 pass maxima atVdep =
15 mg cm32 h31, which is by a factor of 1.5 higher
than in the initial solution. With the cobalt sulfate
concentration increased twofold (curve3), Vdep de-
creases to a similar extent, with the maximum shifted
toward higher current densities. In the presence of
cobalt nitrate in the similar concentration, the maxi-
mum in theVdep3Ian curve reaches 16 mg cm32 h31,
which confirms the positive effect of nitrate ions on
the anodic formation of the corresponding oxides
(curve 5). At the same time, nitrate ions adversely
affect the electrolysis stability and the solution per-
formance owing to spontaneous sedimentation of
cobalt nitrate crystals and corrosion of the anode
support. In the presence of cobalt ions, anodic depos-
its are always uniform and grayish black with a luster-
less smooth surface. The black color becomes more
intense at higher cobalt concentrations. At lower
concentrations (<0.04 M) fairly uniformly distributed
inclusions of orange-brown crystals and spheroidal
throwings are clearly revealed on the surface of depos-
its under a0100 magnification. At higher concentra-
tions of the additive this effect becomes less pro-
nounced. This shows that at a certain stage of the
deposition vanadium oxide is formed before its
codeposition with cobalt oxide.

The above-noted character of the deposits forming
in saturated ammonium vanadate solutions correlates
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with the microstructure of their surface (Figs. 2a32d).
As seen, the structure and formation of the vanadium
oxide deposits are strongly affected by the electrolysis
conditions. For example, the deposits obtained in acid
solutions of oxovanadium sulfate (pH 1.832.0) have
a highly developed surface and a rather developed
microrelief (Fig. 2a) [5]. The deposits obtained in the
ammonium vanadate solutions studied have a crystal-
line structure with well-faced crystals growing in the
parallel directions (Fig. 2c). After the deposits are
cathodically treated in the same solution for a short
time (0.335 min, depending on thickness), the edges
of the crystal faces become smoother and the surface
relief, slightly more developed (Fig. 2b). In the
presence of cobalt ions the finely grained anodic
deposits with a highly developed microrelief in the
form of randomly oriented globular grains are formed
(Fig. 2d). Evidently, this is a result of the interaction
of anodically codeposited oxide phases, which is
manifested, e.g., as suppressed growth of vanadium
oxide crystals forming simultaneously with cobalt
oxide nuclei. The coexistence of cobalt oxide in the
anodic deposit with vanadium oxide V2O5 and the
compound CoV2O5 was confirmed by X-ray diffrac-
tion (Fig. 3).

The above data are consistent with the voltam-
metric characteristics of the processes, taken under
similar conditions. The typicalIa3E graphs for the
developed solutions are shown in Fig. 4. At the op-
timal temperature (85oC) the dependence obtained for
the initial solution on the initial surface of a stainless
steel anode (V7 grade roughness) has two ascending
sections separated by a limiting-current plateau
(Fig. 4, curve1). For the anode surface preliminarily
coated with a continuous vanadium oxide film, the
similar dependence gradually passes from the lower
mildly sloping section to the ascending section with-
out inflections, with the relative shift toward positive
values exceeding 200 mV (Fig. 4, curve2). Evidently,
such a significant difference is caused by the fact that
after the potentials of the onset of the vanadium oxide
formation and oxygen evolution (the first ascending
section) are attained, the anodic process on the initial
surface occurs without overvoltage with increasing
current (first ascending section), since in this case
oxidation of oxovanadium ions to the corresponding
oxide is the potential-determining reaction. Owing to
diffusion and partial shielding of the anode by an
oxide film, a further increase in the current density,
after the limiting current of this reaction is attained, is
accompanied by the shift of the anode potential (limit-

1 mm(a) (b)

(c) (d)

Fig. 2. Microstructure of the surface of vanadium(V) oxide
deposits obtained under different conditions: (a) in acid
solution of oxovandium sulfate and (b3d) in saturated
NH4VO3 solution (T = 85oC, Ia = 4 mA cm32, pH 6.5),
with subsequent cathodic treatment for a short time (c) in
the same solution and (d) in the solution containing 0.02 M
CoSO4.

2q, deg

Fig. 3. Diffraction pattern of the anodic deposit obtained
from the NH4VO3 saturated solution containing 0.02 M
CoSO4 at Ia = 4 mA cm32 with subsequent heat treatment
at 300oC for 7 h in air. (I/I0) Relative intensity and
(2q) Bragg angle.

ing plateau) to the values at which the vanadium
oxide deposit is formed with a more intense oxygen
evolution. When the passivating film on the anode is
continuous, this process occurs without intermediate
transitions, with the oxygen evolution additionally
hindered. As a result, the anodic polarization in-
creases. The relative decrease in the anode potential
on the initial surface of the anode at the temperature
decreased to 30oC (Fig. 4, curve3) evidently results
from the predominant oxygen evolution on a stainless
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Ia, mA cm32

E, V

Fig. 4. Ia vs. E curves obtained in saturated NH4VO3 solu-
tions on a 12Cr18Ni9Ti steel (2) straight and (1, 335) pre-
coated with a vanadium oxide film. (3) T = 30oC. Additive
(0.02 M): (4) CoSO4 .7H2O and (5) Co(NO3)2 .6H2O.

steel support under a weak influence of the concurrent
reaction of vanadium(IV) oxidation without formation
of a stable oxide film. In the presence of cobalt ions,
the corresponding dependences consist of three as-
cending sections separated by steps (Fig. 4, curves4,
5). In a solution containing cobalt nitrate, the lower
sections of curve5 are located in the region of more
positive potentials than those in a solution containing
cobalt sulfate (Fig. 4, curve4). Correspondingly, the
upper ascending sections of curves4 and 5 are ar-
ranged in the opposite order with a relative shift of
100 mV, with the anode potentials lower than that in
the ascending section of curve1 for the pure solution.
The stepwise character of these dependences confirms
the different nature of the anodic processes for dif-
ferent polarizing currents. Apparently, for cobalt-
containing solutions, the lower ascending sections of
the curves reflect the simultaneous process of vanadi-
um oxide deposition and oxygen evolution. With the
limiting current of the oxovanadium(IV) oxidation
attained, the polarization increases and the anode
potential shifts toward positive values at which the
cobalt(II) oxidation, being the main anodic reaction in
the second ascending section, becomes feasible. The
fact that the lower sections of curve5 are located at
more positive potentials for nitrate- than for sulfate-
containing solution is due to the probable effect of
nitrate ions. Their high oxidizing power can facilitate
accelerated formation of anodic oxide film and inhibit
the oxygen discharge even at low polarizing currents.
As a result, the anodic polarization increases. The
limitation of the cobalt ion transfer and the corre-

sponding redistribution of the rates of simultaneous
anodic reactions results in an additional jump of the
anode potential (the second step) to the values favor-
able for accelerated oxygen evolution. In this case,
vanadium and cobalt oxides in the upper ascending
sections of the curves are formed more intensely
owing to minimal diffusion. In this range the anodic
process is conrolled by the slowest reaction of co-
balt(II) oxidation accelerating in the presence of ni-
trate ions. This fact is probably responisble for the
relative shift to less positive anode potentials of the
corresponding section of curve5, which is to a certain
extent confirmed by comparison of theVdep3Ia plots
for solutions containing equal concentrations of cobalt
sulfate and cobalt nitrate (Fig. 1, curves3, 5).

CONCLUSIONS

(1) Saturated ammonium vanadate solutions show
promise in electrolytic synthesis of high-performance
cathode materials for lithium batteries. The complex
V3Co oxide systems produced by anodic codeposition
of vanadium and cobalt oxides from ammonium
vanadate solutions in the presence of cobalt ions are
of particular interest.

(2) The main electrolysis conditions for the sys-
tems studied are as follows: temperature 80385oC,
current densityIa 237 mA cm32, and pH 637. To
enhance the specific surface area of the pure deposits
of vanadium oxide, it is appropriate to use cathodic
treatment for a short time (335 min) under the same
electrolysis conditions.
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Abstract-Variations in the electrolyte composition on cycling of nickel3zinc batteries were studied, and
ways for its stabilization and service life prolongation were revealed.

The service life of a nickel3zinc (NZ) battery is
usually determined by the negative electrode. When it
works in combination with a nickel oxide electrode
(NOE), its capacity on cycling decreases faster owing
to gradual redistribution of its paste on the surface
([shape loss]) and to the subsequent progressing local
passivation [1, 2].

Therefore, when selecting an electrolyte composi-
tion, specific features of its interaction with a zinc
electrode are taken into account to decrease inter- and
intraelectrode zinc transfer; in particular, solutions are
used in which the solubility of zinc oxide compounds
is reduced. For example, the service life of batteries
was prolonged by using solutions containing 335 M
KOH and 334 M K2CO3 [3] instead of 738 M KOH
solutions [4].

However, the suitability of electrolytes with re-
duced KOH concentration for NZ batteries is not ob-
vious, as the processes on NOE are accompanied by a
considerable change in the concentration of OH3 ions
in the reaction zone. The concentration of hydroxide
ions in NOE pores is considerably reduced on its
anodic polarization even in electrolytes with a high
KOH content (738 M) [5, 6], which hampers charging
of deep layers of the electrode. On cycling the defi-
ciency of the OH3 ions increases, as in NZ batteries
the KOH concentration is reduced owing to the forma-
tion of CO3

23 ions and to accumulation of potassium
carbonate in the electrolyte [7].

NZ-25 batteries were manufactured of standard
materials under conditions of industrial production.
The negative electrodes 1.4 mm thick were prepared
by roll-forming of the paste on a conducting frame-
work. The paste consisted of a mixture of Zn and
ZnO, corrosion inhibitors, and also binders and sur-
factants. The positive electrodes with a cermet base

were 1 mm thick and were used in pairs. The ratio of
capacities of the negative and positive electrodes was
3 : 1. A set of separators consisted of an alkaliproof
paper and a hydrated cellulose film on the negative
electrode and of nonwoven polypropylene on the posi-
tive electrode.

We studied batteries with three formulations of
electrolyte, differing in the KOH and LiOH concentra-
tions (Table 1). The concentration of LiOH corre-
sponded to its maximum solubility in the electrolyte
at the corresponding KOH concentration. The concen-
tration of K2CO3 (as an impurity) in the starting elec-
trolyte did not exceed 10 g l31.

We charged the batteries in a three-stage mode,
with decreasing current in each subsequent step after
attaining a voltage of 1.98 V (Table 1). Such an op-
timized mode allowed us to reduce substantially the
oxygen evolution on NOE and to balance the main
and side processes on the positive and negative elec-
trodes. The imparted capacity was limited by the posi-
tive electrode, which allowed us to control its per-
formance.

Table 1. Composition of electrolytes and modes of testing
NZ-25 batteries
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Battery

³ Electrolyte ³
Charging*

no.

³ concentration, M³
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³

KOH
³

LiOH
³ mode (in ³initial capac-

³ ³ ³ steps), A ³ ity, A h
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1 ³ 8.5 ³ 0.6 ³ 331.530.5 ³ 30
2 ³ 6.8 ³ 1.0 ³ 331.530.5 ³ 28
3 ³ 5.0 ³ 1.2 ³ 331.530.5 ³ 27

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Discharge current 5 A.
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V, cm3

Cch/Cn, %

Fig. 1. Volume V of (1, 2) oxygen and (1`, 2`) hydrogen
evolved during charging of NZ-25 batteris. (Cch/Cn) Ratio
of the charging and nominal capacities. Electrolyte,
g-equiv l31: (1, 1`) KOH 8.5 and LiOH 0.6; (2, 2`) KOH 6.8
and LiOH 1.0.

C, A h

Fig. 2. Variation of the (133) charging and (1`33`) dis-
charging capacitiesC during cycling of NZ-025 batteries.
(n) Number of cycles; the same for Fig. 4. Electrolyte,
g-equiv l31: (1, 1`) KOH 8.5 and LiOH 0.6; (2, 2`) KOH 6.8
and LiOH 1.0; (3, 3`) KOH 5.0 and LiOH 1.2.

U, E, V

C, A h

Fig. 3. Variation in the 150th cycle of the (1, 2) voltageU
and (1`, 2`) potentialE of NOE on charging of NZ-25 bat-
teries containing electrolytes of different concentrations.
(C) Capacity. Electrolyte, g-equiv l31: (1, 1̀) KOH 6.8 and
LiOH 1.0; (2, 2̀) KOH 5.0 and LiOH 1.2.

However, even in this charging mode the oxygen
evolution was not eliminated completely (Fig. 1). In
batteries no. 1, starting from the charging degree of
0.6 of the nominal capacity, oxygen was formed in
larger amounts than in batteries no. 2, whereas the
volumes of the evolved hydrogen were the same,i.e.,
the degree of balance of the processes on the positive
and negative electrodes increased as the KOH concen-
tration decreased.

This conclusion is also confirmed by the minimal
difference between the discharging and charging
capacities for batteries nos. 2 and 3 (no more than
132%, Fig. 2), which allowed us to maintain an
equal degree of charging of the positive and negative
electrodes.

The discharging capacity of batteries no. 1 in the
initial cycles is lower by 435% than the capacity im-
parted on charging, which points to the consumption
of the corresponding current fraction for oxygen
evolution on NOE and to the incomplete balance of
the main processes on the positive and negative elec-
trodes. The disbalance between the charging and dis-
charging capacities increased to 8310% to the 200th
cycle. Simultaneously the[shape] of the zinc elec-
trode changed, and in further cycles the capacity of
the batteries of this type progressively decreased
owing to passivation of the zinc electrode.

When charging of batteries nos. 2 and 3, as the
number of cycles increases, problems arose, mani-
fested as an increase in the potential of the positive
electrode and in the corresponding increase in the
voltage in the final stage of charging (Fig. 3). In this
connection it was necessary to reduce the charging
capacity.

The origin of these problems can be elucidated
when comparing Figs. 2 and 4. Adecrease in the
KOH concentration with increasing K2CO3 concentra-
tion, which is shown in Fig. 4, is the reason for the
increase in the NOE potential in the final charging
stage, when a deficiency of hydroxide ions arises in
the NOE pores [5, 6].

The main changes in the electrolyte composition
occur in the initial cycling stage, and further changes
are slower. The first decrease in the charging capacity
for all the batteries takes place between the 50th and
60th cycles (Fig. 2). It results from a considerable
decrease in the KOH concentration in the electrolyte
to this moment (Fig. 4), especially in NOE pores [6].

In the subsequent cycling, batteries no. 3 required a
decrease in the capacity on the 1203140th cycle, and
batteries no. 2, on the 200th cycle (Fig. 2). Thecapac-
ity of these batteries was stabilized at the level of 60%
of the nominal value at the KOH concentration in the
electrolyte of 2.533.0 g-equiv l31 (Fig. 4). However,
to charge batteries no. 3 to the level of 60% ofCn,
it appeared necessary to add concentrated KOH solu-
tion to the electrolyte after 140 cycles to maintain
its content at the level of 2.533 g-equiv l31 (Fig. 4,
curve 3).

In batteries no. 1 the KOH concentration decreased
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to 4 g-equiv l31 and the necessity in correcting the
charging capacity did not arise in the period from the
60th to the 200th cycle (Fig. 2). However, by the end
of this period the battery capacity progressively de-
creased because of disbalance between the charging
and discharging capacities. We have found out that the
capacity of the batteries was not stabilized in the case
of the initial KOH concentration of 8.5 g-equiv l31

owing to the changes in the state of the negative elec-
trode (shape losses).

Thus, we have revealed a certain relation between
the change in the KOH concentration in the electrolyte
and the capacity that can be imparted on charging the
NZ battery to a feasible voltage when the maximum
of the current is spent for the main process and the
minimum, for oxygen evolution.

The transfer of impurities of metal carbonates from
the paste into the electrolyte and the oxidation of
organic substances contained in the battery and of the
separator materials is the main factor responsible for
the decrease in the KOH concentration in the electro-
lyte during cycling [7]. The initial content of carbo-
nates in the zinc electrode in terms of CO3

23 was 3%,
the content of carbonates in NOE (after forming) was
no more than 0.5%, and the K2CO3 concentration (as
an impurity) in the initial electrolyte did not exceed
10 g l31.

It was shown earlier [7] that in batteries with the
electrolyte containing 8.5 g-equiv l31 KOH about 50%
of the total amount of carbonates originates from the
electrode paste. Because of their transfer into solution,
the K2CO3 concentration increased to approximately
2 g-equiv l31. In the course of the subsequent 1003

150 cycles the concentration of carbonates in the elec-
trolyte increased further by a factor of almost 2, after
which the content of carbonates in the electrolyte re-
mained practically unchanged, though they were ac-
cumulated in the NOE paste.

The study of batteries with electrolytes of different
concentrations, on the whole, confirmed these conclu-
sions (Fig. 4), but it showed that the dynamics of
K2CO3 accumulation and decrease in the KOH con-
tent in these batteries differ from each other. In bat-
teries nos. 2 and 3 the carbonate was accumulated
more slowly, and its content was about half that in
batteries no. 1.

These data can be explained by considering spe-
cific features of the K2CO3 formation in NZ batteries.
The increase in the K2CO3 concentration may be
due to three processes.

C, g-equiv l31

Fig. 4. Change in the concentrationC of (135) KOH and
(1`33`) K2CO3 in the course of cycling of NZ-25 batteries at
various initial KOH concentration. Electrolyte, g-equiv l31:
(1, 1̀) KOH 8.5 and LiOH 0.6; (2, 2̀, 4, 5) KOH 6.8 and
LiOH 1.0; (3, 3̀) KOH 5.0 and LiOH1.2. (4, 5) Calculated
curves [(4) according to reaction (1) and (5) taking into
account reaction (3)].

(1) First dissolves K2CO3 formed in the positive
electrode from potassium hydroxide that remained in
pores (after forming and washing) as a result of its
reaction with atmospheric CO2 before assembling the
battery. This process is not accompanied by a decrease
in the KOH concentration in the electrolyte.

(2) Further increase in the K2CO3 concentration is
due to oxidation of organic substances with oxygen
evolved on NOE. Thus, the KOH concentration
changes in accordance with the reaction

2KOH + CO2 6 K2CO3 + H2O. (1)

The rate of this process was found [7] to increase
as the content of the products of separator break-
down in the electrolyte increases. It also depends
on the amount of evolved oxygen, which is much
less in batteries nos. 2 and 3 than in batteries no. 1
(Figs. 1, 2).

(3) Metal carbonates (basically ZnCO3) contained
in the paste of the negative electrode are also a
source of K2CO3 accumulation. Its amount in the
battery under study (in terms of CO3

23) is about 5 g
(0.83 mol).

Zinc carbonate participates in the processes occur-
ring on the zinc electrode [7], and the K2CO3 content
in the electrolyte of a charged battery is higher than
for an uncharged battery. Hence, on charging a bat-
tery, along with reaction (2)

Zn(OH)2 + 2e 6 Zn0 + 2OH3, (2)
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C1, g-equiv l31

C, g-equiv l31

Fig. 5. Zn(OH)4
23 concentrationC1 as a function of the

KOH concentrationC.

occurs reduction of zinc carbonate by reaction (3):

ZnCO3 + 2e 6 Zn0 + CO3
23. (3)

The feasibility of reaction (3) is due to higher
solubility of ZnCO3 in water (solubility product SP
1.50 10311) as compared to the solubility of Zn(OH)2
(SP = 70 10318) [8].

A comparison of the amount of carbonates (in
terms of CO3

23) contained in the negative electrodes of
the batteries and the amount of K2CO3 accumulated in
the electrolyte (1.7 g-equiv l31) of batteries no. 3 sug-
gests that almost all carbonate ions pass into the elec-
trolyte. The participation of the evolved oxygen in
the formation of potassium carbonate is insignificant.

The formation of CO3
23 ions in batteries no. 2 is

also predominantly associated with the processes on
the zinc electrode, and only a small part of them was
formed by redox processes.

The K2CO3 content in batteries no. 1 is approxi-
mately twice that in batteries nos. 2 and 3 (Fig. 4).
This fact suggests that in batteries with a high concen-
tration of alkali, formation of about 50% of CO3

23 ions
is associated with evolution of a significant amount of
oxygen on discharging.

As the cathodic reduction of zinc from ZnCO3 is
not accompanied by the formation of OH3 ions in the
electrolyte, their concentration in the vicinity of the
zinc electrode increases to a lesser extent than at the
zinc reduction from Zn(OH)2. Calculations, similar to
those carried out in [6] for the zinc electrode, with
consideration for the data of Fig. 5, showed that the
transfer of CO3

23 ions into the electrolyte results not
only in the decreased release of OH3 ions from the
electrode, but also in the decreased equilibrium con-
centration of Zn(OH)4

23 ions owing to a shift of the
equilibrium of the chemical reaction accompanying

the electrochemical process:

Zn(OH)2 + 2OH3 6 Zn(OH)4
23. (4)

The decrease in the concentration of OH3- ions by
2 g-equiv l31 within the range from 10 to 6 M results
in a reduction by no less than 1 g-equiv l31 of the
content of Zn(OH)4

23 ions formed by the chemical
reaction (Fig. 5). Thus, the increase in the K2CO3
concentration owing to reaction (3) is accompanied by
an almost twofold decrease in the concentration of
OH3 ions.

This is confirmed by the data of Table 2 summariz-
ing the effect of reaction (3) on the change in the con-
centration of OH3 ions in batteries no. 2 in 30 cycles.
The initial electrolyte concentration is 6.5 g-equiv l31.
The electrolyte volume in the batteries under study is
100 ml. The volumes of pores of the positive (33 ml)
and negative (28.5 ml) electrodes, and also of separa-
tors (28.5 ml) correspond to the values found in [6].
The calculations are based on the assumption that all
CO3

23 ions accumulated within this period (2.58 g, or
0.086 g-equiv l31) are formed by reaction (3) and pass
into the electrolyte during one charging (Table 2). The
charging capacity is 1 F (26.8 A h).

In the calculations we took into account variations
in the concentrations of the OH3 and Zn(OH)4

23 ions
in pores of electrodes during charging and discharge
of the batteries due to electrochemical processes,
migration, and also to the dissolution of zinc carbo-
nate and chemical decomposition of Zn(OH)4

23 ions.
The amount of forming and decomposing zincate ions
was determined from Fig. 5. The transfer number of
K+ ions was taken to be equal to 0.25 [6], that of OH3

ions, to 0.7, and that of Zn(OH)4
23 ions, to 0.0530.06,

taking into account the most probable ratio of the
diffusion coefficients of these ions of 4 : 1 and the
ratio of their concentrations in the electrolyte (Fig. 5).
Diffusion of the ions was not taken into consideration,
as its effect in NZ batteries is insignificant [6].

We took into account the contents of components
in separators when determining the average KOH con-
centration in the electrolyte. We assumed that their
contents remain unchanged on charging and discharge,
as the amount of ions entering the zone on migration
and leaving it should be the same. In the calculation
of the averaged KOH concentration we also took into
account the release of water on charging (1 mol per
1 F) and its similar removal on discharge [5].

Owing to a number of assumptions and also to in-
stability of the zincate complex, we can consider the
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Table 2. Change in the content of OH3 ions during charging3discharge of an NZ-25 battery
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Area

³ Content of OH3 ions, g-equiv (g-equiv l31)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ without account for CO3

23 ³ with account for CO3
23

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ZE ³ NOE ³ ZE ³ NOE

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Charging

In pores: ³ ³ ³ ³
prior to the start of charging ³ 0.25 ³ 0.215 ³ 0.25 ³ 0.215
during charging ³ +0.15 ³ 30.174 ³ +0.079 ³ 30.201
after charging ³ 0.40 ³ 0.041 ³ 0.329 ³ 0.014

³ (10.4) ³ (1.24) ³ (8.54) ³ (0.42)
Average in the battery ³ 0.196 ³ 0.168 ³ 0.163 ³ 0.14

³ (5.1) ³ (5.1) ³ (4.25) ³ (4.25)

Discharge

In pores: ³ ³ ³ ³
during discharge ³ 30.163 ³ +0.184 ³ 30.154 ³ +0.167
after disharge ³ 0.033 ³ 0.352 ³ 0.009 ³ 0.307

³ (0.86) ³ (10.7) ³ (0.03) ³ (9.3)
Average in the battery ³ (6.55) ³ (6.55) ³ (5.4) ³ (5.4)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* ZE is zinc electrode.

resulting KOH concentrations only as approximate.
However, according to Table 2, the difference bet-
ween the initial KOH concentration and its final
value, calculated without taking into account par-
ticipation of the CO3

23 ions, is approximately 1%, in-
dicating the reliability of the calculations. The ar-
rangement of points in curves2 (experimental) and
5 (calculated) in the 30th cycle differs insignificantly
(Fig. 4). The KOH concentrations in the 80th and
130th cycles were calculated similarly, which allowed
us to determine the arrangement of curve5 up to
170 cycles.

We did not carry out calculations for a larger num-
ber of cycles, as this part of curve2 is parallel to cal-
culated curve4 (Fig. 4), the slope of which is deter-
mined by the formation of CO3

23 according to reac-
tion (1). The slopes of curves2 and 2` in this case
should be close to each other, but opposite insign,
which is actually observed.

Thus, the dynamics of decrease in the KOH con-
centration in the electrolyte of the NZ battery is deter-
mined by the contributions of reactions (2) and (3).

In batteries no. 1 the passing of CO3
23 ions from

the electrode paste makes a smaller contribution,
which is due to the preferential and considerable for-
mation of K2CO3 by reaction (1).

Thus, our data suggest that the initial KOH concen-

tration of 7 M is optimal for the batteries under study,
having a considerable thickness of NOEs (2 mm) and
a noticeable content of carbonate impurities in zinc
electrodes (up to 3%).

The use of an electrolyte with a higher KOH con-
centration results in an increase in the oxygen evolu-
tion, despite the use of the optimized three-stage
charging mode. Furthermore, it is evident from Fig. 2
that the charging capacity should be limited, as in the
final period of charging the battery to a specified
voltage of 1.98 V the concentration of the OH3 ions
in the zinc electrode increases during the initial cycles
to 10311 M, which promotes a change in its shape.

CONCLUSIONS

(1) Hampering of the anodic process on the nickel
oxide electrode in the cycling nickel3zinc battery is
associated with a decrease in the KOH concentration
due to formation of carbonate ions.

(2) A decrease in the KOH concentration in the
electrolyte is different depending on its initial content
and is determined by the ratio of the rates of oxygen
evolution and of passing of carbonates from the elec-
trode pastes into the electrolyte, which is accompanied
by breaking of the balance between the arrival of OH3

ions from the electrodes and their consumption in
electrochemical processes.
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(3) Stabilization of the capacity on prolonged cy-
cling of the batteries under study at a level of about
60% of Cn was provided at the initial KOH concen-
tration of 7 M, which decreased to 3 M by the end of
the cycling.

(4) An increase in the initial KOH concentration to
compensate for the observed changes is unfavorable
for the zinc electrode because of increased loss of its
paste and acceleration of processes leading to a pro-
gressing decrease in its capacity.

(5) To increase the service life of nickel3zinc
batteries, it is necessary to reduce to a minimum the
content of carbonates in the electrode paste. This will
make narrower the range within which the KOH con-
centration varies in the electrolyte.
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Abstract-Express voltammetric analysis of zinc sulfate solutions for manganese(VII) ions was developed.
The influence of the components of the supporting electrolyte on the measurement sensitivity and selectivity
was studied. The method is intended for automated control of the permanganate treatment of the zinc electro-
lyte to remove cobalt(II) ions.

In modern industry, metallic zinc is usually pro-
duced by hydrometallurgical method, in which the
most important stage is treatment of the solution to
remove impurities. Among impurities producing the
strongest interfering effect on electrolysis is cobalt(II).
At a Co(II) content exceeding 2 mg l31 the current
efficiency drastically decreases, and corrosion of a
zinc plate is observed [1].

The Co(II) ions from highly concentrated process
solutions are removed by the so-called permanganate
method involving their oxidation with MnO4

3 and
precipitation of the resulting Co(III) ions in the form
of the hydroxide Co(OH)3, which can be easily re-
moved from the process solution during concentrating
and filtration.

One of the necessary conditions for optimizing
permanganate treatment of zinc sulfate solutions to
remove cobalt(II) is express control of the residual
concentration of MnO4

3 ions. Maintenance of the per-
manganate concentration at a prescribed level ensures
the necessary degree of Co(II) removal from the zinc
electrolyte. This procedure can also be used for con-
trolling KMnO4 consumption during purification. For
example, in reprocessing of cobalt(II)-rich concen-
trates, to reduce the Co(II) concentration in the puri-
fied zinc solution to 0.5 mg l31, the residual concen-
tration of Mn(VII) should be maintained at a level of
5003700 mg l31 (hereinafter, the Mn(VII) concentra-
tion is in terms of metal).1

The main method of express control of the ionic
composition of hydrometallurgical solutions is volt-
ammetry [234].

Various polarographic procedures are successfully
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 According to data of the pilot shop of the Elektrotsink plant.

used for the automated control of zinc electrolytes for
the content of Cu(II), Cd(II), Pb(II), Co(II), In(III),
and Ni(II) ions. However, data on using voltammetric
methods for measuring the concentration of perman-
ganate ions in zinc sulfate solutions are lacking.

Polarographic determination of manganese(VII) in
aqueous solutions involves certain problems [537].
Firstly, several reduction waves are recorded, which
are expanded along the potential scale and are hardly
suitable for analytical purposes. Secondly, the analysis
results are poorly reproducible. As a rule, voltam-
metric determination of permanganate ions is per-
formed in acid supporting electrolytes on solid in-
dicator electrodes.

In this work we examined the possibility of moni-
toring by differential pulse polarography (DPP) the
manganese(VII) ion in an NH4Cl + NH4OH solution
on a stationary dropping mercury electrode (SDME).
Permanganate ions in an NH4Cl + NH4OH solution
do not produce a proper polarographic wave, but a
readily resolved DPP cathodic peak proportional to
the Mn(VII) concentration in the test solution was
recorded upon addition of dimethylglyoxime (DMG)
into the electrolyte.

In alkaline medium permanganate ion is reduced to
manganese dioxide. Presumably, MnO2 reacts with
DMG to form the complex
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j, V j, V

Fig. 1. DPP curves of manganese(II) in the 0.8 M NH4Cl +
0.8 M NH4OH + 201033 M DMG supporting electrolyte.
Manganese(VII) concentration 10 mg l31. (j) Potential;
the same for Fig. 3. Curves: (1) cathodic and (2) anodic.

H, mm

C 0 103, M
Fig. 2. Height of the DPP peakH of manganese(VII) vs.
DMG concentrationC in the 2 M NH4Cl + 2 M NH4OH
supporting electrolyte.

We found that the complex of manganese dioxide
with DMG is reversibly reduced on SDME in an
NH4Cl + NH4OH solution, whereas Mn(II) does not
produce analytical signal under these conditions.

Figure 1 shows the cathodic and anodic DPP
curves of Mn(VII) (10 mg l31) in the 0.8 M NH4Cl +
0.8 M NH4OH + 201033 M DMG electrolyte, re-
corded on an AZhE-11 voltammetric analyzer [3]. The
potentials of the cathodic and anodic peaks are virtual-
ly the same (jc

p = 30.98 V andja
p = 30.97 V), and

the heights of the voltammetric curves differ by a
factor of no more than 1.3.

The polarographic analysis of the solutions was

performed in a three-electrode electrochemical cell
with SDME indicator electrode, silver chloride refer-
ence electrode, and carbon glass auxiliary electrode.
The DPP peaks were recorded in the automated mode
at a potential sweeping rate of 10 mV s31. The ampli-
tude of the pulsed polarizing voltage was 20 mV. The
rectangular pulses of 40 ms length were applied at
an 80-ms period.

The DPP cathodic peaks of Mn(VII) (10 mg l31) in
the 2.0 M NH4Cl + 2.0 M NH4OH + 201033 M
DMG electrolyte taken before and after 40 mg l31 of
Mn(II) was added into the analyzed solution show that
Mn(II) does not interfere with the Mn(VII) determina-
tion, making possible selective voltammetric control
of permanganate ions in the solutions containing both
manganese forms.

The sensitivity of the polarographic determination
of MnO4

3 ions is largely dependent on the DMG con-
centration in the test solution and considerably in-
creases as this concentration increases from 0.201033

to 201033 M. A further increase in the DMG concen-
tration does not noticeably increase the amplitude of
the Mn(VII) peak (Fig. 2). Therefore, the DMG con-
centration in the solution was maintained at a level
of 201033 M.

The possibilities of polarographic determination of
Mn(VII) in the NH4Cl + NH4OH supporting electro-
lyte containing DMG are limited by the influence of
various concomitant elements, firstly, of Zn(II),
Co(II), Ni(II), and Fe(II). Therefore, for Mn(VII)
monitoring in process solutions of zinc production,
the analysis in the presence of excess Zn(II) should be
sufficiently selective.

In NH4Cl + NH4OH solutions containing surfac-
tants, Zn(II) produces a pronounced wave, which is
used for analytical purposes [5]. Despite the fact that
in an NH4Cl + NH4OH solution Zn(II) is electro-
chemically reduced at a more negative potential than
the Mn(VII) complex with DMG, even a compara-
tively small excess of zinc(II) results in a drastic
deterioration of the selectivity of polarographic deter-
mination of permanganate ions. For example, in a
0.1 M NH4Cl + 0.1 M NH4OH + 201033 M DMG
solution the potentials of the Mn(VII) and Zn(II) DPP
peaks are31.014 and31.142 V, respectively. As seen
from Fig. 3a, the DPPpeak of manganese is markedly
distorted even at equal concentrations of these ions in
the test solution (curve2), and at a concentration ratio
(mg l31) [Zn] : [Mn] = 10 : 1 the polarographic deter-
mination of permanganate ions becomes virtually im-
possible (curve3).
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It is known that with increasing ammonia concen-
tration the half-wave potential of zinc shifts toward
negative values [5]. Therefore, we examined the pos-
sibility of enhancing selectivity of Mn(VII) determina-
tion in the presence of Zn(II) by increasing the con-
centration of the supporting electrolyte. We found
that, as the (NH4Cl + NH4OH) concentration is in-
creased from 0.25 to 2.0 M, the potential of the DPP
peak of Mn(VII) changes from31.01 to30.98 V, and
that of Zn(II), from 31.20 to 31.36 V. As seen from
Fig. 4, with increasing solution concentration the dif-
ference between the reduction potentials of the above
ions regularly increases, i.e., the selectivity ofdeter-
mination of Mn(VII) in the presence of Zn(II) in-
creases. We found that the variation of the supporting
electrolyte concentration does not noticeably affect the
sensitivity of Mn(VII) determination in the presence
of Zn(II). For example, as the concentration of the
supporting electrolyte components (NH4Cl + NH4OH)
increases from 0.25 to 2.0 M, the intensity of the DPP
peak of Mn(VII) remains unchanged, whereas that of
Zn(II) increases by a factor of more than 1.7. Thus,
the high resolution of polarographic determination of
permanganate ions in zinc-containing solutions can be
attained only with the use of sufficiently concentrated
supporting electrolytes.

In a 2 M NH4Cl + 2 M NH4OH + 201033 M
DMG solution the direct polarographic determination
of Mn(VII) is possible with a detection limit of
0.5 mg l31 at [Zn] : [Mn] = 7500 : 1. Figure 3b shows
the DPP peaks of Mn(VII) (92 mg l31) in a 2 M
NH4Cl + 2 M NH4OH + 201033 M solution before
(curve2) and after 12000 and 16000 mg l31 of zinc(II)
is added into the test solution (curves3 and4, respec-
tively).

To concomitant substances appreciably interfering
with the polarographic determination of permangante
ions in NH4Cl + NH4OH solutions containing DMG
belong Co(II) and Ni(II). Cobalt(II) and nickel(II)
form with DMG stable complexes catalyzing hydro-
gen evolution on a mercury electrode. The strongest
catalytic effect was observed in taking polarographic
curves of nickel and cobalt dimethylglyoximates in
NH4Cl + NH4OH buffer solutions with a sensitivity
of the Co(II) and Ni(II) determination at a level of
101038 M. The catalytic currents are used in volt-
ammetric control of cobalt and nickel microconcentra-
tions in various natural objects, for example, in the
atmosphere [10].

In a supporting electrolyte of the composition 2 M
NH4Cl + 2 M NH4OH + 201033 M DMG, the DPP
peak potential of Ni(II), Mn(VII), and Co(II) is30.95,

(a)

(b)

j, V j, V j, V

j, V j, V j, V j, V

Fig. 3. Effect of Zn(II) concentrationCZn(II) (mg l31) on
the polarographic determination of manganese(VII).
(a) Supporting solution 0.1 M NH4Cl + 0.1 M NH4OH +
201033 M DMG. Ion concentration (mg l31): (1) Mn(VII)
10 and Zn(II) 0; (2) Mn(VII) 10 and Zn(II) 10; and
(3) Mn(VII) 10 and Zn(II) 100. (b) Supporting solution
2 M NH4Cl + 2 M NH4OH + 201033 M DMG. (1) Sup-
porting solution; ion concentration (mg l31): (2) Mn(VII) 2
and Zn(II) 0, (3) Mn(VII) 2 and Zn(II) 12000, and
(4) Mn(VII) 2 and Zn(II) 16000.

30.98, and31.14 V, respectively. The DPP peaks of
Ni(II) and Mn(VII) are summed up, and the left
descending branch of the resulting peak is distorted by
the presence of cobalt(II) in the solution. This pattern
is observed at the concentration ratio (mg l31)
[Mn(VII)] : [Ni(II)] : [Co(II)] = 25 : 5 : 1. Naturally, at
further growth of the Ni(II) and Co(II) concentrations
their negative effect on the MnO4

3 determination in-
creases.

Our study showed that the interfering effect of
nickel(II) and cobalt(II) in polarographic determina-
tion of permanganate ions can be eliminated by addi-
tion of EDTA, which forms stable elecrtochemically
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DE, mV

Cs, M

Fig. 4. DifferenceDE between the DPP peak potentials of
manganese and zinc as a function of the concentration of
the NH4Cl + NH4OH supporting electrolyteCs. Concentra-
tion: 10 mg l31 Mn(VII) and Zn(II) and 201033 M DMG.

inactive complexes with Ni(II) and Co(II) [8, 11],
but does not affect voltammetric determination of
Mn(VII). In the case of MnO4

3 ions the effect of Ni(II)
and Co(II) is suppressed completely. We found that in
the electrolyte of the composition 2 M NH4Cl + 2 M
NH4OH + 201033 M DMG + 201033 M EDTA,
voltammetric determination of Mn(VII) is feasible at a
5-fold excess of Co(II) and a 50-fold excess of Ni(II).

Moreover, addition of EDTA into the supporting
electrolyte made it possible to eliminate a hindering
effect of Fe(II) ions. It is known that in an NH4Cl +
NH4OH solution the Fe(II) ions are reduced electro-
chemically on a mercury electrode at high negative
potentials. For example, the half-wave potential of
Fe(II) in the 1 M NH4Cl + 1 M NH4OH supporting
electrolyte is31.52 V [12]. We found, however, that
in the NH4Cl + NH4OH electrolyte containing DMG
Fe(II) forms a purple complex which is polaro-
graphically reduced at a more positive potential. For
example, in the 2 M NH4Cl + 2 M NH4OH + 20
1033 M DMG electrolyte, the DPP of Fe(II) on SDME
is recorded at a potential of31.15 V.

The presence of Fe(II) in the test solution causes
distortion of the Mn(VII) peak, but this distortion is
completely eliminated by addition of EDTA. We
found that in the 2 M NH4Cl + 2 M NH4OH + 20
1033 M DMG + 201033 M EDTA electrolyte a
10-fold excess of Fe(II) does not interfere with deter-
mination of permanganate ions and at the EDTA con-
centration increased to 401033 M the Mn(VII) deter-
mination becomes possible even at a 20-fold excess of
Fe(II).

Typical components ofhydrometallurgical solutions
of zinc production are also Cu(II), Cd(II), Sb(III), and
As(III). In the 2 M NH4Cl + 2 M NH4OH + 20
1033 M DMG + 201033 M EDTA electrolyte,
the DPP peak of cadmium(II) was not recorded ex-
perimentally at its concentration of 250 mg l31 (in the
purified zinc solution the Cd(II) content does not
commonly exceed 132 mg l31 [1]). The Sb(III) ions
present in the zinc electrolyte are deposited in an am-
monia solution [13]. The Sb(III) ions in the NH4Cl +
NH4OH supporting electrolytes are reduced on a
mercury electrode at a potential of31.7 V [17] and do
not interfere with the polarographic determination of
Mn(VII).

The calibration curve of Mn(VII) in the 2 M
NH4Cl + 2 M NH4OH + 201033 M DMG + 20
1033 M EDTA electrolyte is linear in the concentra-
tion range 0325 mg l31. Solutions containing more
than 25 mg l31 manganese(VII) require dilution before
analysis.

Our results allow development of a procedure for
quantitative polarographic determination of perman-
ganate ions in various objects including process solu-
tions and sewage of zinc production.2

The method of standard additions served as control.
A total of more than 30 test solutions of zinc electro-
lyte with the Mn(VII) concentration varied from 760
to 1180 mg l31 were analyzed. The test solutions were
diluted with water by two orders of magnitude. The
measurements were done on an AZhE311 voltam-
metric analyzer. The rms error of the Mn(VII) analysis
in the concentration range 0325 mg l31 did not exceed
2.4%. The highest rms deviation of the main and con-
trol analyses of the same test solution, characterizing
the reproducibility of measurements, was 0.7%.

The method developed can be used for the auto-
mated or express analysis of permanganate ions in
process solutions and sewage of zinc production,
which will enhance the efficiency of their treatment to
remove impurities.

EXPERIMENTAL

We used standard solutions of Mn(VII), Co(II),
Ni(II), Zn(II), and Fe(II) prepared by methods de-
scribed previously [15]. The model solutions were
prepared in double-distilled water.

The mixture for determining Mn(VII) in purified
ÄÄÄÄÄÄÄÄÄÄÄÄ

2 The method was tested with industrial zinc sulfate solutions
at the Elektrotsink plant.
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zinc sulfate solutions was prepared in a 100-ml
volumetric flask from a test solution (1 ml) of zinc
electrolyte and 50 ml of the supporting electrolyte of
the composition 4 M NH4Cl + 4 M NH4OH + 40
1033 M DMG + 401033 M EDTA, to which distilled
water was added to the mark. The mixture was poured
into an electrochemical cell, in which cathodic volt-
ammetric curves were taken in the potential range
from 30.8 to31.2 V with a potential sweeping rate of
10 mV s31. The amplitude of the DPP peaks at a
potential of30.98 V was measured, and the concentra-
tion of the Mn(VII) ions in the test solution was deter-
mined from the calibration plot. The total time of
analysis for manganese(VII) did not exceed 7 min for
one test solution.

When analysis was done in the automated mode,
dilution of test solution with water, its mixing with
the supporting electrolyte, and delivery of the test
solution to the cell of a voltammetric sensor were
performed with DZZh-4 three-chamber membrane
batchers made of corrosion-resistant materials [3].
After the test solution was prepared, the spent mer-
cury drop was dumped, then a new drop was formed,
and the potential sweeping mechanism and the dia-
gram tape driver of the secondary device were sequen-
tially switched on by the control unit in accordance
with the given program. Each voltammetric curve was
recorded on a renewed mercury drop. After the param-
eters of the voltammetric curve were calculated by a
computing device, the output signal of the analyzer,
proportional to the Mn(VII) concentration in the test
solution, was recorded with a secondary device.

CONCLUSIONS

(1) The possibility of selective polarographic
determination of permanganate ions in the presence of
Zn(II) in the NH4Cl + NH4OH supporting electrolyte
containing dimethylglyoxime was established.

(2) The selectivity of the Mn(VII) analysis in the
presence of excess Zn(II) ions is enhanced with in-
creasing concentration of the supporting electrolyte.
The negative effect of Co(II), Ni(II), and Fe(II) ions is
eliminated by their complexation with EDTA to form
electrochemically inactive species.

(3) The developed method of voltammetric deter-
mination of permanganate ions can be recommended

for the automated or express analysis of multicompo-
nent process solutions and sewage of zinc production.
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Abstract-The polarization resistance of integrator, electrolyte conductivity, electrolyte decomposition
voltage, and residual current of integrator were determined in a wide range of temperatures by the method of
rectangular pulse and cyclic voltammetry.

Complete removal of silver from the inert electrode
of an Ag9RbAg4I59Au integrator is accompanied by
a steep rise in the electrode potential, which is the
output signal of the integrator, used to control external
devices. The natural current limits depend on side
processes occurring in the integrator. The lower limit
is determined by the residual current, and the upper,
by the electrolyte decomposition voltage (ca. 670 mV
for RbAg4I5) [1, 2]. These limits are temperature-
dependent.

The voltage drop across the integrator,DU, is con-
stituted by the voltage drop in the electrolyte and
across the electrode³electrolyte boundaries:DU =
IRe + IRF (here a steady current not affected by charg-
ing of non-Faraday capacitances is meant). The polari-
zation resistanceRF is a complex function of charging
current, temperature, electrode charge, etc. [3], where-
as Re is independent of charge, but depends on tem-
perature. DeterminingRF precisely under flowing
current conditions, i.e., the conditionscharacterized
by pronounced departure from equilibrium, poses
severe technical difficulties.

EXPERIMENTAL

The most acceptable method for determining the
polarization resistance is the rectangular current pulse
technique [4]. Using the parameters of the voltage
response of an electrochemical system under study to
a current pulse passed through it, the polarization
resistance of the electrode,Re, and some other charac-
teristics can be calculated using the equations

Re = DU/(³Ich³ + ³Id³), (1)

RF = (DU2/³Ich³) 3(DU1/(³Ich³ + ³Id³), (2)

Cd = ³Id³/³dU/dt³u, (3)

where9dU/dt9 is taken at the instant of time when
DU = DU2 3 DU1 is reached.

However, the validity of the results obtained with
this method depends on whether it is possible to pro-
vide steep leading fronts of the charging and discharge
currents, ensure that the equality9dU/dt9 = 0 holds
at the instant when the ohmic componentsDU1 and
DU2 are measured, and use sufficiently fast measuring
apparatus. The existence of strict limitations imposes
stringent requirements on the measurement procedure
and equipment used. To meet these requirements,
a special apparatus was developed (see figure).

The apparatus was used to study integrator samples
in a wide range of currents and temperatures. The
results obtained for one of the samples at temperatures
of +20 and 350oC are presented in Table 1.

Similar results were obtained for all other tempera-
tures (320.0 and 50oC). Data on the dependence of the
integrator voltage on the charging current in the entire
temperature range are presented in Table 2.

PS F-30

F-30
F-5093

S8-13

AC

Schematic of the apparatus for measuring the integrator
parameters with a single current pulse: (1) F-5093 frequen-
cy divider, (2) power source, (3, 7) F-30 digital multimeter,
(4) electrochemical system under study, (5) analog com-
puter, and (6) S8-13 versatile digital storage oscilloscope.
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Table 1. Integrator parameters in charging with different currents.Qch = 1 mC, Id = 1 mA
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ich, mA
³

tch, s
³ DU2 ³ DU1 ³ RF ³ Re ³ Rext = RF + Re

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ mV ³ W

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
20oC

20 ³ 0.05 ³ 200 ³ 110 ³ 4.8 ³ 5.2 ³ 10
10 ³ 0.10 ³ 140 ³ 63 ³ 8.3 ³ 5.7 ³ 14
1 ³ 1 ³ 60 ³ 3 ³ 3 ³ 3 ³ 60
0.6 ³ 1.67 ³ 55 ³ 3 ³ 3 ³ 3 ³ 91.7

350oC

20 ³ 0.05 ³ 550 ³ 340 ³ 11.3 ³ 16.2 ³ 27.5
10 ³ 0.10 ³ 380 ³ 190 ³ 20.8 ³ 17.2 ³ 38
1 ³ 1 ³ 170 ³ 50 ³ 153 ³ 25 ³ 170
0.6 ³ 1.67 ³ 145 ³ 30 ³ 224 ³ 18.7 ³ 241
0.1 ³ 10 ³ 105 ³ 10 ³ 148 ³ 9 ³ 165

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

The I3U dependence, which is nonlinear at small
currents, becomes linear at currents exceeding 5 mA.
This means that, at charging current of up to 20 mA,
electrolyte decomposition is virtually impossible at
any of the temperatures studied. However, with ac-
count of the fact that at350oC the voltage across an
integrator being charged with a current of 20 mA
becomes as high as 0.55 V, i.e., approaches the upper
limiting voltage of the system under study (0.6 V),
the maximum admissible, for the temperature range in
question, current should presumably be not higher
than 20 mA.

To elucidate the mechanism underlying the effect
of current and temperature, it is advisable to consider
the behavior of separate components of the electrode
system with these factors. The results of the experi-
ments performed indicate that the dependence of the
charging current on the polarization resistanceRF is
well approximated by a linear equation in log3log
coordinates. The plots of the dependence logIch =
f (logRF) are presented in Fig. 1.Hence follows that
at T = const

RF = K1 Ich
3K2. (4)

Calculation of the coefficientsK1 and K2 on the
basis of the plots in Fig. 1

T, oC K1 K2

50 39.49 0.793
20 54.95 0.800
0 73.00 0.806

320 98.31 0.805
350 130.8 0.804

shows thatK2 is virtually temperature-independent

and equal to 0.8, whereas the temperature dependence
of K1 is linear in the range from 50 to320oC in the
logK1 3 1/T coordinates (Fig. 2). The temperature at
which a deviation from the linear run of the depen-
dence is observed coincides with the dew point (ca.
320oC) in the box used to assemble the integrator.
Probably, crystallization of trace amounts of atmos-
pheric moisture, which found their way into the sam-
ple in assembling the integrator, at the electrode9elec-
trolyte interface can change the activation energy of
the electrode reaction on passing to temperatures
lower than the dew point. With account taken of the
slope of the linear portion in the logK1 3 1/T depen-
dence in Fig. 2, the following expression is valid
for K1:

K1 = 0.832 exp (0.103/KT), (5)

where the Boltzmann’s constantK = 8.60
1035 eV deg31.

Table 2. Integrator voltage in charging with different
currents in the interval from350 to 50oC. Qch = 1 mC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Ich,
³ U, mV, at indicated temperature,oC
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄmA ³ 350 ³ 320 ³ 0 ³ 20 ³ 50

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 170 ³ 3 ³ 84 ³ 60 ³ 43
2 ³ 210 ³ 130 ³ 110 ³ 76 ³ 53
4 ³ 260 ³ 160 ³ 120 ³ 92 ³ 70
8 ³ 340 ³ 210 ³ 160 ³ 125 ³ 94

10 ³ 380 ³ 230 ³ 180 ³ 140 ³ 104
15 ³ 460 ³ 280 ³ 220 ³ 175 ³ 130
20 ³ 550 ³ 340 ³ 265 ³ 200 ³ 150

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
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log Ich

Fig. 1. logRF3logIch dependence in the temperature in-
terval from350 to 50oC. Temperature,oC: (1) 350, (2) 320,
(3) 0, (4) 20, and (5) 50.

103/T, K31

Fig. 2. Temperature dependence of the coefficientK1 of
Eq. (4).

103/T, K31

Fig. 3. Temperature dependence ofseT.

The activation energy is in good agreement with
the activation energy of conductivity, obtained for
RbAg4I5 in [5]. This suggests that the parameterK1,
determining the behavior ofRF, is related to the nature
of the electrolyte.

The temperature dependence of the electrolyte con-
ductivity se in integrators, obtained by measuring the
electrolyte resistance by the rectangular pulse method
(Table 1), indicates thatse 6 0 at a temperature of
about 375oC. This temperature is rather close to the
temperature of phase transition of RbAg4I5 to a vir-
tually nonconducting modification (ca.365oC accord-
ing to [6, 7]). Analytically, this dependence is de-
scribed by the expression

se = 1/Re = 30.387 + 1.980 1033T. (6)

In the coordinates ln (seT)31/T (Fig. 3), the plot of
the dependence shows two linear portions with a
transition point lying at about320oC, as in Fig. 2. For
the linear portion in the temperature interval from 50
to 320oC we have

seT = 3.30 1033exp (30.1038/KT), (7)

i.e., the activation energy of the conductivity of the
electrolyte is 0.1038 eV, which virtually coincides
with the value found from the dependence of the
polarization resistanceRF on current and temperature
[Eq. (4) for K1].

Knowing the behavior ofRF andRe as functions of
current and temperature, we can write the general
expression for the voltage drop across the integrator:

DU = I(RF + Re) = K1 I0.2 + IR0exp (E `/KT). (8)

The value ofK1 can be readily found using Eq. (5).
Expression (8) not only fully describes the voltage
across the system in integrator charging for the entire
range of currents and temperatures, but also accounts
for the nonlinearity of current3voltage characteristics
of the samples at small currents (Table 2). It can be
seen that, with the charging current increasing in this
range, the polarization resistanceRF of the inert elec-
trode decreases by 435 orders of magnitude and,
beginning with a current of 5 mA, the electrolyte
resistance remains virtually the only factor limiting
the rate of the electrode process.

In the general case, the most probable residual
current components for a system with solid electrolyte
are the current of electronic conduction, Faraday
current of minority carriers, and adsorption currents
caused by crystal lattice relaxation in the contacting
phases on changing the electrode potential and the
capacitance of the electrode³electrolyte interface. The
flowing of these currents, shunting the main anodic
process during formation of a voltage step in readout
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of the charge imparted to the integrator, introduces
a certain positive error, which is the larger, the closer
are the readout and residual currents.

The residual current of the integrators was deter-
mined using a method based on analysis of potentio-
dynamic characteristics of samples at various potential
sweep rates. Direct measurement of steady-state re-
sidual currents at fixed electrode potentials failed to
ensure sufficient reproducibility in view of the in-
determinate stationarity conditions for the system
under study. A set of potentiodynamic curves meas-
ured on one of the samples at 20oC is presented in
Fig. 4. Equipotential points in these curves were used
to plot the dependence of the current on the potential
sweep rate (Fig. 5). Extrapolation to zero sweep rate
(steady state) gave the residual current at a given
potential.

The residual current depends in a complicated
manner on the potential of the gold electrode: at
potentials lower than 25 mV it is negative, i.e., silver
is deposited at the electrode. At higher potentials the
current passes through zero and, at around 50 mV,
a first anodic current peak is observed, which is pre-
sumably due to dissolution of deposited silver.

In the range 1503200 mV, i.e., in approaching the
resting potential of the inert electrode (100+20 mV),
the residual current falls virtually to zero. Finally,
at potentials exceeding 200 mV the residual current
grows following a nearly quadratic law. At a potential
of 400 mV the residual current is within 0.2mA for all
of the samples studied.

It should be noted that any set of potentiodynamic
curves contains two points (Fig. 4, pointsA andB) at
which all the curves intersect. Apparently, the current
at these points is independent of the sweep rate, and,
consequently, corresponds to the residual current at
intersection point potentials. Below are given the
residual currents at various inert electrode potentials at
20oC (UA = 31.25,UB = 417.5 mV; IA = 0.05, IB =
0.2 mA):

U, mV Ires, mA

50 0.05
100 0.025
150 0.000
250 0.05
350 0.055
400 0.15
425 0.25

Similar data were obtained for other temperatures
within the working interval. A steeper increase in the

I, mA

U, mV
Fig. 4. Potentiodynamic characteristicsI3U of Au9RbAg4I5
system at 20oC. Potential sweep rate, mV s31: (1) 2.6,
(2) 5.2, (3) 10.4, (4) 20.8, (5) 26, and (6) 52.

I, mA

V, mV s31

Fig. 5. Anode currentI vs. potential sweep rateV. Inert
electrode potential, mV: (1) 425, (2) 400, (3) 300, (4) 200,
(5) 100, and (6) 50 (T = 20oC).

residual current atU > 400 mV makes necessary
setting the cutoff level atU < 400 mV.

Extrapolation of potentiodynamic characteristics
plotted in the I3V coordinates (V is the potential
sweep rate) can be applied to find the residual currents
at any working electrode potential. The residual
currents of prototype samples of integrators, computed
using special linear extrapolation software (atV 6 0,
U = 350 mV), are the following:

T, oC Ires, mA

350 0.0102
320 0.069
20 0.126
50 0.320

In view of the requirements that the minimum
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readout current must be, as a rule, an order of magni-
tude higher than the residual current of integrator, we
can take for the minimum acceptable working current
a value of 132 mA at room temperature, and a higher
value of 334 mA at 50oC.

CONCLUSIONS

(1) The obtained experimental data indicate that
the dependence of the polarization resistanceRF on
the charging current can be well approximated with
a linear equation in log3log coordinates.

(2) The activation energy of the electrolyte con-
ductivity (0.1038 eV) virtually coincides with the
values determined from the dependence of the polari-
zation resistanceRF on current and temperature.

(3) Residual currents, which flow in the system
and shunt the main anodic process during the forma-
tion of a potential step in readout of the charge im-
parted to the integrator, introduce a certain positive

error, which is the larger, the closer are the readout
and residual currents.
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Abstract-The effect of temperature and time on the diffusion saturation of nickel with tantalum in molten
salt mixture NaCl314 mol % K2TaF7 in the presence of metallic tantalum powder was studied, and charac-
teristics of the obtained diffusion coatings were analyzed.

Owing to its corrosion resistance, nickel is fre-
quently used as structural material in contact with
molten salts, including preparation of sodium-reduced
tantalum powders for capacitors. The content of nickel
in such powders is strictly regulated by technical
specifications. In this connection, it is urgent to
develop protective diffusion coatings on the nickel
surface, which diminish the apparatus corrosion and
thereby prevent contamination of tantalum powders
with nickel in the course of their manufacture.

Previous analysis of chronopotentiograms of free
corrosion [1, 2] demonstrated that the potentials of
nickel and tantalum in a chloride3fluorotantalate melt
start to come closer 0.5 h after a nickel electrode is
brought in contact with the melt, and only after 2 h a
solid intermetallic protective layer of Ni3Ta starts to
grow. Such a prolonged contact of nickel with the
melt before the beginning of formation of a protective
layer leads to contamination of the melt and, con-
sequently, of the obtained metal with nickel.

In this connection, it was necessary to accelerate
the formation of surface diffusion-formed alloy coat-
ings in molten salts. This can be achieved by intro-
ducing powdered tantalum into the melt [3], because
in this case the surfacearea of tantalum in contact
with the melt increases manyfold. This ensures an ex-
tremely fast saturation of the melt with tantalum ions
in lower oxidation state and eliminates limitations on
the overall process rate. Previous investigations con-
firmed the efficiency of the proposed technique [4].

In this study we examined the effect of tempera-
ture, time, and also concentration and dispersity of the
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Reported at the X Kola Seminar[Electrochemistry of Rare

Metals,] Apatity, December 437, 2000.

tantalum powder introduced into the melt on the dif-
fusion saturation of nickel with tantalum in a molten
salt mixture and analyzed the characteristics of the
obtained diffusion coatings.

EXPERIMENTAL

Experiments were performed in a hermetically
sealed steel retort under helium at 95031050 K. As
containers for the melt served SU-2000 glassy carbon
crucibles. Sodium chloride of ultrapure grade was
dehydrated in air by heating to 900 K and then fused
under pure helium. Working samples were cut from
rolled nickel of N0 brand (thickness 0.4 mm, 99%
purity), treated with a mixture of acids, washed with
alcohol, and dried. As reference electrodes served
chemically polished tantalum rods. A PI-50-1.1 poten-
tiostat and a PDA-1A self-recorder were used. The
parameters monitored in the experiments included the
sample weight before and after the tests, variation of
the working electrode potentials with time, and pres-
ence of impurities in the melt. X-ray phase analysis
(XPA) of the samples and potassium fluorotantalate
was made on a DRON-2 diffractometer (CuKa radia-
tion). The coating structure was studied on metallo-
graphic sections of the samples with a Neophot optical
microscope and a Hitachi scanning electron micro-
scope. The roughness was measured with a profilo-
graph3profilometer manufactured by the Kalibr plant
(model 250). As roughness parameters were chosen
the mean-arithmetic profile deviationRa and rough-
ness profile amplitude at 10 points,Rz. TheRa andRz
values were calculated from the results of 12 meas-
urements done in two perpendicular directions. Ele-
ment distribution profiles in nickel samples were
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Coefficients of Eqs. (1) and (2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Ta powder fraction (0.8 wt %),
³

T, K
³ k0 0 102 ³ Dk 0 102 ³

t, h
³ A0 0 1032 ³ DA 0 1032

³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
mm ³ ³ kg m32 h31/2 ³ ³ kg m32

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
350 ³ 950 ³ 2.0 ³ 0.2 ³ 0.25 ³ 0.8 ³ 0.1

+50363 ³ ³ 2.7 ³ 0.3 ³ ³ 1.0 ³ 0.2
+63 ³ ³ 3.1 ³ 0.2 ³ ³ 1.2 ³ 0.1
350 ³ 1000 ³ 3.4 ³ 0.4 ³ 0.5 ³ 1.1 ³ 0.1

+50363 ³ ³ 4.1 ³ 0.4 ³ ³ 1.8 ³ 0.2
+63 ³ ³ 4.6 ³ 0.5 ³ ³ 2.1 ³ 0.2
350 ³ 1050 ³ 5.8 ³ 0.5 ³ 5 ³ 2.3 ³ 0.3

+50363 ³ ³ 7.8 ³ 0.4 ³ ³ 2.7 ³ 0.4
+63 ³ ³ 9.0 ³ 0.7 ³ ³ 2.9 ³ 0.4
350 ³ ³ ³ ³ 10 ³ 3.0 ³ 0.4

+50363 ³ ³ ³ ³ ³ 4.2 ³ 0.5
+63 ³ ³ ³ ³ ³ 5.0 ³ 0.4

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

measured on a Cameca X-ray microanalyzer. The
microhardness was measured on a PMT-3 microhard-
ness meter (20-g load).

The high-purity tantalum powder used in the ex-
periments was obtained by sodium reduction [5] and
contained the following amounts of controlled impuri-
ties (wt %): Fe 70 1034, Si 1.70 1034 , Cr <2 0 1034,
C 60 1034, Ni 7 0 1034, Zr < 50 1034, and Nb 30
1033. The bulk densitymsp and specific surface area
Ssp of the powder are given below in relation to the
fractional composition:

Fraction,mm msp, g cm33 Ssp, cm2 g31

350 2.31 1900
+50363 2.40 1150

+63 2.80 840

The results of experiments on determining how the

P 0 1032, kg m32

t, h
Fig. 1. Specific weight gainP for nickel samples vs. timet
of keeping in NaCl3K2TaF7 melt. Temperature, K:
(134) 950 and (5, 6) 1050. Initial content of Ta powder in
melt, wt %: (1, 3, 5, 6) 0.8 and (2, 4) 3.0. Ta powder frac-
tion, mm: (1, 2, 5) 350 and (3, 4, 6) +63.

specific weight gainP = Dm/S (Dm is the increase in
the weight of a nickel sample as a result of diffusion
saturation,S is the sample surface area) depends on
the time t of keeping in a melt with addition of
powder of varied fractional composition at different
temperatures are presented in Fig. 1.P is related tot
by the equation

P = kt1/2, (1)

where k = k0+Dk is an empirical coefficient which
depends on the melt temperature and the amount and
fractional composition of the powder (in this study the
amount of powder introduced into the melt was ex-
pressed in weight percent relative to the mass of
K2TaF7 salt in a melt under study).

Under the conditions studied, the dependence of
the specific weight gain on the process temperature
can be described by the equation

P = Aexp (3E/RT), (2)

whereR is the universal gas constant,A = A0+DA is
an empirical coefficient which depends on time and
the fractional composition of the employed tantalum
powder, andE = 70+5 kJ mol31 is an empirical coef-
ficient which has the meaning of the apparent activa-
tion energy of diffusion saturation.

The coefficients of Eqs. (1) and (2) are given in the
table for different conditions of interaction between
nickel and melt.

XPA of the coatings demonstrated that the diffu-
sion layer is composed of two phases (Fig. 2). As
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follows from the phase diagram, there are five inter-
metallic compounds in the system nickel3tantalum:
Ni8Ta, Ni3Ta, Ni2Ta, NiTa, and NiTa2 [6]. Among
these, the compound Ni3Ta is the most stable (at
1020 K, DG = 3112+28 kJ mol31 [7], maximum
growth rate constantk = 1.30 10312 [8]). Previously,
with compact metal used as a source of tantalum in
NaCl3K2TaF7 melt (2.5 mol %), formation of just this
compound on the nickel surface was observed [1]. In a
melt with a higher content of potassium fluorotanta-
late (14 mol %), saturated with tantalum powder,
Ni2Ta is formed in addition to Ni3Ta (Fig. 2).

It should be noted that the formation of coatings
under study is based on an electroless transport proc-
ess that is due to the presence in the melt of ions (in
varied oxidation state) of the metal being deposited
[9]. Raising the content of K2TaF7 and replacing
compact tantalum with powdered metal create more
favorable conditions for growth of Ni3Ta layers
because of the increasing rate of melt saturation with
tantalum ions in lower oxidation state. The possible
mechanism of coating formation is as follows. After
an intermetallic layer, the richest in nickel, is formed,
tantalum continuing to be deposited reacts with this
layer to form other compounds, which can be re-
presented in a simplified form as the following
sequence [2]:

2Ni3Ta + Ta 6
4

3Ni2Ta, DG = 386.8 kJ g-at31 Ta,

Ni2Ta + Ta 6

4
2NiTa, DG = 321.4 kJ g-at31 Ta,

NiTa + Ta 6

4
NiTa2, DG = 27.7 kJ g-at31 Ta.

Formation of Ni2Ta is more thermodynamically
favorable than that of Ni3Ta, which is confirmed by
the experiment (Fig. 2). The growth kinetics of a sur-
face compound is governed by diffusion of nickel as a
more mobile component into the surface layer. Nickel
atoms have much higher diffusion mobility in Ni3Ta
and Ni2Ta lattices, compared with heavier tantalum
atoms. The results obtained in this study suggest the
following: nickel is not subject to corrosive dissolu-
tion in tantalum-containing melts with high potassium
fluorotantalate content, which are in equilibrium with
metallic tantalum. Just the opposite, in the case of
electroless deposition of tantalum ions, protective
layers composed of Ni3Ta and Ni2Ta are formed on
the nickel surface.

According to X-ray fluorescence microanalysis of
samples with electroless coatings of thicknessd >

15 mm, the content of tantalum in these coatings is
51.7353.7 wt % (Fig. 3), in agreement with XPA data.

I, arb. units

2q, deg

Fig. 2. X-ray diffraction pattern for Ni3Ta coating on
nickel. (I) Intensity and (2q) Bragg angle. (1) Ni2Ta,
(2) Ni3Ta, and (3) nickel base.

C, wt %

d, mm

Fig. 3. Element depth profile for an Ni3Ta coating on
nickel. (C) Concentration and (d) thickness.

A study of the microstructure of the coatings with
an optical microscope demonstrated uniformity of
their thickness. Also, the previously established rela-
tionship between the sample weight gain and Ni3Ta
layer thickness [4] was confirmed:

d = 1.8 (Dm/ S)0 1034, (3)

where d is the coating thickness (mm), Dm is the
weight gain (kg), andS is the sample surface area
(m2).

The nature of the surface relief was analyzed and
the coating microstructure studied in more detail by
means of electron microscopy. Figure 4 shows micro-
graphs of (a) nickel substrate and surface of (b) thin
and (c) thick diffusion Ni3Ta coatings. It can be seen
that the thin coating is fine-grained and possesses a
large covering power. The roller traces on the nickel
base surface are smoothed out, and, gradually, a low-
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(a)

(b)

(c)

Fig. 4. Micrographs of substrate and Ni3Ta coatings (01000
magnification). Surface: (a) nickel substrate, (b) thin coat-
ing (d ; 500 A), and (c) thick coating (d ; 20 mm).

roughness coating is formed over the entire surface.
With increasing thickness of a coating, its roughness
becomes more pronounced and formation and growth
of separate dendrites are observed (Fig. 4c). The elec-
tron-microscopic data are confirmed by roughness
measurements with a profilograph-profilometer. It can
be readily seen (Fig. 5) that, for samples with coating
thickness of less than 435 mm, Ra and Rz are much

Ra, Rz, mm

d, mm
Fig. 5. Surface roughness parameters (1) Ra and (2) Rz vs.
thicknessd. 1` and 2` denote, respectively, theRa and Rz
values for the initial substrate.

lower than the values for the initial nickel surface, and
only at thicknesses exceeding 15mm the roughness
parameters of the coating become higher than those
for the initial substrate.

The microhardnessHm of the coatings (5100+
400 MPa) is independent, within measurement error,
of the coating thickness and exceeds more than four-
fold the microhardness of the nickel base (Hm =
1150+50 MPa). The coating microhardness values are
in agreement with the results of X-ray fluorescence
microanalysis (Fig. 3) which demonstrated that there
is no variation, either, of the sample composition
across the thickness within the experimental error.
Comparison of the data in Figs. 2 and 3 indicates, as
also do the results of metallographic studies, that
the coating is a mixture of Ni3Ta and Ni2Ta phases,
rather than a two-layer structure.

CONCLUSIONS

(1) It is shown that a coating containing, together
with Ni3Ta, Ni2Ta is formed on the nickel surface in
chloride3fluorotantalate melts that contain a large
amount of potassium fluorotantalate and are in equi-
librium with metallic tantalum.

(2) With tantalum used in the form of powder,
rather than compact metal, the rate of formation of a
diffusion layer can be markedly raised. In this case,
the process of coating formation is affected not only
by melt temperature, but also by the amount and
fractional composition of the powder added to the
solution.

(3) The forming coatings exhibit high covering
power, which protects nickel from corrosive dissolu-
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tion. At coating thicknesses of less than 10315 mm,
a polishing effect is observed, which consists in a
decrease in the surface roughness parameters. The
microhardnessHm of the coatings is 5100+400 MPa
and does not vary, within the measurement accuracy,
across the layer thickness.

(4) The obtained results make it possible to pro-
pose a practicable method for corrosion protection of
nickel used as structural material in contact with
molten salts.
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Abstract-Copper dissolution in an acidified chloride solution containing or not containing some acridine
derivatives and potassium iodide was studied as influenced by the potential, stirring of the solution, time,
and temperature.

Acridines inhibit corrosion and anodic dissolution
of a number of metals, primarily iron [1] and some
alloys [235]. The influence of these compounds on
particular steps of copper dissolution was not studied.

EXPERIMENTAL

To study copper dissolution, chronoammograms at
constant potentialE and polarization curves at the
potential increasing stepwise were recorded in 1 M
NaCl + 0.01 M HCl solutions purged with purified
argon or neon. Prior to the measurements, a Teflon-
reinforced copper disk electrode with the working
surface area of 0.2 cm2 was trimmed at a rotation rate
m = 1050 rpm with an abrasive paper with a grain size
decreasing form 2 to 0, polished with an MgO sus-
pension applied on chamois, and polarized at the
cathodic potentialE lower by 200 mV than the corro-
sion potential Ecorr. The measurements were per-
formed on stationary and rotating (m = 2703
1050 rpm) electrodes in a three-electrode cell with
separated catholyte and anolyte. A saturated silver
chloride electrode was used as the reference electrode.
The copper oxidation staten was determined by
coulometry under galvanostatic conditions with con-
trol of E.

10-Methylacridinium iodide (no. 1), acridinium
chloride (no. 2), 9-aminoacridinium chloride (no. 3),
9-aminoacridine (no. 4), and, for comparison, 1034 M
KI (no. 5) were used as inhibitors. In some cases the
concentration dependences were studied.

The inhibitor efficiency was estimated from the
deceleration coefficientK, i.e., thefactor by which the
process is decelerated.

Prior to the study of the inhibitor efficiency, let us
consider the kinetics and mechanism of anodic dis-

solution of copper, which appreciably determines the
inhibiting power of the additives. The degree of de-
celeration of hydrogen depolarization also affects
Ecorr and hence the corrosion resistance of copper.

The anodic polarization curves recorded on a sta-
tionary electrode (Fig. 1) can be separated into several
characteristic sections. Tafel straight lines with an-
gular coefficientba = 60 mV, observed in the potential
range from30.2 to 30.1 V, indicate reversible dis-
solution to form Cu+ [6, 7]. Then the curves pass

E, V

log i [A m32]

Fig. 1. Polarization curves at (1, 5) 25, (2) 35, (3) 45, and
(4) 55oC and a rate of the disk electrode rotation of (134) 0
and (5) 1050 rpm in the solution free from the inhibitors.
(E) Potential and (i) current density.
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through a maximum followed by a section of the lim-
iting current at increased temperatureT and rotation
rate (m > 200 rpm). This indicates the salt passivation.
On a stationary electrode, the process is accelerated
with further increase ofE. This can be explained by
the results of the coulometric study: At the potential
(E < 0.02 V) lower that that of the current density
minimum i, Cu+ (n = 0.9531.05) chloride complexes
pass into the solution, whereas atE > 0.02 V more
readily soluble Cu2+ (n = 1.932.0) compounds are
formed. On a rotating disk electrode the current den-
sity i increases aslo, but at higher potentialE, which
is due to different conditions of formation and de-
gradation of the salt film.

The activation energyW calculated from the tem-
perature dependence ofi measured on the cathodicaly
polarized electrode is 11.4 kJ mol31 and corresponds
to slow diffusion into the bulk of the solution. At the
anodic polarization,W is approximately two times
higher in almost entire potential range, which can be
due to hindered diffusion through the film of the
forming anodic products.

The anodic chronoammograms of the stationary
electrode (Fig. 2) have the sections of nonstationary
and stationary diffusion, separated by a small transi-
tion section. At the beginning of the process thei vs.
t
31/2 dependence is described by the equation

i = nFCS(D /pt)31/2 = gt31/2 (1)

and is extrapolated to the origin. This indicates that
the diffusion coefficientD is independent of timet,
since the concentration of anodic productsCS on the
electrode surface is constant.

The dependence of the nonstationary currents onE
within the i3t31/2 straight line range att = constant
is a Tafel straight line withba ~ 60 mV, which agrees
with the above consideration. TheE3logg straight
line in accordance with Eq. (1) has the same slope
(Fig. 3a).

The second section of the anodic chronoammogram
is a horizontal straight line with stationaryist. The
slope of theE3log ist straight line (Fig. 3b) is also
ba ~ 60 mV.

Since copper dissolution is controlled by diffusion
[638], the i3m dependence is described by the equa-
tion [9]

i = 0.62nFCSD2/3n31/6w1/2 = lm1/2, (2)

where n is the kinematic viscosity andw = 2pm.

i, A m32

t31/2 [s]

Fig. 2. Anodic chronoammograms recorded on a stationary
electrode at30.15 V in solutions (0) with no inhibitor and
(135) containing the respective inhibitor. Inhibitor concen-
tration 1034 M; temperature 25oC; the same for Figs 3, 4.
(i) Current density and (t) time.

3E, V

3E, V

(a)

(b)

log i [A m32]

log g

log ist [A m32]
Fig. 3. Polarization curves of stationary electrode, con-
structed form the anodic chronoammograms recorded in
solutions (0) with no inhibitor and (135) containing the
respective inhibitor. (E) Potential; (i) Current density in
10 s; (ist) stationary current density.

Parameterl is 2.9, 157, and 165 A s1/2 m32 at E =
30.15, 0.05, and 0.2 V, respectively. The similar
dependence was obtained at hydrogen liberation (l =
0.35 A s1/2m32 at E = 30.4 V), which is reasonable
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E, mV

log ie [A m32]

Fig. 4. Polarization curves recorded in the solution (0) with
no inhibitor and (135) containing the respective inhibitor.
(E) Potential and (ie) rate of the electrochemical step.

for weakly acidic solutions. As follows from Eq. (2),
the slope of theE3logl straight line in the Tafel re-
gion (E from 30.2 to 30.1 V) is also 60 mV.

Generally, the measured anodic current density
distorted by the concentration polarization is related to
the diffusion rateid and the rate of electrochemical
reaction ie by the approximate equation [10]

i = ieid(ie + id)31. (3)

Since ie >> id, in the above casesi ~ id and i is ap-
preciably lower than the exchange current densityi0.
However, the diffusion control can give way to the
electrochemical control with increasingi [11]. It also
should be taken into account thatba in the case of
the diffusion control is 2 times lower than that at the
electrochemical control. Hence, the factor by which
log id increases with increasing anodic polarization
DEa is 2 times higher compared to logie. In this case
the process can be controlled by both the diffusion
and the electrochemical reaction. However, whereasie
steadily increases with increasingDEa, id and corre-
spondingly i measured on a rotating disk electrode
will reach the limiting values(Fig. 1). The region of
the mixed kinetics of Cu6 Cu+ oxidation should be
manifested on the curvilinear section of the polariza-
tion curve between the Tafel straight line and the sec-
tion with the limiting id. This agrees with the fact that
the i3m1/2 dependences in the range ofE from 360 to
+10 mV are curvilinear. Theie was determined from
the segment intercepted on the ordinate by extrapola-
tion of the i 31

3m31/2 straight lines tom31/2 = 0. The
results confirmed that the examined reaction is of the
first order and Eq. (3) describes well the relation bet-

weeni, id, andie. As expected, the range of the poten-
tials E corresponding to the mixed kinetics increases
with increasingm. The values ofid and ie are com-
parable. As seen from Eq. (2),ie = id at m1 = (ie/l)2.
m1 ranges from 210 to 320 rpm and depends onE
insignificantly. The slope (ba ~ 120 mV) of theE3
log ie Tafel straight line (Fig. 4) indicates the one-
electron copper ionization.

Thus, effective inhibitors of dissolution of copper
electrode should decelerate the diffusion step. Taking
into account thati ~ id at m = 0, to study the diffusion
deceleration, the anodic chronoammograms in the
Tafel region (E from 30.2 to 30.1 V) and the polari-
zation curves were recorded on stationary and rotating
disk electrodes.

The results of the potentiostatic measurements par-
tially presented in Fig. 2 show that the additives in-
hibit nonstationary and stationary diffusion (Table 1).

As expected,Kd
1 and Kd

2 are independent ofE and
t. Generally, the performance of the additives is deter-
mined by a change inD and CS owing to formation
of polymolecular films and a change in the nature of
diffusing particles. Complexation in the bulk of the
solution and on the electrode surface should strongly
affect the inhibition. SinceKd

2 > Kd
1, the deceleration

increases in the transition region oft. If the additional
protecting film is formed on the electrode at theset
values, its microcrystallinity will increase in the
presence of the inhibitors owing to their surfactant
properties.

When dissolution of a copper anode is decelerated
at the potentials of the Tafel section, the additives can
affect Elim and i lim of the salt passivation, which cor-
respond to the maximum of the polarization curve at
m = 0. Indeed, acridinium chloride and 9-aminoacri-
dine increaseElim by 25380 mV and decreasei lim
by 20360%. In the presence of 9-aminoacridineElim
increases to the greatest extent and falls within the
range of Cu2+ formation. As a result, the maximum
on the anodic curve disappears almost completely,
especially at elevated temperatures. The exception is
KI which decreasesi lim and has virtually no effect on
Elim. The additives weakly increase (by 132 kJ mol31)
the activation energy of copper dissolutionW and in-
crease by a factor of almost 2 that of hydrogen libera-
tion, which can be due to formation of an inhibitor
film at the cathodic polarization. As for adsorption
inhibitors, the concentration dependence ofK is
described by the equation

logK = logKC0
+ b logC /C0, (4)
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Table 1. Coefficient of deceleration of nonstationary diffusionK1
d described by Eq. (1) and stationary diffusionK2

d and
constantsKC0

and b of Eq. (4) at m = 0
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Additive

³ Kd
1 ³ Kd

2 ³ KC0
³ b

ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

no.
³ at indicated E, V
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ from 30.1 to 30.16 ³ 30.4 ³ 30.14 ³ 0.06 ³ 30.4 ³ 30.14 ³ 0.06

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ 1.6 ³ 2.1 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

2 ³ 2.1 ³ 2.5 ³ 1.3 ³ 2.1 ³ 1.7 ³ 0.09 ³ 0.13 ³ 0.13
3 ³ 2.4 ³ 3.6 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

4 ³ 3.2 ³ 4.6 ³ 2.5 ³ 3.2 ³ 3 ³ 0.40 ³ 0.47 ³ 3

5 ³ 1.2 ³ 1.3 ³ 1.2 ³ 2.1 ³ 1.6 ³ 0.13 ³ 0.36 ³ 0.31
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

whereC0 is the standard concentration (1034 M) cor-
responding toKC0

.

The constantsKC0
andb presented in Table 1 show

that the effect is the strongest and is the most sensitive
to C at the potentials of the Tafel region of the anodic
curve. As also seen from Table 1, the protecting effect
depends on the conditions of film formation at poten-
tiostatic polarization and step change in the potential.
The data for the rotating disk electrode (Table 2) show
that the coefficient of the diffusion decelerationKd
depends on the process conditions.

The fact that Kd of copper dissolution (E =
30.15 V) is higher than that of hydrogen liberation
(E = 30.4 V) (Table 2) indicates that the protecting
film is mainly formed by reaction of the inhibitors
with the anodic reaction products. If the influence of
electrostatic adsorption were strong, the relation bet-
ween theKd values would be inverse, taking into ac-
count the zero-charge potential of copper (30.48 V)
[12]. The sharp decrease inKd in the range of limiting
current id of salt passivation (E = 0.05 V) indicates
hindered inhibition of copper dissolution at intense
salt formation. Conversely,Kd slightly increases after
partial destruction of the salt film atE = 0.2 V.

The influence of the inhibitors on the diffusion and
electrochemical steps of copper dissolution was esti-
mated fromid and ie in the mixed kinetic region. The
values ofKd = id/id,i = l/li and Ke = ie/ie,i (index i
denotes the presence of the inhibitor) are summarized
in Table 3.

The coefficientsKd and Ke are comparable, with
E = 0 V being approximate boundary between the
regions ofKd > Ke and Ke > Kd. As follows form
Eq. (3), the coefficient of deceleration of copper dis-
solution K = i/i i, Kd, andKe are related to each other

by the equation

K = Kd(1 + gi) / (1 + g) = Ke(1 + 1 /gi) / (1 + 1/g), (5)

where g = id/ie, gi = id,i /ie,i, gi / g = Ke/Kd.

Although Ke, Kd and ie remain the same with an
increase inm, id and ie, i increase to a variable extent.
As a result,K depends onm. Since id and andie as
well as Ke and Kd are comparable,K, being inter-
mediate betweenKe and Kd, should weakly depend
on m. The type of theK3m dependence is determined
by the ratio betweenKe andKd and hence by the ratio
of gi and g. If Ke < Kd, K should decrease with an
increase inm as id increases. AtKe > Kd the K3m
dependence is inverse and atKe ~ Kd K # f (m)
(Table 4).

SinceKe # f (E), the decrease inK with increasing
E is due to the diffusion component described above.

Comparison of the performance of potassium
iodide (no. 5) with that of 10-methylacridinium iodide
(no. 1) (Tables 134) reveals the predominant role of
the organic cation in inhibition of the copper dissolu-
tion. 10-Methylacridinium iodide is a more powerful
inhibitor than KI in the ionization step (Fig. 3). This

Table 2. Influence ofE and the nature of the additives on
Kd at the diffusion control of the process
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Additive
³ Kd at indicated E, V
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄno. ³ 30.40 ³ 30.15 ³ 0.05 ³ 0.20

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ 1.3 ³ 2.5 ³ 1.2 ³ 1.6
2 ³ 1.5 ³ 3.2 ³ 1.2 ³ 1.7
3 ³ 2.0 ³ 7.5 ³ 3.0 ³ 3.2
4 ³ 2.9 ³ 14.0 ³ 4.1 ³ 4.3
5 ³ 1.1 ³ 1.5 ³ 1.1 ³ 1.2

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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Table 3. Influence of E and the nature of the additives onKd and Ke at the diffusion-kinetic control of the process*
ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Addi-
³

Ke

³ Kd at indicated E, V
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

tive no.³ ³ 340 ³ 330 ³ 320 ³ 310 ³ 0 ³ 10 ³ 20 ³ 30 ³ 40
ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

1 ³ 2.6 ³ 3 ³ 3 ³ 3 ³ 3 ³ 1.4 ³ 1.3 ³ 1.2 ³ 1.1 ³ 1.1
2 ³ 1.4 ³ 3 ³ 3 ³ 1.8 ³ 1.5 ³ 1.3 ³ 1.2 ³ 1.2 ³ 1.1 ³ 1.2
3 ³ 4.3 ³ 6.0 ³ 5.8 ³ 5.6 ³ 5.0 ³ 4.1 ³ 3.8 ³ 3.5 ³ 3.3 ³ 3.1
4 ³ 5.1 ³ 3 ³ 9.2 ³ 8.8 ³ 6.8 ³ 5.8 ³ 5.2 ³ 4.6 ³ 4.4 ³ 4.2
5 ³ 1.2 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* A dash corresponds to diffusion control of the process at the indicated potential in solutions containing the inhibitors.

fact can be explained as follows. Both additives de-
celerate the electrochemical step owing to blocking of
the surface active centers. However, the 10-methyl-
acridinium cation additionally decelerates the process
owing to an increase in they1 potential. The I3 anion
of the organic salt is a bridge between the cation and
the positively charged copper surface. The I3 anion of
KI decreases they1 potential, thus accelerating the
process.

An introduction of additional coordination and ad-
sorption center (amino group) in an acridine molecule
increasesK, Ke, andKd (additive nos. 2 and 3). The

Table 4. Influence ofm, E, and the nature of the additives
on K
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Addi-
³ K at indicated m, rpm
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

tive no.³ 270 ³ 460 ³ 620 ³ 860 ³ 1050
ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

E = 320 mV

1 ³ 1.6 ³ 1.6 ³ 1.6 ³ 1.6 ³ 1.6
2 ³ 1.6 ³ 1.6 ³ 1.5 ³ 1.5 ³ 1.5
3 ³ 5.1 ³ 5.1 ³ 5.0 ³ 5.0 ³ 4.9
4 ³ 7.0 ³ 6.8 ³ 6.8 ³ 6.7 ³ 6.6
5 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1

E = 0 mV

1 ³ 1.5 ³ 1.5 ³ 1.5 ³ 1.6 ³ 1.6
2 ³ 1.3 ³ 1.3 ³ 1.4 ³ 1.4 ³ 1.3
3 ³ 4.2 ³ 4.3 ³ 4.2 ³ 4.1 ³ 4.2
4 ³ 5.4 ³ 5.4 ³ 5.3 ³ 5.3 ³ 5.3
5 ³ 1.1 ³ 1.2 ³ 1.2 ³ 1.1 ³ 1.1

E = 20 mV

1 ³ 1.4 ³ 1.4 ³ 1.5 ³ 1.5 ³ 1.5
2 ³ 1.2 ³ 1.2 ³ 1.2 ³ 1.2 ³ 1.3
3 ³ 3.8 ³ 3.8 ³ 3.9 ³ 4.0 ³ 4.0
4 ³ 4.7 ³ 4.7 ³ 4.8 ³ 4.8 ³ 4.9
5 ³ 1.2 ³ 1.1 ³ 1.1 ³ 1.1 ³ 1.1

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

difference in the performance of additive nos. 3 and 4
in freshly prepared solution (Tables 134) should also
be noted. In acidic chloride solution they should exist
in the similar state and provide the sameK, Ke,
and Kd. We suggest that this difference is due to de-
celerated protonation of 9-aminoacridine, which is in-
dicated by lower solubility of this compound as com-
pared to that of its hydrochloride. Hence, 9-amino-
acridine is more stable in the solution, is more readily
salted-out and adsorbed, and is a stronger inhibitor of
copper dissolution. The leveling-out of the inhibiting
power of additive nos. 3 and 4 after aging of their
solution for several days confirms the above assump-
tion.

CONCLUSIONS

(1) Copper dissolution on a stationary copper elec-
trode is controlled by diffusion and is characterized by
the maximum of the salt passivation current. Degrada-
tion of the protecting layer is due to an increase in the
copper oxidation state and formation of more soluble
products.

(2) As the potential increases, copper dissolution
from a rotating disk electrode is controlled by diffu-
sion, then by diffusion and chemical reaction, and
finely by diffusion again, at limiting current of salt
passivation.

(3) In the region of the mixed kinetics the acridine
derivatives comparably inhibit the ionization and dif-
fusion steps. The ratio between these effects depends
on the potential and the nature of the additives but is
independent of the rotation rate of the disk electrode.

(4) The inhibiting effect of salt additives, especial-
ly with respect to the ionization step, is mainly due to
the organic cation.

(5) The inhibiting power of the tested additives
increases with time at potentiostatic polarization and
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decreases with an increase in the anodic polarization
under conditions of salt passivation.

REFERENCES

1. Altsybeeva, A.I. and Levin, S.Z.,Ingibitory korrozii
metallov (Inhibitors of Metal Corrosion), Moscow:
Khimiya, 1968.

2. Ekilik, V.V., Komakhidze, M.G., and Berezh-
naya, A.G.,Zh. Prikl. Khim., 1998, vol. 71, no. 9,
pp. 156031562.

3. Ekilik, V.V., Berezhnaya, A.G., and Komakhi-
dze, M.G., Izv. Ross. Akad. Nauk, Ser. Khim., 1998,
no. 10, pp. 195031954.

4. Ekilik, V.V. and Skvortsova, I.Yu.,Elektrokhimiya,
2000, vol. 36, no. 1, pp. 23327.

5. Pevneva, A.V., Khaldeev, G.V., Gimasheva, I.M., and
Kuznetsov, V.V., Zh. Prikl. Khim., 1984, vol. 57,
no. 2, pp. 2663269.

6. Kiss, L. and Farkas,Acta Chim. Acad. Sci. Hung.,
1970, vol. 66, no. 3, pp. 3953402.

7. Losev, V.V.,Itogi Nauki., Ser: Elektrokhimiya, 1971,
vol. 6, pp. 653164.

8. Altukhov, V.K., Marshakov, I.K., Vorontsov, E.S.,
and Klepinina, T.N.,Elektrokhimiya, 1976, vol. 12,
no. 1, pp. 88391.

9. Pleskov, Yu.V. and Filinovskii, V.Yu.,Vrashcha-
yushchiisya diskovyi elektrod(Rotating Disk Elec-
trode), Moscow: Nauka, 1972.

10. Damaskin, B.B.,Printsipy sovremennykh metodov
izucheniya elektrokhimicheskikh reaktsii(Principles of
Modern Methods for Studying Electrochemical Reac-
tions), Moscow: Mosk. Gos. Univ., 1965.

11. Losev, V.V., Molodov, A.I., and Gordetskii, V.V.,
Elektrokhimiya, 1965, vol. 1, no. 4, pp. 5723578.

12. Antropov, L.I., Teoreticheskaya elektrokhimiya
(Theoretical Electrochemistry), Moscow: Vysshaya
Shkola, 1984.



1070-4272/01/7409-1506$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 9, 2001, pp. 150631508. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 9,
2001, pp. 146331465.
Original Russian Text CopyrightC 2001 by Subbotin, Gudkov, Yakerson, Chertkova, Golosman, Kozyreva.

CATALYSISÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

Temperature-Hysteresis Effects in CO Oxidation on Cement
Catalysts with Various CuO Content

A. N. Subbotin, B. S. Gudkov, V. I. Yakerson, S. V. Chertkova,
E. Z. Golosman, and G. V. Kozyreva

Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow, Russia
Institute of Nitrogen Industry, Novomoskovsk, Tula oblast, Russia

Received February 22, 2001

Abstract-The temperature dependence of the degree of CO oxidation with atmospheric oxygen on copper3

cement catalysts was studied.

In a series of previous publications we suggested
and substantiated a new concept explaining the origin
of temperature-hysteresis effects observed in various
heterogeneous catalytic reactions. This concept was
described in the most detail in [1]. According to this
concept, when an exothermic heterogeneous catalytic
reaction reaches a certain rate, the amount of heat
liberated on the active reaction center becomes too
large to be dissipated in the environment. This is
usually due to a low heat conductivity of a porous
support or of an inactive catalytic mass in which ac-
tive centers are disseminated. Therefore, the actual
[point] temperature of the reaction on the active
center becomes much higher than the average tem-
perature in a catalyst bed, usually measured with a
thermocouple and treated as the[reaction tempera-
ture.] At the expense of local overheating of active
centers, the degree of conversion becomes higher than
that corresponding to a given measured temperature. It
increases the heat evolution even more and, therefore,
the temperature of the active center, and as a result,
the conversion in a narrow temperature range rapidly
increases. After reduction or even full termination of
the heat input from the outside (i.e., on cooling a
reactor), the excessive heat, which had no time to be
dissipated because of a poor heat removal, makes it
possible to support a higher actual temperature of
the active center than the temperature detected by
a thermocouple. In this case the descending branch
of the temperature dependence of the conversion de-
gree is displaced to the left on the scale of the meas-
ured temperature relative to the ascending branch, i.e.,
an [anti-clockwise] hysteresis loop is observed.

Ukharskii and Berman [2] have similar views on
the causes of the temperature hysteresis in the benzene
oxidation on supported platinum catalysts. They have

calculated theoretically that platinum particles can be
overheated relative to the support by 1503200oC (it is
necessary to remember that the thermal effect of ben-
zene oxidation is much higher than that of CO oxida-
tion, 3267 and 283 kJ mol31, respectively). According
to the classic concept of Frank-Kamenetskii [3], the
temperature hysteresis in heterogeneous catalysis is a
consequence of the macrokinetic transition from the
kinetic to the diffusion mode. In this case the whole
active surface of a catalyst is considered as an entity.
However, we focus our attention on local overheating
of active centers containing a restricted number of
atoms, which are surrounded by the main inactive
mass of a catalyst or support.

According to our concept, the temperature hystere-
sis phenomenon can be characteristic of only exo-
thermic heterogeneous catalytic reactions, which was
confirmed by both our experiments and examination
of published data [1].

It follows from this concept that the variation of
the catalyst activity depending on the content of an
active component should also affect the value of tem-
perature-hysteresis effect. In fact, an increase in the
content of an active component is accompanied by an
increase in the number of active centers and con-
sequently in the amount of thermal energy evolved in
the exothermic reaction. Therefore, we can expect
that, if the temperature hysteresis effect took place,
it should become stronger.

To check this assumption, we studied the tempera-
ture dependences of the degree of carbon monoxide
oxidation with atmospheric oxygen on a series of
copper-containing catalysts on a cement support.
These catalysts are highly stable, and their preparation
is a routine practice [4, 5].
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EXPERIMENTAL

Three samples of copper3cement catalysts with in-
creasing CuO contents were tested. To prepare them,
we used copper and zinc carbonates, talum (a mixture
of calcium mono- and dialuminates), and a 25% solu-
tion of NH4OH. According to the X-ray phase analy-
sis, the samples obtained by mixing the components
without calcination contained the phases of zinc hy-
droxoaluminate, calcite, aragonite, and gibbsite [5].
The resulting catalysts had the following composition
(wt %):

Sample no. CuO ZnO Al2O3 CaO

1 6.3 47.9 33.4 10.8
2 28.3 22.5 32.7 14.6
3 50.5 28.3 13.9 6.9

The specific surface area of all the three samples
was within 60380 m2 g31.

The experiments on the CO oxidation with atmos-
pheric oxygen were carried out in a catalytic semi-
automatic circulation installation ensuring controllable
supply of mixture components into a reactor and
smooth inertialess variation of the reactor temperature.
The weight of each sample loaded into the reactor was
0.5 g. The molar ratio CO : O2 in the starting reaction
mixture was varied in separate experiments from 1 : 5
to 5 : 1 at a total flow rate of 8 l h31. Before loading
in the reactor each sample of the catalyst was treated
in an air flow at 300oC for 4 h.

The mixture leaving the reactor was analyzed for
the CO content using a gas-chromatographic column
packed with Porapak Q.

The temperature dependences of the degree of CO
oxidation at various CO : O2 ratios on three studied
samples with different copper content are shown in
Figs. 1a31c. Figure 1a corresponds to a large excess
of oxygen (~1 : 5, whereas the stoichiometric ratio is
2 : 1), Fig. 1b, to its moderate excess (~1 : 2), and
Fig. 1c, to the stoichiometric ratio (~2 : 1, curves2
and 3) and even at an overstoichiometric CO content
(~5 : 1, curve 1). It is evident that in all the cases
without exception there is a pronounced temperature
hysteresis, and at the stoichiometric and higher ratios
the process turns to a self-sustained mode, when even
the full termination of heating does not result in reac-
tion termination or even in a reduction in the conver-
sion degree. The temperature required for the CO
oxidation is supported at the expense of the reaction
heat.

On the whole, the observed pattern completely

(a)a, %

T, oC

T, oC

(b)a, %

T, oC

(c)a, %

Fig. 1. Degree of CO oxidationa on copper-containing
catalysts as a function of temperatureT. CuO content (%):
(1) 6.3, (2) 28.8, and (3) 50.5. CO : O2 ratio: (a) ~1 : 5;
(b) (1, 2) ~1 : 2 and (3) ~1 : 1.5; (c) (1) ~5 : 1 and (2,
3) ~2 : 1.
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meets the expectations following from the above-
described concept of local overheatings. As the
copper(II) content increases,i.e., the number of active
centers of the catalyst increases, the area of the reac-
tion occurrence shifts to lower temperatures, and the
hysteresis effect somewhat decreases. The extent of
the effect can be estimated in various ways, for exam-
ple, by the width of the hysteresis loop, namely, by
the temperature differenceDT in the ascending and
descending branches of the dependence for the same
conversion degree. In this case we selected the 50%
conversion. With this criterion, the width of the hys-
teresis loopDT50 in Fig. 1a is 17, 23 and 35oC for
the catalysts with the CuO content of 6.3, 28.8, and
50.5%, respectively, and that in Fig. 1b is 21, 37, and
55oC, respectively. When the ratio CO : O2 ap-
proaches the stoichiometric value, this difference
levels out, and the estimation of the width of the
hysteresis loop in the mode of a self-sustained reac-
tion becomes difficult.

It is most likely that the growth of the copper(II)
content accompanied by an increase in the number of
active centers results in increased reaction rate and
hence in increased heat evolution. This gives rise to a
greater local overheating of active centers and, there-
fore, to a stronger hysteresis effect.

Comparison of Figs. 1a and 1b demonstrates that
an increase in the CO fraction in the reaction mixture
shifts the area of reaction occurrence on the same
catalyst to lower temperatures and promotes an in-
crease in the widthDT50 of the hysteresis loop. This
can also be due to an increase in the reaction rate and
hence in the amount of evolved energy, as the CO
concentration increases. The kinetic data confirm the
fact that the rate of CO oxidation on copper-contain-
ing catalysts is proportional within certain limits to
the partial pressure of CO [6].

Our attention was engaged by a specific[sharp]
shape of the temperature dependences obtained on a
catalyst with the lowest copper(II) content (Figs. 1a
and 1b, curves1). These curves contain no horizontal
part, which is observed in other curves at the begin-
ning of cooling of the reactor (initial parts of descend-
ing branches). This may be due to relatively small
local overheating of active centers at their relatively
low concentration, though the hysteresis loop itself
on this catalyst is quite clearly seen.

On the whole, our data completely agree with the
concept of the local overheating of active centers as
the main cause of the temperature-hysteresis phenom-
ena in heterogeneous catalysis.

CONCLUSIONS

(1) The value of the temperature hysteresis in CO
oxidation on copper3cement catalysts increases with
increasing CuO content.

(2) An increase in the CO fraction in the reaction
mixture shifts the area of reaction occurrence to lower
temperatures and increases the width of the hysteresis
loop.

(3) The data obtained support the concept of the
local overheating of active centers as the main cause
of the temperature hysteresis in heterogeneous cataly-
sis.
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Abstract-Oxidation of cyanide anions with atmospheric oxygen in aqueous solutions in the presence of
Na2SO3 and NaHSO3 mixture and CuSO4 as a catalyst was studied. The reaction mechanism was proposed.

Cyanide solutions are widely used in electroplating
and mining. Usually they contain from hundreds of
milligrams to tens of grams per liter of NaCN and
cyanide complexes of transition metals [Cu(I), Zn(II),
Cd(II), Ni(II), Fe(II), Fe(III), Cr(III), etc.] and also
some impurities like NH3 .H2O, HCO3

3, SCN3, and
HCOO3 [1, 2]. Detoxication of these solutions is an
important task, which can be solved by numerous
ways. In general there are six main approaches to this
problem [3, 4].

(1) The passive detoxication is based on the reduc-
tion in the concentrations of free and coordinated CN3

ions in solutions upon prolonged staying under natural
conditions owing to a combination of photolysis, oxi-
dation (including biological oxidation), precipitation
(in the case of complex ions), and hydrolysis caused
by gradual pH reduction on the dilution of solutions
by rain and water from thawed snow and by salt
freeze-out in wintertime.

(2) Distillation of HCN from acidified solutions
and its subsequent sorption by alkaline solutions.

(3) Sorption of CN ions and complex cyanide
anions on activated carbons in the presence of Cu(II)
compounds and on ion-exchange resins.

(4) Electrochemical anodic oxidation of free and
bound in relatively weak complexes CN3 ions. The
oxidation can be either direct or can accompany anod-
ic oxidation of chloride ions if they are present in
the same solution.

(5) Biological transformation (oxidation and hy-
drolysis) of free and bound cyanides with the use of
microbial biocenoses (associations of aerobes and
anaerobes in the form of activated sludge), biosor-
bents, immobilized microorganisms, or specific bac-
terial enzymes (rhodonase and cyanide hydratase).

(6) Reagent detoxication, which can be subdivided
into binding of CN3 ions in nondissociated or difficul-
ty soluble compounds [treatment with CH2O, Fe(II)
salts] and oxidation of free and bound CN3 ions with
elemental chlorine in an alkaline medium or with cal-
cium (or sodium) hypochlorite prepared in advance,
and also with hydrogen peroxide in the presence of
Cu(II), with ozone or atmospheric oxygen in systems
containing aqueous solutions of S(IV) and Cu(II)
compounds (INCO and Noranda processes).

The use of each of these methods is determined by
climatic and economical conditions and also by local
legislation regulating wastewater discharge. Recently
the detoxication of free and bound cyanide ions by
their oxidation with atmospheric oxygen bubbled
through aqueous solutions of S(IV) and Cu(II) com-
pounds received growing use in cold-climate coun-
tries. However, the information on this method can be
found only in patents and special mining literature,
and available data [2] give no way of developing
the method because they cannot reveal its chemical
essence and potential. In this work we studied the
detoxication of cyanide solutions obtained after elec-
trochemical deposition of noble metals from agitation
cyanide leaching solutions of concentrates of Dukat
ore mining and concentrating enterprise. The solution
composition is given below.

We tested Na2S2O5 and its mixture with Na2SO3
as a source of S(IV). Weighed samples of solid salts
were placed into a 0.5-l sample to be neutralized, and
then 0.11 g of the catalyst CuSO4 .5H2O was added.
The flask was closed, and air was blown through it
with a rate of 2.5 l min31. The residual concentrations
of CN3 ion and other simple and complex ions were
determined 1 h after the start of detoxication.
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Table 1. Detoxification of straight aqueous NaCN solution
with atmospheric oxygen in the presence of a mixture of
Na2SO3 and Na2S2O5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Concentration, g l31 ³
Residual CN3 concentration,ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´

Na2SO3 ³ Na2S2O5* ³ mg l31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
19.80 ³ 3.00 ³ 120
24.75 ³ 3.75 ³ 78
29.70 ³ 4.50 ³ 70
34.65 ³ 5.25 ³ 45
39.60 ³ 6.00 ³ 28
59.40 ³ 9.00 ³ 15

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* With respect to the starting substance, which does not exist

in the solution.

The concentrations of CN3 ions above 4 mg l31

were determined by the titration with AgNO3 solution
in the presence of KI as an indicator [5]. In the case of
lower concentrations of cyanide ions their content was
determined by photometry on a KFK-3 instrument
using the pyridine3barbiturate reaction [6].

The concentrations of metal and nonmetal ions in
solutions before and after neutralization were deter-
mined by atomic absorption spectroscopy on Varian
AA 110 and AA 220 (Australia) instruments.

Formally the use of pure sodium disulfite is very
successful, as it reduces residual NaCN concentra-
tions. However, according to analysis of the gas
phase, it contains significant amounts of HCN, which
results from a strong acidification of the solution
caused by the HSO3

3 formation and its subsequent
oxidation.

If pH is reduced to 8, 94% of free cyanide ions are
in the form of HCN, which is blown off from the
solution by air current [4]. We note in addition that
the reactivity of HCN, as compared to CN3 ion itself,
with respect to the action of electrophilic reagents
is much lower. Therefore, in all subsequent experi-
ments we used a mixture of Na2SO3 and Na2S2O5,
thoroughly keeping pH of 10.0+0.3.

The data on the neutralization of a solution con-
taining 2200 mg l31 of CN3 ions with a mixture of
Na2SO3 and Na2S2O5 at pH 10.0 are shown in
Table 1.

A comparison of our data with published data [2]
suggests that solutions containing less than 1 g l31 of
free CN3 ions are the most suitable for the neutraliza-
tion. An increase in the CN3 concentration is accom-
panied by an increase in the S(IV) consumption and

leads to relatively high residual CN3 concentrations
exceeding its maximum permissible concentration
(0.1 mg l31).

In going to a solution containing cyanide com-
pounds of other elements in addition to NaCN, the
situation becomes even more complicated (Table 2).

The solution was treated at pH~10.0 with a mix-
ture of 59.4 g l31 of Na2SO3 and 9 g l31 of Na2S2O5
(Table 1).

Tables 1 and 2 show that the residual CN3 concen-
tration is approximately doubled on passing from
pure NaCN to a real solution containing significant
amounts of impurities. The degree of detoxication
with respect to free CN3 ions was 0.987. Furthermore,
it follows from Table 2 that the concentrations of
Fe(II), Cd(II), Mn(III), Hg(II), Pb(II), As(III), Cr(III),
and Se(II) in the solution became several times lower
after the neutralization. The Zn(II) concentration de-
creased by 28%, the concentration Ni(II) remained
almost unchanged, whereas the Cu(I) concentration
increased, which is indicative of an unjustified excess
of the catalyst in the experiment.

Let us consider available information on the proc-
ess mechanism. Free CN3 ions are known to have
significant reducing power [7] and to be oxidized with
Cu(II) salts in aqueous solutions. The primary product
of the CN3 oxidation is the CN radical, which can
dimerize (with further disproportionation in alkaline
medium) or react with a water molecule to give finally
the CNO3 ion. Complexes of Cu(II) with cyanide ions
in the inner sphere have been described in the litera-
ture [8], with the cyanide ligands undergoing intra-
molecular oxidation. This process should not be fast
at room temperature. In spite of the fact that this
process results in decreasing concentration of free
CN3 ions, it cannot form a basis for the detoxication,
because with excess cyanide ions copper(I) forms
stable [Cu(CN)n](n31)3 complexes (n = 2, pK132

inst ~24;
n = 3, pK133

inst ~28.6; n = 4, pK134
inst ~30.3). These

complexes cannot be oxidized in solution to copper(II)
compounds with atmospheric oxygen.

In this work we studied the oxidation of cyanide
ion with atmospheric oxygen using the acrylonitrile
test for the radical reaction mechanism. We found that
acrylonitrile does not noticeably polymerize in air in a
solution containing only NaCN, CuSO4, and acrylo-
nitrile. Atmospheric oxygen does not oxidize cyanide
ions in the presence of a mixture of SO3

23 and HSO3
3

anions with acrylonitrile either. However, introduction
of hydrated Cu2+ ions into the mixture almost im-
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Table 2. Detoxication of an industrial solution containing free and coordinated CN3 ions
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component

³
MPC of free anion

³ Concentration in solution, mg l31

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ or central atom ³ before treatment with a³ after treatment with a³ after additional treatment
³ of complex, mg l31 ³ mixture of S(IV) and ³ mixture of S(IV) and ³ with Cu(OCl)2 and
³ ³ Cu(II) compounds ³ Cu(II) compounds ³ FeSO4 solution

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
CN3 ³ 0.1 ³ 2200 ³ 28 ³ N/d*
[Cu(CN)3]23 ³ 1.0 ³ 250 ³ 413 ³ 2.3
[Zn(CN)4]23 ³ 1.0 ³ 71 ³ 51 ³ N/d
[Fe(CN)6]43 ³ 0.3 ³ 4.4 ³ 8.5 ³ 2.7
[Ni(CN)4]23 ³ 0.1 ³ 0.73 ³ 0.70 ³ 0.15
[Cr(CN)6]33 ³ 0.5 ³ 0.1 ³ N/d ³ N/d
[Mn(CN)6]33 ³ 0.1 ³ 15.5 ³ 3.7 ³ 0.11
[As(OH)4]3 ³ 0.05 ³ 0.23 ³ N/d ³ N/d
[Pb(OH)4]23 ³ 0.03 ³ 9 ³ N/d ³ N/d
[Cd(CN)4]23 ³ 0.0001 ³ 0.07 ³ 0.007 ³ N/d
[Hg(CN)4]23 ³ 0.0005 ³ 0.0013 ³ N/d ³ N/d
SeCN3 ³ 0.01 ³ 0.83 ³ N/d ³ N/d
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
(N/d) Not detected within experimental error.

mediately results in appearance of a white flaky pre-
cipitate of polyacrylonitrile.

Its formation is accompanied by a sharp decrease in
the NaCN concentration in solution, which suggests
that the initiating stage of the process under considera-
tion is the one-electron oxidation of SO3

23 or HSO3
3

ions with Cu2+ aqua ions:

SO3
23 + Cu2+

6 SO3
3 + Cu+, (1)

HSO3
3 + Cu2+

6 HSO3
3 + Cu+. (2)

Such one-electron redox processes have been well
studied [9, 10]. The reaction of the above-mentioned
radical anions or radicals with oxygen dissolved in
water results in the formation of peroxomonosulfate
radical anions in alkaline media [11, 12].

SO3
3 + O2 6 SO5

3, (3)

+OH3
HSO3

3 + O2
6

4
HSO5 776 SO5

3. (4)
3H2O

Radical anions of Caro’s acid are powerful oxi-
dants in alkaline solutions, capable of converting
cyanide anions to cyanate anions:

SO5
3 + CN3 6 CNO + SO4

23, (5)

CNO + Cu+ 6 CNO3 + Cu2+. (6)

Furthermore, reaction (6) regenerates Cu2+ ions

required for the catalytic process. We also point out
that, according to the one-electron oxidation potential
E0

1eCNO/CNO3 = 2.66 V, the cyanate radical CNO is
a powerful oxidant [13, 14].

The proposed mechanism of detoxication of cya-
nide ions allows us to make certain assumptions con-
cercning the optimal pH and the required Cu2+ con-
tent in solution. The pH must be selected so as to
prevent formation of Cu(OH)2, which removes cop-
per(II) ions from the reaction sphere. Furthermore, it
is necessary to take into account possible loss of
Cu2+ due to formation of difficulty soluble salts like
Cu2[Fe(CN)6], Cu3[Cr(CN)6]2, Cu[Hg(CN)4], etc.

CONCLUSIONS

(1) Atmospheric oxygen was shown to oxidize
cyanide ions at pH 10.0 in the presence of SO3

23 ion
and catalytic amounts of Cu2+.

(2) Oxidation of cyanide ion was found to occur
by the radical mechanism.
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Abstract-A deamination method was proposed for pretreatment before biological treatment of process
nitrogen-containing wastewater from caprolactam production.

Russian enterprises producing nitrogen-containing
organic compounds such as caprolactam (CL), aceto-
nitrile, etc. generate large amounts of wastewater to be
subjected to biological treatment, involving nitrifica-
tion and denitrification [1, 2]. Biological treatment has
doubtless advantages over thermal methods from both
economic and environmental viewpoints, though poses
rigid requirements on the chemical composition of the
initial wastewater. In many cases, wastewater sub-
jected to treatment does not satisfy modern environ-
mental standards on biological treatment because of
increased content of ammonium ions in the waste-
water after denitrification. For example, wastewater
from caprolactam production contains a total of
36.6 mM of ammonium ions, which exceeds the per-
missible level by several orders of magnitude. This
shifts the living activity balance of microorganisms
and affects their species ratio, and thus affects the
treatment quality on the whole and increases the
content of ammonium ions in the water leaving the
treatment works. In this situation enterprises often
prefer to burn such wastes.

Experts in chemical and related branches of in-
dustry in various countries of the world have con-
vincingly proven the need in and advantage of the
approach based on solving industrial environmental
problems at their origination site. To this end, com-
bined treatment procedures are finding ever wider
application in wastewater treatment. Examples are
combinations of biological and physicochemical meth-
ods (e.g., treatment in bioadsorbers and filtration
tanks) or combinations of biological and chemical
methods (chemically modifying the wastewater com-
position so that the prepared wastes meet the require-
ments at a given wastewater treatment works).

Zlateva [3] showed that CL when in concentrations
over 200 mg l31 and ammonium salts with ammonium
ion in concentraitons ranging from 0.6 to 8.3 mM
inhibit the activity of nitrifying bacteria. Ammonia
and nitrous acid also can exert an inhibiting effect.
Laboratory and industrial investigations by Anthoni-
sen and Loehr [4] revealed the concentration ranges
within which ammonium and nitrous acid exert an
inhibiting effect. When in concentrations within
0.638.3 mM, NH4

+ inhibits nitrite bacteria, and within
0.00630.06, nitrate bacteria. Nitrous acid exerts an
inhibiting effect on nitrate bacteria when in concentra-
tions from 0.22 to 0.28 mg l31.

In this work, we propose a procedure for pretreat-
ment of nitrogen-containing wastewater to decrease
the NH4

+ ion concentration virtually to zero before
biological treatment. The raw material was the waste-
water from CL1 production before burning; it had
the following composition, %: CL 1.037, (NH4)2SO4
2.2 (chemical oxygen demand COD 56000 mg l31).
Also, we used nitric acid condensate (NAC) with the
total content of acids, as recalculated for HNO3, of
3.03% and a 3% Na2CO3 solution.

The method proposed by us involves treating
wastewater with nitric acid or its salts at 1503220oC
(the temperature should not exceed 310oC) and ele-
vated pressure ensuring existence of a liquid phase
at this temperature.

Deamination of CL-containing wastewaters was
studied by chemical and physicochemical methods.
Dichromate oxidizability (COD) of waters and the
content of ammonium sulfate in solutions were deter-
mined by standard procedures. CL was determined in
ÄÄÄÄÄÄÄÄÄÄÄÄ
* Kuibyshevazot Joint-Stock Company (Togliatti).
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Fig. 1. Variation of the CL concentrationc with time t. Waste deamination with: (a) (1, 2) NAC and (3) 0.19 M nitric acid
solution; (b3d) NAC. Deaminaitontemperature,oC: (a, b) 100; (c) (1) 100, (2) 80, and (3) 70. (a) Initial concentrations of nitrite
and nitrate ions, M: (1) 0.38 and (2) 0.19. (b)NAC/CL ratio: (1) 0.56, (2) 1.16, (3) 2.23, and (4) 4.46. (d) Initial concentration of
CL, wt %: (1) 3, (2) 1.8, and (3) 1. (e) Initial concentration of the nitrate and nitrite ions 0.38 M. Sulfate concentration, wt %:
(1) (NH4)2SO4, 1, (2) (NH4)2SO4, 3; (3) (NH4)2SO4, 7; (4) Na2SO4, 3; and (5) 0.

aqueous solutions chromatographically. Though well-
known, this method is of a limited application as it
suffers from two drawbacks: columns fail rapidly and
the CL peak is blurred and asymmetric because of
high polarity of CL. We developed an improved
chromatographic procedure. We tested various sup-
ports and liquid phases. The peak was symmetric only
with strongly silanized supports when the amount of a
liquid nonpolar phase was large. The best results were
obtained with a 1-m column, 15% Apiezon-L on
a Chromaton N-AW-DMCS; column temperature
170oC, vaporizer temperature 250oC; helium as carrier
gas with the flow of 25 ml min31. The column is
stable in 3-month operation. Analysis was carried out
on a Tsvet-100 chromatograph with a flame-ionization
detector. The chromatographic data were quantita-
tively calculated by the external reference method.
The reaction products were identified by direct intro-
duction of pure authentic components.

Pretreatment of wastewater involves three stages:
deamination of wastewater with NAC, neutralization
of the reaction mixture by an Na2CO3 solution to pH
9310, air blowing of the ammonia formed and its

absorption with water, and neutralization of the pre-
treated wastewater to pH 737.5 with nitric acid or
NAC.

We found that deamination proceeds under the
action of not only NAC but also 233% nitric acid
(Fig. 1a). On heating the reaction mixture, nitric acid,
possibly, converts to nitrous acid, which is active
species in deamination. The transformations in the
system HNO33HNO23H2O can be represented by
the scheme

4HNO3
6

4
4NO2 + 2H2O + O2,

2NO2 + H2O 4

6
HNO3 + HNO2.

Nitrous acid rapidly reacts with CL or its oxidation
products. Such reactions occur also on boiling waste-
water with NAC, as the COD of the wastewater sig-
nificantly decreases. For example, after boiling the
wastewater (COD 56000) with a twofold (by volume)
excess of NAC and subsequent neutralization with one
volume of a 3% Na2CO3 solution, the COD of the
resulting solution was 4000.
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Deamination of CL with nitrous acid can be re-
presented as
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Hydrolysis of CL givese-aminocaproic acid which
transforms into e-hydroxycaproic acid by reaction
with nitrous acid [5]. Thus, the products of waste-
water pretreatment can include sodium salts of
e-aminocaproic ande-hydroxycaproic acid.

Analysis of the kinetic curves of CL consumption
showed that initially (on mixing of CL and NAC
solutions) the CL concentration sharply decreases
(Figs. 1a, 1b). The magnitude of this decrease de-
pends, above all, on the volume ration = NAC/CL
solution (ml/ml). For example, with a 233-fold excess
of NAC, up to 50% of CL is consumed immediately
after mixing. Further deamination proceeds at a rate
corresponding to the reaction with nitric acid (Fig. 1a).
Probably, even at 203230oC the nitrous acid con-
tained in NAC is exhausted. Further deamination in-
volves conversion of nitric acid.

We also studied how the deamination rate varies
with temperature at the atmospheric pressure (Fig. 1c).
With decreasing temperature from 100 to 70oC, the
reaction rate decreases 10320-fold. To study how the
deamination rate is affected by the CL concentration,
we conducted experiments on model solutions with
the CL concentration of 133% (Fig. 1d). We found
that the reaction orders with respect to acid and CL
are close to unity.

In view of the fact that the real wastewater contains
up to 3 wt% of ammonium sulfate, we performed
experiments with introducing ammonium sulfate into
CL solutions. We found that ammonium sulfate in-
hibits deamination: both the initial rate and the sec-
ondary reaction rate decrease (Fig, 1e). The equation
for the deamination reaction rate has the form

r = k1[CL][NO3
3] 3 k2[NO3

3][SO4
23].

The experimental data obtained (Fig. 2) were used
for calculating the constants in the equations for the
deamination rate of caprolactam-containing waste-
water: k1 = 1.070 1032 and k2 = 1.180 1033 min31.

We also performed experiments with additions
of other inorganic compounds: ammonium nitrate and
sodium sulfate. The former does not affect the de-

c, M

v 0 104, mol l31 min31

Fig. 2. CL deamination ratev as a function of the total
concentration of the nitrate and nitrite ionsc.

amination rate, and sodium sulfate inhibits thereac-
tion similarly to ammonium sulfate (Fig. 1e). Thus, an
inhibiting effect is exerted specifically by the sulfate
ions. For treating wastewater containing up to 334%
ammonium sulfate, the contact time should be in-
creased to 10 h and more.

We checked our results on a laboratory setup under
conditions of a continuous process. The setup in-
volved two main reactors (deamination and neutraliza-
tion reactors), a system for reactor heating, a cooling
system, a unit for supply of the initial mixture, and
a system for absorption of exhaust gases. A mixture of
caprolactam-containing wastewater and NAC was
supplied by a pump via feedline to the deamination
reactor. The total time of deamination was 10 h. From
the deamination reactor the mixture came to the
neutralization reactor, into which a 3% Na2CO3 solu-
tion was added for neutralizing unchanged NAC and
removing ammonium salts (1 ml ml31 of wastewater).
Also, nitrogen was supplied to the neutralization
reactor for removing waste gases. The reaction time
was 233 h. Waste gases from the reactors passed
through reflux condensers and entered the trap system.
Wastewater freed from ammonium was subject to
biological treatment. The conversion of CL was 98.03

98.5%, and the leaving water contained no NH4
+ ions.

In industry, the ammonia water yielded by absorp-
tion of waste gases can be utilized in an ammonia
production shop.

The wastewater freed from ammonia was adjusted
to pH 7 with nitric acid. The treated wastewater is
characterized in the table.

The table shows that chemical treatment of the
wastewater decreased the CL content by a factor of 52
and that of ammonium, virtually to zero.
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Characteristization of caprolactam-containing wastewater
before and after chemical treatment
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component
³ Content, mg l31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ before treatment³ after treatment

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Caprolactam ³ 10 421 ³ 1200
SO4

23 ³ 14 764 ³ 5500
NO3

3 ³ 0 ³ 15 000
NH4

+ ³ 5537 ³ 0
COD ³ 56 000 ³ 4000
pH ³ 738 ³ 7.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The pretreated wastewater can be subject to bio-
logical treatment. When in concentrations of up to
200 mg l31, caprolactam does not exert an inhibiting
action on denitrification. In the course of denitrifica-
tion the nitriate ions are reduced to molecular nitrogen
[6], and this involves oxidation of organic impurities
by oxygen contained in NO2

3 and NO3
3 anions. Miyaji

and Kato [7] found that nitrates are converted accord-
ing to the equation

2NO3
3 + H2O = N2 + 2OH3 + 5O.

The following conditions of the above-discussed
process were found to be optimal: temperature 100oC,
NAC/CL molar ratio 4.5. The sulfate ions present

in wastewater inhibit the process, which calls for rigid
regimes.

CONCLUSION

An effective and inexpensive procedure was pro-
posed for pretreatment, before biological treatment, of
caprolactam-containing wastewater by deamination
with nitric acid condensate forming as caprolactam-
containing waste.
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Abstract-A piezielectric-crystal resonator was used for analyzing phenol and nitrophenols in air. The
resonator electrodes were modified with Triton X-100, beewax, and bee glue (propolis). Sorption conditions
ensuing reproducibility of the results were optimized uner static conditions.

Development of sensitive, prompt, and economical-
ly feasible procedures for air analysis is an urgent
task. In this connection, ever growing researchers’
attention is attracted by piezoelectric-crystal micro-
weighing. This method is suitable for determining
with high precision microconcentrations of organic
substances in air [133].

The subjects of investigation were phenol, 2-nitro-
phenol, and 2,4-, 2,5-, and 2,6-dinitrophenols. These
toxic compounds disturb the functions of the nervous,
blood-circulation, and respiratory systems and exhibit
a cumulative action. The MPCs in the working zone
are 0.3, 5.0, and 0.05 mg m33 for phenol, 2-nitro-
phenol, and dinitrophenols, respectively [4, 5].

One of the methods of determining volatile organic
compounds in air with the use of piezoelectric-crystal
microbalance is that involving modification of the
resonator electrodes with a sorbent solution and ther-
mal removal of solvent, injection of an air sample
into the detection cell, and recording of the analytical
signal, which is a function of the sorbate concentra-
tion [638].

The selectivity of sensors is governed primarily by
the nature and properties of the coating (modifier) of
the piezoelectric-crystal quartz resonator (PQR) [9].
An important requirement to the modifier is a high
sorption capacity with respect to individual compo-
nents or groups of related compounds. In this work,
we tested new non-conventional sorbents as PQR elec-
trode modifiers with the aim to selectively determine
the phenol content in air in the presence of nitro
derivatives.

EXPERIMENTAL

Experiments do not require special expensive equip-
ment. The experimental setup involved a temperature-
controlled detection cell manufactured from glass or
stainless steel, 20350 cm3 in volume, with a poly-
urethane plug for injection of air samples at the level
of resonator electrodes. The temperature of the detec-
tion cell was 25+1oC. A PQR connected to the exci-
tation scheme was fixed on the cell cover in a holder.
The vibrational frequencyF, Hz, was measured with
a frequency meter whose frequency fixing range
was 5 s.

The PQR electrodes were modified by uniformly
applying with a microsyringe acetone, chloroform,
and ethanol solutions of Triton X-100, beewax, and
propolis, respectively (10 mg cm33). For solvent
evaporation, PQR was kept for 30345 min in a desic-
cator at 45+5oC. The degree of solvent removal was
controlled from the time stability of the analytical
signal DF, Hz (variation of the vibrational frequency
within 3 Hz min31).

The analytical signal is related to the masses of the
modifier film and the substance sorbed on PQR elec-
trodes by Sauerbrey equation [10]

DFs = 3km,

wherem is the film (sorbate) mass,mg, andk is the
propotionality coefficient taking into account the
intrinsic vibrational frequency and the frequency char-
acteristic of quartz, its nature, and electrode area.

A required air volume was sampled with a syringe
from flasks containing saturated vapor of chemically
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Table 1. Phenol sorption parameters
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter*

³ Triton X-100 ³ Beewax ³ Propolis
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ at indicated mass of the modifier film,mg
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 2.5 ³ 4.6 ³ 15.0 ³ 35.6 ³ 1.0 ³ 3.6 ³ 10.8 ³ 27.0 ³ 5.5 ³ 8.5 ³ 24.2 ³ 40.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
DFs, Hz ³ 480 ³ 590 ³ 700 ³ 860 ³120 ³ 200 ³ 290 ³ 490 ³ 200 ³ 240 ³ 310 ³ 400

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³a 0 103 ³ 143 ³ 55 ³ 51 ³ 50 ³ 41 ³ 37.7³ 23.7³ 18.1³ 17 ³ 21 ³ 10 ³ 6
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³S0 1033, ³ 24.0³ 29.0³ 35.0³ 43.0³ 6.0³ 10.0³ 14.5³ 22.5³ 10.0³ 12.0³ 15.5³ 20.0

Hz dm3 mol31 ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³Sr, % ³ 0.5 ³ 1.3 ³ 2.3 ³ 5.7 ³ 2.0³ 2.8 ³ 7.8 ³ 12.4³ 1.0 ³ 1.9 ³ 6.8 ³ 7.8

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* DFs is the analytical signal,a is the sorption capacity of the modifier,S is the sensor sensitivity,Sr is the relative standard deviation.

pure preparations and introduced into the detection
cell at the level of PQR electrodes. This decreased
the phenol loss by adsorption on the cell walls. The
piezoelectric-crystal resonator was arranged linearly
along the flow of the sample introduced, which de-
creased the sorption error due to nonuniform distribu-
tion of the sorbate in the near-surface air layer and
increased the sensor sensitivity and reproducibility of
the analytical signal.

The limiting concentration of vapor was calculated
by the Mendeleev3Clapeyron equation [11]

Ci = 1.220 107Pi M /PT,

wherePi is the partial pressure of the sorbate vapor,
Pa; M is the molecular weight, g mol31; P is the ex-
ternal pressure, Pa; andT is the temperature, K.

The initial concentrations of phenols in the detec-
tion cell was calculated by the dilution method, taking
into account the volumes saturated with sample vapor.
The kinetic parameters of sorption were estimated
from the time of exhaustive sorptiont and half-
sorption t1/2, s, and the sorption constantk+, i.e.,
change in the analytical signal at the initial moment,
5 s, corresponding to the smallest influence of desorp-

C, mg m33

DFs, Hz

Fig. 1. Isotherms of phenol sorption on Triton X-100 films.
(DFs) Analytical signal and (C) phenol concentration. Film
mass, mg: (1) 2.5, (2) 4.6, (3) 15.0, and (4) 36.5.

tion on the total rate of the process. The sorption
efficiency of the modifiers is characterized by the
sorbent sensitivity

S = DFsi /Ci,

Hz dm3 mol31, and sorption capacitya (the sorbate3
sorbent mass ratio).

A major parameter essential for optimizing phenol
detection conditions in air is the sorbent mass deter-
mining the regime and stability of the PQR operation
(Table 1).

The modifiers studied in this work exhibited a de-
crease in the sorption capacity with increasing coating
mass. This can be explained by the decay of the
acoustic wave in the pre-electrode layer of the sorbent
and by a decrease in its effective mass atm > 103
20 mg. This is consistent with the known data from
[12]. Increase in the film mass decreases the re-
producibility of the resultsSr, %, as only a part of
the modifier volume participates in sorption. This in-
creases the contribution from the quenching of the
volume-acoustic waves in the preelectrode sorbent
layer. For coating with the optimal mass of 5320 mg
the reproducibility of sorption is within 7.8%.

With the phenol3Triton X-100 system as an exam-
ple, we plotted sorption isotherms for film coatings
with different masses (Fig. 1) [13]. With increasing
m, the analytical signal (sensor sensitivity) is en-
hanced. With microamounts of phenols (under these
conditions, the analytical signal is indistinguishable),
it is necessary to use sorbent films withm > 20mg for
obtaining a reliable signal. For determining phenol on
the MPC level (0.3 mg m33), with account of continu-
ous sorption of 233 air samples (without sorbent re-
generation), the use of a beewax film can be recom-
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mended (m = 27.0 mg); in this case the sensor re-
sponse is reproduced in a reliable way (the average
root-mean-square error is<2.9%). When sensor
further operates in such a regime, the sensor sensitiv-
ity gradually decreases. The amount of phenol (con-
tained in air in different amounts) absorbed by a
beewax film exceeds approximately twofold the mass
of the coating itself (m = 27.0 mg).

Increase in the mass of the sorbed phenol relative
to that of the sorbent film, evidently, suggests a layer-
by-layer sorption of phenol to form a condensed phase
on the sorbent surface. This can be interpreted as addi-
tional modification of the film surface. This sugges-
tion is confirmed by phenol sorption not only on
Triton X-100, beewax, and propolis, but also on other
polar sorbents [14].

The kinetic sorption parameterst, t1/2, andk+ also
vary with the nature of the component of the sorbate3

sorbent system and the analysis conditions (sorbent
mass, sorbate concentration), and with increasing
phenol contentCph in the sample they regularly in-
crease (Table 2).

The phenol sorption rate was at a minimum on the
Triton X-100 film (t1/2max= 90 s) and at a maximum,
on the propolis film (t1/s < 5 s). The interaction
mechanisms differ for these systems: The time and
rate of phenol sorption on the propolis film is in-
dependent of the analysis conditions, while the kinetic
characteristics of sorption on the Triton X-100 film
are strongly affected by the film mass and phenol
concentration.

Nitrophenols exhibit similar relationships, the
sorption affinity for Triton X-100 and propolis being
weaker compared to phenol-containing systems. As to
beewax, phenol and its nitro derivatives exhibit iden-
tical sorption affinities.

Sorption of nitrophenols is affected by the number
of NO2 groups in them, which governs the dipole3

dipole interactions between the sorbate and the sor-
bent (Fig. 2). Phenol exhibits the smallest steric
hindrance to sorption on the sorbents studied (one
substituent in benzene ring), and dinitrophenols, the
greatest. With decreasing polarity of sorbents in the
Triton X-100 > propolis; beewax series the influence
of the pattern of electron density distribution in the
sorbate molecules weakens, and the differences in the
sorption efficiency of phenol and its nitro derivatives
smoothen.

The sorption relationships established are suitable
for qualitatively predicting the features of phenol sorp-
tion in systems with other sorbents. It is impossible to

Table 2. Kinetic parameters of the phenol sorption on
a beewax film with a mass of 2.0mg
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Cph,
³

DFs, Hz
³ t ³ t1/2 ³

k+³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´
mg m33

³ ³ s ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

0.1 ³ 33 ³ 15 ³ <5 ³ 7.8
0.3 ³ 36 ³ 15 ³ <5 ³ 7.9
0.4 ³ 49 ³ 20 ³ <5 ³ 10.0
0.7 ³ 95 ³ 30 ³ 5 ³ 17.6
1.1 ³ 113 ³ 45 ³ 10 ³ 21.0
1.8 ³ 125 ³ 45 ³ 10 ³ 22.8
2.7 ³ 187 ³ 60 ³ 15 ³ 29.4

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

a priori estimate quantitatively the sorption efficiency
for phenol and mono- and dinitrophenols on test
modifiers because of the lack of identical physico-
chemical characteristics. As test sorbents we chose
polyethylene glycol-2000 (PEG-2000), polyethylene
glycol succinate (PEGS), and polystyrene (PS) which
are similar in polarity to Triton X-100, propolis, and
beewax, respectively. With respect to the efficiency of
sorption of phenol, the sorbents can be ranked in the
following order: PEG-2000 > PEGS > PS. The rela-
tionships established were experimentally substan-
tiated (Fig. 2, curves436). Thus, knowing the quanti-
tative criteria of phenol distribution in systems with
modifiers of different polarities, it is possible to
predict their sorption efficiency on films of other
sorbents.

Using the internal reference method, we estimated
the selectivities of the sorbents with respect to the
phenols under conditions corresponding to the natural
concentration of the air pollutants at 20oC (Fig. 3).
Propolis is the most efficient sorbent in the case of
detecting phenol in a mixture with nitro derivatives
(the interference of nitrophenols is at a minimum). In
the case of a beewax film selective detection is im-

A B C

DFs, Hz

Fig. 2. Analytical signalDFs of phenol sorption as a func-
tion of the number of nitro groups. Modifier: (1) beewax,
(2) propolis, (3) Triton X-100. Test modifier: (4) PS,
(5) PEGS, and (6) PEG-2000. Sorbate: (A) phenol,
(B) 2-nitrophenol, and (C) 2,4-dinitrophenol.
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A B C

DFi/DFPh, %

Fig. 3. Sorption histograms for (1) phenol, (2) 2-nitro-
phenol, and (335) 2,4-, 2,5-, and 2,6-dinitrophenols, respec-
tively. DFi andDFph are analytical signals of the modifiers
and phenol, respectively. Modifier: (A) Triton X-100,
(B) beewax, and (C) propolis.

possible, and in the case of a Triton X-100 film, the
dinitrophenols virtually do not affect phenol deter-
mination.

CONCLUSION

Conditions of analyzing phenol in a mixture with
mono- and dinitro derivatives using piezoelectric-
crystal microbalance and modifiers of resonator elec-
trodes of different polarities (Triton X-100, beewax,
and propolis) were optimized. Phenol can be selec-
tively analyzed in mixtures with nitrophenols on a
propolis film.
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Abstract-Comparative study of softening of model hard water with both strongly acidic fibrousFIBAN K-1
and granular KU-2 ion exchangers was carried out. The influence of the filter-bed height, packing density
of fibrous ion exchangers, volume sorption capacity, and filtering rate on the efficiency of calcium removal
from model hard water was analyzed.

Owing to a favorable combination of features,
textile ion exchangers are more preferable in conduct-
ing several processes than granular resins. Textile ion
exchangers consist of separate thin threads of equal
diameter (5350 mm) forming a material with uniform
thickness. These structural features ensure fast ion-
exchange and sorption kinetics. Another important
advantage of textile ion exchangers is very high stabil-
ity against osmotic processes. The fibers of fibrous
ion exchangers are not noticeably broken after re-
peated drying3moistening cycles [1]. Data on syn-
thesis and features of the main types of fibrous ion-
exchange materials such as weakly and strongly basic
anion exchangers, weakly and strongly acidic cation
exchangers, polyampholytes, and complexing sorbents
were reported in [234]. The most available among
these sorbents are FIBAN AK-22 weakly basic anion
exchanger and FIBAN K-5 and FIBAN K-4 weakly
acidic ion exchangers which are used for air treatment
to remove impurities and also serve as filter in Akva-
por, Mifil and Krinichka filtering units for purification
of household and drinking water for individual and
collective use [5]. In spite of considerable advantages
of fibrous ion exchangers, these sorbents have not
found use in industrial water treatment. Currently
ion-exchange water softening and demineralization is
performed with granular ion exchangers [6, 7].

The fiber diameter of fibrous ion exchangers is
comparable with that of microspherical grains of
resins commonly used in analytical practice. Both
these resins exhibit similar sorption kinetics. Owing to
high filter resistance and difficulties in fixation of
microspherical sorbent (2003400 mesh) within a
column, it is unlikely that microspherical ion ex-
changers can be used on an industrial scale. Short-cut
fibrous ion exchangers are free of these drawbacks.

The permeability of the filtering bed prepared from
this material can be readily controlled by variation of
the packing density so as to satisfy the process re-
quirements [8].

The aim of this work was to study water softening
with FIBAN K-1 strongly acidic fibrous ion ex-
changer and evaluate its sorption efficiency as com-
pared to KU-2 granular resin.

EXPERIMENTAL

The comparative experiments on water softening
were performed using FIBAN K-1 fibrous sulfonic
cation exchanger based on graft copolymer of poly-
propylene and polystyrene prepared in a laboratory
and standard commercial KU20 8 cation exchanger.
The characteristics of these resins are given in Table 1.

The model solutions simulating hard water were pre-
pared by addition of CaCl2 and NaCl to distilled water
to concentrations of 13.7 and 0.87 mg-equiv dm33,
respectively.

Table 1. Sulfonic cation exchanger characteristics
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Characteristic
³ Ion exchanger
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ KU-208 ³ FIBAN K-1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Exchange capacity, ³ 5.00 ³ 3.10
mg-equiv g31 ³ ³
Swelling, g H2O g31 ³ 1.17 ³ 1.78
Granule and fiber diameter, mm³0.2530.68³ 0.03430.040
Packing density, g cm33 ³ 0.38 ³ 0.06830.27
Volume capacity, ³ 1.90 ³ 0.2130.92
mg-equiv cm33 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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Table 2. Characteristics of water softening with ion exchangers*
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

h, ³ v, ³ EV, ³
V1

³
V2

³ E1 ³ E2 ³
l1

³
l2³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³mm ³ cm min31

³ mg-equiv cm33
³ ³ ³ mg-equiv cm33 ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
KU-2 ion exchanger

10 ³ 16.4 ³ 1.7 ³ 0 ³ 4.9 ³ 0 ³ 0.20 ³ 0 ³ 0.04
20 ³ 16.4 ³ 1.9 ³ 0 ³ 14.3 ³ 0 ³ 0.51 ³ 0 ³ 0.10
32 ³ 16.4 ³ 1.9 ³ 5.0 ³ 77.0 ³ 0.18 ³ 2.74 ³ 0.07 ³ 0.55
40 ³ 16.4 ³ 1.9 ³ 30.0 ³ 87.0 ³ 1.09 ³ 3.13 ³ 0.22 ³ 0.62
10 ³ 4.0 ³ 1.7 ³ 0 ³ 21.0 ³ 0 ³ 0.85 ³ 0 ³ 0.17
10 ³ 8.0 ³ 1.7 ³ 0 ³ 16.0 ³ 0 ³ 0.65 ³ 0 ³ 0.13
10 ³ 16.4 ³ 1.7 ³ 0 ³ 4.9 ³ 0 ³ 0.20 ³ 0 ³ 0.04
10 ³ 37.0 ³ 1.7 ³ 0 ³ 3.2 ³ 0 ³ 0.13 ³ 0 ³ 0.03

FIBAN K-1 ion exchanger

7 ³ 16.4 ³ 0.92 ³ 23.4 ³ 46.8 ³ 1.05 ³ 2.10 ³ 0.34 ³ 0.68
10 ³ 16.4 ³ 0.83 ³ 27.0 ³ 46.0 ³ 1.37 ³ 2.32 ³ 0.44 ³ 0.75
20 ³ 16.4 ³ 0.82 ³ 32.7 ³ 46.7 ³ 1.70 ³ 2.40 ³ 0.55 ³ 0.77
30 ³ 16.4 ³ 0.83 ³ 43.7 ³ 51.9 ³ 2.20 ³ 2.60 ³ 0.70 ³ 0.84
20 ³ 16.4 ³ 0.21 ³ 4.1 ³ 9.8 ³ 0.80 ³ 1.93 ³ 0.26 ³ 0.62
20 ³ 16.4 ³ 0.42 ³ 12.3 ³ 23.0 ³ 1.24 ³ 2.32 ³ 0.40 ³ 0.75
20 ³ 16.4 ³ 0.83 ³ 32.8 ³ 46.7 ³ 1.70 ³ 2.40 ³ 0.55 ³ 0.78
10 ³ 4.0 ³ 0.83 ³ 32.8 ³ 52.4 ³ 1.66 ³ 2.65 ³ 0.53 ³ 0.86
10 ³ 8.0 ³ 0.83 ³ 32.8 ³ 58.0 ³ 1.66 ³ 2.32 ³ 0.53 ³ 0.75
10 ³ 16.4 ³ 0.83 ³ 27.0 ³ 46.0 ³ 1.37 ³ 2.32 ³ 0.44 ³ 0.75
10 ³ 37.0 ³ 0.83 ³ 19.6 ³ 39.3 ³ 1.00 ³ 1.99 ³ 0.32 ³ 0.64

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (V1, V2) Volumes of softened water related to the column volumes; (E1, E2) dynamic sorption capacities by the moment of Ca2+

breakthrough.

In our experiments a fibrous ion exchanger sample
was placed in a column 12.5 mm in diameter. The
fibers were compacted with a perforated piston to
reach the required thickness and density of the filter-
ing bed. The solution flow rate was controlled with
a peristaltic pump.

The ion exchanger tested was converted to the Na
form with 4% NaCl aqueous solution. Thereafter,
without washing off excess NaCl, the model hard
water was passed through the column. The eluate was
analyzed for Ca2+ by complexometric titration with
Acid Chrome Dark Blue indicator. From these data
the output sorption curves were obtained and the fol-
lowing sorption characteristics were calculated: the
volumes of softened water per unit of volume of sor-
bent V1 and V2, the sorption capacities of sorbent by
the moment of Ca2+ breakthroughE1 andE2, and the
efficiency of the column operationl1 and l2. The
lower index 1 relates to highly softened water contain-
ing no more than 0.02 mg-equiv dm3 Ca2+, which cor-
responds to the Ca detection limit by complexometric
titration. The lower index 2 relates to poorly softened
water containing 7 mg-equiv dm3 of calcium, which
corresponds to 5% calcium content relative to the

initial hard water. In accordance with recommenda-
tions reported in [9], water containing no more than
0.02% mg-equiv dm3 Ca is considered to be highly
softened water. Water of such quality can serve as
heat carrier for thermal and nuclear power plants.
Water containing from 0.02 to 0.7 mg-equiv dm3 Ca
is hard water suitable for replenishment of cooling
systems and for household consumption.

Commercial FIBAN K-1 fabric is nonwoven
needle-punched loose material with the bulk density
of 0.1 g cm33. In the use of this sorbent (2003
400 mesh) for water softening its performance can be
improved by compacting fibers within a column. This
procedure increases the volume capacity of the ion
exchanger, decreases its free volume, and increases
the packing density to 0.27 g cm33.

The efficiency of Ca removal from the model hard
water was studied as a function of variation of the
following factors: the ion exchanger bed height (h)
from 7 to 40 mm, the packing densityEV from 0.21 to
0.92 mg-equiv cm33, and the water flow velocity from
4 to 37 cm min31. The main parameters characterizing
the efficiency of water softening are listed in Table 2.
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C, mg-equiv dm33 C, mg-equiv dm33 C, mg-equiv dm33

C, mg-equiv dm33 C, mg-equiv dm33 C, mg-equiv dm33

(A) (B)

(C) (D)
(a) (b)

(b)(a)

V, ml V, ml V, ml

V, ml V, ml V, ml
Fig. 1. Output curves of Ca2+ sorption: (C) Ca2+ concentration; (V) solution volume passed through column. (A) Thickness of
filtering bedh = 20 mm, flow velocityv = 16.4 cm min31. Ion exchanger: (1) FIBAN K-1 and (2) KU-2. (B) (a) FIBAN K-1 and
(b) KU-2; h = 10 mm.v, cm min31: (1) 4.0, (2) 8.0, (3) 16.4, and (4) 37.0. (C) FIBAN K-1, h = 20 mm. Packing density of
sorbentEV, mg-equiv cm33: (1) 0.21, (2) 0.42, and (3) 0.83. (D) (a) FIBAN K-1 and (b) KU-2;v = 16.4 cm min31. h, mm:
(a) (1) 7, (2) 10, (3) 20, and (4) 30; (b) (1) 10, (2) 28, (3) 32, and (4) 40.

These data show that the compacted fibrous ion
exchangers ensure efficient water softening even at
a filtering bed height as small as 10 cm and high flow
velocity v = 37 cm min31. Under these conditions we
prepared a large batch of softened water, a portion of
which was highly softened. As seen from Table 2, the
efficiency of the column calculated as the ratio of its
sorption capacity by a moment of calcium break-
through to the total sorption capacity was fairly high
(l1 = 0.32 andl2 = 0.64). Our results show that the
most favorable conditions for water softening are
ensured by a column packed with highly compacted
strongly acidic fibrous ion exchanger at the bed height
(h) of 20330 mm and a water flow velocity of 163
37 cm min31.

With granular strongly acidic ion exchangers cal-
cium breakthrough occurs right after the start of filtra-
tion. Therefore, in preparation of deeply softened
water the filtering bed of the granular ion exchanger
must be higher than 40 mm. This is evident from the
shape and mutual arrangement of the output curves of
calcium sorption on fibrous and granular ion ex-
changers at a bed height of 20 mm (Fig. 1A). For ex-
ample, in the RECOFLO process based on water
softening on granular ion exchangers the high effi-

ciency of operation is reached at the filtering bed
height no less than 7.5 cm [10].

The dependence of the output curves of calcium
sorption on FIBAN K-1 and KU-2 strongly acidic ion
exchangers on the flow velocity of water through the
10-cm sorbent bed is shown in Fig. 1. In thecase of
FIBAN K-1 the output sorption curves are sym-
metrical, and their initial portion indicates the absence
of calcium breakthrough into the eluate. Thus, fibrous
sulfonic cation exchanger exhibits excellent kinetic
features which allow water softening even in filtration
through 10- or 20-mm filtering bed at a high flow
velocity.

It was found that a 10-fold variation in the filtration
rate insignificantly influences the calcium removal in
water softening on fibrous ion exchanger. With in-
creasing the flow velocity from 4 to 37 cm min31 the
efficiency of calcium removal decreases from 0.53
to 0.32 at high (l1) and from 0.86 to 0.64 at low
(l2) degrees of water softening.

Filtration of the model hard water through a thin
bed (10320 mm) of the standard KU-2 cation ex-
changer does not ensure water softening even at mini-
mal flow velocity. The output curves of calcium sorp-
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tion lack portion corresponding to the calcium-free
eluate. We found that calcium breaks through even
in the first eluate fractions.

The effect of the compaction degree of the fibrous
ion exchanger on the efficiency of water softening at
a sorbent bed height of 20 mm and a flow velocity of
16.4 cm min31 is shown in Fig. 1B.

These results show that even noncompacted fibrous
ion exchanger with the volume sorption capacity
of 0.21 mg-equiv cm33 exhibits fairly large dynamic
sorption capacity E2. With increasing the pack-
ing density of fibrous ion exchanger from 0.21 to
0.83 mg equiv cm33 the efficiency of the columnl2
increases from 0.62 to 0.78 (Table 2).

The output curves of calcium sorption by fibrous
and granular ion exchangers are compared in Fig. 1D
for different bed thicknesses at a flow velocity of
16 cm min31. These curves show that the standard
KU-2 granular cation exchanger has higher volume
sorption capacity and smaller free volume than the
fibrous cation exchanger. The volume sorption capac-
ity of KU-2 is 1.731.9 mg-equiv cm33, which is more
than twice that of the close-packed FIBAN K-1 fi-
brous cation exchanger (0.83 mg-equiv cm33).

It is possible that the advantages of granular sor-
bents can be used for water softening at a higher fil-
tering bed. For example, higher volume sorption
capacity of granular cation exchanger allows prepara-
tion of water of low softening degree containing
0.7 mg-equiv dm33 Ca with a filtering bed higher than
32 mm. In spite of a low efficiency of this process
(l2 is 0.35 and 0.62 at the filtering bed height of 32
and 40 mm, respectively), it allows preparation of
larger volume of softened water than with the fibrous
cation exchanger of equal bed height. However, in ob-
taining deeply softened water, granular cation ex-
changer exhibits very low efficiency. Filtration of
water through 20-mm and thinner bed of the fibrous
cation exchanger ensures more efficient removal of
calcium from water.

In water softening with the granular ion exchangers
under identical conditions calcium breaks through in
the first eluate fraction. At the same time, fibrous
FIBAN K-1 cation exchanger ensures exhaustive re-
moval of calcium from the first eluate fractions even
at a sorbent height as small as 7 mm (Table 2). The
efficiency of this process is sufficiently high (l2 =
0.34). All the tested fibrous sulfonic cation ex-
changers, irrespective of the bed height, are more ef-
ficient sorbents for preparation of deeply softened
water than the granular resin.

Based on experimental results, we evaluated that a

filtering unit for water softening equipped with the
filtering bed with a surface area of 1 m2 and 20 mm
high ensures preparation of 600 l of deeply softened
water within 20 min at the initial water hardness of
14 mg-equiv dm33.

Our experiments showed that the use of the filter-
ing beds prepared from close-packed thin-fiber ion ex-
changers can be promising in development of small
high-performance filtering units for deep water
softening.

CONCLUSIONS

(1) Owing to excellent ion-exchange kinetic char-
acteristics of thin (40mm) fibers in the fibrous FIBAN
K-1 ion exchanger, this sorbent can be used for effi-
cient water softening.

(2) The use of thin-fiber close-packed fibrous ion
exchangers considerably simplifies control of the
permeability and hydrodynamic resistance of filtering
beds to ensure the required conditions for water
softening.
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Abstract-The performance of FK-1 and FK-3 cationic polyelectrolytes and of newAMF-2 amphoteric poly-
electrolyte in treatment of the wastewater of finishing-and-dyeing production was studied as influenced
by the concentrations of flocculant and coagulant.

Due to the increasing environmental pollution, in-
cluding pollution of natural waters, development of
new effective reagents for treatment of wastewaters is
very urgent. Wastewater of the finishing-and-dyeing
production of textile industry contains various dyes
(up to 40% of the amount used) and concomitant
chemicals (such as sodium chloride, soda ash, sodium
hydroxide, acetic acid, etc.).

Such wastewaters are often treated with water-
soluble polyelectrolytes based on polyacrylonitrile
[1, 2]. It is known [3] that dyes are removed from
water using aliphatic or aromatic amines.

In this work we studied the performance of new
flocculants based on Nitron fiber scrap1 (NFS) in
treatment of the wastewaters from finishing-and-dye-
ing production2.

EXPERIMENTAL

In our work we used FK-1 cationic flocculant [4],
FK-3 cationic flocculant prepared by amidation of
NFS with 3-dimethylaminopropylamine [5], and new
AMF-2 amphoteric polyelectrolyte.

The AMF-2 polyelectrolyte was prepared in two
stages. In the first stage NFS was aminated with
3-dimethylaminopropylamine to the exchange capac-
ity of 5.035.5 mg-equiv g31. The resulting product
was washed with water to remove excess amine and
then hydrolyzed with 233% alkali at 953100oC for
233 h.

The resulting AMF-2 polyelectrolyte was studied
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Worsted-and-Dyeing Plant, Slonim, Belorus.
2 Polimir Production Association, Novopolotsk, Belarus.

by IR and 1H NMR spectroscopy. The IR spectrum
contains a broad band at 3400 cm31 belonging to the
stretching vibrations of the NH group and strong
bands at 1650 and 1710 cm31 typical of the 3C=O
vibrations in the amide and carboxy groups, respec-
tively. The bands at 1540 and 1400 cm31 are due to
the asymmetric and symmetric vibrations of the
3COO3 group.

The 1H NMR spectrum (CDCl3) contains the sig-
nals at 7.5 (3NHCO group), 3.2033.25 (methylene
protons in the3CH2NHCO group), and 2.2 ppm (CH3
groups). Some properties of the polyelectrolytes are
listed in Table 1.

Table 1. Properties of the polyelectrolytes*
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Polyelectro-³

[h], cm3 g31 ³ Exchange capacity,
lyte ³ ³ mg-equiv g31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
FK-1 ³ 42 ³SECamine= 7.0
FK-3 ³ 48 ³SECamine= 5.2
AMF-2 ³ 36 ³SECCOOH = 2.3,

³ ³SECamine= 5.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Main functional groups:
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C, mg-equiv g31

Fig. 1. Potentiometric titration curves of polyelectrolytes.
(C) Concentration (mg-equiv of titrant per gram of floccu-
lant). Polyelectrolyte: (1) FK-2, (2) FK-3, and (3) AMF-2;
the same for Fig. 2.

(a)

Cfl , mg l31

(b)

Cc, mg l31

Fig. 2. Degree of wastewater clarification as influenced by
concentrations of (a) flocculantCf and (b) coagulantCc.
(a, 4) Cc = 200 mg l31, and (b)Cf = 10 mg l31. (D) Optical
density.

The exchange capacity of cationic electrolytes was
determined from the inflection in the potentiometric
titration curve. A weighed portion of a polyelectrolyte
was titrated with a 0.1 M solution of hydrochloric
acid in a potentiometric cell [6] equipped with an
I-130 M ionometer. The exchange capacity of the
amphoteric polyelectrolyte was determined by the
procedure given elsewhere [7].

In our work we used pure grade Al2(SO4)3 .18H2O
and Ca(OH)2, distilled water, and other chemically
pure grade reagents. The intrinsic viscosity of the
polymer solutions [h] was measured on an Ubbelohde
viscometer at 20oC (dc = 0.56 mm).The optical den-
sity was measured on a KFK-2 photocolorimeter (l =
440 nm); the content of the petroleum products and
surfactants was determined on a Flyuorat 02 liquid
analyzer.

The chemical oxygen demand (COD) was meas-
ured by the bichromate oxidation procedure [8]. The
amount of bound chromium (hereinafter chromium)
was determined by titration [9]; and the water color
index was determined by the procedure used at the
plant, which is analogous to the procedure described
in [9].

The titration curves of the polyelectrolytes in ques-
tion are shown in Fig. 1. The FK-2 and FK-3 floccu-
lants are the cationic polyelectrolytes containing
weakly basic amino groups. The content of the amino
groups per gram of the polymer dried to constant
weight at 80oC was calculated from the inflection
points in the titration curves.

The inflection points in the titration curve of the
amphoteric polyelectrolyte are ill-defined, and thus the
content of amino and carboxy groups in this polymer
cannot be determined directly from the titration data.

The flocculation activity of polyelectrolytes was
evaluated using the real wastewater of the finishing-
and-dyeing production. First we determined the floc-
culation activity as influenced by the nature and con-
centration of the polyelectrolytes in question. The test
mixtures were stored for 1 h before measurements,
because previously we found [7] that at simultaneous
addition of the flocculant and coagulant nearly 60-min
storage is required for efficient purification of the
wastewater.

The dependences of the optical density on the con-
centration of polyelectrolytes at constant concentration
of the coagulantCc = const are shown in Fig. 2a.
With the cationic flocculants the degree of water clari-
fication is greater than with the amphoteric polyelec-
trolyte. At the same time, the clarification degrees for
FK-1 and FK-3 flocculants are similar. As seen from
Fig. 2a, the highest flocculation efficiency is observed
at concentrations of 10320 and 10330 mg l31 for
cationic and amphoteric polyelectrolytes, respectively.
At these concentrations polyelectrolyte macromole-
cules have the optimal ratio between the sign and
density of the charge and the extent of unfolding of
the macromolecular chains, providing interaction with
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the greatest number of the dispersed particles. With
increasing concentration above the optimum the
degree of water purification decreases, and this de-
crease is more abrupt with cationic flocculants as
compared with the amphoteric polyelectrolyte.

The effect of the coagulant Al2(SO4)3 concentra-
tion in the 1003300 mg l31 range was studied at con-
stant flocculant concentrationCf = const (Fig. 2b). As
seen, the total flocculation effect for all polyelectro-
lytes increases with increasing coagulant concentra-
tion, which is obviously due to more efficient coagula-
tion of the disperse phase.

The wastewater of the dyeing production contains
chromium, which occurs in the oxidation states (3+)
and (6+) depending on the nature of the dyes used,
petroleum products, and other organic compounds.
Therefore, we studied the performance of FK-1, FK-3,
and AMF-2 flocculants in treatment of wastewaters to
remove these pollutants. The results are summarized
in Table 2. As seen, the effect of FK-1 and FK-3 in
water treatment is similar, and the chromium concen-
tration in water depends only on the content of the
cationic polyelectrolytes added. In the course of treat-
ment the chromium concentration decreases to 0.123
0.11 mg l31 (i.e., by a factor of 2.7) at FK-1 and FK-3
concentrations of 10315 mg l31. However, the de-
crease in the chromium concentration is the most
abrupt at the cationic polyelectrolyte concentration of
5 mg l31, and further increase in the flocculant con-
centration only slightly affects the chromium content
in the solution. At FK-1 and FK-3 concentrations of
10315 mg l31 the content of petroleum products de-
creases by a factor of 3.734.2 and COD decreases by
a factor of 2.533.6. In thecase of amphoteric poly-
electrolyte, the content of chromium and COD de-
creases by a factor of 1.7 (to 0.18 mg l31) and 1.9,
respectively. The effect of the amphoteric flocculant
on the petroleum products is similar to that of the
cationic polyelectrolytes.

Based on laboratory tests, FK-3 flocculant was
selected as optimal, its pilot batch was prepared, and
the industrial trials were carriedout.

During industrial trials of the treatment process we
studied industrial wastewater containing dyes without
chromium. This wastewater was a dark cherry liquid
with characteristic odor. In the industrial process of
water treatment used at the plant Al2(SO4)3 coagulant
is added in combination with calcium hydroxide al-
kalizing agent. In the case of FK-3 flocculant, we used
only the coagulant because in the presence of this
polyelectrolyte the constant pH of the purified water
was attained. The results of industrial trials listed in

Table 2. Efficiency of wastewater purification using poly-
electrolytes.* Coagulant concentration 250 mg l31, content
in wastewater, mg l31: petroleum products 14.0 and chro-
mium 0.3; COD 480 mg l31

ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄ
Cf, ³ Cpp, ³ a1, ³ CCr, ³ a2, ³ COD, ³ a3,

mg l31 ³ mg l31³ % ³ mg l31 ³ % ³ mg O2/l³ %
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄ

FK-1

5 ³ 4.5 ³ 67.8³ 0.13 ³ 56.7³ 228 ³ 52.5
10 ³ 3.6 ³ 74.3³ 0.12 ³ 60.0³ 208 ³ 56.4
15 ³ 3.2 ³ 77.2³ 0.11 ³ 63.4³ 175 ³ 63.3
20 ³ 2.7 ³ 80.7³ 0.11 ³ 63.4³ 132 ³ 72.4

FK-2

5 ³ 4.4 ³ 68.6³ 0.13 ³ 56.7³ 232 ³ 51.7
10 ³ 3.7 ³ 73.6³ 0.12 ³ 60.0³ 205 ³ 57.1
15 ³ 3.3 ³ 76.4³ 0.11 ³ 63.4³ 181 ³ 62.3
20 ³ 2.6 ³ 81.4³ 0.11 ³ 63.4³ 138 ³ 71.3

AMF-2

5 ³ 4.5 ³ 67.8³ 0.2 ³ 33.4³ 275 ³ 42.2
10 ³ 3.7 ³ 73.6³ 0.28 ³ 40.0³ 253 ³ 47.0
15 ³ 3.4 ³ 75.8³ 0.18 ³ 40.0³ 253 ³ 47.0
20 ³ 2.7 ³ 80.7³ 0.18 ³ 40.0³ 252 ³ 47.5

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄ
* (Cpp) Content of petroleum products; Purification degree with

respect to (a1) petroleum products, (a2) chromium, and
(a3) COD.

Table 3. Properties of wastewater after its purification*
with FK-3 flocculant
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Cc ³ Cf ³
pH

³
b

³
C,

³
COD,ÄÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³ ³ ³

mg l31 ³ ³ ³ mg l31
³ mg O2/l

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
190 ³ 5 ³ 6.6 ³ 1 : 12³ 0.024 ³ 160
180 ³ 10 ³ 6.7** ³ 1 : 10³ 0.020 ³ 115
170 ³ 14 ³ 6.6 ³ 1 : 10³ 0.020 ³ 110
250*** ³ 3 ³ 6.3 ³ 1 : 30³ 0.025 ³ 195
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

* Characteristics of wastewater before treatment: pH 6.5,
dilution factorb = 1 : 55, content of anionic surfactantsC =
0.025 mg ml31, COD = 320 mg O2/l.

** Before treatment pH 6.6.
*** Treatment was performed in the presence of calcium hy-

droxide suspension (125 mg l31).

Table 3 are the averages of 536 measurements. As
seen from Table 3, simultaneous use of the coagulant
and calcium hydroxide did not provide the required
quality of purified water, which was determined by
the color index and content of organic compounds
(COD). At the same time FK-3 flocculant used in
combination with the coagulant allowed deodoration,
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decolorization (dilution factor decreased from 1 : 55
to 1 : 1031 : 12), decrease in COD by a factor of
2.032.3, anddecrease in the amount of the coagulant
used in the process.

Thus, FK-3 flocculant provides better purification
of the wastewater of the finishing-and-dyeing produc-
tion as compared with the existing processes.

CONCLUSIONS

(1) The flocculation activity of polyelectrolyte
flocculants prepared from Nitron fiber scrap in the
treatment of wastewaters of the finishing-and-dyeing
production depends on the concentration of the poly-
electrolytes and changes in the following order:
FK-3 = FK-1 > AMF-2.

(2) Industrial trials showed that the wastewaters of
the finishing-and-dyeing production are efficiently
purified with FK-3 flocculant at a concentration of
10 mg l31.
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Abstract-A new isothermal calorimetric method for measuring the combustion heat of gas, relying upon the
operation principle of the heat pipe, is considered together with the sequence of thermal processes occurring
when this method is used. The functional diagram of the calorimeter is analyzed. Two procedures for meas-
uring the heat effects are presented.

The increasing cost of natural gas has always
resulted, and does so now, in that the requirements to
the accuracy of measurement of its calorific value tend
to become increasingly stringent.1 At present, only
four studies concerned with precision measurement of
the combustion heat of methane are known [235].
Three of these [234] served as a basis for recommen-
dations concerning calculations of the combustion
heat of natural gas with an error of 0.12% [6] from
results of gas-chromatographic analysis of natural gas
composition.2

Lowering the error in determining the combustion
heat of methane requires that a set of investigations
should be carried out, comprising three independent
stages: (i) developing a method for absolute measure-
ments of the combustion heat of fuels,3 (ii) designing
a gas calorimeter to be used in this method, and
(iii) developing a procedure for measuring the com-
bustion heat of natural gas.

Despite significant differences in design, all the
known types of calorimeters possess a common fea-
ture: necessity for calibration, either electrically or
with the use of appropriate pure gases and gas mix-
tures. This procedure makes an additional contribution
to the total error of determining the combustion heat.
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 In the US, the combustion energy of natural gas is to be estab-
lished in conformity with the[Gas Act] adopted by the
Congress of the United States in 1978 with an error of no
more than 0.1% [1].

2 As far back as 1968, specialists pointed to the necessity for
performing new investigations in order to reduce the error in
question [7], which is only possible with fundamentally new
method and equipment.

3 To absolute measurement techniques are referred methods
in which the property being measured is related to basic units
by a known theoretical dependence [8].

Therefore, developing a combustion heat measure-
ment technique requiring no calorimeter calibration
will favor, all other conditions being the same, higher
measurement accuracy.

The following requirements to the method of com-
bustion heat measurement and the gas calorimeter to
be used in the process were formulated: the combus-
tion heat is to be measured in strict conformity with
the regulations, with an error of no more than 0.1%,
and absolute measurements (i.e., those without any
kind of calibration) are to be done at combustion heats
of gaseous fuels in the range 20350 MJ m33. The
measurement technique operating in the isothermal
mode was chosen. As shown by Weber [9], it is pre-
ferable to perform in this case direct measurements by
the compensation method. Such measurements can be,
under certain conditions, rather accurate and well re-
producible, especially when the Peltier effect is
employed to compensate heat released in exothermic
reactions.

The main difficulty encountered in developing an
isothermal gas calorimeter is the nonuniform distribu-
tion of temperature in the combustion chamber. This
problem has been solved by fast and loss-free conver-
sion of the combustion heat into the phase transition
heat compensated by means of the Peltier effect [10].

For this purpose, the calorimeter design is based
on the principle of operation of the heat pipe charac-
terized, on the one hand, by high heat conductivity
and, on the other, by the possibility of collecting heat
scattered over a large area and concentrating it in a
rather limited prescribed surface [11, 12].

Three zones can be distinguished in the heat pipe:
those of evaporation and condensation, and the inter-
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Fig. 1. Schematic of the heat pipe. Zone: (A) evaporation,
(B) transport, and (C) condensation. (1) Heater, (2) Peltier
elements, and (3) gas burner.

mediate zone. It is this specific feature of the heat
tube, and also the possibility of virtually zero-loss and
high-rate transfer of heat from the evaporation zone
into the condensation zone, that were used to ensure
absorption of heat released in gas combustion in the
evaporation zone, conversion of this heat into vapori-
zation heat, and transfer of the vapor into the con-
densation zone, where the condensation heat was
compensated by means of the Peltier effect.

Thus, the following sequence of thermal processes
occurs when the method in question is used:

Qcomb 6 Qvap,Tph.tr 6 Qcond,Tph.tr 4 QP.eff, (1)

where Qcomb is the heat of combustion of the gas,
Qvap, Tph.tr is the heat of vaporization of the working
liquid at the phase transition temperature,Qcond, Tph.tr
is the heat of condensation of the working liquid at
the same phase transition temperature, andQP.eff the
heat absorbed by the Peltier elements.

Taking into account that9Qvap, Tph.tr9 = 9Qcond,

Tph.tr9, we have9Qcomb9 = 9QP.eff9. Consequently,
the calculation equation for measuring the amount of
heat released in gas combustion by the given method
is as follows:

tfin

Qcomb = h
{
} I(t)dt 3 Qidle, (2)

tin

whereh is the Peltier coefficient of the given battery
at the boiling point of the working liquid;I is the
current fed into the Peltier elements to maintain con-

stant pressure or temperature, corresponding to a
prescribed boiling point of the working liquid in the
heat pipe;tin, tfin are the instances of current switch-
ing on and off in performing compensation; andQidle
is the thermal energy consumed by the heat pipe in
the idle mode.

To illustrate the set of operations constituting the
given method for measuring the combustion heat, we
use the functional scheme of the calorimeter shown
in Fig. 1.

The calorimeter design is based on a heat tube with
evaporation zoneA, in which a background heater for
heating the working liquid to its boiling point and
a gas burner are placed, and transport zoneB through
which the evaporated working liquid is fed into con-
densation zoneC and the condensate returns into
evaporation zoneA. Peltier elements are placed in
condensation zoneC in order to remove the heat re-
leased in condensation of an excess amount of vap-
orized working liquid. The vapor spaces of all the
three zones are interconnected.

The isothermal conditions are ensured by maintain-
ing prescribed vapor pressure of the working liquid or
its prescribed boiling point (condensation tempera-
ture). We chose to maintain constant the temperature
in one of three zones mentioned above. The control
and measurement circuits are shown schematically in
Scheme 1, where ATCU is the automated temperature
control unit.

Scheme 1.
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Control circuit of isothermal gas calorimeter.

Initially, the heat pipe is[turned on,] with the
Peltier current leveling-off at switched-on background
heater and working control system, which indicates
that the calorimeter has attained thermodynamic equi-
librium.

After ignition, the gas combustion heat is utilized
in the evaporation zone of the heat tube. As a result, a
certain part of the working liquid is vaporized and the
vapor passes through transport zoneB into the con-
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densation zoneC. Simultaneously with evaporation,
the vapor pressure of the working liquid and, corre-
spondingly, its boiling point rise, which is com-
pensated for by ATCU. The Peltier current necessary
for this purpose is recorded and integrated.

The gas combustion heat can be measured in two
gas feed modes: discrete and continuous. In the dis-
crete mode, portions of gas are burnt, whose precise
amount,Dm, is determined, e.g., by weighing the gas
cylinder before and after an experiment. The combus-
tion heatDH is calculated in this case by the equation

DH = Qcomb/Dm.

In the continuous mode, it is important to maintain
constant, with required accuracy, the flow rateG of all
gases fed into the burner. Here, the quantity being
measured is thermal powerP (W), rather than amount
of heatQ (J). The combustion heat is then calculated
using the equation

DH = PQ /GCH4
.

Thus, the quantity directly measured for maintain-
ing the isothermal conditions in a calorimetric ex-
periment is either the current passed through the
Peltier elements (discrete gas feed mode) or power
consumed by these elements (continuous gas feed
mode).

To achieve the highest possible accuracy in meas-
uring the gas combustion heat, it is necessary to deter-
mine sufficiently accurately the Peltier coefficienth,
on the one hand, and take into account the dependence
of the heat-eliminating power of Peltier elements on
the supply current, on the other. This dependence is
presented in Fig. 2.

Below are presented the results obtained in measur-
ing the thermal power of the background heater and
the current fed to the Peltier elements under the given
thermostating conditions (24.800+0.001oC):

IP, A Pb.h, W

1.4918+ 0.0001 55.554+ 0.004
1.5912+ 0.0001 58.505+ 0.005
1.6907+ 0.0001 61.378+ 0.004
1.5912+ 0.0001 58.517+ 0.005
1.4917+ 0.0001 55.568+ 0.004
1.3926+ 0.0001 52.531+ 0.005
1.2932+ 0.0001 49.399+ 0.005
1.3926+ 0.0001 52.531+ 0.005
1.4918+ 0.0001 55.569+ 0.004

Mention should be made here of the rather high
reproducibility of measurement results. The maximum

P, W

I, A

Fig. 2. Thermal powerP necessary to maintain the given
thermostating level (T = 24.800+ 0.001oC) vs. current
I passed through the Peltier elements.

deviation of power values obtained under similar
measurement conditions was 0.015 W (<0.03%).

However, high measurement accuracy can also be
achieved in another way: by eliminating the effect of
the given dependence on gas combustion heat meas-
urements. This can be done by controlling the power
fed into the background heater, provided that constant
heat removal is ensured by Peltier elements through
which the maximum stable current is passed. Its value
is chosen such that the heat pipe should transfer a
thermal power exceeding that released in combustion
of a gas supplied at the maximum admissible rate.
With this method of temperature control, the back-
ground heater acquires control functions and, there-
fore, the control circuit was modified to that shown
in Scheme 2.

Scheme 2.
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Modified control circuit of isothermal gas calorimeter.

At constant electric powerPcool fed into the Peltier
elements, a constant power, named initial electric
powerPin, Ti, is to be supplied to the electric heater in
order to maintain constant temperature in any zone of
the heat pipe.

Let us introduce one more, in addition to the con-
trol heater, heat source, gas burner, into the evapora-
tion zone of the heat pipe. Operating burner releases
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P, W T, oC

t, h

Fig. 3. (1) Long-term stability of the initial thermal power
Pin in idle operation of the heat pipe at room temperature
varying within 25+1oC. (2) Temperature curve. (P) Power,
(T) temperature, and (t) time.

thermal powerPQ. In this case the control system
changes the control heater powerPrun in such a way
that the total power released by the two heat sources
remains constant and equal to the initial powerPin,Ti
of the heater:

Pin, Ti = PQ + Prun. (5)

Thus, the thermal powerPQ released in gas com-
bustion is defined as the difference between the initial
power of the control heater and the power of the same
heater at operating burner:

PQ = Pin, Ti 3 Prun, Ti. (6)

The main requirement to be met in measuring the
thermal powerPQ released by the second thermal
power source is long-term stability (constancy) of
the total thermal powerPin at a given thermostating
level.

With all other thermostating conditions preserved,
Pin must remain constant regardless of whether only
the main heater is switched on, or there are additional
sources of thermal energy in the evaporation zone of
the heat pipe. Whether or not the measurements of the
thermal energy released by such sources are correct
depends on the extent to which the above requirement
is satisfied.

Figure 3 presents as illustration of the long-term
stability of Pin, Ti the results of measurements in the
course of 13 h. It can be seen that measurement fluc-
tuations are randomly distributed, which makes it pos-
sible to find the mean value ofPin, Ti to be 55.920+
0.001 W. The standard deviation from the mean can

be regarded as the characteristic of instability of
the initial electric power, equal in the given case to
0.002%.

To pass from the heat powerPQ, measured using
Eq. (6), to combustion heat of a gas, it is necessary to
satisfy some conditions following from the adopted
definition of the given quantity [5].

This refers in the first place to the requirement that
the temperature of gases at the calorimeter inlet
should be equal to that of combustion products at the
calorimeter outlet. In addition, it is necessary to
diminish the influence of evaporation or condensation
(depending on experimental conditions) of part of
water formed in combustion and take into account the
possible partial loss of this water with combustion
products.

CONCLUSION

A new isothermal calorimetric method was sug-
gested for measuring the combustion heat of gases,
relying upon the heat pipe principle and operating
in both discrete and continuous modes.
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Abstract-A novel burning calorimeter design based on a heat pipe is presented. A circuit for automated
control over operation of the proposed device is considered. The stability of the results is assessed. Several
accessory parameters affecting the reproducibility of measurement results are evaluated. One of recent designs
of the KTT-7 calorimeter, based on a thermosiphon, is analyzed. The uncertainty in heat power measurements
on KTT-7 is evaluated.

A new isothermal method, described in detail in
[1], was used in designing a gas calorimeter. It was
necessary to design such a heat pipe that could ac-
commodate a gas burner and ensure continuous re-
moval of water formed in gas burning. The desire
to diminish the error in measuring the heat energy
released in gas combustion to a level not exceeding
0.1% imposed additional requirements to the calorim-
eter design and choice of measuring equipment. To
achieve complete utilization of heat released in gas
burning and its transfer with minimum loss to the
condensation zone, a heat pipe was developed in the
form of a thermosiphon presented in Fig. 1.

Gas burner1 is situated within heat exchanger2.
The heat exchanger is close in its design to the known
combustion chambers used in industrial gas calorim-
eters. The heat exchanger is situated in the heating
zone of thermosiphon3 and is submerged in the
working liquid, for which freon was chosen.1

Control heater4 is also submerged in freon whose
boiling temperature is measured with thermometer5
placed directly in the bulk of the heat-transfer agent.
Battery6 of Peltier elements is situated at the opposite
end of the thermosiphon, with the Peltier elements
mounted within a special hollow forming the conden-
sation zone. The temperature of the heat-transfer agent
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The choice of Freon-11 as working liquid was primarily made

for the following two reasons. First, it is incombustible, which
is of no small importancewhen employing a gas burner.
Second, this substance happily combines a boiling point close
to the standardized 25oC and small, compared with that of
water, heat of vaporization.

is measured with thermometer8 whose signal is em-
ployed by the control circuit.

All specific design features of the calorimetric unit
were aimed (i) to reduce to the maximum possible
extent the heat loss both in the heat carrier evapora-
tion zone and in the condensation zone and (ii) to

Water from thermostat
Water to thermostat

Oxygen Oxygen
Gas + argon

Fig. 1. General view of the calorimetric unit.
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achieve the maximum possible similarity between the
heat-transfer agent flows from the evaporation zone to
the condensation zone in two operation modes: that
with control heater ([idle mode]) and that with a
switched-on additional heat source.2

Water and other combustion products are removed
through lateral tubes surrounding the central pipe of
the heat exchanger, as this is done in industry. The
condensate is collected in a receiver, which is situated
below the thermosiphon and serves as a hydroseal,
and removed from the calorimeter when accumulated
in sufficient amounts. Gaseous combustion products
ascend along the outer wall of the thermosiphon in the
clearance between the thermosiphon and its casing9,
which is intended to reduce heat loss, and removed
through the upper opening in the casing.

The automated system controlling the operation of
the measuring converter in the electric unit is based on
a Proterm 100 microprocessor temperature controller
with U10-15 power amplifier. As control transducer
serves ESP-01 100-W platinum resistance thermom-
eter calibrated in the temperature range 0330oC. To
ensure long-term stability of temperature, the ther-
mometer must be, in its turn, sufficiently stable,
which was verified. A 24-h variation of the thermom-
eter resistance did not exceed, in terms of temperature,
0.1 mK. The transducer is connected in an arm of
a measuring bridge operating on a type 373 power cell
with a voltage of 1.5 V. An R4830/1 resistance box
is connected in the standard arm of the measuring
bridge. The output signal of the bridge is fed into the
analog input of the temperature controller. The power
amplifier at the output of the temperature controller is
a thyristor amplifier with pulse-width modulation.

The control heater operates from a dc voltage
varying between 0 and 30 V. This voltage is supplied
to the heater through a shunt, reference resistance
standard of 0.1W, with a 1 : 100 potential divider
comprising two reference resistance standards of 10
and 1000W of 0.01 grade of accuracy connected in
parallel to the heater.

The Peltier elements were fed from a B5-47 sta-
bilized dc power source. Four in-series connected
Peltier elements (K-1-127-1.4/1.5) were used. The
current from the power source was supplied to the
elements through a shunt. The current passing through
the Peltier elements was determined by measuring the
voltage drop across this shunt. The temperature of
ÄÄÄÄÄÄÄÄÄÄÄÄ
2 As such an additional heat source can serve a gas burner or

electric heater used in experiments aimed at checking the
correctness of heat power measurements.

Table 1. Stability characteristics of the heat powerPin of
KTT-7 calorimeter
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Time elapsed³

Hour-average
³ rms deviation of Pin

³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄafter switch-on,
³ Pin, W ³ W ³ %h ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ ³ ³
2 ³ 51.220 ³ 0.007 ³ 0.014
3 ³ 51.175 ³ 0.009 ³ 0.017
4 ³ 51.151 ³ 0.009 ³ 0.017
5 ³ 51.167 ³ 0.008 ³ 0.015
6 ³ 51.165 ³ 0.007 ³ 0.014
7 ³ 51.176 ³ 0.009 ³ 0.017
8 ³ 51.177 ³ 0.008 ³ 0.016
9 ³ 51.189 ³ 0.007 ³ 0.015

10 ³ 51.197 ³ 0.008 ³ 0.016
2310 ³ 51.180 ³ 0.003 ³ 0.005

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

the hot junctions of the Peltier elements was set to be
25oC and was maintained constant to within 0.005oC
by means of thermostating.

The measuring part of the control unit is based on
an AK-6.20 (Aksamit) computerized measuring sys-
tem with IBM PC. The limits of the admissible basic
error of voltage measurement by Aksamit were
+(100U + 1) mV. The power of the control and addi-
tional (in verifying the method adequacy) heaters was
measured with the same known technique.

Tests of the KTT-7 calorimeter were commenced
with determining the long-term stability of the initial
heat powerPin transferred by the thermosiphon under
prescribed conditions (Table 1). In preliminary ex-
periments, the time in which thermal equilibrium is
attained was found to be 1 h. Therefore, account was
taken of measurements obtained after 1 h, which is
reflected in Table 1.

The average (over 9 h) initial heat power (
3
Pin)

was calculated from 1-h average values presented in
Table 1, rather than from the entire data array whose
values were measured at intervals of 1 s. The pre-
sented results confirmed high stability of the initial
heat power of the KTT-7 calorimeter.

In the next stage, accessory parameters (thermostat-
ing temperatureTc; prescribed current passed through
the Peltier elements,IP; and prescribed temperature of
hot junctions of the Peltier elements,TP) were studied
in detail.

As prescribed thermostating temperature was
chosen, on the basis of preliminary experiments,Tc =
24.900oC. To determine the effect of deviations ofTc
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Table 2. Heat powerPin transferred by KTT-7 calorimeter
at different thermostating levels
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Tin, oC
³ Pin ³ DP
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ W

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
25.100 ³ 43.410 ³

³ ³ 0.346
24.900 ³ 43.064 ³

³ ³ 0.431
24.700 ³ 42.633 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Initial heat powerPin transferred by KTT-7 in
relation to current IP passed through Peltier elements
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

IP, A
³ Pin ³ DP ³

DP/DI,ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´
³ W ³ W A31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
0.800 ³ 35.247 ³ ³

³ ³ 7.9797 ³ 38.98
1.000 ³ 43.044 ³ ³

³ ³ 7.131 ³ 35.66
1.200 ³ 50.175 ³ ³

³ ³ 10.200 ³ 34.00
1.500 ³ 60.375 ³ ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 4. Initial power Pin in relation to hot junction
temperature
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

T, K
³ Pin ³ DP ³

DP /DT,ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´
³ W ³ W K31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
26.00 ³ 41.627 ³ ³

³ ³ 1.417 ³ 1.4
25.00 ³ 43.044 ³ ³

³ ³ 1.642 ³ 1.6
24.00 ³ 44.686 ³ ³

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

within its controlled variation range (+0.001oC) on
the stability ofPin, a set of measurements was carried
out. The change of the thermostating level from the
prescribed value was chosen to be 0.200oC. The
obtained results are presented in Table 2.

Thus, withTc maintained constant within+0.001oC,
the heat power varies within+0.002 W.

The currentIP passed through the Peltier elements
was measured with the use of B5-47 high-stability dc
power sources. The prescribed current was maintained
to within +0.0001 A. The variation of theDP/DI coef-

ficient with current strength is due to the nonlinear
dependence of the Peltier effect on current. Neverthe-
less, the obtained results allow evaluation of the
possible fluctuations ofPin, caused by the instability
of current passed through the Peltier elements. In the
case in question, these fluctuations did not exceed
+0.004 W or 0.008% (Table 3).

The temperatureTP of the hot junctions of the
Peltier elements was maintained constant by their
thermostating with a water thermostat. To assess the
influence exerted by the instability of the hot junction
temperature on the possible heat power fluctuations, a
set of measurements of the initial heat powerPin was
performed at different thermostat temperatures.

As follows from Table 4, when the temperature of
water thermostating the hot junctions is maintained
constant within+0.005oC, the fluctuations of the heat
power transferred by the calorimetric unit will be
+0.008 W.

The estimate of the conversion coefficient and as-
sessment of the influence exerted by the stability of
accessory parameters made it possible to formulate
requirements to the equipment used in the control and
measurement unit of the calorimeter.

The next stage in studying the calorimeter was
verification of the adequacy of measurement of the
heat powerPQ. For this purpose, the gas burner was
replaced with an additional electric heater-simulator.
A constant electric power was fed into the heater.
Simultaneously, all gases (with the exception of the
combustible gas) were supplied into the calorimeter at
such rates that their total amount corresponded to the
amount of combustion products formed at the maxi-
mum flow rate of the combustible gas. In parallel, the
electric power fed into the simulator was measured by
the known direct method [1].

The set of measurements consisted in alternating
operation of the calorimetric unit in the[idle] mode
and with switched-on simulator. The duration of work
in each mode was 3 h. The data for the last two hours
were used for further calculations. The obtained
results are presented in Table 5 and Fig. 2.

As Pin was taken the average value for the stage
preceding the simulator switch-on and that following
the simulator switch-off. The electric power supplied
to the simulator was taken to be the true value

3
Ptr =

25.510+0.006 W. The average heat power released at
the simulator and transferred by the thermosiphon was
found to be

3
PQ = 25.503+0.014 W.

As follows from the performed set of measure-
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Table 5. Comparison of measured electric powerPtr fed into the simulator with the heat powerPQ transferred by the
thermosiphon
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Pin ³ Prun ³ PQ = Pin 3 Prun ³ Ptr ³ d = Ptr 3 PQ
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

W (%) ³ W ³ %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

52.418+0.015 ³ 26.797+0.019 ³ 25.621+0.024 ³ 25.556+0.005 ³ 30.065 ³ 30.25
(0.03%) ³ (0.07%) ³ (0.09%) ³ (0.02%) ³ ³

52.325+0.012 ³ 26,803+0.010 ³ 25.522+0.016 ³ 25.529+0.0018 ³ 0.007 ³ 0.03
(0.02%) ³ (0.04%) ³ (0.06%) ³ (0.007%) ³ ³

52.362+0.015 ³ 26,864+0.017 ³ 25.498+0.023 ³ 25.510+0.001 ³ 0.012 ³ 0.05
(0.03) ³ (0.06) ³ (0.09) ³ (0.004) ³ ³

52.353+0.017 ³ 26.855+0.015 ³ 25.498+0.023 ³ 25.517+0.002 ³ 0.019 ³ 0.07
(0.02) ³ (0.06) ³ (0.09) ³ (0.006) ³ ³

52.375+0.031 ³ 26.904+0.010 ³ 25.471+0.032 ³ 25.505+0.0007 ³ 0.034 ³ 0.13
(0.06) ³ (0.04) ³ (0.12) ³ (0.003) ³ ³

52.431+0.014 ³ 26.930+0.013 ³ 25.501+0.019 ³ 25.503+0.001 ³ 0.002 ³ 0.008
(0.03) ³ (0.05) ³ (0.08) ³ (0.004) ³ ³

52.436+0.013 ³ 26.923+0.019 ³ 25.513+0.023 ³ 25.499+0.001 ³ 30.014 ³ 0.06
(0.02) ³ (0.07) ³ (0.09) ³ (0.004) ³ ³

52.424+0.033 ³ 26.948+0.013 ³ 25.476+0.035 ³ 25.497+0.001 ³ 0.021 ³ 0.08
(0.06) ³ (0.05) ³ (0.14) ³ (0.004) ³ ³

52.464+0.013 ³ 26.980+0.011 ³ 25.484+0.017 ³ 25.494+0.0006 ³ 0.010 ³ 0.04
(0.02) ³ (0.04) ³ (0.07) ³ (0.003) ³ ³

52.489+0.011 ³ 27.047+0.016 ³ 25.442+0.019 ³ 25.493+0.0007 ³ 0.051 ³ 0.20
(0.02) ³ (0.06) ³ (0.08) ³ (0.003) ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

ments, the discrepancy between the electric powerPtr
fed into the simulator andPQ established in calorimet-
ric measurements was as low as 0.007 W or 0.03%,
which is within a random error. The obtained results
point to the absence of any systematic error in meas-
uring the heat power on the given calorimeter. There-
by, prerequisites were created for passing to measure-
ments of the gas combustion heat.

However, before passing directly to the procedure
of gas burning it was of interest to evaluate the un-
certainty of measurement of the heat powerPQ in the
KTT-7 calorimeter [2]. In view of the fact that the
random error can be reduced by increasing the number
of observations, let us estimate the number of obser-
vations [2] necessary for reducing the random error to
a desired value. For this purpose, let us use the equa-
tion presented in the ISO standard [3]:

n1/2 = ts/d = 30,

where d is the desired value of the random error
(0.01 W), n is the number of measurements,s is the
standard deviation of a single measurement (<0.15 W
for KTT-7), and t is Student’s number (taken to be
2 because of the large number of measurements).

Thus, it suffices to have 900 points in measure-
ments with KTT-7 in order to obtain a random error
of measurement not higher than 0.01 W, which con-
stitutes about 0.04% of the value being measured. The
duration of measurement should be greater than, or
equal to 135 min. In the reported set of measurements,
the duration of each stage was 3 h, of which two were
used for processing.

In evaluating the measurement uncertainty, it is
important to escape[double counting] of uncertainty

P, W T, oC

t, h

Fig. 2. Variation with time of the (1) power of the con-
trolling heater in idle mode and with switched-on additional
heater-simulator (Ptr) and (2) casing temperature.Ptr =
25.510+0.006 W. (P) Power, (T) temperature, and (t) time.
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components [2]. As applied to the obtained results,
this means that the uncertainties due to the accessory
parameters considered above should not be taken into
account separately in group B, but are part of the
uncertainty evaluated in group A in the form of a
standard deviation

3
UA(PQ) = 0.014 W or

~
UA(

3
PQ) =

0.05%.

With account of the metrological characteristics of
the equipment used in power measurements, the total
standard uncertainty for group B,UB, was found,
using the calculation procedure described in [4], to be
~
UB = 0.01%.

Thus, the total standard uncertainty in heat power
measurement with a KTT-7 calorimeter

~UC = (~U2
A + ~U2

B)1/2 = 0.05%.

In principle, this is sufficient for passing to devel-
opment of a procedure for measuring the combustion
heat of gases with an error of about 0.1%.

CONCLUSION

As a result of the investigations performed, a
calorimeter design was developed, which allows the
heat released in gas combustion to be measured by the
absolute method with required accuracy (+0.1%).
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Abstract-Factors that are to be taken into account in developing a calorimetric technique are considered.
The possible deviations of temperatures at the inlet and outlet of gases in the calorimeter from the nominal
values are evaluated and an example of such estimate is given for the case of methane burning in batch and
continuous operation modes. The necessity for taking into account the humidity of gases fed into the calorim-
eter burner is demonstrated. The proposed method was used to perform absolute measurements of the combus-
tion heat of methane.

The proposed technique for measuring the combus-
tion heat of natural gas was developed for an isother-
mal calorimeter of original design, described in detail
previously [1, 2]. Our goal was to make introduction
of any corrections unnecessary. In this case, the gas
combustion heat can be calculated from the amount of
burnt gas and the measured heat powerPQ released
in its combustion.

From the existing wide variety of definitions of the
notion [combustion heat of a gas] [3311] follows that,
to solve the problem in question, it is necessary (1) to
refine the temperature to which the combustion heat is
reduced and (2) to ensure, taking into account item 1,
that the temperatures of gases fed into the burner and
discharged combustion products are equal.

Further, the following standard combustion condi-
tions were used:Tc = 25oC, pc = 101.325 kPa.

Another important factor to be taken into account
in developing a calorimetric technique is the content
of water vapor in the gas being burnt. The following
variants are distinguished [5]: (1) gas to be burnt is
saturated with water vapor prior to being fed into
the calorimeter; in this case, combustion heat related
to 100% humid gas is measured; (2) gas to be burnt is
dried prior to being fed into the calorimeter; the ob-
tained combustion heat is related to dry gas [5]; and
(3) gas to be burnt is fed into the calorimeter with
the humidity it has; the measured value is the com-
bustion heat of real gas.

Thus, the above circumstance is to be taken into
account in comparing gas combustion heat values

obtained by different methods. The most logical and
promising method is direct measurement of the com-
bustion heat of a real gas.

The measured heat effect in gas burning may be
over- or underestimated for internal or external
reasons. To internal factors are related effects depend-
ing both on the difference of heat capacities of gases
fed into the calorimeter and combustion products and
on heat of vaporization (condensation) of water vapor
arriving at the calorimeter together with feed gases
and formed as a combustion product. Therefore, the
calorimetric procedure should reduce the effect of
internal factors to the maximum possible extent.

External effects are associated with heat exchange
between the calorimeter and the environment. Their
influence can be substantially reduced by heat insula-
tion, and attention was given to this fact in designing
the calorimeter.

Gases fed into the calorimeter were preliminarily
thermostated in a water thermostat at 25oC. The tem-
perature maintained in the KTT-7 calorimeter was
chosen in such a way that the temperature in the heat-
ing zone of the thermosiphon was close to 25oC. The
combustion products at the heat-exchanger outlet
acquired a temperature close to this value. Below, we
estimate possible deviations of the above temperature
from the nominal value on condition that the error
associated with such a deviation does not exceed
0.01%.

Let us calculate the correction for deviation of the
temperature of incoming gases and combustion gases
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from 25oC in methane burning

CH4 + 2O2 6 CO2 + 2H2O. (1)

The additional amount of heat entering the calorim-
eter with each of the incoming gases or absorbed by
each of these is given by

Qin, j = nin, j CP, j (Th.p. 3 Tin), (2)

wherenin. j is the number of moles of a gas fed into
the calorimeter,CP, j is the molar heat capacity of
a given kind of gas,Tth.t is the heat pipe thermostat-
ing temperature, andTin is the temperature of gas
at the inlet of the gas pipe.

The amount of heat removed from the calorimeter
with each of the combustion products is

Qfin.j = nfin, jCP, j (Tfin 3 Th.p.), (3)

where nfin.j is the number of moles of combustion
products andTfin is the outlet temperature of the com-
bustion products.

Thus, the total measured amount of heat, which
either arrives at the calorimeter or is removed there-
from with each kind of gas, is given by

DQj = nin, j CP, j (Th.p. 3 Th) + nfin, j CP, j (Tfin 3 Th.p.)

= CP, j (nin, j 3 nfin.j)Th.p. + nfinTfin 3 nintin,

DQj = CP, j [(Vin, j 3 Vfin.j)Th.p. + Vfin.jTfin 3 Vin, jTin]/V0,
(4)

where V0 is the true molar volume of a given kind
of gas.

The gas volumes at the inlet and outlet may coin-
cide, differ, or even be zero for one of the gases.

Let us evaluate, for the example of methane burn-
ing, the effect of deviation from 25oC of the tempera-
ture of gas at the calorimeter inlet and that of com-
bustion products at its outlet.

(1) Methane CH4:

VCH4, in = VCH4
, VCH4,fin = 0,

DQCH4
= [CP

CH4(Th.p. 3 Th) VCH4
]/V0.

(2) Oxygen O2: (a) oxygen entering into reaction
in accordance with the equation

VO2, eq.in = 2VCH4
, VO2, eq. = 0,

DQO2, eq = [CP
O2(Th.p. 3 Tin)2VCH4

]/V0.

(b) oxygen supplied in excess:

VO2, ex = VO2,S 3 VO2, eq = VO2,S 3 2VCH4
,

DQO2, ex = [CP
O2(Tfin 3 Tin)(VO2,S 3 2VCH4

).

(3) Argon:

VAr, in = VAr, fin = VAr.

As shown below, the optimal conditions of burning
are those with the volume (flow rate) of argon equal
to that of methane, and, therefore, we takeVAr =
VCH4

:

DQAr = [CP
Ar (Tfin 3 Tin) VAr]/V0

= [CP
Ar (Tfin 3 Tin) VCH4

]/V0.

(4) Carbon dioxide CO2:

VCO2, in = 0, VCO2, fin = VCH4
,

VCO2
= [CP

CO2(Tfin 3 Th.p.) VCH4
]/V0.

(5) Water H2O: (a) water formed by oxidation
(condensate). Taking into account thatVH2O = 2VCH4

,
we have for the mass of condensed water

mcon
H2O, l = MH2OVH2O/V0 = 2MH2OVCH4

/V0,

VH2O = mcon
H2O, lCP, l

H2O
(Tfin 3 Th.p.) (5)

whereCP, l
H2O

is the heat capacity of water (J g31 K31).

(b) Water vapor corresponding to saturated state of
gases fed into the calorimeter burner and of combus-
tion products. Assuming that the amount of water
vapor fed into the calorimeter with water-saturated
oxygen is equal to the amount of water vapor removed
from the calorimeter, we have

VH2O, vap = mvap
H2O,CP, l

H2O
(Tfin 3 Tin) (6)

wheremvap
H2O = aVO2,S, anda is the content of water

in a saturated gas at a given temperature [12]:

T, oC 20 24 25 26 30
a, g m33 17.29 21.77 23.04 24.37 30.37

The conditions when this assumption is valid are
given below.

In addition, one more assumption is made, consist-
ing in that the saturated vapor pressure of water in
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Scheme of gas feed
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oxygen and combustion products is taken to be con-
stant in the considered range of deviations (~0.1oC) of
Tin and Tfin from 25oC.

(c) Evaporation or condensation of water present
in combustion products in the liquid or gas phase as a
result of the above deviation of temperature:

Vph.tr
H2O

= (aTfin
3 aTin

) V
S

c.prq, (7)

where q is the specific heat of the liquid46vapor
phase transition, 2.44 kJ g31 at 25oC; andVS

c.pr is the
total volume of gaseous combustion products.

The presented formulas for evaluating the effect of
deviation of the temperatures of gases fed into the
calorimetric cell and combustion products removed
from the cell refer to the case of calorimeter operation
in the batch mode. However, the continuous mode is
preferable under industrial conditions, since it allows
permanent control over the calorific value of gases. In
this case, heat powerP (W) should be substituted
in the above equations instead ofQj (J), and the re-
spective gas flow ratesGj (l h31), instead of volumes
Vj (l).

Let us consider burning of methane in the continu-
ous mode at constant (2, 2.5, or 3.0 l h31) flow rate
G"CH4

of the gas (see scheme).

The flow rates of primary (GÒ2
) and secondary

(G"O2
) oxygen are chosen in accordance with the re-

commendations given in [13] and presented Table 1,
which also lists the flow rates of the other gases.

To prevent additional condensation of water vapor
or condensate evaporation, argon was fed into the
burner simultaneously with methane and the whole

amount of oxygen was preliminarily saturated with
water vapor at 25oC. In methane burning at a flow
rate of 2 l h31, a heat power of 22.13 W is to be
released. As a result of the above-considered deviation
of temperature (+0.10oC) from Tc = 25oC, a decrease
or increase in the measured heat power will be+1.060
1033 W, which corresponds to a relative error of 50
1033%. The relative error will be the same at other
methane flow rates (e.g., 3 l h31) if the mentioned
relations between the flow rates of gases fed into the
calorimeter are observed.

Thus, to confine the effect of deviations of the
temperatures of gases fed into the calorimeter and
combustion products discharged from the calorimeter
to within 0.01%, it suffices to maintain this tempera-
ture deviation equal to, or less than 0.10oC.

From Tables 2 and 3 follows that about 50% of the
correction is accounted for by evaporation or con-
densation of water,DPph.tr

H2O
. And this occurs on the

assumption that there is no water condensation due to
a decrease in the volume of gaseous combustion prod-
ucts, compared with that of the gases entering the
reaction.

Let us consider the conditions under which this
assumption is valid. For this purpose, let us revert to
the three possible gas burning conditions, but consider
only two of these: (1) combustible gas and oxygen are
completely saturated with water vapor atT = 25oC
and (2) combustible gas and oxygen are completely
dried. In doing so, we will take into account not only
the humidity of the gas being burned, but also that
of oxygen.

Variant 1. Let us take the methane flow rate to be
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Table 1. Overall balance of gases and combustion products in relation to methane flow rate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component ³ Parameter ³ Gas flow rate Gj, l h31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Initial state

Methane ³ GCH4
³ 2.00 ³ 2.50 ³ 3.00

Oxygen ³ GO2, eq ³ 4.00 ³ 5.00 ³ 6.00
³ GO2,S ³ 6.00 ³ 7.50 ³ 9.00
³ ³ ³ ³³ GÒ2

³ 1.00 ³ 1.20 ³ 1.50
³ ³ ³ ³³ G"O2

³ 5.00 ³ 6.30 ³ 7.50
³ ³ ³ ³Water vapor ³ m298

H2O, g ³ 0.138 g h31 ³ 0.173 g h31 ³ 0.207 g h31

³ ³ ³ ³Argon ³ GAr ³ 2.00 ³ 2.50 ³ 3.00
Total flow rate ³ G

S, h ³ 10.00 ³ 12.50 ³ 15.00

Final state

Carbon dioxide ³ GCO2
³ 2.00 ³ 2.50 ³ 3.00

³ ³ ³ ³Water (condensate) ³ mcon
H2O ³ 3.223 g h31 ³ 4.028 g h31 ³ 4.834 g h31

³ ³ ³ ³Water vapor ³ mvap
H2O ³ 0.138 g h31 ³ 0.173 g h31 ³ 0.207 g h31

³ ³ ³ ³Oxygen ³ GO2, ex ³ 2.00 ³ 2.50 ³ 3.00
³ ³ ³ ³Argon ³ GAr ³ 2.00 ³ 2.50 ³ 3.00

Total gaseous combustion³ G
S, fin ³ 6.00 ³ 7.50 ³ 9.00

products ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Input data for calculations [3, 14]
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component ³ Heat capacityC0
P, J mol31 K31 ³ Molar volume (true)V001033, m3 ³ Molar massM, kg kmol31

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Methane ³ 35.942 ³ 22.3600 ³ 16.043
Carbon dioxide³ 37.254 ³ 22.2569 ³ 44.010
Oxygen ³ 29.307 ³ 22.3914 ³ 31.9988
Argon ³ 20.704 ³ 22.3937 ³ 39.948
Water vapor ³ 33.586 ³ 21.629 ³
Water ³ 4.19 J g31 K31 ³ ³ 18.0152
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Correction for deviation of the temperature of gases fed into the calorimeter and combustion products discharged
from it from Tc = 25oC. Methane flow rate 2 l h31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Heat powerP, W
³ Th.p.3 Tin = 0.10, ³ Th.p.3 Tin = 30.10, ³ Th.p.3 Th = 0.0, ³ Th.p.3 Tin = 0.0
³ Tfin 3 Th.p. = 0.0oC ³ Tfin 3 Th.p. = 0.0oC ³ Tfin 3 Th.p. = 0.10oC ³ Tfin 3 Th.p. = 30.10oC

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
DPO2, eq. ³ 1.450 1034 ³ 31.450 1034 ³ 0 ³ 0
DPO2, ex ³ 0.720 1034 ³ 30.720 1034 ³ 0 ³ 0
DPCH4

³ 0.890 1034 ³ 30.890 1034 ³ 0 ³ 0
DPAr ³ 0.510 1034 ³ 30.510 1034 ³ 0.510 1034 ³ 30.510 1034

³ ³ ³ ³
DPvap

H2O ³ 0.160 1034 ³ 30.160 1034 ³ 0.160 1034 ³ 30.160 1034

DPCO2
³ 0 ³ 0 ³ 0.930 1034 ³ 30.930 1034

³ ³ ³ ³
DPcon

H2O ³ 0 ³ 0 ³ 3.740 1034 ³ 33.740 1034

³ ³ ³ ³
DPph.tr

H2O
³ 0 ³ 0 ³ 5.290 1034 ³ 35.290 1034

j = 8 ³ ³ ³ ³
S P ³ 3.730 1034 ³ 33.730 1034 ³ 10.630 1034 ³ 310.630 1034

j = 1 ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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2.5 l h31 at an excess of oxygen equal to 50%. Both
methane (GCH4

= 2.5) and oxygen (GO2,S = 7.5 l h31)
are saturated with water vapor atT = 25oC. In this
case, a water vapor flow (Gvap

H2O = 0.2304 g h31) is fed
into the burner together with the mentioned gases
(G

S = 10 l h31). At the same time, a water vapor flow
(Gvap

H2O = 01152 g h31) is discharged from the calorim-
eter together with the combustion products, whose
total flow rate is 5 l h31, including 2.5 l h31 of O2, ex
and 2.5 l h31 of CO2. Thus, the decrease in the com-
bustion product volume leads to continuous condensa-
tion of excess water vapor, accompanied by additional
heat power releaseDPph.tr

H2O = 0.078 W. This additional
heat power constitutes 0.28% of the heat power
(27.66 W) released in combustion of methane deliv-
ered at a rate of 2.5 l h31. It is by this value that the
measured combustion heats will be overestimated
when not only methane, but oxygen, too, are com-
pletely saturated.

Variant 2. The flow rates of methane and oxygen
remain the same. However, neither methane nor oxy-
gen are saturated with water vapor, but are, contrast-
ingly, subjected to complete drying. In this case, no
water vapor is delivered to the burner with the given
gases. However, we have at the calorimeter outlet, in
addition to the formed CO2 and excess amount of
oxygen (with the flow rates of these two remaining
equal to 5 l h31), also a water vapor flow discharged
from the calorimeter at the same rate of 0.1152 g h31

owing to saturation of these gases with water formed
in methane combustion. It is by this value (0.28%)
that the results of methane combustion heat measure-
ments will be lower than its true value.

Variant 3. To eliminate the effect of changes in
the volumes of combustion products on the results of
combustion heat measurements, the following proce-
dure is proposed: only the flow of oxygen (both prim-
ary and secondary) is saturated with water vapor, with
the flow rates of methane (2.5 l h31) and oxygen
(taken in 50% excess) remaining unchanged. How-
ever, an additional amount of dry argon with the flow
rate equal to that of methane is delivered. The last
two factors play the key role in the process under
consideration.

Thus, the following flows are fed into the burner:

G
S, inlet = GCH4

+ G
S, O2, inlet + GAr = 2.5 + 7.5 + 2.5

= 12.5 l h31.

Together with these, a water vapor flow is
delivered:

GH2O, inlet = aG
S,O2, inlet = 0.023040 7.5

= 0.1728 g h31.

The flow of combustion products will be

G
S, out = GCO2

+ GO2, ex + GAr = 2.5 + 2.5

+ 2.5 = 7.5 l h31.

Together with this flow, a flow of water vapor is
discharged:

GH2O, out = aG
S, out = 0.023040 7.5 = 0.1728 g h31.

In the proposed variant of gas feed into the burner,
both water vapor condensation (as in Variant 1) and
evaporation (loss) of water (as in Variant 2) can be
completely eliminated.

These conditions served as a basis for a technique
of gas burning, and it is these conditions that were
taken into account in evaluating the effect of deviation
of the temperaturesTin and Tfin from Tc = 25oC.

Thus, the developed technique for gas burning with
the use of the designed isothermal calorimeter (1) en-
ables continuous measurements of the combustion
heat; (2) eliminates condensation of water vapor and
evaporation of water, both of these resulting from
changes in the volume of combustion products; and
(3) reduces to a negligible minimum (<0.01%) the
effect of differences between the heat capacities of
gases at the inlet and outlet of the calorimeter at
deviation of the temperatures of these gases and com-
bustion products by less than+0.10oC from 25.00oC.

Continuous measurements are enabled by using mo-
dern electronic units for control over mass flow rates
of gases. The most stringent requirements are imposed
on the flow rate control unit of the combustible gas.
The optimal case is that when the flow rate control
units ensure for the combustible gas an error of no
more than 0.05% at gas flow rates in the range 13

4 l h31. It suffices to maintain the flow rates of the
other gases constant with an error of no more than 1%.

To implement the proposed technique, the calorim-
eter was equipped with a unit for gas preparation and
processing, which included electronic flow rate con-
trollers for the combustible gas, primary oxygen, sec-
ondary oxygen, and argon; vessels for saturation of
primary and secondary oxygen with water; and four
heat exchangers in a thermostat, used for thermostat-
ing at 25oC of each of the above-mentioned four
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Table 4. Heat power released in calorimeter in methane
combustion. Methane flow rate 2.50090 1033 m3 h31

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Pin ³ Prun ³ PQ ³

Combustion heatÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´
W ³ HV

calc, kW h m33

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
51.348 ³ 23.706 ³ 27.642 ³ 11.053
51.457 ³ 23.793 ³ 27.664 ³ 11.062
52.374 ³ 24.713 ³ 27.661 ³ 11.060
52.276 ³ 24.526 ³ 27.750 ³ 11.096

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

gases prior to their being delivered to the combustion
chamber.

To ensure complete saturation at 25oC, both oxy-
gen flows (primary and secondary) were preliminarily
saturated with water vapor at 40350oC prior to being
delivered into the thermostat. The temperature of the
combustion products at the calorimeter outlet was
maintained constant in such a way that its deviation
from 25.00oC did not exceed 0.10oC.

The combustion heat of methane was measured
with pure (no worse than 99.95%) methane purchased
from Linde Co. in a 40-l cylinder.

The gas flow rate was controlled by electronic con-
trol units manufactured by Bronkhorst High-Tech BV.
The control unit for methane was additionally cali-
brated at a single point (50%) using a primary gas
flow rate standard. At this point, the mass flow rate
was found to be, according to 10 measurements,
4.98440 1034 g s31, and the volumetric flow rate,
calculated with account of the methane density of
0.7175 kg m33 under normal conditions, was 2.50090
1033 m3 h31. The calibration uncertainty was 0.17%.
The measurement conditions were as follows:

Controlled temperatureTcontr 24.900+0.001
Current passed through Peltier elements, 1.20+0.0001
IP, A
Temperature of hot junctions of these 25.00+0.002
elements (TP)
Temperature of gases at calorimeter 25.00+0.002
inlet, Tg
Temperature of combustion products 25.0+0.1
at outlet, Tcomb.pr
Methane flow rateGCH4

, m3 h31 2.500901033

Flow rate of primary oxygen,GÒ2
, 1.0001033

saturated with H2O, m3 h31

Flow rate of secondary oxygen,G"O2
, 5.0001033

saturated with H2O, m3 h31

Flow rate of dry argon,GAr, m3 h31 2.5001033

With the data of Table 4 used, the average methane
combustion heatHV

calc was found by means of the
equationHV

calc = PQ/GCH4
to be 11.068 kW h m33

with a standard deviation of 0.009 kW h m33, or
0.08%.

A calculation of the uncertainty of this result, done
in conformity with international recommendations
[15], demonstrated that (1) the uncertaintyuA, calcu-
lated following pattern A and numerically equal to the
standard deviation, was 0.009 kW h m33, or 0.08%;
(2) the uncertaintyuB, calculated following pattern B,
was 0.011 kW h m33, or 0.10%; (3) the total standard
uncertainty, calculated by the formulauC = (u2

A +
u2

B)1/2, was 0.014 kW h m33, or 0.13%.

The deviation of the obtained combustion heat of
methane (11.068 kW h m33) from the value recom-
mended by ISO 6976:96 (11.064 kW h m33) was as
small as 0.004 kW h m33, or 0.04%.

CONCLUSIONS

(1) The proposed method does enable absolute
measurements of the combustion heat, i.e., those
requiring no calibration (electrically or with pure
methane).

(2) The developed design of an isothermal gas
calorimeter makes it possible to measure the heat
power released in gas combustion without any sig-
nificant systematic errors (<0.01%).

(3) The developed technique for measuring the gas
combustion heat is used with all requirements follow-
ing from the definition of this quantity satisfied. No
corrections are to be introduced into the measured
heat power, the determined combustion heat is in
agreement with the combustion heat of real gas.

(4) The error in measurement of the combustion
heat of methane was 0.04%, and the uncertainty of the
measured methane combustion heat, 0.13%. This
value can be reduced by improving the accuracy of
determining the amount of burnt gas.
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Abstract-A series of new synergistic polyfunctional stabilizing compositions phenol3phosphite for poly-
olefins were developed. Their performance as antioxidants, color stabilizers, and agents preventing thermo-
mechanical degradation was quantitatively evaluated.

Despite numerous papers published in the field of
polymer stabilization [1, 2], search for effective sta-
bilizers remains an urgent problem. Growing attention
is given to synergistic mixtures of stabilizers, i.e., to
mixtures whose performance under certain conditions
exceeds the additive value. Of particular importance
are papers aimed at search for synergist intermediates
of antioxidation processes, since specifically these
processes are most often responsible for preservation
of valuable physicochemical properties of polymers
[3, 4].

According to the existing theory [5], the most ef-
fective compositions inhibiting polymer oxidation are
those in which one of the components terminates oxi-
dation chains be decomposing hydroperoxides and the
other reacts with peroxy radicals to form inactive
products. It is known that phenolic stabilizers inhibit
polymer oxidation by decomposing peroxy radicals,
and phosphites decompose hydroperoxides [5]. Fur-
thermore, phosphite-containing stabilizing composi-
tions exhibit one more valuable property: they pre-
serve the polymer color in storage, processing, and
service, which is very important for production of
competitive items [6].

In this work we studied a series of new stabilizing
phenol3phosphite mixtures.

EXPERIMENTAL

As phenolic oxidation inhibitors we tested Irganox
1010 (I , ester of pentaerythritol and 2,6-di-tert-butyl-
4-hydroxyphenylpropionic acid, mp 120oC), Agidol 2
[II , 2,2-methylenebis(4-methyl-6-tert-butylphenol),
mp 1283129oC], and Agidol 5 (III , 4,4̀-dihydroxy-

3,3̀,5,5̀-tetra-tert-butyldiphenyl, mp 1803181oC).

As organophosphorus component we tested a new
stabilizer, Stafor 24 [IV , tris(2,4-di-tert-butylphenyl)
phosphite, mp 1753183oC) [7].1

Tests were performed with high-density polyethyl-
ene (HDPE) of 289-73 grade [TU (Technical Specifi-
cations) 6-05-1870-804) and polypropylene (PP) (TU
2211-015-00203521395).

The antioxidative performance of the stabilizers
was evaluated by the duration of the induction period
of oxidation in oxygen [8] under rigorous conditions:
165oC for PP and 195oC for HDPE.

The color stability of the polymers in the course of
oxidation in air (PP at 165oC and HDPE at 195oC)
was evaluated in a 10-point color scale (white, 1;
black, 10).

The efficiency of thermomechanical stabilization
was evaluated from variation of the torqueMt in
time [9].

The tensile strength of the polymers was evaluated
as described in [10]. A polymer sample subjected to
thermomechanical degradation was subjected to single
sheeting with laboratory rollers (clearance 1.532 mm),
after which 20330-mm strips were cut. These strips
were subjected to extrusion on the extrusion machine
of a Brabender plasticorder with a stock worm diam-
eter of 20 mm and a length-to-diameter ratio of 22 : 1.
Samples were formed with aslit head 50 mm wide at
a rotation rate of 60 rpm and the following zone tem-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The commercial synthesis procedure was developed at the

Kazan State Technological University; the production was
mastered at the Kazan’orgsintez Joint-Stock Company.
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Table 1. Induction period of oxidationt, color of PP and HDPE, synergismS, and practical synergismSpr in the presence
of tested stabilizers (pO2

= 250 mm Hg)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Stabilizer
³

Content, wt %
³

t, min
³

S
³

Spr

³ Color, points
³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ ³ ³ initial ³ in 3 h

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Polypropylene (165oC)

3 ³ 3 ³ 20 ³ ³ ³ 1 ³ 3
I ³ 0.2 ³ ³ ³ ³ 1 ³ 2
II ³ 0.2 ³ 100 ³ ³ ³ 1 ³ 7

³ 0.3 ³ 150 ³ ³ ³ 1 ³ 7
III ³ 0.2 ³ 40 ³ ³ ³ 2 ³ 6

³ 0.3 ³ 100 ³ ³ ³ 2 ³ 4
IV ³ 0.2 ³ 20 ³ ³ ³ 1 ³ 3

³ 0.3 ³ 30 ³ ³ ³ 1 ³ 2
I + IV : ³ ³ ³ ³ ³ ³

2 : 1 ³ 0.2 ³ 180 ³ 0.50 ³ 1.80 ³ 1 ³ 2
1 : 1 ³ 0.2 ³ 150 ³ 0.88 ³ 2.50 ³ 1 ³ 1
1 : 2 ³ 0.2 ³ 80 ³ 0.14 ³ 1.60 ³ 1 ³ 1
3 : 2 ³ 0.2 ³ 210 ³ 1.33 ³ 2.92 ³ 1 ³ 1
2 : 3 ³ 0.2 ³ 135 ³ 0.80 ³ 2.45 ³ 1 ³ 1

II + IV : ³ ³ ³ ³ ³ ³
2 : 1 ³ 0.2 ³ 70 ³ 0.27 ³ 0.92 ³ 1 ³ 2
1 : 1 ³ 0.2 ³ 70 ³ 0.13 ³ 1.16 ³ 1 ³ 2
1 : 2 ³ 0.2 ³ 30 ³ 0.53 ³ 0.68 ³ 1 ³ 2

II + IV : ³ ³ ³ ³ ³ ³
2 : 1 ³ 0.3 ³ 100 ³ 0.16 ³ 1.00 ³ 1 ³ 1
1 : 1 ³ 0.3 ³ 110 ³ 0.25 ³ 1.65 ³ 1 ³ 2
1 : 2 ³ 0.3 ³ 80 ³ 0.18 ³ 1.74 ³ 1 ³ 1

III + IV : ³ ³ ³ ³ ³ ³
2 : 1 ³ 0.2 ³ 80 ³ 0.54 ³ 2.50 ³ 2 ³ 4
1 : 1 ³ 0.2 ³ 60 ³ 0.30 ³ 2.31 ³ 2 ³ 3
1 : 2 ³ 0.2 ³ 40 ³ 0.09 ³ 1.66 ³ 2 ³ 3
2 : 1 ³ 0.2 ³ 100 ³ 0.66 ³ 2.50 ³ 2 ³ 3
1 : 1 ³ 0.3 ³ 80 ³ 0.82 ³ 3.30 ³ 2 ³ 3
1 : 2 ³ 0.3 ³ 60 ³ 0.50 ³ 3.00 ³ 2 ³ 3

High-density polyethylene (195oC)
3 ³ 3 ³ 20 ³ ³ ³ 1 ³ 3
I ³ 0.2 ³ 225 ³ ³ ³ 1 ³ 2
II ³ 0.2 ³ 180 ³ ³ ³ 1 ³ 5
III ³ 0.2 ³ 125 ³ ³ ³ 2 ³ 4

³ 0.3 ³ 3 ³ ³ ³ 2 ³
IV ³ 0.2 ³ 40 ³ ³ ³ 1 ³ 3
I + IV : ³ ³ ³ ³ ³ ³

2 : 1 ³ 0.2 ³ 280 ³ 0.65 ³ 1.86 ³ 1 ³ 1
1 : 1 ³ 0.2 ³ 230 ³ 1.10 ³ 2.50 ³ 1 ³ 1
1 : 2 ³ 0.2 ³ 150 ³ 0.30 ³ 2.00 ³ 1 ³ 1
3 : 2 ³ 0.2 ³ 310 ³ 0.88 ³ 2.30 ³ 1 ³ 1
2 : 3 ³ 0.2 ³ 210 ³ 0.91 ³ 2.30 ³ 1 ³ 1

II + IV : ³ ³ ³ ³ ³ ³
2 : 1 ³ 0.2 ³ 210 ³ 0.38 ³ 1.59 ³ 1 ³ 3
1 : 1 ³ 0.2 ³ 185 ³ 0.54 ³ 1.80 ³ 1 ³ 2
1 : 2 ³ 0.2 ³ 170 ³ 0.88 ³ 2.50 ³ 1 ³ 2

III + IV : ³ ³ ³ ³ ³ ³
2 : 1 ³ 0.2 ³ 140 ³ 0.66 ³ 2.19 ³ 2 ³ 3
1 : 1 ³ 0.2 ³ 120 ³ 1.00 ³ 3.00 ³ 2 ³ 3
1 : 2 ³ 0.2 ³ 100 ³ 1.17 ³ 4.16 ³ 2 ³ 2
3 : 2 ³ 0.2 ³ 150 ³ 1.08 ³ 2.08 ³ 2 ³ 2
2 : 3 ³ 0.2 ³ 120 ³ 0.35 ³ 2.19 ³ 2 ³ 2

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Table 2. TorqueMt and temperatures of PP and HDPE 289-73 in the course of processing in a Brabender plasticorder in
the presence of various stabilizers (rotor rotation rate 90 rpm)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Stabilizer

³

Content, wt %

³ Processing time, min
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ 6 ³ 12 ³ 15
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ ³ Mt, N m ³ T, oC ³ Mt, N m ³ T, oC ³ Mt, N m ³ T, oC

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Polypropylene (initial processing temperature 180oC)

3 ³ 3 ³ 14.0 ³ 218 ³ 10.0 ³ 220 ³ 9.0 ³ 220
I ³ 0.10 ³ 16.50 ³ 213 ³ 15.0 ³ 220 ³ 14.50 ³ 222

³ 0.15 ³ 15.25 ³ 212 ³ 13.60 ³ 222 ³ 13.55 ³ 218
³ 0.20 ³ 15.25 ³ 210 ³ 13.75 ³ 217 ³ 13.60 ³ 218
³ 0.25 ³ 14.50 ³ 215 ³ 13.10 ³ 220 ³ 12.75 ³ 219

IV ³ 0.10 ³ 14.75 ³ 219 ³ 13.75 ³ 222 ³ 13.0 ³ 222
³ 0.15 ³ 15.25 ³ 216 ³ 13.25 ³ 220 ³ 12.90 ³ 221
³ 0.20 ³ 14.75 ³ 212 ³ 13.35 ³ 218 ³ 13.20 ³ 218
³ 0.25 ³ 14.50 ³ 217 ³ 13.50 ³ 220 ³ 13.40 ³ 220

I + IV , ³ 0.10 ³ 17.25 ³ 210 ³ 14.0 ³ 218 ³ 13.75 ³ 215
3 : 2 ³ 0.15 ³ 16.25 ³ 210 ³ 13.60 ³ 217 ³ 13.45 ³ 218

³ 0.20 ³ 14.73 ³ 212 ³ 12.50 ³ 219 ³ 12.85 ³ 219
³ 0.25 ³ 15.0 ³ 213 ³ 13.55 ³ 219 ³ 13.25 ³ 219

High-density polyethylene (initial processing temperature 190oC)

3 ³ 3 ³ 27.0 ³ 190 ³ 25.50 ³ 198 ³ 25.0 ³ 199
I ³ 0.10 ³ 28.50 ³ 190 ³ 27.80 ³ 204 ³ 27.0 ³ 210

³ 0.15 ³ 28.25 ³ 198 ³ 29.40 ³ 219 ³ 29.0 ³ 222
³ 0.20 ³ 28.40 ³ 198 ³ 26.0 ³ 205 ³ 25.30 ³ 207
³ 0.25 ³ 30.60 ³ 199 ³ 28.90 ³ 210 ³ 28.0 ³ 212

IV ³ 0.10 ³ 26.0 ³ 184 ³ 25.0 ³ 200 ³ 24.0 ³ 210
³ 0.15 ³ 28.85 ³ 197 ³ 29.40 ³ 208 ³ 26.0 ³ 211
³ 0.20 ³ 26.0 ³ 195 ³ 25.0 ³ 209 ³ 25.0 ³ 211
³ 0.25 ³ 28.45 ³ 197 ³ 25.50 ³ 207 ³ 26.75 ³ 211

I + IV , ³ 0.10 ³ 26.60 ³ 199 ³ 25.15 ³ 208 ³ 24.75 ³ 210
3 : 2 ³ 0.15 ³ 30.30 ³ 199 ³ 27.80 ³ 212 ³ 26.90 ³ 215

³ 0.20 ³ 29.15 ³ 199 ³ 26.70 ³ 209 ³ 25.90 ³ 214
³ 0.25 ³ 29.65 ³ 198 ³ 27.05 ³ 212 ³ 25.80 ³ 215

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

peratures (oC): for PP, feed 170 (T1), mixing 190 (T2),
plastication 210 (T3), and head 200 (T4); for HDPE,
T1 150, T2 170, T3 190, andT4 180. The extruded
material was fed to the receiving transporter and
pressed with a 2-kg drum. From the resulting strips,
blades were cut for strength determination.

We found that, among the individual antioxidants,
the longest induction periods of polymer oxidation
were obtained with Irganox 1010 (I ) (Table 1). Agi-
dol 2 (II ) is somewhat inferior to Irganox 1010. Agi-
dol 5 (III ) has a high lower critical concentration and
does not ensure the required stability at a dosage less
than 0.2 wt %. The required stabilizing effect is at-
tained only at an Agidol 5 dosage of 0.3 wt %. The
induction periods of polyolefin oxidation appreciably

increase when phenol3phosphite mixtures are added
(Table 1), i.e., a synergisticeffect is observed.

The synergistic effect of inhibitor mixtures [8] was
quantitatively characterized by the practical synergism
Spr defined as

Spr = tm/t1
0,

(t1
0 is the induction period of polymer oxidation in the

presence of the more effective component added in the
molar concentration taken for the inhibitor mixture)
and by the synergismS defined as

tm 3 (t1 3 t2)
S = ÄÄÄÄÄÄÄÄÄÄÄÄ,

t1 + t2
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wheretm is the induction period of polymer oxidation
in the presence of the inhibitor mixture;t1 andt2 are
those in the presence of the respective inhibitors taken
separately in the concentrations corresponding to
their mole fraction in the mixture.

A combination of synergism and practical synerg-
ism allows fairly adequate characterization of the
performance of antioxidant mixtures.

In all cases phenol3phosphite mixtures exerted a
stabilizing effect on the polymer color in the course
of oxidation, although Agidol 5 imparts a yellowish
initial color to the polymer (Table 1).

Experimental data clearly demonstrate the high
performance of the Irganox 10103Stafor 24 mixture.
The highest synergistic effect is observed at a compo-
nent ratio of 3 : 2.

This mixture, along with the antioxidative per-
formance, was tested for the capability to prevent
thermomechanical degradation of the polymer. The
stabilizing effect against thermomechanical degrada-
tion was evaluated from the variation of the torque
with time, monitored with a Brabender plasticorder.
Since the torque, at equal other conditions, is deter-
mined by the molecular weight of the polymer [9],
there is a direct relationship between the degree of
degradation and torque (a sample that is more resis-
tant to thermomechanical degradation will show a
higher torque after treatment for a given time) and
hence the strength characteristics of the polymer.

In Table 2 are given the torques of PP and HDPE
after processing for 6, 12, and 15 min in a Brabender
plasticorder in the absence and in the presence of
stabilizers. The time at which the torque was recorded
was determined by the residence time of polymers in
the mixing chamber in production of thermoelasto-
plastics from the polyolefins in hand.

Addition of Irganox 1010 (I ), Stafor 24 (IV ), or
their mixtures has no significant effect on the torque
at the initial instant of time. As the time of thermo-
mechanical degradation of the polymers is increased
(12315 min), the torque of the stabilized samples be-
comes significantly different from that of the control
sample without stabilizers. Polypropylene and HDPE
containing I and IV are considerably more resistant
to thermomechanical degradation, as seen from data
on Mt. The temperature in the chamber remains at the
same level.

In parallel, we tested these polymers for the tensile
strength, since the degree of the polymer degradation
directly correlates with the polymer strength. Fig-

f, MPa (a)

C, wt %

f, MPa

C, wt %

(b)

Fig. 1. Tensile strengthf of (a) PP and (b) HDPE 289-73
after thermomechanical degradation in a Brabender plas-
ticorder as a function of the stabilizer contentC. Stabilizer:
(1) I , (2) IV , and (3) I + IV (3 : 2).

ures 1a and 1b show that a mixture ofI and IV en-
sures preservation of the strength of PP and HDPE at
higher level as compared to the stabilizers taken sep-
arately, which is apparently due to the synergistic
effect detected in thermal oxidation. The optimal
content of the stabilizing composition is 0.2 wt %.

Thus, new stabilizing compositions phenol3phos-
phites (Stafor 24) show promise as means to enhance
the resistance of polyolefins to oxidative and thermo-
mechanical degradation.
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Abstract-A procedure was developed for preparing poly(ethylene, butylene) glycol adipate urethane plasti-
cized with 1,5-diazido-3-nitrazapentane. The correlation between the conditions of the polymer synthesis and
its physicomechanical properties was studied, and the prospects for using the product as a component of
condensed high-energy-content systems were evaluated.

Because of the specific features of preparation and
use of mixed solid propellants (MSPs), the polymeric
combustible binders used as their components should
exhibit a wide set of difficultly compatible properties.
The most important of them are high levels of ener-
getic and physicomechanical parameters, operation at
both positive and negative temperatures, low initial
viscosity, and the capability to polymerize at moderate
temperatures.

During the progress of rocket engineering, several
generations of MSPshave changed. TheseMSPs were
based on polyurethanes [133]. An interest in polyure-
thanes as MSP components is due to the possibility of
controlling their characteristics by varying the nature
and ratio of the reactants (mainly polyesters and diiso-
cyanates) involved in the elastomer formation [4].

With time, the possibilities of traditional poly-
urethanes with respect to energetic characteristics
became exhausted, and efforts were made for their
modification. As a rule, the modification involved
introduction of high-energy-content groups (nitro,
nitrato, azido) into the polyester moiety of the macro-
molecule or plasticization of hydrocarbon poly-
urethane elastomers with high-energy-content com-
pounds, mainly with nitrate esters of polyhydric
alcohols [5].

One of the major principles of formulating propel-
lants of a new generation is decreasing the content of
toxic and smoke-forming elements in the combustion
products. Such elements give rise to environmental
problems, reveal the missile on the flight trajectory,
and comlicate the use of modern optical, laser, and
infrared guidance means. From the viewpoint of the
composition of combustion products, of particular

interest among high-energy-content compounds are
azides. A combination in a binder formulation of the
advantages of polyurethanes with the possibilities of
azide compounds appreciably improves the principal
service characteristics of MSPs based on such binders.

In this work we studied the conditions for prepar-
ing poly(ethylene, butylene) glycol adipate urethane
plasticized with 1,5-diazido-5-nitrazapentane within
a single process by the reaction of urethane formation
in a medium of the low-viscosity plasticizer. Improve-
ment of combustible polyurethane binders by their
plasticization seems to be one of the most promising
routes, because the raw materials are available and
the existing production facilities are suitable for the
process.

EXPERIMENTAL

The choice of the initial components was governed
by their energetic performance, availability, and ex-
pected capability to ensure the highest possible level
of physicomechanical properties of the products.

As hydroxy component we chose P6-BA linear
polyester, which is prepared by reaction of ethylene
and butylene glycols with adipic acid, following a
common pattern of polycondensation of dihydric al-
cohols with dibasic acids [6]. We took into account
the facts that polyesters, as compared to polyethers,
form more robust macromolecules in reactions with
diisocyantes; that the molecular weight of the hydroxy
component plays a decisive role in formation of elastic
properties; and that bifunctional polyesters, as com-
pared to trifunctional compounds, can giver a wider
set of three-dimensional structures owing to the use of
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Table 1. Properties of plasticized polyurethanes as influ-
enced by the structure and concentration of diisocyanate*
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Diisocyanate³ NCO/OH ratio ³ X, MPa ³ e, %
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

HMDI ³ 1.1 ³ 0.21 ³ 1130
³ 1.2 ³ 0.25 ³ 1180
³ 1.3 ³ 0.28 ³ 1400
³ 1.4 ³ 0.28 ³ 1430

TDI ³ 1.1 ³ 0.27 ³ 690
³ 1.2 ³ 0.45 ³ 960
³ 1.3 ³ 0.58 ³ 1290
³ 1.4 ³ 0.54 ³ 1110

MDI ³ 1.1 ³ 0.23 ³ 600
³ 1.2 ³ 0.27 ³ 610
³ 1.3 ³ 0.34 ³ 750
³ 1.4 ³ 0.36 ³ 750

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Plasticizer content 50 wt %, triol mole fraction 0.3, catalyst

DBTDL (0.3 wt %).

cross-linking additives. The characteristics of P6-BA
were as follows:M 2000, density 1200 kg m33, en-
thalpy of formation34300 kJ kg31; prior to reaction
with the diisocyanate the oligomer was dried to a
moisture content no higher than 0.04 wt %.

The following diisocyanates, purified by distilla-
tion, were used: aliphatic hexamethylene diisocyanate
(HMDI), aromatic 2,4-toluylene diisocyanate (TDI),
and alkylaromatic 4,4`-methylenebis(phenyl isocya-
nate) (MDI).

As cross-linking agents we used glycerol (Gl) and
trimethylolpropane (TMP), which were preliminarily
dried over P2O5, and as catalyst, dibutyltin dilaurate
(DBTDL).

As plasticizer we used 1,5-diazido-3-nitrazapentane
(AP) purified chromatographically in a column packed
with OU activated carbon of grade A; the properties
of the compound were as follows: refractive index
at 20oC 1.5260, density 1330 kg m33. bp 124oC/5 Pa,
enthalpy of formation 2490 kJ kg31 [7].

The procedure for preparing plasticized polyure-
thanes was as follows: A sample of the polyester was
heated in a vacuum at 110oC to remove moisture and
then cooled to 60oC, after which the required amounts
of the diisocyanate, triol, and catalyst were added.
After mixing of the components, the plasticizer was
added, and the mixture was kept under the same con-
ditions for 15320 min and then either kept in sealed
fluoroplastic molds at 60+2oC for 10 days to obtain
polyurethane samples for tests or transferred into a
mixer to prepare the fuel compound.

The cured polyurethanes were tested by generally

accepted procedures: the ultimate tensile strength and
the relative elongation were determined according to
GOST (State Standard) 269366, the glass transition
point, according to GOST 12254366, and the density,
according to GOST 267373. The enthalpy of forma-
tion was calculated from the structural formulas of the
compounds taking into account thermodynamic cor-
rections for specific groups and bonds [8].

The shock sensitivity was evaluated with a K-44-II
impact machine by the lower limit in device no. 2; the
friction sensitivity, with a K-44-III pendulum impact
machine; and the gas release at static heating, with a
Burdon gage.

The goal of this study was to obtain in a single
process polymeric plasticized binders with a high
level of energetic properties and satisfactory physico-
mechanical characteristics. For this purpose, it was
necessary to reveal the qualitative and quantitative
composition of the polymeric component ensuring
formation of a maximally strong three-dimensionally
cross-linked matrix capable of retaining the maximal
amount of the plasticizer.

For tentative quantitative evaluation of the extent
of thermodynamic compatibility of the chosen poly-
mer and plasticizer, we prepared a cured polyurethane
by reaction of poly(ethylene, butylene) glycol adi-
pate with TDI in the presence of TMP (molar ratio
P6-BA : TMP = 70 : 30, NCO : OH = 1 : 1). For this
product we determined the limiting content of the
plasticizer by equilibrium swelling [9]. We found
that the system under consideration preserves its
physical stability at 20oC at an azide content of up to
69.8 wt %. Since in what follows we used a procedure
involving formation of the macromolecular matrix
under conditions when the plasticizer was present in
the reaction medium, which ensured more favorable
spatial distribution of the solid and liquid phases, we
expected that the structure formed in this case would
be no less stable thermodynamic ally.

However, before synthesizing compounds with the
maximal plasticizer concentration, it was necessary to
optimize their physicomechanical parameters depend-
ing on the nature and ratio of the reactants forming the
polymeric matrix.

To determine how the ultimate tensile strengthX
and relative elongatione of the plasticized polyure-
thane are influenced by the nature and amount of the
diisocyanate used, we prepared elastomers whose
composition and properties are listed in Table 1.

When the ratio of the isocyanate and hydroxy
groups in the reaction mixture is less than 1.1, mech-
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anically strong samples cannot be prepared under the
chosen curing conditions, irrespective of the nature of
the diisocyanate. At the molar excess of the diisocya-
nate increased to 1.3, both the strength and elasticity
of polyurethanes increase. Further increase in the
NCO : OH ratio have no noticeable positive effect.
The best physicomechanical properties, under equal
other conditions, are attained with TDI; with HMDI
and MDI the results are worse.

Our results show that, to prepare elastomers with
the required set of properties, it is appropriate to use
toluylene diisocyanate and take it in a 30% molar
excess relative to the polyester.

The effect of cross-linking agents on the physico-
mechanical characteristics of the combustible binders
is seen from Table 2.

The polyurethanes prepared with TMP surpass in
the strength and elastic parameters the samples pre-
pared with glycerol as the cross-linking additive; the
optimal mole fraction of triol relative to a total of
hydroxyl-containing agents, when urethane synthesis
is performed in the medium of the chosen plasticizer,
is 0.3030.35.

Our next goal was preparation of physically stable
elastomers containing an increased amount of the
plasticizer. In Table 3 are given data characterizing,
along with the strength and elasticity, also the density
(r), frost resistance (Tg), and enthalpy of formation
(DH) of polyurethanes containing bound AP (503
75 wt %).

The shock sensitivity of the cured samples (fall of
a 10-kg load from a height of 250 mm) is 20330%
depending on the plasticizer content. The gas release
at 60oC in 20 days does not exceed 5 cm3 kg31.

Thus, the main energetic and service parameters of
the plasticized polymers prepared make them promis-
ing as MSP components.

CONCLUSIONS

(1) By directed formation of a three-dimensional
polymer network, it is feasible to prepare in one proc-
ess thermodynamically stable poly(ethylene, butylene)
glycol adipate urethane modified with 50375% 1,5-di-
azido-3-nitrazapentane.

(2) The high-strength elastic matrix ensures the
required set of physicomechanical properties, and the
azido nitro plasticizer, the high energy content and
favorable composition of the combustion products.
These factors make the developed compounds promis-
ing as combustible binders for mixed solid propellants.

Table 2. Properties of plasticized polyurethanes as influ-
enced by the structure and concentration of triol*
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Triol ³ Triol mole fraction ³ X, MPa ³ e, %
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

TMP ³ 0.20 ³ 0.24 ³ 640
³ 0.30 ³ 0.58 ³ 1290
³ 0.35 ³ 0.60 ³ 1320
³ 0.40 ³ 0.58 ³ 1280

Gl ³ 0.20 ³ 0.30 ³ 650
³ 0.30 ³ 0.39 ³ 1210
³ 0.35 ³ 0.45 ³ 1250
³ 0.40 ³ 0.40 ³ 1250

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Plasticizer content 50 wt %, catalystDBTDL (0.3 wt %).

Table 3. Properties of polyurethanes as influenced by the
plasticizer content*
ÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄ
Content,³ X, ³

e, % ³ r, ³ Tg, ³ DH,
wt % ³ MPa ³ ³ kg m33 ³ oC ³ kJ kg31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄ
50 ³ 0.60 ³ 1320 ³ 1260 ³ 371 ³ 364
55 ³ 0.57 ³ 1360 ³ 1270 ³ 377 ³ 3328
60 ³ 0.36 ³ 890 ³ 1275 ³ 380 ³ 314
65 ³ 0.34 ³ 870 ³ 1280 ³ 382 ³ +299
70 ³ 0.28 ³ 820 ³ 1290 ³ 382 ³ +612
75 ³ 0.15 ³ 800 ³ 1295 ³ 384 ³ +925

ÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Mole fraction of triol (TMP) 0.33, catalystDBTDL (0.3 wt %).
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Abstract-Interaction of macromolecules of vinyl chloride3maleic anhydride copolymer with dimethylform-
amide molecules was studied by kinetic, thermodynamic, and spectroscopic methods.

Polymers and copolymers of maleic anhydride ex-
hibit a wide spectrum of valuable properties and show
much promise. For example, copolymers of maleic
anhydride (MA) with vinyl chloride (VC) readily
enter into various reactions and are convenient initial
substances for synthesis of new copolymers used as
carriers for biologically active substances and en-
zymes, ion exchangers, photographic and pharma-
ceutical materials, blowing agents, lubricants, etc.
[1, 2].

Macromolecules of VC3MA copolymer in organic
solvents exhibit cyclic anhydride3enol tautomerism
(CAET) with spontaneous formation from VC and
anhydride (an) units of enol (en) and dienol (den)
units [3, 4]:
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The latter species, for example, instantaneously
react with sodium azide in dimethylformamide (DMF)

to form structures that immediately decompose,
acting as intermediates in dehydrochlorination of
VC3MA [5].

Dimethylformamide as bipolar aprotic solvent is
widely used in industry, scientific research, and lab-
oratory practice. Interaction of VC3MA with DMF is
of scientific and practical interest. VC3MA copolymer
readily dissolves in DMF; within 10315 min, the
solution becomes colored, and two new overlapping
absorption bands (lmax 530 and 560 nm) appear in
the electronic spectra. The optical density of these
bands reaches a maximum in several hours and re-
mains constant for 5 days, which suggests formation
of stable solvation complexes of DMF molecules and
en and den tautomers [6]. At the same time, evolution
of HCl is detected throughout the observation period.
Comparison of these two facts suggests that, in con-
trast to reactions with sodium azide, dehydrochlorina-
tion and solvation of VC3MA macromolecules with
DMF occur concurrently in different units of micro-
structurally nonuniform VC3MA macromolecules and
are regiospecific.

By regiospecificity we mean a definite orientation
(among numerous alternatives) of DMF molecules
relative to the corresponding units of microstructurally
nonuniform VC3MA macromolecules, with sub-
sequent concerted rearrangements of atoms and bonds.
Typical regiospecific reactions are, e.g., the Diels3

Alder reaction and 1,3-dipolar cycloaddition [7].

In this study we examined qualitatively and quan-
titatively the regiospecificity of solvation and de-
hydrochlorination of VC3MA macromolecules in
DMF.
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EXPERIMENTAL

VC3MA was prepared and identified according to
[3]. We used the copolymer with an equimolar ratio of
VC and an units. Dimethylformamide was thoroughly
purified [8]. The degree of dehydrochlorination was
determined by potentiometric titration with an AgNO3
solution (I-120 pH meter, silver electrode).

For kinetic studies, a 0.2200-g sample of the co-
polymer was dissolved in 22 ml of temperature-con-
trolled DMF. At definite intervals, 2-ml samples were
taken, to which 16 ml of water was added, and the
solution was quickly titrated with an AgNO3 solution.
Experimental points in the kinetic curves were ob-
tained from no less than three runs.

The 1H NMR spectra of a 1 m solution of VC3MA
in DMF-d7 were taken on a Tesla BS-487 spectrom-
eter (100 MHz, HMDS).

The time dependence of the optical density origi-
nating from the accumulated solvation structures
[VC3MA .DMF] at a fixed wavelength (l = 560 nm)
was described previously [6].

As already noted, in solutions of VC3MA in DMF
the solvates are formed concurrently with dehydro-
chlorination. An attempt to describe the kinetic curves
of HCl accumulation (Fig. 1) by the equation [9]

[HCl] = [HCl] max[1 3 exp (3kt)]

failed, which indicates that HCl is released in several
parallel reactions and/or its elimination is preceded by
a catalytic process. We suggested that HCl is released
both from VC units under the action of DMF, which
is known to exhibit a high dehydrochlorinating power,
in particular, toward PVC [10], and from the solvates
[VC3MA .DMF] (S) when they are decomposed with
water prior to titration. Dehydrochlorination of VC3
MA could be adequately described with the equation

[HCl] = [HCl VC]max[1 3 exp (3kHClt)]

+ [S]max[1 3 exp (3kSt)],

where [HCl] is the concentration of HCl eliminated
from VC units (HClVC) and solvates (HClS) under the
action of water, assuming that [HCl]S = [S]; kHCl and
kS are the rate constants of dehydrochlorination and
solvate formation, respectively; [HCl]max and [S]max
are the concentrations of HCl and the solvates, respec-
tively, at t 6 i.

Computer decomposition of experimental kinetic
curves of HCl elimination (Fig. 1) into the curves

t, min
Fig. 1. Concentration of HCl [HCl] released in total from
VC3an units and from solvate structures as a function of
time t. Temperature,oC: (1) 14, (2) 25, (3) 34, (4) 44,
(5) 64, and (6) 74; the same for Figs. 2 and 3.

t, min
Fig. 2. Concentation of HCl [HClVC] released from VC3an
units as a function of timet (calculated data).

t, min
Fig. 3. Accumulation of solvate structures [S] as a function
of time t (calculated data).

corresponding to the two above-mentioned pathways
allowed construction of the calculated kinetic curves
of HClVC elimination from VC3an units (Fig. 2) and
of the solvate accumulation (Fig. 3).

The kinetic plots of dehydrochlorination of VC
units and accumulation of solvates were processed by
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Some characteristics of elementary stages of reactions of VC3MA with DMF according to model (2)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³

[VC3an]0

³
[ed]0

³ k1 0 104 ³ k3 0 104 ³
K = k4/k5

³
DG, J mole31³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ´ ³

³ ³ ³ s31 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

14.0+1.0 ³ 0.62 ³ 0.38 ³ 25.2 ³ 1.05 ³ 0.105 ³ 5378
25.5+0.1 ³ 0.62 ³ 0.38 ³ 19.0 ³ 0.73 ³ 0.127 ³ 5121
34.4+0.1 ³ 0.62 ³ 0.38 ³ 11.5 ³ 1.17 ³ 0.197 ³ 4153
44.2+0.1 ³ 0.62 ³ 0.38 ³ 6.3 ³ 0.85 ³ 0.228 ³ 3901
64.1+0.1 ³ 0.35 ³ 0.65 ³ 5.0 ³ 5.48 ³ 0.236 ³ 4047
73.9+0.1 ³ 0.35 ³ 0.65 ³ 5.2 ³ 6.08 ³ 0.256 ³ 3963

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

28 models including elementary stages with participa-
tion of VA3an, en, den, and ed units (ed denotes en
and den in total). The smallest dispersion between the
calculated and experimental data (Fig. 1) was obtained
for the model
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The mechanism of dehydrochlorination of VC3an
units under the action of DMF, by analogy with the
mechanism of PVC dehydrochlorination [10], can be
represented as follows:
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The kinetic curves (Fig. 1) were processed using
a system of differential equations

d [VC3an] / dt = 3(k1 + k3)[VC3an] + k2[ed],

d [ed]/ dt = k1[VC3an] + k5[S] 3 (k2 + k4)[ed],

d [HCl] / dt = k3[VC3an],

d [S] / dt = k4[ed] 3 k5[S],

which was integrated by the Rosenbrock’s implicit
method at the initial concentrations [S]0 = [HCl]0 = 0.
The initial concentrations [VC3an]0 and [ed]0 were
determined by the optimization procedure [5]. In the
range 14344oC they correspond to [VC3an]0 and
[ed]0 in the initial solid sample of the copolymer
[11, 12]. A sharp increase in [ed]0 above 44oC at the
expense of decrease in [VC3an]0 (see table) may be
due to a catalytic effect of DMF on conformational
and configuration transitions resulting in additional
formation at these temperatures of CAET products,
ed tautomers (1), whose content approaches the maxi-
mum possible level. Further increase in the content of
such fragments is hindered thermodynamically (see
table, k1 values atT = 14373.9oC).

Calculations showed that formation of ed forms (2)
is irreversible,k2 ; 0. This may be due to formation
of a stable six-membered ring with an intramolecular
hydrogen bond (IMHB) C3O3H...Cl, ultimately stabi-
lizing the quasiaromatic den structure (1). The high
stability of these ensembles may be due both to the
cooperative effect of regiospecific interaction of ed
tautomers with DMF molecules [6], manifested in the
solvates, and to delocalization of the electron density
in conjugated five- and six-membered rings (1) [13].

With increasing temperature, the inter- and intra-
molecular hydrogen bonds become weaker, andk1,
correspondingly, decreases (see table). The constants
k3 remain practically constant up to 44.2oC, being
about 10 1034 s31, and above this temperature the rate
of dehydrochlorination by mechanism (2) increases by
a factor of approximately 6.

The complex temperature dependence of the order
n of solvate formation reaction

T, oC 14.0+1.0 25.5+0.1 34.4+0.1
n 0.28 0.43 0.68

T, oC 44.2+0.1 64.1+0.1 73.9+0.1
n 0.96 0.94 1.44



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

REGIOSPECIFICITY OF REACTIONS OF VINYL CHLORIDE... 1557

and of the experimental coefficient of the reaction rate
ke, calculated from the equation

d[S] / dt = ke[S]n,

suggests occurrence of an effect apparently related to
regiospecific concerted interactions of the reactants,
similar to those observed in enzymatic or homogene-
ous catalytic reactions. For the latter case, Arrhenius
dependences are not followed even in a narrow tem-
perature range [14]. Furthermore, on heating the rota-
tion of the dimethylamino [(CH3)2N] and aldehyde
(CHO) groups around the N3C bond in DMF mole-
cules becomes sufficiently fast, and at temperature of
about 100oC the shape of the methyl proton signals
in the 1H NMR spectrum of neat DMF changes con-
siderably. This fact suggests that at elevated tempera-
tures the molecular structure of DMF changes. The
difference between the structures of DMF molecules
at low and high temperatures consists in that the
conformers become indiscernible in the NMR time
scale [15].

The solvates dissociate into the initial components
at a rate considerably exceeding the rate of their for-
mation: K = k4/k5 < 1. The equilibrium constantK
slightly increases with temperature (see table); the
activation energyEa of the direct reaction of forma-
tion of the solvate structure is as low as 2597 J mol31,
and that of the reverse reaction, 1366 J mol31. To
compare, the activation energy of dehydrochlorination
of VC3an units is about 40000 J mol31, and that of
dehydrochlorination of VC units of PVC in DMF
solution, 92000397000 J mol31 [10].

The very low free energies,DGT from 5378 to
3963 J mol31, of formation of the solvation structures
characterize the process as practically equilibrium,
with DH = 1186 J mol31 andDS= 23.54 J mol31 K31.
That is, the solvate formation is entropy-controlled,
i.e., it involves a definite favorable (DS > 0) orienta-
tion of the partners prior to the reaction. It is interest-
ing to compare the reactions of VC3MA with sodium
azide, which, despite a phenomenologically similar
reaction pattern, show significant quantitative differ-
ences. Comparison at similar temperatures of the rate
constants and free energies of solvate formation of
VC3MA with DMF, on the one hand, and of reactions
of VC3MA with NaN3 [5], on the other hand, shows
that the latter reaction is by a factor of almost 3300
faster than solvate formation of VC3MA with DMF:
kDMF = 4.80 1036 s31 and DGDMF = 5378 J mol31

(see table);kNaN3
= 1.570 1032 s31 and DGNaN3

=
319900 J mol31 [5].

Scheme (2) contains no information about the
nature of solvates formed by DMF molecules with ed
tautomers containing OH groups. These groups, ap-
parently, play a decisive role in regiospecific interac-
tions with DMF, similar to their role in enzymatic or
homogeneous catalytic processes. The1H NMR moni-
toring of the interaction of VC3MA with DMF
showed that, on storage of the solution for 620 h, the
signal of the OH protons is significantly (by 3.76 ppm)
shifted downfield, with its integral intensity remaining
practically constant:

t, h 0 6 29 163
d, ppm 7.74 8.28 9.26 10.70
Dd, ppm 0 0.54 1.52 2.96

t, h 285 360 456 620
d, ppm 11.10 11.26 11.35 11.50
Dd, ppm 3.44 3.52 3.61 3.76

Computer simulation of the time dependence ofDd

was performed by the equation describing two parallel
reactions:

Dd = Dd1[1 3 exp (3k1
spt)] + Dd2[1 3 exp (3k2

spt)],

whereDd1 and Dd2 are the changes in the chemical
shift at t 6 i due to the first and second reactions,
respectively;k1

sp and k2
sp are the rate constants, deter-

mined by 1H NMR spectroscopy, of the reactions
responsible for the shift of the enol proton signals.

Calculation showed that the chemical shift of the
OH protons changes owing to two parallel reactions
with the rate constants differing by almost an order
of magnitude:k1

sp = 0.0930 1034 and k2
sp = 0.010

1034 s31. A striking feature is coincidence of the rate
constants at 25.5oC: k4 = 0.10 1034 andk1

sp = 0.0930
1034 s31, with the first constant (constant of formation
of the solvate structures) being determined from the
potentiometric titration data with subsequent mathe-
matical simulation and the second, by1H NMR spec-
troscopy. Apparently, solvate formation (2) involves
proton transfer from the hydroxy group of the ed
forms to the nitrogen atom of DMF. Then this solvate
spontaneously, at an order of magnitude lower rate
(k2

sp = 0.010 1034 s31), decomposes to give DMF
hydrochloride and the elimination product which is
an isomer of the product shown in scheme (3):
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The regiospecificity of the interaction of VC3MA
with DMF at 25.5oC was quantitatively characterized
by a higher (by a factor of 7.3) rate of dehydrochlori-
nation of VC units (3) as compared to the rate of
solvate formation (4):k3 = 0.730 1034 andk4 = 0.10
1034 s31, respectively. The curve of dehydrochlorina-
tion of the VC3an units flattens out within 60 min in
the entire temperature range studied (Fig. 2), whereas
the curve of the solvate accumulation reaches satura-
tion at 74oC only in 300 min (Fig. 3). It is important
that the apparent rate coefficientske of formation of
the solvation structures, one of which was determined
from the potentiometric titration data in this work and
the other, by electronic spectroscopy in [6], are close:
0.680 1034 and 0.600 1034 s31, respectively.

CONCLUSIONS

(1) Cyclic anhydride3enol tautomeric transforma-
tions of monomeric units in macromolecules of vinyl
chloride3maleic anhydride copolymers in dimethyl-
formamide occur irreversibly with subsequent regio-
specific formation of long-lived solvate structures
involving dimethylformamide molecules and ed forms
of the microstructurally nonuniform macromolecules.

(2) The vinyl chloride3an units that do not par-
ticipate in prototropic transformations undergo dehy-
drochlorination in dimethylformamide at 25.5oC by a
factor of 7.3 faster as compared to formation of the
solvate structures between the ed units and dimethyl-
formamide molecules.

(3) Dehydrochlorination of different segments of
the microstructurally nonuniform vinyl chloride3
maleic anhydride copolymer yields different isomers.
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Abstract-Dilute aqueous-salt solutions of macromolecular flexible-chain polyelectrolyte, poly-2-acrylamido-
2-methylpropanesulfonic acid, were studied by the method of flow birefringence, viscometry, and light scatter-
ing. The degrees of the form asymmetryp of poly-2-acrylamido-2-methylpropanesulfonic acid macromole-
cules determined by this method for ionic strengthsI = 130.05 M were compared with the main results of
theoretical and experimental studies of thep3I dependence.

The activity of ionic polymers is known to be
dependent not only on the properties of their macro-
molecules (chemical composition, molecular weight,
ridigity, conformation, content of ionic groups)
but also on the characteristics of the medium (ionic
strength I, pH, etc.).

Water-soluble polymers based on acrylic com-
pounds are widely used in diverse branches of econ-
omy. High degree of dissociation of poly-2-acryl-
amido-2-methylpropanesulfonic acid (PAMPS) makes
it, e.g., an efficient coagulant able of operating in a
wide range of I and pH values [1].

In [2] we studied the degree of form asymmetryp
of macromolecule of 2-acrylamido-2-methylpropane-
sulfonic acid copolymer with acrylamide [P(AMPS3
AA)] as dependent on the ionic strength. The content
of ionic groups amounted to 20%.

The aim of this work is to quantitatively determine
by the method of flow birefringence (BR) the degree
of the form asymmetryp of the PAMPS homopoly-
mer macromolecule (content of ionic groups 100%) at
I = 1 M (the case of suppressed electrostatic interac-
tions) and in the region of moderate ionic strengths
(0.1 and 0.05 M). As known [335], the major role here
is played by long-range electrostatic interactions (bulk
effects in macromolecules of electrostatic nature), and
the percolation effect (changes in the equilibrium
rigidity of the polymer chainA) is negligible (A =
const).

EXPERIMENTAL

The subject of the study was macromolecular
(Mw = 4.60106 ) flexible-chain (A = 2 nm [1]) homo-
polyelectrolyte PAMPS

7CH27CH7][

O=C7NH7C(CH3)27CH27SO3
. H+

n

_
.

9
7CH27CH7][

O=C7NH7C(CH3)27CH27SO3
. H+

n

_
.

9

The PAMPS polymer was obtained by a standard
procedure [6] by radical polymerization using the
Co(III)3glycine system. The residual monomer and
other impuruties were removed by dialysis of the
resulting product. The polymer was isolated by lyo-
philic drying.

The flow BRDn as dependent on the rotor rotation
rate gradientg, polymer concentrationc, and ionic
strength of the mediuml was measured by a proce-
dure reported in [7]. We used a titanium dynamoop-
tical caliper with an 4-cm-high internal rotor and the
rotor3stator gap of 30 1032 cm. The inaccuracy in
measuring the intrinsic flow BR [n] (or optical shift
coefficient [n]/[h]) was about 10%.

The experimental [n] value (in the general case of
dn/dc # 0, where dn/dc is the increment of the refrac-
tive index of solution) is composed of three effects:
[n] = [n]e + [n]fs + [n]f, where [n]c is the intrinsic
anisotropy, [n]fs is the micro form effect, and [n]f is
the macro form effect [7]. The full segment anisotropy
[n]e + [n]fs is governed by the parameterA and struc-
ture of the monomer unit. The [n]f parameter is re-
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c, wt%

(hsp/c) 0 1032, cm3 g31

Fig. 1. Reduced viscosityhsp/c as a funciton of the concen-
tration c of the polymer for PAMPS solutions at different
ionic strengths.I, M: (1) 1, (2) 0.1, and (3) 0,05; the same
for Fig. 3.

Dn 0 108

g 0 1033, s31

Fig. 2. Flow BR Dn as a function of the rate gradientg for
PAMPS solutions atI = 0.05 M. Polymer concentration,
wt %: (1) 0.102, (2) 0.090, (3) 0.0832, (4) 0.0725,
(5) 0.065, (6) 0.052, (7) 0.035, and (8) 0.0226.

lated to the degree of asymmetry of the formp of the
macromolecule as

[n]f = [(ns
2 + 2)/3]2[M(dn / dc)2f (p)] / (30pRTns)

= constMf (p), (1)

Molecular and conformation characteristics of PAMPS.
Mw = 4.60 106

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄ
I, ³ [h] 01032, ³ [n]/[h] 01010,³ [n] 0 108, ³

p³ ³ ³ ³M ³ cm3 g31 ³ cm s2 g31 ³ cm4 s2 g32³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄ

1 ³ 5.0 ³ 24.0 ³ 120 ³ 2.4
0.1 ³ 9.0 ³ 78.0 ³ 702 ³ 5.6
0.05 ³ 10.5 ³ 90.5 ³ 950 ³ 6.7

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄ

whereM is the molecular weight,ns is the refractive
index of the solvent,T is the absolute temperature,
R is the universal gas constant, andf (p) is the tabu-
lated function of the relation of the axes of rigid (not
flown through by the solvent) ellipsoid approximating
the macromolecule [7].

For high-molecular-weight flexible-chain polymers
with low weight and insignificant anisotropy of mono-
mer unit, holds [n]e << [n]f, [n]fs << [n]f (or at [n]e < 0
and [n]e ; [n]fs), the approximate relation [n] ; [n]f
holds, which allows indirect determination of the
parameterp from the experimental data [7].

The molecular weightMw was determined by the
light scattering method [7] using a Fica photogonio-
diffusometer at the wavelength of vertically polarized
incident light of 546.1 nm in the concentration range
c ~ (0.0130.1)01032 g cm33 (we studied dilute solu-
tions with c < c*, where c* is the concentration of
units in a polymer globule [8]) and angles (relative to
the direction of incident light)q = 30o3150o. The
refractive index increment dn/dc was determined from
refractometric measurements on an IRF-23 instru-
ment. The experimental results were proceesed by the
Simm’s double extrapolation method [9]. The meas-
urements inaccuracy was about 10%.

Viscometric measurements were carried out in an
Ostwald capillary viscometer with the water outflow
time of 120+0.2 s at 21oC. The intrinsic viscosity
[h] = [(hr 3 1)/c]c60 = (hsp/c)c60 (nr is the relative
viscosity) was determined accurately to within 3%.
We studied dilute solutions only.

Experimental dependences of the reduced viscosity
hsp/c on the polymer concentration show that for
aqueous-salt solutions of PAMPS atc < c* ~ 1/[h]
and I = 130.05 M hsp/c is a linear function ofc
(Fig. 1). This fact suggests that the size and form of
the polyions remain unchanged after dilution of the
solution [10312]. Viscometric data (see table) evid-
ence a fairly strong polyelectrolytic swelling of the
polyions with decreeasingI.

PAMPS solutions exhibit positive flow BR over
the whole region ofc and I studied. TheDn = f (g)
dependences forg < gk (gk is the rate gradient corre-
sponding to flow turbulence) are linear and pass
through the origin, whatever thec (c < c*) and I
values. This suggests the molecular dispersity of solu-
tions [7] (e.g., Fig. 2 presents the dependences for
PAMPS in 0.05 M NaNO3 solution).

Figure 3 presents the concentration dependences of
the reduced anisotropy {Dn/[gh0(hr 3 1)]} g60 (h0 is
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the solvent viscosity) for PAMPS atc < c* and I =
130.05 M. It is seen that the {Dn/[gh0(hr 3 1)]} g60
parameter in all cases decreases with increasing poly-
mer concentration. As known [7], such a dependence
in the region of relatively small concetrationsc (c <

c*) is due to a decrease in the anisotropy of the poly-
mer molecule form (macro form effect) in the solvent
with dn/dc # 0 (for PAMPS dn/dc = 0.133 cm3 g31).
This is typical for flexible-chain polymers. This
phenomenon is due to the fact that enhancement of the
[optical interaction] of macromolecules with increas-
ing solution concentration is responsible for a de-
crease in the effective form anisotropy of the coilQ1*
(anisotropy of the macro form at the final value of the
solution concentration) [7].

Thus, for solutions studied the macro form effect
plays the decisive role.

The table presents the optical coefficient of the
shift [n]/[h] = {Dn/[gh0(hr 3 1)]} g60, as well as the
intrinsic flow BR [n] values for differentI values.
It is seen that the parameter [n]/[h] (and especially
[n]) significantly increase with unfolding of the poly-
ions owing to long-range electrostatic interactions.

In [13], we showed that atI = 1 M for PAMPS
([n]e + [n]fs) << [n]f, i.e., the approximation [n] ; [n]f
holds. The lack of percolation effect (A ~ const) in
the I range investigated makes this approximation
valid for the ionic strengths of 0.1 and 0.05 M, re-
spectively.

The table and Fig. 4(curve1) present the degrees
of the form asymmeryp of the macromolecule ob-
tained using relation (1) for PAMPS at differentI
values. It is seen thatp increases by a factor of 2.8
(from 2.4 corresponding to the Gaussian coil to 6.7
corresponding to unfolded asymmetric coil) with the
ionic strength decreasing from 1 to 0.05 M. This fact
evidences a fairly strong influence of electrostatic
interactions on the form of polyions, suggesting that
bulk effects in poly ions differ from those in nonionic
polymers, where swelling of the polymer coil owing
to long-range forces does not markedly change the
parameterp [7].

Thus, the conformation of macromolecular flexible
polyion in dilute solutions with moderate ionic
strengths differs significantly from both that of rigid
rod with p >> 232.5 [10, 14317] and that of Gaussian
coil with p = 232.5 [18]. Our data confirm the conclu-
sions made in [2, 19, 20] for flexible-chain polymers.

The increase in the parameterp in the region of
moderate ionic strengths by a factor of almost 1.5 in

c, wt %

X 0 1010, cm s2 g31

Fig. 3. Reduced anisotropy« {Dn/[gh0(hr 3 1)]} g60 = X
as a function of polymer concentrationc for PAMPS
solutions of various ionic strengths.

I, M
Fig. 4. Degree of form asymmetryp of macromolecules
as a function of the ionic strengthI for (1) PAMPS and
(2) P(AMPS3AA) [2].

going from P(AMPS3AA) to PAMPS (Fig. 4) is due
to increase in the amount of ionic groups (and, con-
sequently, the degree of ionization of macromolecules
in solution). As known [14, 21, 22], the number of
ionic groups in homopolyelectrolytes of various struc-
tures that actually participate in polyelectrolytic swel-
ling (groups with noncondensed counterions) is equal
to 30340%, which exceeds by a factor of 1.532 the
amount of ionic groups in P(AMPS3AA) copolymer
studied by us in [2].

CONCLUSIONS

(1) In the region of ionic strengthsI = 130.05 M
the degree of form asymmetryp of the of poly-2-
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acrylamido-2-methylpropanesulfonic acid macromole-
cules varies fromp = 2.4 corresponding to suppressed
electrostatic interactions (Gaussian coil) top = 6.7 at
I = 0.05 M (unfolded asymmetric coil).

(2) The change in the parameterp of polyions with
decreasingI correlates with the amount of ionic
groups that actually participate in polyelectrolytic
swelling (groups with noncondensed counterions).
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Abstract-Structural transformations of starch hydrogels during mechanical preparation of starch gelatinous
materials with a rotary pulse apparatus were studied. Two concentration regions distinguished by the structural
transformations of starch hydrogels under high shearing stress were revealed.

Gelatinous materials prepared by cooking of starch
dispersions to the required degree of cleavage are
widely used in various branches of industry (textile,
food, paper, building industry, etc.). One of the proce-
dures for preparing finely dispersed starch gels is
treatment of prepasted starch in a rotary pulse ap-
paratus (RPA) operating well under industrial condi-
tions, in particular, in mechanical preparation of starch
schlich [1].

Previously we studied the degree of dispersion of
starch grains, the size of colloid particles, the content
of the water-soluble fraction, and the degree of starch
cleavage as influenced by the conditions of mech-
anical treatment of starch pastes in RPAs. The aim of
this work was to study the features of dynamic struc-
turization of starch hydrogels under high shearing
stresses and mechanical vibrations generated in RPA.

The behavior of a polymer3solvent system in a
mechanical field is extensively studied [336]. The
majority of works on this point concern conforma-
tional transformations of rigid- and flexible-chain
polymers in dilute solutions [4, 5]. The influence of
the shearing stresses on abnormally viscous polymeric
systems was studied to a lesser extent. In particular,
one of these works concerns phase transformations of
ordered solutions of polymers, initiated by a mech-
anical field [6].

The influence of a mechanical field on such prac-
tically important systems as starch hydrogels was not
studied comprehensively. This is likely due to the fact
that starch hydrogels are very difficult to study owing
to their fractional and phase nonuniformity, ready
degradation, and the presence of chemical impurities
which cannot be removed.

EXPERIMENTAL

We studied corn starch [GOST (State Standard)
7697382]. Starch hydrogels (338 wt %) to be mech-
anically treated were prepared by cooking of a starch
suspension on a water bath atT = 90oC for 7 min.

The starch hydrogels were mechanically treated at
80oC for 10 s on a laboratory rotary pulse activator
(RPA) [2] at the rotor rotation rate of 3500 rpm,
providing a 60 104 s31 rate gradient.

Starch hydrogels were thermally hydrolyzed in the
presence of NaOH and Chloramine B at concentra-
tions of 0.1 and 0.12 g l31, respectively. The process
was performed until Chloramine B was completely
consumed.

The content of the water-soluble fraction of starch
A (%) was determined by hot extraction [7]. The ex-
tract composition was analyzed by absorption of
iodine complexes [8]. The content of the water-
soluble fraction was expressed as the percent of the
total starch concentration. The optical densities of the
solutions were measured on a Specord M40 spectro-
photometer.

Rheological properties of the starch hydrogels were
determined with the aid of a Rheotest-2 rotary vis-
cometer with a coaxial working unit. The rate gradient
ranges from 1.5 to 1312 s31.

The sorption properties of starch before and after
mechanical treatment were studied at 60389oC on a
Chrom-5 chromatograph with a flame ionization
detector. Starch hydrogel (10.8 wt %) was applied to
solid Chromaton N-AW support (0.2530.31 mm) by
evaporation of its solution. We used 1 m0 0.3 mm
metal columns. The dead retention time was deter-
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A, % (a)

(b)

C, wt %

Fig. 1. (a) Content of the water-soluble fractionA and
(b) optical density of starch hydrogelsD (l = 500 nm) as
functions of the starch concentrationC in (1) initial and
(2) mechanically treated hydrogels.

mined with methane. X-ray diffraction study were
performed on a DRON-2 diffractometer using CuKa

radiation. The degree of starch crystallinity was 16%.

The surface tension of starch hydrogel at the inter-
face with air was measured with the aid of a Rebinder
device [9].

The physicomechanical properties of the films
prepared from starch hydrogels were determined on a
PM-3-1 tensile-testing machine. Prior to the measure-
ments the films were conditioned at 65% humidity in
a hydrostat for 1 day. The film thickness was meas-
ured by a Schopper thickness gage.

The reactivity of mechanically activated starch was
studied on a model reaction of starch oxidation with
potassium permanganate in an acidic solution. The
reaction rate was calculated from the decrease in the
permanganate concentration measured spectropho-
tometrically on a Spekol 221 spectrophotometer at
l = 530 nm andT = 303 K [10].

The initial starch hydrogels (pastes) are micro-
heterogeneous systems in which swollen starch grains
are dispersed in true solution of the water-soluble frac-
tion. Previously we showed [11] that starch grains are
completely cleaved to form a new structure within
the first 233 s of mechnaical treatment of starch hy-

drogels under definite conditions. We also found [2]
that mechanically initiated chemical processes (de-
gradation, cross-linking, oxidation) either do not occur
or occur to a negligible extent at the above shearing
stresses in the absence of chemical reagents. Thus,
strong changes in the properties of starch hydrogels
at shearing stress are mainly due to their structural
transformations.

Mechanically treated starch hydrogel is also a mi-
croheterogeneous system in which the colloid-dis-
persed phase formed by fragments of starch grains is
dispersed in the true solution of the water-soluble
fraction. The content of water-soluble amylose in the
initial samples monotonically decreases with increas-
ing starch concentration (Fig. 1a, curve1) owing to
decrease in its solubility. The diffusion of amylose
macromolecules in the solution is facilitated and the
fraction of the water-soluble polymer increases in
the course of breakdown of starch grains during the
mechanical treatment (curve2). In the absence of
phase transformation in the dispersed phase of the
hydrogel, curve2 (Fig. 1a) should pass (dashed line)
similarly to curve 1, since in this case the amylose
content in the solutions is determined only by its
solubility which increases with decreasing total starch
concentration. However, at low starch concentrations
the fraction of water-soluble amylose is appreciably
lower than the expected value. This fact can be ex-
plained as follows. Rigid-chain polymers including
starch form aqueous systems with strong particle
anisotropy and are readily oriented and associated [3].
At high shearing stresses produced in RPAs, asym-
metric particles and separate molecules are ordered to
form new supramolecular structures in starch hydro-
gel. As a rule, mechanically initiated association of
polymers in solutions is an irreversible process [12].
Hence, in this concentration range the content of
water-soluble amylose determined by the extraction
procedure is underestimated.

This assumption is also confirmed by the concen-
tration depenedences of the optical density of the ini-
tial and treated starch hydrogels (Fig. 1b). The treated
hydrogels are more transparent owing to mechanical
breakdown of the primary structure of the initial gels.
However, the optical densities of hydrogels with low
starch concentrations are lower than the expected
values. This also indicates ordering and association
processes in this concentration range. An increase
in the optical density may be due to formation of
solid nucleus. Both in the first and the second cases
phase transformations under shearing stress become
noticeable at the hydrogel concentrations lower than
5.5 wt %. Curiously, this concentration coincides with
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that of the inflection point of the logh = f (logC)
function for the initial starch gels (Fig. 2) at two tem-
peratures. This dependence is graphical interpretation
of the Houwink3Klassen equation [13]. The inflection
point of the curves shown in Fig. 2 separates two con-
centration regions with different flow mechanisms.
The change in the flow mechanism with increasing
starch concentration is due to formation of fluctuation
physical network preventing ordering and association
of the macromolecules.

Practical application of starch hydrogels (schlich
and thickening) involves their drying at high tempera-
tures. It is important to find out whether the structure
with increased intermolecular interaction is retained
in the dried films. Here we studied this problem by
gas3liquid chromatography (GLC).

The main gas-chromatographic parameters are
specific retention volumesVg and differential heat of
solution of a volatile standard (n-alkanol) in a poly-
meric amorphous phaseDH. These parameters were
calculated by the equation

logVg = 3DH /RT + B.

The contribution of the specific interaction to the
total energy of solution was calculated as the differ-
ence ofDH of the standard (n-alkanol) andn-alkane
(which is dissolved without specific interactions) with
the same length of the carbon chain or the same polar-
izability. The experimental and calculated data for the
starch3n-alkane and starch3n-alkanol systems with the
starch concentration in the initial and treated hydro-
gels of 3, 5, and 7 wt % are presented in Table 1.

As seen from Table 1, the mechanical treatment of
pasted starch increases its nonspecific interaction with
n-alkanes. This is due to degradation of the natural
structure of starch grains during the mechanical treat-
ment. The less pronounced effect was observed for the
gels with the starch concentration of 7 wt %. This is
likely due, as noted above, to the decrease in the
degree of mechanical degradation of the initial struc-
ture with increasing starch concentration. The interac-
tion of starch with aliphatic alcohols can be estimated
from the difference3DDH = DH2 3 DH1. The fact that
starch retainsn-alcohols by not only formation of
hydrogen bonds with their hydroxy groups but also
host3guest complexation with amylose [14] should be
taken into account. As determined by the light absorp-
tion of iodine3starch complexes, the ability of starch
to form inclusion compounds does not change after
the mechanical treatment [2]. This indicates that the
spiral sections of amylose macromolecules, involved

log log h [Pa s]

log C [wt %]

Fig. 2. Viscosity of starch hydrogels at (1) 30 and (2) 80oC
as a function of the starch concentrationC.

in the complexation, are preserved after conforma-
tional transformations caused by shearing stress [8].
Hence, the decrease in the energy of specific interac-
tion of mechanically treated hydrogels withn-alkanols
is only due to rupture of the hydrogen bonds between
the hydroxy groups of starch and the alcohols.

As seen from Table 1, the interaction of 3% gel
with n-alkanols decreases to the greatest extent after
mechanical treatment of the gel. This effect is con-
siderably weaker for 5% gel and is almost absent in

Table 1. Partial enthalpy of solution3DH of n-alkanes and
n-alcohols in amorphous starch structure*
ÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

C,
³

n

³CnH2n+ 2, ³CnH2n+ 1OH,³
3DDH = DH2 3 DH1³ ³ DH1 ³ DH2 ³

³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄwt %
³ ³ kJ mol31

ÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ 12.4 ³ 48.7 ³ 36.33 ³ 6 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ
³ ³ 22.4**³ 43.9 ³ 21.5
³ ³ 20.2 ³ 53.5 ³ 33.3³ 7 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 32.7 ³ 47.5 ³ 14.8
³ ³ 33.0 ³ 54.5 ³ 21.5³ 8 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 37.1 ³ 56.5 ³ 19.4
³ ³ 40.5 ³ 51.7 ³ 11.25 ³ 6 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 51.4 ³ 56.7 ³ 5.3
³ ³ 43.5 ³ 51.6 ³ 8.1³ 7 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 55.9 ³ 60.1 ³ 4.2
³ ³ 45.3 ³ 52.3 ³ 7.0³ 8 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 51.8 ³ 59.1 ³ 7.3
³ ³ 31.8 ³ 51.6 ³ 14.77 ³ 6 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 32.5 ³ 49.2 ³ 12.7
³ ³ 34.3 ³ 56.3 ³ 22.0³ 7 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 41.7 ³ 59.0 ³ 17.3
³ ³ 44.9 ³ 70.1 ³ 25.2³ 8 ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 45.3 ³ 68.0 ³ 22.7

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* C is the starch concentration in the hydrogel,n is the number

of carbon atoms is the alkyl chains, andDDH is the differ-
ence between the heats of solution of alkane and alcohol
with the same length of the alkyl chain.

** Values for the mechanically treated gel are given in the
denominator.
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C, wt %

s 0 103, N m31

Fig. 3. Surface tensions of (1) thermochemically and
(2) mechanically cleaved starch hydrogels as a function of
the starch concentrationC.

P, kg cm32 E, %

C, wt %

Fig. 4. Ultimate stressP and elongation at breakE of films
of cleaved hydrogels as functions of the starch concentra-
tion C.

the case of 7% gel. Thus, the GLC data suggest that
mechanical treatment of starch hydrogels with low
starch concentration decreases the number of free hy-
droxy groups in the starch. This effect decreases with
increasing starch concentration.

The most important, from the viewpoint of prac-
tical application (in particular, in smoothing), struc-
ture-sensitive properties of mechanically cleaved
starch gels are surface tension, film-forming ability,
and, in some cases, reactivity of the starch. In this
work we studied these properties as influenced by
the structural transformations of starch hydrogels
occurring in RPA.

One of the macroproperties of liquid polymeric
systems, determined by intermolecular interaction, is
surface tension. The surface tension of starch hydro-
gels can be higher or lower than that of water (s80 =
6.260 1032 N m31), depending on the energy of inter-
molecular interaction and the hydrogel structure. We
measured the surface tension of mechanically treated
and thermochemically cleaved starch hydrogels with
various starch concentrations. The results are pre-

sented in Fig. 3. As seen from Fig. 3, there are two
concentration regions. In the first region the surface
tension of mechanically treated samples with low
starch concentration is higher than that of thermo-
chemically cleaved hydrogels. Conversely, at the
starch concentration higher than 5.5 wt % the surface
tension of mechanically treated hydrogels is lower
than that of thermochemically cleaved samples. Thus,
in the first concentration region the intermolecular
interaction in the polymer3water system increases
after the mechanical treatment, whereas in the second
region the mechanical treatment weakens the inter-
molecular interaction.

Profound changes in the structure of starch hydro-
gels and in the phase composition of the system under
strong shearing stress affect the film structure. The
mechanical properties of the films are determined by
the polymer cohesion. The concentration dependences
of the physicomechanical properties of the films cast
from mechanically treated starch hydrogels are shown
in Fig. 4. The similardependence for thermochemical-
ly cleaved starch is presented for comparison. The
strength and elongation at break of the hydrogel with
a low starch concentration slightly decrease after the
mechanical treatment. We suggest that this is due to
residual tension in the structure owing to incomplete
relaxation after application of the shearing stresses.
As noted above, this concentration region is charac-
terized by the most pronounced conformation trans-
formations.

The influence of mechanical treatment of starch
hydrogels on the reactivity of starch hydroxy groups
was estimated by starch oxidation with potassium
permanganate in an acidic solution. For this purpose
the reagents were introduced in a starch hydrogel im-
mediately after its mechanical treatemnt. The results
of the kinetic experiments are presented in Table 2.

As seen from Table 2, in the first concentration
range (C = 3 wt %) the mechanical activation nega-
tively affects the oxidation; in the boundary region the
mechanical treatment has no effect on the starch reac-
tivity; and in the second concentration range the starch
reactivity increases after the mechanical pretreatment.
One of the factors determining the rate of a chemical
reaction is the accessibility of the functional groups,
in our case, hydroxy groups. Under strong shearing
stress at mechanical treatment, these groups can be
released owing to degradation of the old structure and
can form hydrogen bonds in the new structure. The
decrease in the starch reactivity in the first concentra-
tion range can be due to a decrease in the number of
accessible OH groups owing to mechanically induced
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Table 2. Influence of mechanical pretreatment(MP) on
the oxidation of starch with potassium permanganate
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

C, wt %
³ K ³ KMP ³

KMP/KÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´
³ l mol31 s31 ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
3 ³ 2.8+0.3 ³ 1.8+0.1 ³ 0.64
5 ³ 3.2+0.4 ³ 3.1+0.2 ³ 0.97
7 ³ 6.7+0.5 ³ 9.3+0.4 ³ 1.39

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* C is the starch concentration;K and KMP are the rate

constants.

association to form new intermolecular hydrogen
bonds. Since the associates formed under shearing
stress are impermeable for chemical reagents, which is
indicated by a decrease in the starch reactivity, they
can be considered as crystallite-like structures.

The presence of three-dimensional fluctuation net-
work in the second concentration region prevents
ordering of the macromolecules and formation of new
hydrogen bonds between dehydrated OH groups. As
a result, the starch reactivity in the preactivated hy-
drogel increases owing to degradation of the initial
structure.

CONCLUSION

Starch hydrogels can be subdivided into two
groups by the nature of structural transformations
occurring in these gels during treatment in a rotary
pulse apparatus. In the first group (starch concentra-
tion 335 wt %) the surface tension increases, the
starch reactivity decreases, and the film-forming prop-
erties are deteriorated after the treatment. In the sec-
ond group (the starch concentration of 538 wt %) the
surface tension decreases, the starch reactivity in-
creases, and the physicomechanical properties of the
films are improved after the treatment.
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Abstract-Evolution of the supramolecular associate structure of moderately concentrated aqueous methyl
and propyl methyl cellulose solutions, as dependent on the degree of substitution by propyl groups, is studied
by the polarized light scattering using the Debye3Bueche3Stein theory.

Moderately concentrated aqueous solutions of cel-
lulose mixed ethers, classified with self-associated
polymeric systems, demonstrate a series of useful
properties based on the possibility of forming physical
thermally reversible gels. Methyl cellulose (MC) and
propyl methyl cellulose (PMC) are gel-forming mate-
rials [1, 2]. The gelation temperature in aqueous MC
solutions is influenced by such factors as the polymer
concentration, degree of substitution, and degree of
uniformity of substituent distribution in anhydroglu-
cose units and along the macrochain [3].

Introduction of propyl groups into MC macromole-
cules decreases the gelation and phase separation tem-
peratures, and increasing degree of substitution by
propyl groups (DSPr) increases the solution viscosity,
viscous flow activation enthalpy, and degree of struc-
turization of the solution [2]. In this connection, it
appeared interesting to study the effect of DSPr on the
structure of the initial 1.5% aqueous PMC solutions
using the polarized light scattering method (PLS).

Treatment of PLS data in terms of the Debye3
Bueche3Stein statistical theory allows characterization
of the supramolecular correlation in the structure of
condensed polymeric systems using structural param-
eters determined from the experimental indicatrices of
the isotropicVV and anisotropic components (HV) of
light scattering in the range of large scattering angles
(40o3140o). It was demonstrated previously [436] that
data obtained by PLS allow also prediction of the
structure of polymer solutions on the basis of the
morphological characteristics of the polymer in the
condensed state.

Gelation in moderately concentrated aqueous MC
solutions is a two-stage process, as demonstrated by
viscometry and the dynamic and low-angle neutron

scattering methods [7, 8]. In the first stage (T <
45350oC) hydrophobic supramolecular association oc-
curs, resulting in formation of clusters. In the second
stage (T > 45350oC) a gel is formed. In this stage
phase separation of the liquid3liquid type is accom-
panied by considerable change in the structural param-
eters of the system. Previously [9] these processes
were studied by PLS in 1.5% solutions of MC in
water and dimethylacetamide. Thus, the initial stage
of gelation may be judged from data on the solution
structure in the subgel range at 20oC.

In this work we studied the effect of DSPr on the
structural features of 1.5% aqueous MC and PMC
solutions at 20oC.

EXPERIMENTAL

The mixed propyl methyl cellulose ether was pre-
pared from MTs-100 commercial water-soluble meth-
yl cellulose [degree of polymerization (DP) 830;
degree of substitution by methoxy groups (DSMe)
1.62] according to the procedure described in [2]. The
total degree of substitution was estimated as DSt =
1.62 + DSPr. At DSPr > 0.35 PMC becomes insoluble
in water as a result of considerable shift in the hydro-
philic3hydrophobic balance of the macromolecules
toward higher hydrophobicity. The structure at 20oC
of conditioned 1.5% aqueous solutions of MC and
PMC with DSPr of 0.09, 0.13, and 0.30 was studied
by PLS with an FPS-3M photoelectric nephelometer.
In experiments we used vertically polarized light (l
546 nm) and measured the angular dependences of the
anisotropic (HV) and isotropic (VV) components of the
scattered light. Calibration was made by scattering in
benzene. The Rayleigh ratio for benzene with incident
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natural light was found to be 16.40 1036 cm31. To
characterize the supramolecular structure of the solu-
tions, we estimated the parameters of the system in
frameworks of the statistical theory [10] as applied to
moderately concentrated solutions [11]. From the
linear dependence 1/(VV 3 4/3HV)0.5 vs. sin2(q/2) we
determined parameters characterizing the isotropic
structure: mean squared fluctuation of the polarizabil-
ity (density) �h2� and the radius of the polarizability
fluctuation correlationaV characterizing the degree of
inhomogeneity of the system and its correlation size.

From the linear section of the angular dependences
of 1/(HV)0.5 we determined the parameters characteriz-
ing the microanisotropic structure: mean squared den-
sity of the optical anisotropy of a scattering element
of the bulk �d2� and the orientation correlation radius
aH, characterizing the degree of structurization of the
system and the dimensions of the oriented domains.

The angular dependences of theVV component of
scattering for 1.5% solutions reveal (Fig. 1a) that
introduction of propyl groups changes the position
and, to somewhat extent, slope of the curves; in the
initial MC and at low DSPr the slope increases in the
low-angle range (40o390o). Similar data were obtained
in [8] by the neutron scattering for moderately con-
centrated aqueous MC solutions at 20oC, indicating
nonuniform spatial distribution of intermolecular
interactions in the system. These results suggest that a
wide series of associated structures exist in the subgel
range. At the same time, dynamic light scattering in
dilute solutions of MC reveals two populations of
accociated macromolecules [12].

Anisotropic scattering data are given in Fig. 1b. It
should be pointed out that the angular dependence of
HV for MC and PMC solutions with small amount of
the propyl substituents passes through a maximum
in the scattering angle range below 80o. In the high-
angle range the intensity of anisotropic scatteringHV
abnormally increases, which is not typical of poly-
meric systems with random fluctuations of the anisot-
ropy. This fact can be attributed to the specific struc-
tural features of this MC sample, which contains
nuclei of a microcrystalline phase, consisting essen-
tially of trisubstituted MC units, in addition to large
ordered associated structures [3. 7, 8]. With increasing
fraction of the propyl groups the maximum in the
angular dependence degenerates. Nevertheless, the
shape of theHV curve reveals two types of oriented
domains in the system [5].

To understand whether such a distinct deviation of
the angular dependence ofHV from linearity is as-

(a)

(b)

1/(VV 3 4/3HV)0.5, cm0.5

1/(HV)0.5
0 1031, cm0.5

Fig. 1. Angular dependence of the indicatrices of the inten-
sities of (a) isotropic scattering 1/(VV 3 4/3HV)0.5 and
(b) anisotropic scattering 1/(HV)0.5 of 1.5% aqueous cellu-
lose ether solutions after performing the cycle gel3solu-
tion3freezing3solution. Solution: (1) MC (DS 1.62) and
(235) PMC. DSPr: (2) 0.09, (3) 0.13, and (4, 5) 0.30.

sociated with the solution structure or this effect is
a consequence of incomplete dissolution of the poly-
mer microparticles, all solutions were converted into
gels by heating to 70oC and then frozen and allowed
to stand for 1 day at36oC and for 30 days at +5oC, to
eliminate hysteresis of characteristics of the system on
passing from the solution state to the gel state and
backwards [9]. It is known that at low temperatures in
solutions of macromolecules containing both hydro-
philic and hydrophobic fragments, water molecules
form chamber-like structures, surrounding hydro-
phobic (in our case the methyl and propyl substit-
uents) fragments, thus eliminating the effect of the
nonpolar groups on the polar solvent and providing
preservation of the hydrophilic3hydrophobic balance
[13]. At temperature of about 0oC the solubility of
MC and PMC in water increases. On heating the
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DSPr

Fig. 2. Statistical parameters (1) aV and (2) aH of the struc-
ture of 1.5% aqueous PMC solutions at 20oC as functions
of DSPr. (1*, 2*) Corresponding parameters after perform-
ing the cycle solution3gel3freezing3solution; the same
for Fig. 3.

DSPr

�h
2
� 0 109, �d2

� 0 109

Fig. 3. Statistical parameters (1) �h2� and (2) �d2� of the
structure of 1.5% aqueous PMC solutions as functions
of DSPr.

weakest H bonds between water molecules and oxy-
gen atoms of the methoxy and propoxy groups break
down, which results in strengthening of interactions
between the macromolecules by their fragments main-
ly containing essentially highly substituted units.
Thus, hydrophobic self-association of MC and PMC
macromolecules occurs, initiating aggregation and
phase separation.

The reversibility of the structural transformations
in the systems was proved by manifold repetition of
the cycle solution3gel3freezing3solution. The angular
dependences of theHV andVV components of scatter-
ing for solutions of PMC with DSPr < 0.3 coincided
within the experimental error. For the systems with
DSPr = 0.3, i.e., at the critical content of the propyl
groups (with regard to the solubility in water), we
observed reproducible changes in the scattering in-
tensity (Figs. 1a, 1b; curves5). Note that in frozen
1.5% MC and PMC solutions we observed a fine ice
texture with well distinguished crystals. On cooling
the solutions to 0oC the solubility of MC and PMC

increases by virtue of hydration of the polymer macro-
molecules. At temperature below 0oC H bonds bet-
ween water molecules and functional groups of the
polymers break down, which results in formation of
fluctuating domains of displaced structured water
serving as nuclei of crystalline phase of ice [13].

The statistical parameters characterizing the effect
of substitution of the hydroxy groups of MC by the
propyl groups on the structure of the 1.5% aqueous
solutions are given in Figs. 2 and 3. The results show
that introduction of additional hydrophobic groups
provides a three fold increase in�h2� (Fig. 3, curve1)
and increase inaV from 400 (MC) to 700A (PMC;
DSPr = 0.30) (Fig. 2, curve1). Note that previously
we demonstrated that increasing content of the propyl
groups in the macromolecules provides increase in the
viscosity and degree of structurization of their solu-
tions [2]. These results can be attributed to increasing
intermolecular hydrophobic association with increas-
ing DSPr, which is accompanied by separation of the
solvent into particular domains [13]. The domains of
intermolecular associates and solvent-rich domains
have different polarizabilities, and with increasing
aV of denser domains (due to higher content of propyl
groups) the microheterogeneity of the system�h2�
correspondingly increases. In [14] it was demonstrated
that cellulose-based polymers containing critical (for
solubility) content of hydrophobic groups are con-
verted into gels at lower temperature, and the resulting
gels have lower strength because of relatively higher
heterogeneity of the system.

It is known that introduction of bulky alkoxy sub-
stituents into the cellulose macromolecule increases
its equilibrium rigidity and changes the macrochain
conformation, affecting the microanisotropic structure
of moderately concentrated polymer solutions. Previ-
ously [9] we reported that in moderately concentrated
MC solutions fluctuations of the anisotropy and orien-
tation occur, and increasing amount of the propyl
groups in the MC macromolecule provides growth in
the intensity of anisotropic scattering in the experi-
mental angle range. Thus, over the angle range from
40o to 80o �d2� increases by more than an order of
magnitude from 1.20 1039 to 1.60 1038 (Fig. 3,
curve 2). As noted above, it follows from the ab-
normal shape of the angular dependence of the aniso-
tropic HV component of scattering that the structure of
the system can be described by two types of correla-
tions (random and nonrandom) of orientation of op-
tical axes of elementary scattering volumes. The
parameters of microanisotropic structure of the first
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type (�d2� and aH) were estimated from the initial
slope of theHV curve (Fig. 1b). The estimated values
correspond to ordered regions 2503300 A in size,
which, in principle, is consistent with the Kuhn seg-
ment length of an individual macromolecule of a cel-
lulose ether (aH tends to decrease with increasing frac-
tion of the propyl groups). This is caused by hindered
orientation of coarser scattering elements (their anisot-
ropy increases with increasing DSPr) as a result of
reorganization of the system of polymer3solvent
H bonds. Structures of the second type cannot be
quantitatively characterized byPLS. However,X-ray
diffraction analysis data for MC gels revealed that
there are points of an ordered structure (crystallites)
consisting of essentially trisubstituted MC units. The
nature of intermolecular interactions of PMC chains in
ordered (anisotropic) and amorphous (isotropic)
domains can be different [3]. Therefore, it is a valid
conclusion that two types of orientation correlation
coexist in the solution: one near the nucleation centers
of the microcrystalline phase and another in associates
formed through hydrophobic association of macro-
molecular fragments. The experimental data show
(Fig. 1b) that the inflection on the angular dependence
of the HV component of scattering becomes less pro-
nounced with increasing fraction of the propyl groups,
i.e., theeffect of nucleation centers of the microcrys-
talline phase of MC on the nature of anisotropic scat-
tering somewhat decreases with introduction of an
additional hydrophobic substituent.

Turning to the study of the reversibility of the
structure of 1.5% solutions of the mixed cellulose
ethers, it should be pointed out that the statistical
parameters of their structure are practically coincident
at low DSPr.

At DSPr = 0.3 (critical value for solubility) freezing
has an effect on both the isotropic and anisotropic
structures:�h2� and �d2� tend to decrease, suggesting
that performing the cycle solution3gel3freezing3solu-
tion makes the system more homogeneous and the
scattering elements, less anisotropic. This is probably
due to restoration of hydrogen bonds between OH
groups, oxygen atoms of the methoxy and propoxy
groups, and clusters of the polar solvent (water) which
restores its tetrahedral structure at low temperature
also [13]. At lower DSPr the structure of the polar
associated solvent apparently plays a less significant
role.

CONCLUSIONS

(1) Treatment of the structure of moderately con-
centrated methyl and propyl methyl cellulose solu-

tions at 20oC (subgel region) in terms of the statistical
theory of polarized light scattering revealed that in-
creasing fraction of propyl groups, introduced as an
additional hydrophobic agent, considerably increases
the correlation size of microheterogeneity of the solu-
tion as a result of hydrophobic association.

(2) The solutions have a microanisotropic struc-
ture. The shape of the angular dependence of theHV
component of the light scattering suggests two types
of orientation correlation of scattering elements in the
bulk. The first type is associated with random fluctua-
tions of orientation at distances of about 2003250 A
corresponding to the length of the rigid part of an in-
dividual macromolecule of propyl methyl cellulose in
the solution. Ordered regions of the second type may
be regarded as nucleation centers formed as a result of
hydrophobic interactions of highly substituted poly-
mer units. Increasing fraction of the propyl substit-
uents in the macromolecules results in considerable
growth of the mean density of the optical anisotropy
in parallel to development of supramolecular structure
in the system.

(3) At low content of propyl substituent in mixed
propyl methyl cellulose ethers the cycle gel3solution3
freezing3solution does not change significantly the
structure of their aqueous solutions. The system
with the critical content of the propyl groups (with
regard to the solubility in water) becomes more
homogeneous and less anisotropic after this cycle is
performed.
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Abstract-Composite fibers were produced by mixing of chitin and cellulose solutions with subsequent
molding from these solutions under standard conditions. The effect of composition of systems on the structural
modification and the deformation-strength characteristics of the fibers was studied.

Cellulose and chitin are the most important renew-
able natural fiber-forming polysaccharides. With the
rational use their resourses are unexhaustible. A wide
variety of materials based on cellulose and its ethers
have been developed and are produced.

At the same time, chitin fibers are not produced
commercially anywhere in the world. This is due to
the ability of chitin macromolecules to spontaneous
crystallization to form fibers of the band-fibrillar
morphology characteristic of rigid- or semirigid-chain
polymers [1, 2]; therefore, the resulting fibers are
highly friable. Contrary to cellulose, chitin is bio-
logically active. This explains the growing research-
ers’ interest in fibers and materials based on chitin.

Polysaccharides can be blended by mixing their
solutions. Both chitin and cellulose can be dissolved
in a complex solvent such as a solution of lithium
chloride in dimethylacetamide (DMAA/LiCl) [3, 4].

Addition of polyvinylpyrrolidone or methyl cellu-
lose to the spinning solution can significantly im-
prove the deformation-strength characteristics of the
fibers [5].

It is well known that polymers are well compatible
in solutions of cellulose3chitin blends [6]. Therefore,
it seems appropriate to study the effect of the com-
position of blends on the deformation-strength charac-
teristics of fibers based on both chitin modified with
cellulose and cellulose modified with chitin.

EXPERIMENTAL

In the study we used dimethylacetamide (DMAA)
dehydrated and distilled in a vacuum, bp 42oC/7 mm
Hg; lithium chloride crystal hydrate dehydrated at
400oC; chitin produced from crab armor by the
SONAT Joint-Stock Company, ash content 0.02%,

protein-free, degree of polymerization (DP) 678,
molecular weightM 137000 D, [h] 8.4 dl g31; and
cellulose produced by the Svetogorsk Pulp and Paper
Plant, wood, sulfite, whitened, ash-free, DP 680,
M 110000 D, [h] 3.36 dl g31.

The intrinsic viscosity of chitin solution was deter-
mined in DMAA + 5% LiCl. The molecular weight
was evaluated by the formula [3]

[h] = 2.4 0 1033M 0.69.

The intrinsic viscosity of cellulose was determined
in a solution in cadoxene. The molecular weightM
was evaluated by the formula [7]

[h] = 5.930 1035M 0.94.

The fiber was formed on a PIFV-01 setup using a
dosing syringe and a 1/04 spinneret. The precipitation
bath was a mixture of ethanol and ethylene glycol at
the volume ratio of 1 : 1. The plasticization bath was
water. The fiber was washed with hot water to remove
lithium chloride to a total absence of chloride ion
in the wash water (test with silver nitrate). The fiber
was air-dried at room temperature.

For more precise estimation of the effect of modi-
fying additives on the mechanical characteristics of
the fibers the conditions of fiber production were
standardized.

The mechanical tests were carried out on an Instron
universal tensile-testing machine. The stress3strain
diagrams were obtained with a 50-mm sample at the
loading rate of 5 mm min31. Before testing the sam-
ples were kept in a desiccator for 24 h over concen-
trated aqueous solution of magnesium acetate, i.e.,
at a relative humidity of 65%.
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st, MPa

C, %
eb, %

C, %
Tensile strengthst and elongation at breakeb of the fibers
as functions of the cellulose concentrationC.

Chitin and cellulose were dissolved by the proce-
dure described in [8]. The content of lithium chloride
in the solvent was 9%. Cellulose and chitin were dis-
solved in a DMAA/LiCl mixture to attain the con-
centration of each component of 3%. This condition
was followed to provide the constant total concentra-
tion of the polymers in the spinning solution, 3%,
on addition of modifying additives. To obtain the
required systems, a calculated amount of the modifier
solution was added. The mixture was thoroughly
mixed, degassed in a vacuum, and used in forming of
the fiber.

To accelerate the dissolution, with the aim to im-
prove the accessibility of the reaction centers, poly-

Characteristics of polysaccharide fibers at low content
of modifier
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Content, % ³ st, MPa ³ eb, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

Cellulose in chitin: ³ ³
0 ³ 436 ³ 2.9
0.5 ³ 526 ³ 2.4
2.5 ³ 457 ³ 2.2
4.8 ³ 482 ³ 3.2
9.0 ³ 536 ³ 2.9

Chitin in cellulose: ³ ³
0 ³ 651 ³ 6.7
0.5 ³ 530 ³ 11.0
2.5 ³ 595 ³ 7.7
5.0 ³ 617 ³ 6.8

10.0 ³ 640 ³ 6.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

saccharides, e.g., cellulose, are commonly treated with
water and then methanol; the latter is replaced with
DMAA. This procedure allows preparation of a trans-
parent solution of a polysaccharide with a higher con-
centration of the polymer in a shorter time. The larger
the molecular weight of the polymer, the longer the
time of solution preparation.

To produce solutions of polysaccharides, the mix-
ture was heated to 150oC [8] and then the transparent
solutions were obtained by slow cooling under nitro-
gen to protect the system from thermal oxidative de-
gradation [8]. In this work we used this procedure to
obtain cellulose and chitin solutions from which the
fibers were produced.

The figure presents the strength and deformation
characteristics of the fibers produced from crab chitin,
sulfite cellulose, and their mixtures of various com-
positions, as functions of the cellulose concentration.

An increase in the strength of the fibersst is usu-
ally related to an increase in the total energy of inter-
molecular interaction. In our case the strength of
composite fibers increases with increasing content of
cellulose (rigid-chain polymer). Thus, for chitin fibers
it increases to 660 MPa with increasing content of
cellulose to 50%, after which the curve flattens out
(see figure).

The elongation at breakeb increases practically
linearly with increasing concentration of cellulose,
and at a 50% cellulose content in the mixture of poly-
mers it is 4.434.8% (see figure).

However, in this part of the study of modification
of chitin fibers with cellulose and cellulose fibers with
chitin at low content of modifiers (no more than 5%
of both cellulose in chitin and chitin in cellulose) we
observed sharp deviations from the monotonic depen-
dences for the tensile strength and elongation. These
deviations are presented in the table.

The table shows that on addition of only 0.5% of
cellulose to chitin the tensile strength of the fibers
increases by 23% and at the modifier content of 2.5%
it decreases to almost the initial level. This local
maximum of the tensile strength is accompanied by
the minimum of the elongation at break.

In modification of cellulose with chitin the situa-
tion is opposite: addition of the same amount of modi-
fier (0.5%) results in an abrupt increase in the elonga-
tion at break, which reaches 11%, i.e. increases by
more than 50%. This abrupt increase is accompanied
by the local minimum of the tensile strength.

These extrema in the deformation-strength charac-
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teristics of fibers at low content of modifiers can be
questioned. However, the studies of the structure of
similar solutions of these polysaccharides [10] and
unoriented films produced from the similar systems
[11] support these results. For example, the study of
films preliminarily swollen in heavy-water vapor with
various chitin : cellulose ratio showed that the amount
of sorbed D2O vapor decreases on addition of 0.5% of
cellulose to chitin and, contrary, increases on addition
of 0.5% of chitin to cellulose. The study of these
films by the low-angle neutron scattering showed that
the minimum size of scattering heterogeneities is
typical for the films with a low content of any one of
the components. We also observed a sharp local de-
crease in the size of the scattering heterogeneities. At
the content of cellulose in chitin film of 0.5% the size
of heterogeneities substantially decreases, their num-
ber increases, and the structure of the films becomes
more homogeneous. Such homogeneous, though less
pronounced, structure of the films takes place at a low
(0.5%) content of chitin in cellulose. In [11] we noted
that at small additions of chitin and cellulose varia-
tions in the structure in both solutions and solids
are opposite, and a more heterogeneous structure is
formed on addition of chitin to cellulose than on addi-
tion of cellulose to chitin.

When considering the chemical structure of chitin
and cellulose, we can reveal the driving forces that
govern the morphology of modified fibers.

As follows from the presented fragments of cellu-
lose (A) and chitin (B) macromolecules, the only dis-
tinction is that one hydroxy group in the pyranose ring
in chitin is replaced by acetamide group:

A

B

These groups will hamper packing of macromole-
cules in a blend of polysaccharides and affect the
characteristics of hydrogen bonds in the system.

Small amounts of cellulose added to chitin can

form a layer on the surface of supramolecular struc-
tures of chitin, enhancing the interstructure interaction
owing to [additional] hydroxy groups. It is just this
effect that should result in an increase in the rigidity
of the system, which is reflected in decrease in the
elongation at break (see table). Thus, small additions
of cellulose to chitin act as an antiplasticizer. On the
contrary, addition of chitin to cellulose should de-
crease the intermolecular interaction at the interface of
the structural elements, since acetamide groups of
chitin will hinder sterically the packing of cellulose
macromolecules. Therefore, small additions of chitin
will act as a plastizicer. This can explain the increase
in the elongation at break of cellulose fibers contain-
ing small amounts of the modifier.

Thus, the effect of small additions to the polymer,
substantially affecting its characteristics, should be
explained by their role in variation of supramolecular
ordering of highly arranged polymer systems. It is
believed that the origin of these phenomena is as
follows. The arrangement of a modifier over the inter-
face of structural supramolecular elements of polymer
results in some cases in decrease in the surface energy
and thus promotes mobility of its structural elements.
In this case, the structural plasticization of the modi-
fied system takes place. In other cases, when the
energy of interaction of interstructural elements in-
creases, the structural antiplasticization of the polymer
with the modifying additive takes place. However,
the necessary condition of interpretation of these
phenomena is the presence of interfaces of the struc-
tural elements of the polymer. This suggests that the
system must be heterogeneous, which is in a good
agreement with the Papkov’s conclusion [12]. These
phenomena are manifested in formation of heterogene-
ous systems with structural elements corresponding to
[macroscopic level] of the structure.

The modifier is localized at the interface of macro-
scopic elements of the supramolecular structure of the
polymer. This case can be regarded as formation of a
heterogeneous system with the interface at the site of
the modifier location. However, probably, for such
related polymers as chitin and cellulose having poly-
meric chains formed by glucopyranose rings we can-
not speak of heterogeneity in the generally accepted
sense. Actually, the concentration of hydrogen bonds
at the surface of micro- and macrofibrils significantly
changes. In modification of cellulose with micro-
amounts of chitin this concentration decreases, and
in modification of chitin with cellulose, increases.

In this respect we would like to call attention to the
specific feature of cellulose satellites, hemicelluloses,
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which, being natural structural modifiers, affect the
deformation-strength characteristics of plant materials.
Therefore, a special attention should be given to the
history of the polymer sample subjected to structural
modification and procedures of its recovery and pre-
treatment, which govern its purity and polydispersity
and, hence, characteristics of the fibers produced from
this polymer.

CONCLUSIONS

(1) The structural modification of chitin fibers
with cellulose and cellulose fibers with chitin was
carried out.

(2) In modification of chitin fibers with small
amounts of cellulose the latter acts as structural anti-
plasticizer, which forms epitaxial layer at the interface
of supramolecular elements and increases the energy
of interstructural interaction owing to increase in the
density of the network of hydrogen bonds between
supramolecular formations.

(3) In modification of cellulose with chitin, small
additions of chitin act as structural plasticizer of cellu-
lose fibers. The plasticizing effect is caused by in-
creased energy of hydrogen bonds at the interface of
supramolecular structures of cellulose with acetamide
groups of chitin.

(4) Addition of cellulose to chitin fibers substan-
tially improves their deformation-strength character-
istics.
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Abstract-The kinetic features of initiation ofN,N,N-trimethylammonioethyl methacrylate methyl sulfate
polymerization in the presence of manganese(III) bis(acetylacetonate) nitrate andp-nitrosoaniline were studied
by the inhibited polymerization method. The kinetic parameters of initiation were calculated, and participation
of the monomer in the initiation stage was established.

In radical polymerization, the initiation stage is the
most energy-consuming and the slowest, as compared
to chain propagation and termination, and, as a rule,
it determines the overall polymerization rate [1].

A kinetic study of inhibited polymerization of
N,N,N-trimethylammonioethyl methacrylate methyl
sulfate (TMAEMA3MS) under the action of manga-
nese(III) bis(acetylacetonate) nitrate (MN) was per-
formed in aqueous solution in the temperature range
20340oC in the presence of radical scavenger,p-ni-
trosoaniline (p-NA). The concentrations of the reac-
tants (M) were as follows: inhibitor 60 1037

35 0 1035,
initiator 6.30 1034, and monomer 1.4132.82.

With p-NA added, we observed a clearly pro-
nounced induction periodtind (Figs. 1a, 1b) within
which no polymerization occurred, and after exhaus-
tion of p-NA the copolymerization occurred at a con-
stant rate equal to the polymerization rate in the
absence of the inhibitor.

The duration of the induction period linearly de-
pends on the inhibitor concentration, which suggests
the absence of side reactions between the inhibitor and
monomer (Fig. 2).

The constancy of the ratio [Z]/tind ([Z] is the
inhibitor concentration) suggests that the inhibitor is
consumed only in reactions with primary radicals
generated by decomposition of MN.

The facts that the induction period is proportional
to the initial inhibitor concentration and that after the
end of the induction period no inhibition is observed
in the examined concentration range allow us to use
the following equation [1] for calculating the initiation

constants:

vin = [Z0]/tind,

wherevin is the initiation rate (mol l31 s31), [Z0] is the
initial p-NA concentration (M), andtind is the induc-
tion period (s). The initiation constantKin (s31) can be

a, %

t, s

(a)

a, % (b)

t, s
Fig. 1. Kinetic curves of inhibited polymerization of
TMAEMA 3MS in the presence ofp-NA at 20oC: (a) con-
version and (t) time. TMAEMA 3MS concentration, M:
(a) 1.49 and (b) 2.82.p-NA concentrationc 0 106, M:
(a) (1) 0, (2) 0.67, (3) 1.25, and (4) 5.0; (b) (1) 0, (2) 1.0,
(3) 2.0, and (4) 5.0.
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tind, s

[Z] 0 105, M
Fig. 2. Induction periodtind as a function of the inhibitor
( p-NA) concentration [Z] at (1, 3) 20 and (2, 4) 40oC. Con-
centration of TMAEMA3MS, M: (1, 2) 1.49 and (3, 4) 2.82.

103/T, K31

5 + logKin

Fig. 3. Rate constant of TMAEMA3MS polymerization ini-
tiation Kin as a function of temperatureT. MN concentra-
tion 6.30 1034 M.

calculated by the equation

Kin = vin/[I],

where [I] is the initiator (MN) concentration (M).

The initiation efficiency f was evaluated by the
equation

f = vin/Kh [I],

whereKh is the rate constant of homolytic decomposi-
tion of MN, Kh = 7.340 1034 s31.

The reactivity of the primary radical in initiation of
TMAEMA 3MS polymerization in the presence of MN
was evaluated by the equation [2]

f = vin/(vin + vsr) = [M]/([M] + Ksr/Kh),

where vsr is the rarte of the side reaction of the pri-
mary radical (mol l31 s31), [M] is the monomer con-
centration (M), andKsr is the rate constant of the side
reaction of the primary radical (s31).

We found that the calculated initiation constants
can be satisfactorily fitted by the Arrhenius equation
(Fig. 3). The apparent activation energy of the initia-
tion of TMAEMA3MS polymerization with MN is

40.3 kJ mol31, which is a typical value for polymeri-
zation of such monomers as acrylamide and acrylic
acid in the presence of acido derivatives of manga-
nese(III) bis(acetylacetonate) [3].

Experimental data (see table) show that the initiat-
ing power of MN, evaluated byKin, f, andKsr, signif-
icantly depends on the concentration of TMAEMA3

MS monomer, which suggests participation of the
monomer in the initiation stage.

The initiation efficiency of 0.5, and the high rate
constants of the side reaction of the primary radical,
comparable with the initiation constants, suggest a
high reactivity of the primary radical.

A UV examination of dilute solutions of MN and
TMAEMA 3MS and of their equimolar mixture (con-
centration 50 1034 M) showed (Fig. 4) that (1) the
band at 47000 cm31 (e = 19140 l mol31 cm31), char-
acteristic of TMAEMA3MS in aqueous solutions,
shifts to 45100 cm31 (e = 20100 l mol31 cm31) in
the spectrum of the equimolar mixture of TMAEMA3
MS with MN; (2) the p3d charge-transfer band at
31400 cm31, characteristic of MN in aqueous solu-
tion, shifts to 29800 cm31 upon interaction with
TMAEMA 3MS; (3) the molar extinction coefficient
of the band at 36800 cm31 (e = 14700 l mol31 cm31)
characteristic of intraligandp3p* transitions in MN
decreases upon interaction with TMAEMA3MS by a
factor of 2 to 7400 l mol31 cm31.

The UV data suggest that interaction of TMAEMA3
MS with MN involves inner-sphere coordination of
the monomer with the complex, which, as shown in
numerous papers [6], is possible for such acrylic
monomers as acrylamide, acrylic acid, and methyl
methacrylate. When considering decomposition of
MN in aqueous solutions, account should be taken of
the fact that the Mn3+ ion has vacantd orbitals, which
can favor formation of an inner-sphere complex in so-
lution [6]. Thus, interaction of MN with TMAEMA3
MS can be described by the following scheme:

Mn(acac) NO + CH2c
cC
g

CH3

g

CccO
2 3
c(CH2)2
cN(CH )3 3CH3SO4Oc

+ 3
Mn(acac) NO + CH2c

cC
g

CH3

g

CccO
2 3
c(CH2)2
cN(CH )3 3CH3SO4Oc

+ 3

76 acac6
cMn
g

NO3

8
O
gg

CcO
g

(CH2)2
g

N(CH )3 3CH3SO4

cC
e

CH3

c
cCH2

i
i

OccCH3Cc
i
CH

OcCi
CH3

eeee
i

.
..

.

+ 3

76 acac6
cMn
g

NO3

8
O
gg

CcO
g

(CH2)2
g

N(CH )3 3CH3SO4

cC
e

CH3

c
cCH2

i
i

OccCH3Cc
i
CH

OcCi
CH3

eeee
i

.
..

.

+ 3



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

INHIBITED POLYMERIZATION OF N,N,N-TRIMETHYLAMMONIOETHYL METHACRYLATE 1579

Inhibited polymerization of TMAEMA3MS in the presence of MN andp-NA (initiator concentration 6.340 1034 M)
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

[M], ³ T, ³ [Z] 0106,³ tin, ³ vin 01038, ³ Kin0104,³
f

³ Ksr 0105,³
Kin /Ksr

³ Ein ³ Ea ³ Er 3 0.5E0
³ ³ ³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

M ³ oC ³ M ³ s ³mol l31 s31
³ s31

³ ³ s31
³ ³ kJ mol31

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
1.49³ 20 ³ 0.62 ³ 25 ³ 2.48 ³� ³ ³ ³ ³ ³ ³

³ ³ ³ ³ ³� ³ ³ ³ ³ ³ ³
³ 20 ³ 1.25 ³ 75 ³ 2.08 ³� 0.395 ³ 0.05 ³ 1.56 ³ 2.53 ³ 40.3 ³ 51.8 ³ 31.65
³ ³ ³ ³ ³� ³ ³ ³ ³ ³ ³
³ 20 ³ 5.00 ³ 100 ³ 3.12 ³� ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
³ 40 ³ 5.00 ³ 55 ³ 9.10 ³� ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³� ³ ³ ³ ³ ³ ³
³ 40 ³ 10.00 ³ 115 ³ 8.70 ³� 1.55 ³ 0.17 ³ 4.68 ³ 3.32 ³ ³ ³
³ ³ ³ ³ ³� ³ ³ ³ ³ ³ ³
³ 40 ³ 20.00 ³ 170 ³ 10.20 ³� ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

2.82³ 20 ³ 10.0 ³ 60 ³ 16.60 ³� ³ ³ ³ ³ ³ ³
³ ³ ³ ³ ³� 3.06 ³ 0.41 ³ 7.51 ³ 4.07 ³ 3 ³ 47.9 ³ 3
³ 20 ³ 20.0 ³ 90 ³ 22.20 ³� ³ ³ ³ ³ ³ ³

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

It should be noted that monomers of the aminoal-
kyl (meth)acrylate series and their derivatives tend to
form intermediate donor3acceptor complexes with
initiating systems [7, 8]. This property affects the
reactivity of the monomer and initiator and determines
the specific features of their behavior in the polymeri-
zation medium.

EXPERIMENTAL

The kinetics of the inhibited polymerization of
TMAEMA 3MS was studied by the inhibition proce-
dure in aqueous solution under oxygen at 20oC in the
presence of the mixed-ligand manganese(III) complex
MN and the radical scavengerp-NA [2].

The UV spectra of the compounds (aqueous solu-
tions, pH 4) were taken on a Specord spectrophotom-
eter.

D

n 0 1033, cm31

Fig. 4. UV absorption spectra of TMAEMA3MS and MN
in aqueous solution (pH 4.0). (D) Optical density and
(n) wave number. (1) TMAEMA 3MS, (2) MN, and
(3, 4) MN : TMAEMA 3MS = 1 : 1 (mol : mol), 1.5 and
10 min after mixing, respectively.

CONCLUSIONS

(1) The kinetic parameters of initiation ofN,N,N-
trimethylammmonioethyl methacrylate methyl sulfate:
Kin, vin, f, andEin, in the presence of manganese(III)
bis(acetylacetonate) nitrate andp-nitrosoaniline were
determined by the method of inhibited polymerization.
It was found that manganese(III) bis(acetylacetonate)
nitrate exhibits a high initiating activity, which signif-
icantly depends on the monomer concentration.

(2) The UV spectra of the compounds and reaction
systems show that interaction ofN,N,N-trimethylam-
monioethyl methacrylate methyl sulfate with manga-
nese(III) bis(acetylacetonate) nitrate involves forma-
tion of a donor3acceptor complex, which determines
the specific features of their behavior in the course of
polymerization.
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Abstract-The viscosity, lifetime, and structure of melts of supramolecular H-bonded complexes of acid
diethyl and dimethyl esters of 3,3`,4,4̀-(diphenyl oxide)tetracarboxylic or 3,3`,4,4̀-diphenyltetracarboxylic
acids with aromatic diamines (diaminodiphenylmethane orm-phenylenediamine) are studied.

Polyimide binders for fibrous composite materials
are often obtained by acylation of diamines with acid
esters of tetracarboxylic acids. In this case the best
prepregs can be prepared from powder-like hydrogen-
bonded complexes (H complexes) separated in drying
of alcoholic solutions of acid esters of tetracarboxylic
acids and diamines [1, 2]. In contrast to mechanical
mixtures of acid esters of tetracarboxylic acids with
diamines, H complexes can be converted to poly-
imides under mild conditions (at temperature below
220oC) practically without any side reactions [3].
The H complexes are characterized by low melting
point (903130oC) [4], which allows easy impregna-
tion of various reinforcing materials, for example,
polyimide felt, and preparation, after further thermal
treatment of the resulting prepreg in a die mold (but
without applying pressure load), of durable, light,
thermostable, heatproof, and cryostable foamed com-
posites, having good sound-proofing properties and
applicable as structural materials [5].

Previously, to optimize the conditions of prepara-
tion of polyimide foamed composites, we thoroughly
studied the viscous characteristic of H complexes
based on acid diesters of 3,3`,4,4̀- benzophenonetetra-
carboxylic acid (BP) [6]. It was demonstrated that
melts of the H complexes have an ordered structure
(the exponent in the Ostwald3de-Wille equation

h ~ g. 3n, (1)

whereh is the viscosity of the melt of the H complex
and .g is the shear rate, is above 0.7) [7, 8].

The H complexes represent supramolecular struc-

tures, which are converted into polyimides by thermal
treatment. It is known [9] that the structure of a poly-
imide is determined primarily by the nature of an
acylating fragment of the polyimide chain, and its
basis is formed even at the prepolymer stage. The
polyimides based on 3,3`,4,4̀-(diphenyl oxide)tetracar-
boxylic acid (DPO) are mostly flexible-chain poly-
mers, which is caused by the presence of a hinge oxy-
gen atom between the phenyl radicals. The polyimides
based on 3,3`,4,4̀-diphenyltetracarboxylic (DP) acid
are mostly rigid-chain polymers with an ordered
supramolecular structure. Therefore, it is interesting to
study the effect of the nature of diesters of the in-
dicated tetracarboxylic acids on the supramolecular
structure of melts of the H complexes.

In this work we studied the H complexes formed
by dimethyl esters of DPO or diethyl esters of DP and
4,4̀-diaminodiphenylmethane (DADPM) orm-phenyl-
enediamine (MPDA).

EXPERIMENTAL

The H complexes were prepared as follows. The
dianhydride of DPO (0.1 mol) or DP (0.05 mol) was
dissolved with stirring in the presence of benzimida-
zole (3 wt %) in 50 ml of methanol or ethanol con-
taining 10315 vol % water at the boiling temperature
of the alcohol. The solution of the acid diester of the
tetracarboxylic acid was cooled to room temperature,
and the equimolar amount of a diamine was added
with stirring (or the two diamines were added one
after another). The H complexes formed after homo-
genization of the solution were isolated as solids by
vacuum removal of the solvent at room temperature.
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(a)

t, min

(b)

t, min

logh [Pa s]

logh [Pa s]

Fig. 1. Viscosity h of melts of H complexes as a function
of time t. log .g = 31.88 (s31); the same for Fig. 4.
(a) (1, 1̀) DPOMe3DADPM, (2, 2̀) DPOMe3(DADPM +
MPDA), (3) DPOEt3DADPM, (4, 4̀) DPOEt3(DADPM +
MPDA), and (5, 5̀) DPOEt3MPDA; (b) (1) DPEt3DADPM,
(1`) DPOEt3DADPM, (2) DPEt3(DADPM + MPDA),
and (2`) DPOEt3(DADPM + MPDA). Temperature (oC):
(a) (135) 105 and (1`, 2`, 4`, 5`) 95; (b) 105.

The dianhydride of DPO [TU (Technical Specifica-
tions) TSR 2159369; 40 g] was recrystallized from a
mixture of o-xylene (100 ml) and acetic anhydride
(20 ml); mp 2263227oC. The dianhydride of DP was
heated at 250oC (4 mm Hg); mp 2973298oC. 4,4̀-Di-
aminodiphenylmethane was purified by vacuum distil-
lation at 133 mm Hg (mp 90392oC), andm-phenyl-
enediamine, by vacuum distillation from Zn powder
(mp 63oC).

The viscosity of melts of the H complexes was
measured at 95 and 105oC with a PIRSP flowmeter
with a cone3plane working unit (cone vertex angle 1o;
cone diameter 40 mm) [10].

Thermal analysis was carried out with a MOM
Model C instrument (Hungary). The sample weight
was 50 mg; heating rate 5 deg min31.

The infrared spectra were registered with a Bruker
spectrometer using the KBr technique.

In the molten state the H complexes undergo both
physical and chemical transformations caused by such
processes as structurization of the melt, imidization,
foaming due to the presence of low-molecular-weight
imidization products, gelation, and solidification.
These processes are interrelated and superimposed.
The processes dominating over each fixed time inter-
val can be judged from the time dependences of the
viscosity.

We studied the viscosity of melts of the H com-
plexes formed by diethyl ester of DPO or DP with
DADPM or (and) MDPA, and also by dimethyl ester
of DPO with DADPM or an equimolar mixture of
DADPM and MDPA (the indicated H complexes are
designated as DPOEt3diamine, DPEt3diamine, and
DPOMe3diamine, respectively) at 95 and 105oC.
Below the selected temperature range H complexes
often do not melt, and above it they form a solid in
a short time, i.e.,have a short lifetime, which does
not permit us to follow the dynamics of the viscosity
variation.

Evolution in time of the melt viscosity and lifetime
depends to the most extent on the diester used. It was
demonstrated with an example of H complexes of
DPO diesters with various diamines (DADPM,
MPDA, or their mixture) that the lifetime of the H
complexes with the dimethyl esters (Fig. 1a, curves1,
1`, 2, 2`) is considerably shorter as compared to those
with the diethyl esters (curves3, 4, 4 `, 5, 5 `), which is
due to the fact that the imidization rate constant for
the former compounds is by several times higher [3].

Changing the acylating fragment in the H complex
(DPO diethyl ester for DP diethyl ester) does not
affect the viscosity and lifetime of the melt (Fig. 1b,
curves 1, 1`, 2, 2`). The only difference is that the
kinetic curves at 105oC of the viscosity of the H
complexes DPEt3diamine pass through a minimum at
20340 min. This result can be attributed to more
extensive foaming, accompanied by separation of the
alcohol and water, as compared to the H complex
DPOEt3diamine. It should be pointed out that the
viscosity and lifetime of melts of the investigated
H complexes differ considerably from those of melts
of the BP diesters [6]: the viscosity of the H com-
plexes DPOMe3diamine, DPOEt3diamine, and DPEt3
diamine is lower and the melt lifetime is longer
than for the H complexes BPMe3diamine and BPEt3
diamine.

It is seen from Fig. 1b that at 105oC the viscosity
of melts of the H complexes DPOEt3diamine and
DPEt3diamine remains practically unchanged in the
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first 40 min. The plateau in the viscosity curve is
more clearly pronounced at 95oC (Fig. 1a, curves4 `,
5 `). The processes occurring in various time intervals
can be judged from the coefficientn in Eq. (1). This
parameter, characterizing the supramolecular structure
of the melt, was estimated from the dependence of the
viscosity on the shear rate at 95oC at fixed times.
Such a dependence is presented inFig. 2 for the
H complex DPEt3(DADPM + MPDA).

In Fig. 3 are given the time dependences of the
parametern for H complexes of various compositions.
Initially the melt had no ordered supramolecular struc-
ture (n < 0.7). Gradually such a structure was formed,
as seen from the evolution of the parametern, and
after 30340 min all the investigated melts got an
ordered supramolecular structure (n > 0.7). With
further time this structure became more and more per-
fect. The variations inn and h for the H complex
DPEt3(DADPM + MPDA) are presented in Fig. 3
(curves 3 and 5, respectively). It follows from the
comparison of these curves that the melt gets an
ordered structure after reaching the viscosity of about
104 Pa s, which is typical of the other investigated H
complexes too.

The forward (with increasing shear rate) and back-
ward runs (with decreasing shear rate) of the depen-
dence logh3log .g for the H complex DPOEt3
(DADPM + MDPA) 30 and 75 min after the begin-
ning of the experiment are given in Fig. 4.Over this
time interval the viscosity changes insignificantly.
The parametern (determined as the slope of the curve)
is relatively high att = 30 min, being unchanged for
both forward and backward runs of the curve (Fig. 4,
curves 1, 2). Therefore, the ordered structure of the
melt is not changed even at sufficiently high shear
rates (3log.g = 0.5 s31). With time the structure of
the melt becomes more perfect, as demonstrated by
Fig. 3 (n increases). Further increasing shear rate
provides partial degradation of the supramolecular
structure (att > 75 min the slope of the backward run
of the dependence logh3log .g is lower than that of
the forward run (Fig. 4, curves3, 4), i.e., n decreases
(n3 = 1.16, n4 = 0.88).

Therefore, the initial insignificant change in the
viscosity of the melt with time is caused by formation
of an ordered supramolecular structure and its further
perfection.

The rapid final increase in the viscosity (Figs. 1a,
1b) is associated with partial imidization. The time
dependences of the viscosity at 95, 105, and 120oC
are presented in Fig. 5 for the H complex DPOEt3

log h [Pa s]

log g [s31]
.

Fig. 2. Viscosity h of the melt of the H complexDPEt3
(DADPM + MPDA) as a function of the shearrate .g at
95oC. Time (min): (1) 20, (2) 43, (3) 64, (4) 84, (5) 104,
and (6) 124.

log h [Pa s]

t, min
Fig. 3. (134) Parametern =D logh/D log .g and (5) viscosityh
of melts of H complexes as functions of the timet at 95oC.
(1) DPEt3DADPM, (2) DPOEt3DADPM, (3, 5) DPEt3
(DADPM + MPDA), and (4) DPOEt3(DADPM + MPDA).

log h [Pa s]

log g [s31]
.

Fig. 4. Viscosity h of the melt of the H complexDPOEt3
(DADPM + MPDA) as a function of the shearrate .g at
95oC. n1 = n2 = 1 at t = 30340 min; n3 = 1.16; andn4 =
0.88 at t = 75388 min.
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log h [Pa s]

t, min
Fig. 5. Viscosityh of melt of H complexDPOEt3MPDA as
a function of timet. Temperature (oC): (1) 95, (2) 105, and
(3) 120.

MDPA. As the temperature rises, the lifetime of the
melt decreases and the slope of the final section of the
curve increases. The samples after the experiment
were characterized by TGA. The results showed that
the weight loss due to imidization of the initial
H complex DPOEt3MDPA corresponds to the theoret-
ical value (see table). From the TGA data we es-
timated the degree of imidization. The samples after
the rheological experiments (heated at 95, 105, and
120oC) appeared to be partially imidized (see table).

The conclusion about partial imidization of the
H complexes at the experimental temperatures was
confirmed by the IR data. The imidization was moni-
tored by the absorption bands of the carbonyl groups
of the imide ring at 725 and 1780 and 1720 cm31

(doublet). In heated samples (95oC, 205 min) we ob-
served the bands at 720 and 1780 cm31, i.e., the
imide rings appear, which were lacking in the initial
H complex.

The observed decrease in the parametern in the
final section of the time dependence ofh (Fig. 3,

Degree of imidizationa of DPOEt3MDPA samples
ÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ

T, oC
³

t,
³Weight loss due to imidization³ a

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄ
³ min ³ %

ÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄ
25 (initial³ 0 ³ 24* ³ 0

sample) ³ ³ ³
95 ³ 180 ³ 18 ³ 23

105 ³ 75 ³ 15 ³ 38
120 ³ 36 ³ 15 ³ 38
ÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄ
* The theoretical value is 25%.

curves3, 5) reveals that thermal imidization is respon-
sible for degradation of the ordered supramolecular
structure (n < 0.7).

CONCLUSIONS

(1) The lifetime of the melt of the H complexes
based on dimethyl esters of 3,3`,4,4`-(diphenyl oxide)-
tetracarboxylic acid is considerably shorter than that
of the H complexes based on diethyl esters of this
acid and 3,3̀,4,4`-diphenyltetracarboxylic acid. The
viscosity and lifetime of the melts of the H complexes
based on acid diesters of 3,3`,4,4`-(diphenyl oxide)-
tetracarboxylic and 3,3`,4,4`-diphenyltetracarboxylic
acids are similar.

(2) It is typical for melts of all the H complexes
studied that the degree of ordering increases in time
until imidization starts.
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Abstract-The structure of free radicals formed under X-ray irradiation of polyacrylic and polymetharcylic
acids and poly-3-vinyltetrazole was studied by ESR spectroscopy. In polymerization of polymethacrylic acid,
the conditions of the polymer recovery from the solution affect the nature of the radiolysis products.

The search for efficient methods preventing spon-
taneous deterioration of polymers requires exhaustive
knowledge of possible reactive species in a solid poly-
mer, free radicals. Under standard conditions the de-
gradation effects initiated by the action of the environ-
ment are so small that cannot be detected by the ESR
technique. Formation of free radicals in polymers is
enhanced by radiolysis [1]. Free radicals formed under
these conditions can serve as spin markers, which
furnishes valuable information on molecular and
supramolecular structure of polymers.

Here we present the results of ESR study of free
radicals formed under X-ray irradiation of polyacrylic
(PAA) and polymethacrylic (PMAA) acids, poly-
5-vinyltetrazole (PVT), and their complexes with
Cu2+, Ni2+, and Co2+ ions.

After irradiation in an inert atmosphere of PMAA
freshly synthesized and dried in air, we recorded in-
tensive asymmetrical ESR signal (Fig. 1a) character-
istic of free radicals, in which unpaired electron is
localized on the oxygen atom (oxygen radical) [2].
Contrary to PMAA, in PAA and PVT under similar
conditions we registered carbon-centered free radicals
whose ESR spectra exhibit a resolved hyperfine struc-
ture (HFS) due to two equivalent protons (Figs. 1b,
1c). Relatively large linewidth in the triplet suggests
the presence of unresolved additionalHFS. Spectra in
Figs. 1b and 1c did not change for 132 h at room
temperature. The spectra as a whole also remained
practically unchaged. These data strongly suggest that
the registered paramagnetic species are stabilized in
the bulk of polymers. One of the possible reasons of
formation of oxygen radicals can be incorporation
of atmospheric oxygen into the polymeric chain in

polymerization [3]. However, since the synthesis
conditions for PMAA and PAA are the same but the
resulting free radicals are essentially different, it can
be assumed that oxygen radicals in PMAA originate
from carboxy groups. The following structure of the
oxygen radical can be suggested:

gCH3g
COO

cccCH2
c

I

.
gCH3g

COO

cccCH2
c

I

.

The triplet signal in Fig. 1b was observed previous-
ly in photopolymerization [3] and polymerization of
acrylic acid under hardg-irradiation [4, 5] and also in
PAA subjected tog-irradiation [537]. In [538] the

(a)

(b)

(c)

H, mT
Fig. 1. ESR spectra of irradiated freshly prepared polymers.
(H) Magnetic induction; the same for Figs. 2, 3. (a)PMAA
(g|| = 2.034, gZ = 2.005), (b) PAA [g = 2.003, a(H) =
2.27 mT], and (c) PVT [g = 2.003, a(H) = 2.23 mT].
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(a)

(b)

(c)

(d)

(e)

H, mT

Fig. 2. (a) Experimental ESR spectrum of irradiatedPMAA
preliminarily dissolved in water and dried in air, (b3d)
calculated spectra of conformers, and (e) the total spectrum.

signal shown in Fig. 1b was assigned tofree radical of
the following type:

cCH2
cCHg

II

.

COOH

cCH2
cCHg

II

.

COOH

The HFS of signal in Fig. 1b is caused by the
hyperfine interaction (HFI) of unpaired electron
with two protons ina- and b-positions. The second
b-proton does not interact with unpaired electron since
it is located in the plane of the radical center [3]. The
presence of poorly resolved inflections at the ends of
signal b (Fig. 1) suggests the anisotropy of the hyper-
fine interaction witha-proton. For example, the main
components of the HFI tensor fora-proton in poly-
ethylene macroradicals are [9]ax = 1.07, ay = 1.93,
and az = 3.42 mT.

Taking into account the similarity in signals b and
c (Fig. 1), signal c in PVT can be assigned to macro-
radical of the following type:

g
;=99

N

N

N

<<N

gCHcCH2
c .

jjjjH0
III

g
;=99

N

N

N

<<N

gCHcCH2
c .

jjjjH0
III

The HFS in macroradicalIII , as well as in PAA, is
caused by interaction with two protons located ina-
and b-positions.

It should be stressed that only secondary radical
products of radiolysis, which are stabilized in the bulk
of the polymer, are registered under the selected con-

ditions of irradiation (25oC). Significant distinction of
PMAA from PAA and PVT is the presence of side
methyl groups, which are responsible for distinctions
in the structure of macromolecular globules of these
polymers. It is evident that in synthesis of PMAA in
hydrocarbon medium hydrophilic carboxy groups are
concentrated in the inner areas of the globules, which
provides the contact of hydrophobic methyl groups
with hexane. On the other hand, areas with the in-
creased concentration of oxygen-containing groups,
appearing in the polymer, promote formation of
oxygen-containing radicals. At the same time, the
main chain of PAA is less hydrophobic and less prone
to cross-linking.

When PAA and PVT, preliminarily dissolved in
water and dried in air, are subjected to irradiation, the
same signals b and c are registered again (Fig. 1). In
the case of PMAA, instead of asymmetrical signal a
(Fig. 1), a symmetrical multiplet appears, which can
be considered as a superposition of at least three sig-
nals: quintet b with binomial distribution of the intesi-
ties 1 : 4 : 6 : 4 : 1 from four equivalent protons with
the HFI constanta(H) = 2.23 mT; sextet c with the
equidistant lines at 2.23 mT; and weak signal d,
whose HFS is registered between the intense lines of
signals b and c (Fig. 2). Quintet b was observed pre-
viously in photopolymerization of methacrylic acid or
methyl methacrylate [8] and also in polymethyl meth-
acrylate subjected tog-irradiation [3] or mechano-
chemical treatment [8, 10, 11]. In the series of works
[3, 8, 10, 11] quintet b (Fig. 2) is assigned to macro-
radical of the following type:

cCggcC H2
cCgg

CH3

COOR
IV

g b a.cCggcC H2
cCgg

CH3

COOR
IV

g b a.

The multiptet consisting of five lines is caused by
the interaction of unpaired electron with three equiv-
alent protons of the freely rotating methyl group and
one proton of the methylene group. The second proton
of the methyl group does not participate in HFI,
which suggests its location in the plane of the radical
center [3].

Three multiplet signals registered in our case are
apparently due to coexistence of three conformers of
radical IV , differing in the spatial arrangement of
protons of the methylene group with respect to thep
orbital occupied by the unpaired electron. The limiting
structures of conformers corresponding to signals b3d
(Fig. 2) can be presented asA3C, respectively, with
the carbon atoms Ca and Cb aligned with the line
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perpendicular to the figure plane:

A B C

For three selected models we can evaluate the
HFI constants for H1 and H2 using the well-known
relation [12]

a(H) = Bcos2j,

whereB is the maximum value of the isotropic con-
stant of HFI withb-proton (5.0 mT), andj is dihedral
angle between the CaCbH and CaCbp planes (p is
the symmetry axis of the orbital occupied by unpaired
electron).

When the dihedral angle between the CaCbH1 and
CaCbH2 is taken equal to 120o, we obtain (mT) for
conformer A, a(H1) = 0, a(H2) = 3.75; for con-
former B, a(H1) = 5.0, a(H2) = 1.25; and for con-
former C, a(H1) = a(H2) = 1.25.

Figure 2 presents the calculated ESR spectra of
three model structures, which most closely agree with
the experimental spectrum, and also the total spectrum
e with the weight coefficients b : c : d = 10 : 2 : 1.
The calculated HFI constants (mT) are (b)a(3H) =
2.23, a(1H) = 2.23, a(1H) = 0; (c) a(3H) = 2.23,
a(1H) = 4.46, a(1H) = 2.23; and (d)a(3H) = 2.23,
a(1H) = 1.11, a(1H) = 1.11. The calculation was
carried out using the software described in [13]. In all
calculations the width of the individual Lorentz line
dH = 0.35 mT.

To conclude the studies of the structure of free
radicals as influenced by the procedure of sample
preparation for analysis, it should be noted that re-
covery of PMAA from water results in rearrangement
of the supramolecular structure of the polymer: the
hydrophobic part of the polymer is localized in the
inner part of the polymer globule, and the hydrophilic
part is localized in the periphery. Contrary to PMAA,
recovery of PAA and PVT, containing no hydro-
phobic radicals, from water does not alter the nature
of the stabilized radicals.

When after dissolving in water the polymers are
dried lyophilically, the X-ray irradiation gives the
same result as after drying of the polymers in air.
The only difference was increased intensity of the
ESR spectra of the hydrocarbon radicals owing to
formation of more friable samples. Hence, supra-

H, mT

Fig. 3. ESR spectra of free radicalIV recorded at 1-min
intervals at 343 K. The spectrum with the minimum
intensity was obtained after 11 min.

I, %

t, min

Fig. 4. Reduced intensityI of signal a (Fig. 2) as a function
of time t at (1) 343, (2) 373, and (3) 403 K.

molecular structure of the polymers is not significant-
ly affected by lyophilic drying.

To elucidate the mechanism of recombination of
macroradicalsIV , we studied the process kinetics in
the stepwise heating mode [1]. A series of ESR lines
recorded after 1 min at 343 K is presented inFig. 3.
Figure 4 shows variation with time of the total in-
tensity of signals a (Fig. 2) reduced to 100% at the
initial instant of time for each temperature. Analysis
of the initial recombination rates allowed evaluation
of the reaction order and activation energy. It was
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found that the order of recombination is more than 1
and less than 2, which suggests more complicated
mechanism of the process than mechanisms of mono-
molecular or bimolecular reactions. The activation
energy is 44 kJ mol31, which is close to the activation
energy of recombination of alkyl radicals in irradiated
polyethylene [1, 14], in which the contact of free
radicals is realized by migration of the free valence by
the chain reaction

.
R + H2 6 RH +

.
H,

.
H + RH 6

.
R + H2.

Apparently, the same mechanism forms the basis
for recombination of radicalsIV in the case of
PMAA.

When PMAA with preliminarily incorporated Cu2+

ions in the ratio Cu : Ac> 1 : 10, where Ac is the acyl
group of PMAA, is subjected to irradiation,free-
radical ESR signals are not registered and only the
characteristic signal of the Cu2+ carboxylate complex
is observed [15]. Weak free-radical signal a(Fig. 2)
(1016 spin g31, two orders of magnitude lower than
that of the initial polymer) can be registered only
with decreased concentration of Cu2+ ions in PMAA
(Cu : Ac < 1 : 10). It should be noted that under these
conditions individual signal c without superposition of
signals b and d is registered (Fig. 2). In addition, ir-
radiation results in insignificant decrease in the in-
tensity of the signal from Cu2+, which is apparently
caused by partial reduction of Cu2+ ion to diamagnetic
Cu+. Hence, Cu2+ ions in PMAA play a role of a
radioprotector significantly decreasing the radiation
yield of free radicals owing to redox processes, which
results in variation of the oxidation state of the transi-
tion metal, e.g., by the scheme

.
H + Cu2+

6 R+ + Cu+.

Contrary to Cu2+ ions, Co2+ and Ni2+ ions incor-
porated into PMAA in the same amounts do not de-
crease noticeably the radiation yield of free radicals,
but also signal c is mainly registered (Fig. 2). In addi-
tion, some broadening of the HFS lines of signal c
(Fig. 2) is observed at high concentrations of ions
(M2+ : Ac > 1 : 10), which suggests magnetic interac-
tion between free radicals and ions of transition
metals. Hence, Co2+ and Ni2+ ions in PMAA do not
enter into redox reactions with free radicals, at least
at room temperature.

EXPERIMENTAL

We used PAA and PMAA synthesized by poly-
merization of acrylic and methacrylic acids in hexane
at 343 K for 2 h with azobis(isobutyronitrile) (AIBN)
as initiator. The concentration of methacrylic and
acrylic acids was 10%, and that of AIBN, 0.5% of
the polymer weight.

Poly-5-vinyltetrazole was produced by the reaction
of polyacrylonitrile with sodium azide at the Sibreak-
tiv Joint-Stock Company (Angarsk). The commercial
sample was purified by double reprecipitation from
alkaline solution (2 g l31 PVT and 0.5 g l31 NaOH)
into a twofold excess of hydrochloric acid solution
(50 g l31). PVT recovered by this procedure is in-
soluble in water. To produce water-soluble PVT, it
was dissolved in water with addition of NaOH (10%
of the amount of tetrazole units) and neutralized by
slow addition of 0.1 N HCl. The solution was purified
to remove the impurity of sodium chloride by dialysis
through a cellophane membrane and subjected to
lyophilic drying.

Metal nitrates of chemically pure grade were re-
crystallized from aqueous solutions before use.

Complexes were synthesized by mixing PMAA,
PAA, and PVT solutions with solutions of Cu2+,
Co2+, and Ni2+ nitrates. The concentration of PMAA,
PAA, and PVT was 0.05 M, and the concentration of
nitrates was 0.04 M. The resulting soutions of poly-
mers and their complexes were subjected to lyophilic
drying and dried in air.

Ampules with samples were evacuated at 1033 mm
Hg, bubbled with an inert gas, sealed, and then sub-
jected to radiolysis with X-rays at room temperature
for 10 min with an FRA-20 Carl Zeiss X-ray spec-
trometer equipped with W anode at a voltage of
40 kV and a current of 20 mA; the exposure dose
was 105 Gy.

The ESR spectra of solid polymers and their com-
plexes were recorded on a PS-100X spectrometer
(operation frequency 9.6 GHz) at room temperature.
Mn2+ in MgO and diphenylpicrylhydrazyl were used
as references. The concentration of free radicals in
the irradiated polymers was 1018 spin g31.

CONCLUSIONS

(1) Irradiation of polyacrylic acid and poly-5-
vinyltetrazole results in the rupture of the main poly-
mer chain and generation of hydrocarbon radicals
which are stabilized in the polymer bulk.
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(2) The behavior of polymethacrylic acid in radiol-
lysis is governed by the conformational features of its
macromolecules. The polymer synthesized in hexane
(hydrophilic carboxy groups are concentrated in the
inner areas of globules) gives oxygen radicals. In re-
covery of polymethacrylic acid from aqueous solu-
tions the association of hydrophobic methyl groups is
preserved in the solid sample. After irradiation the
resulting radicals are localized at thea-carbon atom of
the methacrylic acid unit.

(3) Complex formation of polymeric acids with
Cu(II) ions results in inhibition of radiolysis owing to
oxidation of the resulting radicals with metal ions.
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Abstract-A process was developed for production of dicyclopentadiene from the C5 fraction of hydrocarbon
pyrolysis. Conditions were found ensuring production of high-purity dicyclopentadiene.

Cyclopentadiene (CPD) and dicyclopentadiene
(DCPD) are important monomers in polymer chem-
istry. Dicyclopentadiene and ethylidenenorbornene
produced from CPD are widely used as comonomers
in production of SKEPT rubbers [1], which are named
rubbers of XXI century. Metathesis of DCPD allows
production of materials with high physicomechanical
properties [236]. Copolymerization of ethylene with
norbornene derivatives prepared by the Diels3Alder
reaction with CPD allows production of unique poly-
mers exhibiting high transparency and impact resis-
tance [7314]. Norbornenedicarboxylic anhydride pre-
pared by the Diels3Alder reaction from CPD and
maleic anhydride is used in synthesis of norbornene
polyester resins which exhibit enhanced physico-
mechanical properties as compared to phthalate resins
[15317].

CPD and DCPD used in these syntheses should
exhibit a high (>99 wt %) purity. Preparation of
DCPD of so high purity is a difficult problem for
industrial organic chemistry. Although some ap-
proaches to this problem have been outlined [18, 19],
there is still no complete solution.

This work concerns production of high-purity
DCPD. The major source of DCPD is the C5 fraction
of hydrocarbon pyrolysis.1 Its quantitative composi-
tion depends on the nature of the raw material and
processing features, but the qualitative composition
remains the same. Below is given the approximate
composition of the C5 fraction used for recovery of
DCPD [19].

The main problem related to recovery of DCPD
from the C5 fraction is that common separation proce-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 We used the C5 fraction of hydrocarbon pyrolysis from the

Nizhnekamskneftekhim Joint-Stock Company.

dures do not allow preparation of the high-purity tar-
get product. Therefore, additional chemical processes
should be performed. The main principles of our
approach are as follows.

Component Content, wt %

3-Methyl-1-butene 0.09
1,4-Pentadiene 1.30
Isopentane 12.94
n-Pentane 24.81
1-Pentene 4.08
2-Methyl-1-butene 8.70
trans-2-Pentene 3.59
cis-2-Pentene 2.48
2-Methyl-2-butene 1.87
Piperylene (cis and trans) 11.91
Isoprene 12.58
Cyclopentadiene 13.14
Cyclopentene 2.51

(1) Cyclopentadiene in the C5 fraction is dimer-
ized into DCPD. The boiling points of DCPD and the
remaining components of the C5 fraction differ con-
siderably, and DCPD can be readily separated by dis-
tillation. However, DCPD formed by primary dimeri-
zation is contaminated with Diels3Alder adducts of
CPD with isoprene and piperylene. Therefore, further
procedures with[crude] DCPD should involve sepa-
ration of these impurities.

(2) The crude DCPD formed by primary dimeriza-
tion is subjected to retrodiene syntheses (monomeri-
zation). Adducts of CPD with isoprene and piperylene
are more stable than DCPD. Therefore, pure CPD
can be recovered by incomplete conversion of crude
DCPD. The low boiling point of CPD allows its sep-
aration from the high-boiling components.

(3) Dimerization3monomerization of CPD and
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DCPD should be repeated until the required purity is
attained. The optimal conditions for each stage can be
chosen on the basis of kinetic and thermodynamic
parameters of the transformations. Below are given
the Arrhenius parameters for direct and reverse Diels3

Alder reactions [19] involved in the process for pro-
duction of high-purity DCPD.

(1) Dimerization3monomerization of CPD and
DCPD

k1 = 1.20 106exp (316 400/RT),

k
31 = 2.60 1013exp (334 000/RT).

(2) Reactin of CPD with piperylene

k1 = 2.20 104exp (319 000/RT),

k
31 = 2.60 1013exp (338 900/RT).

(3) Reaction of CPD with isoprene

k1 = 3.20 105exp (318 800/RT),

k
31 = 1.020 1013exp (339 400/RT).

These data show that the rate constants of CPD
dimerization are higher than those of reactions of CPD
with isoprene and piperylene; isoprene in the reaction
with CPD is more active than piperylene; the differ-
ence between the rate constants of CPD dimerization
KCPD and of the competing Diels3Alder reactions of
CPD with isopreneKisop and piperyleneKpip in-
creases with decreasing temperature. Quantitative data
on the rate constant ratios are given below:

T, oC KCPD/Kisop KCPD/Kpip

100 95.7 1820
50 159 3150
0 316 6670

These data show that the first stage in the synthesis
of high-purity DCPD, dimerization of CPD in the

C5 fraction, should not be performed to full exhaus-
tion. Initially, while the CPD concentration is high,
the resulting dimerizate will be enriched in DCPD. As
the CPD concentration will decrease, the rate of CPD
dimerization, in accordance with the law of mass ac-
tion, will decrease, whereas the rate of reaction of
CPD with isoprene and piperylene will remain rela-
tively high (as the concentration product of the re-
actants is high). To prepare pure DCPD, low tempera-
tures are preferable.

As already noted, further purification of DCPD
can be performed in the course of monomerization of
crude DCPD. This process also should not be per-
formed to 100% conversion, lest the impurities pres-
ent in DCPD would pass to CPD. The above kinetic
data show that DCPD decomposes to give CPD more
readily than adducts of CPD with isoprene and pipery-
lene. The lower the temperature of the retrodiene
synthesis, the larger the difference between the rate
constants of these reactions. In retrodiene transforma-
tions, the adduct of CPD with isoprene is more stable
than that with piperylene. This is a favorable fact,
since in the dimerization stage the adduct of CPD
with isoprene is the major impurity. Thus, limited
conversion and low temperature are prerequisites for
increasing the content of CPD in monomerization of
crude DCPD.

In the course of the second dimerization, it be-
comes possible to prepare DCPD with the main sub-
stance content of 99.8399.9 wt %. In this stage DCPD
can be separated from low-boiling hydrocarbons by
distillation.

The suggested process for production of high-
purity DCPD from the C5 fraction involves the fol-
lowing stages: (1) dimerization of CPD in the C5 frac-
tion, (2) distillation of crude DCPD to separate low-
boiling hydrocarbons of the C5 fraction, (3) mono-
merization of crude DCPD, (4) second dimerization of
CPD, and (5) distillation.

To confirm our suggestions, we chose the optimal
conditions for each stage of the process to obtain
99.5 wt % pure DCPD.

First we studied how the temperature, time, and
conversion in dimerization of CPD in the C5 fraction
affect the composition of the resulting product. The
results are listed in Table 1.

The experimental data show that the content of
CPD adducts with isoprene and piperylene increases
with temperature, dimerization time, and conversion
of CPD to DCPD. GLC shows that the major impurity
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Table 1. Influence of the conditions of CPD dimerization in the C5 fraction on the DCPDquality
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Dimerization conditions³ Conversion³ DCPD content³Content of impurities³ Yield of crude DCPD³

DCPDÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´
T, oC ³ t, h ³ wt % ³ sample no.

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
50 ³ 110 ³ 95 ³ 88.8 ³ 11.2 ³ 90.9 ³ 1

110 ³ 3.5 ³ 92 ³ 85.8 ³ 14.2 ³ 84.6 ³ 2
110 ³ 5 ³ 95 ³ 83.8 ³ 16.2 ³ 93.5 ³ 3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Table 2. Influence of the conditions of crude DCPDmonomerization on the CPD quality
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

DCPD
³

T, oC
³ Conversion³Content of CPD + DCPD³Content of impurities³ Yield of CPD ³

CPD³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´
sample no.³ ³ wt % ³ sample no.

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³ 1653200 ³ 90 ³ 99.26 + 0.44 ³ 0.304 ³ 83 ³ 1`

³ 2403250 ³ 90395 ³ 82.21 + 2.89 ³ 14.90 ³ 3 ³
2 ³ 1653200 ³ 90 ³ 94.07 + 2.84 ³ 3.09 ³ 86 ³ 2`

³ 2403250 ³ 90395 ³ 78.54 + 2.34 ³ 19.12 ³ 3 ³
3 ³ 1653200 ³ 90 ³ 86.44 + 3.48 ³ 9.96 ³ 88 ³ 3`

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

in crude DCPD is the adduct of CPD with isoprene.
The experimental results confirmed our assumptions.

Samples of crude DCPD (nos. 133) were subjected
to monomerization. A fraction of CPD boiling in the
range 41.5342.5oC was taken. The results are listed
in Table 2.

As seen from Table 2, the monomerization condi-
tions largely affect the CPD quality. As the monomer-
ization temperature and conversion of DCPD to CPD
are increased, the content of impurities in the mono-
merization products decreases. The best results were
obtained in monomerization of sample no. 1: At the
monomerization temperature of 1653200oC and con-
version of DCPD to CPD to 90% the main substance
content was 99.7%. Because of dimerization under
ambient conditions, CPD always contains DCPD.
Therefore, in Table 2 is given the total content of
CPD and DCPD.

Table 2 shows that from 88389% pure DCPD it is
feasible to obtain CPD with the main substance con-
tent after monomerization exceeding 99.7%. To this
end, dimerization of CPD in the C5 fraction should be
performed at 50oC for 110 h. However, long reaction
time prevents to a certain extent commercial imple-
mentation of this procedure. In view of the high con-
tent of DCPD in sample nos. 2 and 3, it is more
appropriate to perform dimerization at 110oC for 3.53
5 h. The purity of CPD after monomerization of these
samples is considerably lower than in the case of

sample no. 1. Therefore, to prepare DCPD with the
main substance content exceeding 99%, it is necessary
to perform the second dimerization of CPD at lower
temperatures.

The second dimerization of CPD was performed
at 50oC for 14318 h. The conversion of CPD to
DCPD was maintained in the range 95399%. The
results are listed in Table 3.

After the second dimerization, the product contains
an isoprene impurity. Distillation of the dimerizate in
all the three cases yields DCPD with the main sub-
stance content of 99.5399.9%, according to the GLC
and NMR data. The total yield of DCPD from the C5
fraction in our process was 65370%.

In production of high-purity DCPD, formation
of high-molecular-weight polymers (bottoms) in the
monomerization stage gives rise to serious problems
which have not yet been solved. In the existing com-
mercial processes the amount of bottoms in the
monomerization stage reaches 50%. The extent of side
processes in monomerization largely depends on
the DCPD concentration in the reaction mixture.
Therefore, monomerization was performed in a high-
boiling inert solvent, heptadecane, in an inert atmos-
phere in the presence of radical scavengers. As a re-
sult, the amount of by-products formed in the mono-
merization stage was considerably reduced, and their
total content did not exceed 10315%.

The developed process allows production of DCPD
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Table 3. Influence of conditions of the second dimerization of CPD on theDCPD quality
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

CPD
³Dimerization conditions³ Conversion ³Content of DCPD + CPD³Content of impurities³Yield of DCPD
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

sample no.³ T, oC ³ t, h ³ wt %
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

1` ³ 50 ³ 18 ³ 99 ³ 98.84 + 1.16 ³ 3 ³ 94
2` ³ 50 ³ 14 ³ 99 ³ 92.26 + 3.07 ³ 4.67 ³ 97
3` ³ 50 ³ 14 ³ 95 ³ 96.21 + 3.36 ³ 0.33 ³ 97

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

from the C5 fraction of hydrocarbon pyrolysis with
the main substance content exceeding 99.5%.

EXPERIMENTAL

In our study we used laboratory installations for
dimerization of the C5 fraction, monomerization, and
distillation of DCPD. Monomerization was performed
in a high-boiling solvent, heptadecane, in the presence
of hydroquinone under argon. The C5 fraction, CPD,
and DCPD were analyzed with a complex consisting of
a Kristall-2000 M chromatograph (300000 0.32-mm
capillary column coated with SE-54, 0.5mm), a Pen-
tium III-500 computer (Chromatec-Analytic software
for processing chromatograms, measurement error
0.2%), a Hitachi mass spectrometer, and a Gemini-
200 high-resolution NMR spectrometer.

CONCLUSION

A procedure was developed for production of di-
cyclopentadiene in a 65370% yield with a purity high-
er than 99.5% from the C5 fraction of hydrocarbon
pyrolysis. Proper choice of the dicyclopentadiene
monomerization conditions allows the amount of
bottoms to be reduced to 10315%.
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Abstract-Radical polymerization of vinyl chloride in the presence ofC-phenyl-N-tert-butylnitrone, 2-meth-
yl-2-nitrosopropane, and 1-tert-butyl-3-phenyl-1-oxytriazene as potential sources of free radicals was studied.

Radical polymerization is one of the major proce-
dures for preparing polyvinyl chloride (PVC). It is
known that the main drawback of radical polymeriza-
tion is that the kinetic parameters of the process and
the molecular-weight characteristics of the resulting
polymers are difficult to control because of the high
reactivity of radical species. One of the ways to solve
the problem is based on the new concept, which is
being actively developed, of controllable[pseudoliv-
ing] radical polymerization. By performing radical
polymerization in the[living] chain mode, it is feas-
ible to prepare polymers of definite structure and
molecular weight and hence with the preset properties
[133]. The known chain-terminating agents, stable
radicals and iniferters [2,2,4,4-tetramethyl-1-piperidyl-
oxyl (TEMPO), alkoxyamines, alkylthiocarbamates,
etc.], are effective only at relatively high temperatures
(1003130oC) and are unsuitable for the gaseous
monomer vinyl chloride (VC).

Previously, to prepare polymethyl methacrylate
with a relatively narrow molecular-weight distribution
(MWD), it was suggested to useC-phenyl-N-tert-bu-
tylnitrone (PBN), 2-methyl-2-nitrosopropane (MNP),
and 1-tert-butyl-3-phenyl-1-oxytriazene (BPT) [436],
which act as chain-terminating agents at lower tem-
peratures (50370oC). It is known [7] that MNP and
PBN react with radicals, including polymeric radicals,
to give nitroxyl spin adducts containing a macromo-
lecular tail. Such sterically hindered stable radicals al-
low control of the radical polymerization of (meth)ac-
rylic monomers at lower temperatures compared to
TEMPO.

Therefore, it seemed promising to study polymeri-
zation of VC in the presence of MNP and PBN as
potential sources of free radicals, and also of BFT
which was successfully used previously as iniferter in

low-temperature (50oC) controlled radical polymeriza-
tion of (meth)acrylic monomers [6].

EXPERIMENTAL

Purification and dosage of vinyl chloride were
based on standard procedures [8]. The initiators and
solvents were purified by common procedures. Post-
polymerization was performed as follows: An ampule
at a definite conversion of VC was frozen and at-
tached to a vacuum unit, the residual VC was dis-
tilled into the trap, and a new VC portion was added
(equal to the initial portion), after which the ampule
was again sealed and placed in a thermostat. PBN,
MNP, and PBT were prepared by the procedures
described in [9311]. The kinetics of VC bulk poly-
merization was monitored gravimetrically, dilatomet-
rically [12], and calorimetrically [13]. The Ficken-
tscher constantKF and the intrinsic viscosity [h] were
determined visometrically [14]. The MWD of poly-
vinyl chloride was analyzed by GPC on an installation
equipped with a set of five Styrogel columns with the
pore diameter of 10 105, 3 0 104, 1 0 104, 1 0 103,
and 250A (Waters, the United States). As detector
was used an R-403 differential refractometer (Waters).
The eluent was tetrahydrofuran. The device was cali-
brated with narrow-disperse polystyrene references
[15]. The syndiotacticity index was determined by IR
spectroscopy from the ratio of the integral intensities
D635/D693 [16].

We found that PBN efficiently controls the chain
propagation in VC polymerization in the presence of
dicyclohexyl peroxydicarbonate (CPC).

Polymerization of VC in the presence of PBN addi-
tives (0.01 and 0.05 mol %) occurs with a short induc-
tion period (5315 min); the initial rate is 3.0 and
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0.7 mol l31 s31, respectively, which is lower than in
the absence of the additive (9.1 mol l31 s31). This is
apparently due to reaction of oligomeric and polymer-
ic PVC radicals with nitrone as radical scavenger.
The differential kinetic curves of VC polymerization,
obtained by the calorimetric procedure in the presence
and in the absence of PBN (Fig. 1), show that addi-
tion of 0.005 mol % PBN results in slight deceleration
of the polymerization and noticeable decrease in the
gel effect (Fig. 1, curve2), as compared to the process
performed in the absence of PBN (Fig. 1, curve1) in
which a pronounced gel effect is observed at a 603
80% conversion. As the PBN concentration is in-
creased to 0.01 mol %, the reaction rate slightly de-
creases also (Fig. 1, curve3), the gel effect is practi-
cally fully suppressed, and the process, similar to that
with CPC, occurs to high conversions (~90%). The
calorimetric data were confirmed by gravimetric mon-
itoring of the polymerization kinetics.

Thus, in polymerization of VC PBN suppresses
undesirable autoacceleration. Apparently, similar to
the system with MMA [4], in the first stage PBN
reacts with the propagating macroradical to form the
stable nitroxyl radical [reaction (1)]; then the nitroxyl
spin adduct reacts with the propagating radical to form
a labile bond [reaction (2)] into which the next mono-
mer molecule can be inserted [reaction (3)]:
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where Pn, Pm, and Pm+1 is the propagating macro-
radical.

v, % min31

a, %
Fig. 1. Differential kinetic curves of VC polymerization in
the presence of PBN at 50oC. Initiator CPC, 0.1 mol %; the
same for Figs. 2 and 3. (v) Polymerization rate and (a) con-
version. [PBN], mol %: (1) 0, (2) 0.005, and (3) 0.01.

The reinitiation of polymer chains by reaction (2)
is the most significant feature of pseudoliving radical
polymerization.

It is known that in pseudoliving polymerization the
molecular weight of the polymeric products linearly
depends on the conversion, and the polydispersity
coefficients of the resulting samples are low. How-
ever, it should be noted that a well-known feature of
radical polymerization of VC, in contrast to acrylic
and some other vinyl monomers, is the high constant
of chain transfer to the monomer (Kct ~1 0 103),
which ultimately determines the molecular weight of
the resulting PVC [16]. Therefore, in radical polymer-
ization of VC the molecular weight of the polymer re-
mains the same irrespective of conversion [16, 17], in
contrast to polymerization of acrylic monomers whose
molecular weight sharply increases in the stage of the
gel effect [18]. The rate constant of the reaction of
PBN with secondary alkyl radicals, including the poly-
vinyl chloride macroradical, is 6.80 104 l mol31 s31

[17]. It is almost two orders of magnitude higher than
the constant of chain transfer to the monomer. There-
fore, if the controllable chain propagation by the
mechanism of pseudoliving polymerization actually
takes place, in the case of VC the molecular weight
should also linearly increase with conversion.

The molecular-weight characteristics of PVC syn-
thesized in the presence of PBN were studied visco-
metrically and by GPC. It is known [16] that the
molecular-weight characteristics of PVC are usually
evaluated from the viscosity data using the Ficken-
tscher constantKF, which is determined from the rel-
ative viscosity of a PVC solution of a standard con-
centration [16], rather than from the Mark3Kuhn3
Houwink equation, because of problems with calcula-
tion of K and a. The dependence of the number-
average molecular weightMn on conversion for poly-
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Table 1. Molecular-weight characteristics of PVC prepared in the presence of PBN. [CPC] = 0.1 mol %,T = 50oC
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Sample no.³ Conversion, %³ [h] ³ Mn 0 1033 ³ Mw 0 1033 ³ Mw /Mn ³ D635/D693
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

[PBN] = 0.01 mol %

1 ³ 4 ³ 0.4 ³ 19 ³ 33 ³ 1.7 ³ 3

2 ³ 13 ³ 0.6 ³ 28 ³ 53 ³ 1.9 ³ 3

3 ³ 23 ³ 0.7 ³ 32 ³ 60 ³ 1.9 ³ 1.9
4 ³ 48 ³ 0.8 ³ 40 ³ 71 ³ 1.8 ³ 3

5 ³ 62 ³ 0.8 ³ 41 ³ 81 ³ 2.0 ³ 1.9
6 ³ 89 ³ 0.9 ³ 44 ³ 97 ³ 2.2 ³ 1.9
7 ³ 94* ³ 1.1 ³ 49 ³ 114 ³ 2.3 ³ 3

8 ³ 114* ³ 1.1 ³ 48 ³ 108 ³ 2.3 ³ 3

[PBN] = 0.05 mol %

9 ³ 6 ³ 0.2 ³ 8 ³ 15 ³ 2.0 ³ 3

10 ³ 12 ³ 0.5 ³ 18 ³ 40 ³ 2.3 ³ 3

11 ³ 31 ³ 0.6 ³ 19 ³ 49 ³ 2.6 ³ 3

12 ³ 41 ³ 0.7 ³ 30 ³ 62 ³ 2.0 ³ 3

13 ³ 63 ³ 0.8 ³ 35 ³ 74 ³ 2.1 ³ 3

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Samples were prepared by postpolymerization; the new portion of the monomer was added at 58% (sample no. 7) and 52%

(sample no. 8) conversion.

merization of VC in the presence of PBN is plotted
in Fig. 2. The intrinsic viscosities [h] and the molecu-
lar-weight characteristics determined from GPC data
are listed in Table 1. These data show that the molec-
ular weight of PVC synthesized in the presence of
PBN uniformly grows with increasing VC conversion.
The changes in the molecular weight are more pro-
nounced at increased content of PBN in the polymeri-
zation products.

Figure 3 shows the MWD curves of polyvinyl
chloride prepared in the presence of 0.01 (Fig. 3a,
curves136) and 0.05 mol % PBN (Fig. 3b) at various
conversions. It is seen that all the curves are unimodal
and that with increasing conversion of VC the mode
successively shifts to the higher molecular weights.
Such a dependence is also one of the evidences of

a, %
Fig. 2. Number-average molecular weightMn of PVC pre-
pared in the presence of PBN as a function of conversiona.
[PBN], mol %: (1) 0.01 and (2) 0.05.

pseudoliving polymerization. In the case of a common
radical polymerization of VC, no similar shift of the
mode of the MWD curves is observed [16, 17].

Table 1 shows that the polydispersityMn/Mw,
whereMw is the weight-average molecular weight, of
the polymer prepared in the presence of 0.01 mol %
PBN does not change significantly in the range of
conversions 4348%, being in the range 1.731.8. With
the conversion increasing further, the polydispersity
of PVC increases but remains considerably lower than
in common radical polymerization (3.7 at high con-
version) [17, 19]. In our case, at 89% conversion
Mw/Mn = 2.2 (Table 1). Similar trends are observed
at a PBN concentration of 0.05 mol %. Such an in-
crease in the polydispersity of the polymers at >50%
conversion was observed in polymerization of acrylic
monomers by the mechanism of pseudoliving chains
in the presence of triphenylmethyl radicals [20, 21];
it suggests decreased contribution of pseudoliving
polymerization at high conversions.

Thus, the kinetic data on VC polymerization in the
presence of PBN and the molecular-weight character-
istics of the resulting PVC show that in the presence
of PBN VC polymerizes by the mechanism of pseudo-
living chains.

Our results open the possibility for controlling the
chain propagation and the molecular weight of PVC
in the course of its synthesis. It is known [2] that
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postpolymerization and syntheses of block copoly-
mers, star copolymers, etc. are performed by living
cationic and anionic polymerization. The possibility
of radical polymerization of VC by the mechanism of
pseudoliving chains (it is known [16] that vinyl chlo-
ride polymerizes only by the radical mechanism) can
extend the field of practical applications of PVC, as
the polymer with the molecular weight controllable
in a wide range will become available. In this context,
it seemed interesting to perform postpolymerization
of VC in the presence ofPBN. For this purpose, to
the VC polymer prepared in the presence of PBN we
added a new portion of VC. For the polymer samples
obtained by postpolymerization, we determined the
molecular-weight characteristics by viscometry and
GPC. The MWD curves of these samples, similar to
those of the polymer obtained in the presence ofPBN,
are unimodal (Fig. 3a, curves7, 8), and with increas-
ing conversion of VC the mode successively shifts to
higher molecular weights. Table 1 shows that the mo-
lecular weight of the polymer in this case increases,
and the polydispersityMw/Mn of the polymer prepared
by postpolymerization in the presence of 0.01 mol %
PBN (sample nos. 7, 8) is comparable with that of
PVC at high conversions of PBN (sample no. 6).
The Mn values for PVC fall on the extension of the
linear dependence ofMn on conversion for PVC pre-
pared in the presence ofPBN. These data also support
the pseudoliving mechanism of postpolymerization.

An important experimental characteristic of PVC
is the syndiotacticity index, i.e., the ratio of the opti-
cal densities of the absorption bands of the C3Cl
stretching vibrations at 635 and 693 cm31, D635/D693.
This index correlates with such characteristics of PVC
as crystallinity, heat resistance, and softening point
[16]. From the IR spectra of PVC samples of various
conversions, prepared with additions ofPBN, wecal-
culated the syndiotacticity indices (Table 1). As seen
from these data, the syndiotacticity indices are essen-
tially the same for various PVC samples prepared in
the presence of PBN and without additives. This fact
shows that the presence of PBN has no effect on for-
mation of syndio- and isotactic fragments in the poly-
mer, as it takes place, e.g., in polymerization in the
presence of organometallic compounds [22].

Experiments on the VC polymerization initiated
with dicetyl peroxydicarbonate (DPC) with addition
of MNP and BPT showed that, in contrast to PBN, in
the presence of catalytic amounts of MNP (0.013
0.1 mol %) and BPT (0.0130.05 mol %) the control-
lable chain propagation is not realized. According to
the kinetic data (Fig. 4), MNP acts as a common

(a)

log Ma, %

(b)

log M

a, %

Fig. 3. GPC curves of PVC samples prepared at 50oC in the
presence of CPC and PBN. (a) Conversion, (C) weight
fraction, and (M) molecular weight. [PBN], mol %: (a) 0.1
and (b) 0.5. Conversion, %: (a) (1) 4, (2) 7, (3) 23, (4) 48,
(5) 62, (6) 89, (7) 94, and (8) 114 (samples corresponding
to curves 7, 8 were prepared by postpolymerization);
(b) (1) 6, (2) 12, (3) 31, (4) 41, and (5) 63.

a, %

t, h

Fig. 4. Kinetic curves of VC polymerization in the presence
of MNP and BPT at 50oC. Initiator DPC, 0.1 mol %.
(a) Conversion and (t) time. Additive (0.03 mol %):
(1) none, (2) MNP, and (3) BPT.

inhibitor: At the beginning of the process an induction
period is observed, after which the process kinetics,
up to high conversions, becomes similar to that in the
absence of the additive (Fig. 4, curves2, 1, respec-
tively; the kinetic curve of VC polymerization in the
presence of DPC and hexane coincides with that in the
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Table 2. Intrinsic viscosity of PVC prepared in the pres-
ence of MNP. [DPC] = 0.1 mol %,T = 50oC
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Conversion ³ [h] ³ KF
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

[MNP] = 0.03%

12 ³ 0.7 ³ 55
33 ³ 0.9 ³ 58
52 ³ 0.8 ³ 55
77 ³ 0.7 ³ 58
79 ³ 0.9 ³ 58
82 ³ 0.8 ³ 57
91 ³ 0.7 ³ 58
97 ³ 0.9 ³ 57
99 ³ 0.9 ³ 55

[BPT] = 0.03%

26 ³ 0.7 ³ 62
33 ³ 0.8 ³ 62
46 ³ 0.8 ³ 62
47 ³ 0.8 ³ 62
71 ³ 0.8 ³ 63
84 ³ 0.9 ³ 64

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

absence of hexane). The induction period increases
from 2 to 4 and 15 h on adding, respectively, 0.01,
0.03, and 0.05 mol % MNP. On adding 0.03 mol %
BPT the induction period is 1 h. The polymerization
rate slowly increases, and after reaching a 30% conver-
sion the pattern becomes identical to that in the pres-
ence ofMNP. This may be due to the fact that MNP
is formed in the course of polymerization by the
scheme suggested in [4, 5]. As a result, the process
slightly decelerates.

The molecular weight data for the polymer pre-
pared in the presence of MNP and BPT are well con-
sistent with the kinetic data: The molecular weight of
PVC characterized by the intrinsic viscosity andKF
(Table 2) is the same irrespective of the VC conver-
sion, which is typical of common polymerization of
VC [16].

The different effects of MNP and PBN on the
kinetic and molecular-weight characteristics of the
PVC synthesis are probably due to essentially differ-
ent constants of acception of secondary radicals (in
this case, VC propagation radical) by MNP and PBN:
For MNP they are higher than for PBN by two orders
of magnitude [7]. Therefore, in polymerization of VC
MNP acts exclusively as inhibitor.

CONCLUSIONS

(1) Studies of the polymerization kinetics of vinyl
chloride, molecular-weight characteristics of the re-

sulting polymer, and postpolymerization of vinyl
chloride in the presence ofC-phenyl-N-tert-butyl-
nitrone show that in these systems the reaction occurs
by the mechanism of pseudoliving chains. It should be
noted that the revealed possibility of controlling the
chain propagation and molecular weight in the course
of synthesis of polyvinyl chloride is the first example
of realization of the pseudoliving chain mechanism in
polymerization of vinyl chloride.

(2) Our results allowC-phenyl-N-tert-butylnitrone
to be considered as agent controlling the propagation
and lifetime of the polymeric chain under energetical-
ly favorable conditions; they can serve as a basis for
development of efficient procedures for preparing
polyvinyl chloride with a wide range of molecular
weights.

(3) In contrast to C-phenyl-N-tert-butylnitrone,
catalytic amounts of 2-methyl-2-nitrosopropane and
1-tert-butyl-3-phenyl-1-oxytriazene do not control the
propagation of the polymeric chain in polymerization
of vinyl chloride under radical initiation conditions.
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Abstract-The efficiency of water purification at simultaneous use of Praestol macromolecular flocculants,
iron(II) sulfate coagulant, and calcium hydroxide alkalizing agent was studied as influenced by the nature
(cationic and anionic), chemical composition, and conformational state of the flocculant macromolecules
in solution and by the concentrations of the flocculant and coagulant.

Only highly purified water can be used for feeding
of boilers at heat and electric power plants (HEPPs).
The treatment of natural waters often involves pre-
liminary reagent purification and several stages of
demineralization with ion-exchange resins. During
preliminary purification water is alkalized to decrease
its hardness and treated most commonly with iron(II)
sulfate to promote coagulation. Precipitate forming in
the treated water by hydrolysis of the coagulant and
subsequent interaction of hydrolysis products with
suspended and colloidal dispersed particles is removed
using clarifiers and filters. Thus, in the first stage
water is treated to remove coarse and colloidal par-
ticles, iron compounds, and organic admixtures,
which poison ion-exchange resins in the course of
further water treatment and promote corrosion and
damage of the boilers and pipelines. Preliminary water
treatment can be intensified by simultaneous use of
coagulants and flocculants [1]. Among polyacryl-
amide flocculants widely used in water treatment,
macromolecular Praestols1 are the most promising
[2, 3]. It was found [4, 5] that the Praestol anionic
flocculant used simultaneously with aluminum sulfate
at the water-treatment plants provides efficient puri-
fication of natural water for drinking water supply.

In this work we studied the performance of Praestol
anionic and cationic flocculants at their simultaneous
use with iron(II) sulfate (coagulant) and calcium hy-
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Produced by Moscow3Stockhausen3Perm Russian3German

Joint-Stock Company.

droxide (alkalizing agent) in the water treatment at
HEPP.

EXPERIMENTAL

In the tests we used commercial iron(II) sulfate
[GOST (State Standard) 6981375], saturated solution
of construction lime (GOST 9179377), and commer-
cial Praestols: anionic [copolymers of acrylamide
(AA) with sodium acrylate (Na-AA)] and cationic [co-
polymers of AA with trimethylammoniopropylacryl-
amide chloride (TMAPAC)]. The properties of these
polymers are listed in the table. Solutions were pre-
pared in distilled water; all other reagents were of ana-
lytically pure or chemically pure grade. The reagent
water pretreatment was studied using river water from
the process cycle of the Kazan HEPP-2 (total hardness
4.1 mg-equiv l31, alkalinity 2.85 mg-equiv l31, pH
8.34, SiO2 content 6.05 mg l31). The samples of
natural water were clarified in a 250-ml cylinder. For
this purpose natural water was successively treated
with lime solution (235.2 mg l31), iron(II) sulfate
(66.9 mg l31), and Praestol flocculant (0.4 mg l31);
the reagent concentrations given above provide the
most efficient water purification and were used in all
the tests. Then the cylinder was turned over 10 times,
and the variations in the optical density of clarified
natural water were registered on an LAM-1 device
(l 670 nm, l 35.2 mm). The measurements were
carried out in the same cylinder (at the depth of
90 mm from the surface) after its installation in the
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Properties of Praestol anionic and cationic flocculants*
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Praestol
³

-

M
h
01036

³
[h], cm3 g31

³ Content of ionic fragments in copolymer, mol %
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ Na-AA ³ TMAPAC ³ AA

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
A-1 ³ 8.7 ³ 1550 ³ 3 ³ 3 ³ 97
A-2 ³ 4.6 ³ 1500 ³ 11 ³ 3 ³ 89
A-3 ³ 4.4 ³ 1800 ³ 20 ³ 3 ³ 80
A-4 ³ 4.5 ³ 1600 ³ 28 ³ 3 ³ 72
C-1 ³ 3 ³ 920 ³ 3 ³ 9 ³ 91
C-2 ³ 3 ³ 620 ³ 3 ³ 27 ³ 73
C-3 ³ 3 ³ 690 ³ 3 ³ 20 ³ 80
C-4 ³ 3 ³ 555 ³ 3 ³ 33 ³ 67

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* Structures of macromolecules:

(7CH7CH2 7CH7CH27)n
|
C
|
NH2

|
C
|
O

_
Na+

Anionic type

=O =O

(7CH7CH27CH7CH27)n

|

|

NH2

|

|

NH7(CH2)37N+7CH3 Cl
_|

|

CH3

CH3

O=C O=C

Cationic type

device. After sedimentation the precipitate was filtered
off on a paper filter, and the resulting filtrate was
analyzed for the iron content and permanganate oxi-
dizability according to the procedures given elsewhere
[6]. The reduced viscosity of the Praestol solutions
hsp/Cp was measured using a VPZh-3 viscometer (dc =
0.54 mm) at Cp 0.002% and 25oC.

First we evaluated the effect of the chemical com-
position of the cationic and anionic Praestols on the
sedimentation of the dispersed phase in natural water.
The tests were carried out at constant concentrations
of the alkalizing agent, coagulant, and flocculant.
Typical kinetic curves of the variations in the water
turbidity in the presence and absence of flocculant,
registered by the turbidimetric procedure, are shown
in Fig. 1. As seen, anionic Praestol flocculant being
added to water significantly decreases its turbidity,
accelerating sedimentation of the dispersed particles.
Hydrolysis of iron(II) sulfate after its addition into the
alkalized water yields positively charged colloidal
aquahydroxy complexes of iron, which neutralize
negatively charged particles of colloidal humus and
dispersed mineral particles in natural water. As a
result, the neurtralized colloidal particles form coarse
aggregates and fall down. Further flocculant addition
results in formation of large aggregates, which in-
creases the precipitate density and accelerates water
clarification. The flocculation factorD used as a cri-
terion of the flocculation effect is defined as follows:

D = (V 3 V0)/V0,

where V0 and V are the rates of the 50% change in
the water turbidity in the absence and in the presence
of Praestol.

The dependences of the flocculating factorD on
the content of ionic unitsa in the macromolecules of
anionic and cationic Praestols are shown in Fig. 2.
As seen, theD = f (a) dependence passes a maximum
for both anionic and cationic flocculants. This is prob-
ably due to the similar dependence of the effective
size of macromolecular globules (r2)1/2 ona, which is
confirmed by the dependence of the reduced viscosity
hsp/Cp (determined in water atCp = const) [7, 8] on

t, cm31

t, min
Fig. 1. Water turbidityt as a function of the sedimentation
time t in the course of liming with coagulation of natural
water in the (1) absence and (235) presence of anionic
Praestols. Sample: (2) A-1, (3) A-2, (4) A-3, and (5) A-4.
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a, mol %

hsp/Cp, cm3 g31

Fig. 2. (1, 2) Flocculation factorD and (1`, 2`) reduced
viscosity hsp/Cp of flocculant solutions as functions of the
content of the ionic fragmentsa for (1, 1̀) anionic and
(2, 2̀) cationic Praestols.

a, mol %

DFe, Dor

Fig. 3. Recovery of (1, 2) iron DFe and (1`, 2`) organic
compoundsDor as a function of the content of ionic frag-
mentsa in (1, 1`) anionic and (2, 2̀) cationic Praestols;
hsp/Cp was determined in water atCp 0.002% and 25oC.

a for anionic (Fig. 2, curve1`) and cationic (curve2`)
Praestols. The highest flocculation effectD (Fig. 2)
is observed for anionic Praestol witha 11 mol % (A-2
sample) and for cationic Praestol witha 20 mol %
(C-3). Apparently, such composition of macromole-
cules provides the optimal ratio between the charge
density and chain flexibility, which ensure the highest
� 3r2�1/2. As a result, a macromolecule with the largest
� 3r 2�1/2 interacts with a larger number of the dispersed
particles causing aggregate coarsening and accelerat-
ing their precipitation.

Comparison of the experimental data for the same
a (Fig. 2) shows that anionic Praestols provide the
greater flocculating effect as compared with the cat-
ionic flocculants. This is due to the larger [h] for
anionic Praestols (see table) and thus to higher molec-
ular weights M, because, according to the Mark3
Houwink3Kuhn equation, [h] ~ M. With increasing
M � 3r 2�1/2 increases, which promotes interaction of
the flocculant with a larger number of particles of the

dispersed phase in water and thus enhances the floccu-
lation effect.

We also studied the effect of Praestol flocculants
on the recovery of iron compounds and organic im-
purities from treated water. The tests were performed
at a fixed concentrations of the alkalizing agent,
coagulant, and flocculant. The efficiency of the iron
recovery was evaluated from the following equation:

DFe = (C0
Fe 3 CFe)/C

0
Fe,

whereCFe and C0
Fe are the contents of iron in water

after coagulation in the presence and absence of Pra-
estol as compared with the initial water (%).

The recovery of organic compounds was evaluated
by the following parameter:

Dor = (C0
ox 3 Cox)/C

0
ox,

whereCox andC0
ox are the permanganate oxidizability

of water in the presence and absence of Praestol as
compared with the initial water (%).

The dependences ofDFe and Dor on a for anionic
and cationic Praestols are shown in Fig. 3. As seen,
the highestDFe and Dor for anionic and cationic
Praestols are observed with samples A-2 and C-3 with
a = 11 and 20 mol %, respectively. Though the trends
in Fig. 3 are weakly pronounced, theyagree well with
the data presented in Fig. 2, andtherefore they can be
explained by the same reasons. Moreover, cationic
flocculants more efficiently remove iron and organic
compounds from water as compared with anionic
Praestols (Fig. 3). This is obviously due to the forma-
tion of interpolymeric complexes [9] between the
positively charged macromolecules of cationic Pra-
estol and negatively charged macromolecules of the
humic and fulvic acids and their complexes with iron
present in natural water alkalized to pH 11.

Figures 2 and 3 show that the Praestol cationic
flocculant witha 20 mol % (C-3 sample) is the most
promising for preliminary purification of natural
water. For this sample we studied the efficiency of the
recovery of iron compounds and organic impurities as
influenced by the concentrations of the coagulant
(Fig. 4) and flocculant (Fig. 5). As seen from Fig. 4,
at fixed concentrations of the flocculant and alkalizing
agent the efficiency of recovery of iron compounds
and organic impurities decreases with decreasing floc-
culant concentration from 67 to 15 mg l31. Figure 5
shows that, at fixed concentrations of the coagulant
and alkalizing agent, with decreasing concentration of
the Praestol cationic flocculant in the 1.030.2 mg l31
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Cc, mg l31

CFe, Cor, %

Fig. 4. (1) Concentration of ironCFe (%, with respect to
initial) and (2) organic compoundsCor (%, with respect to
initial) as a function of iron(II) sulfate coagulant concentra-
tion Cc. Lime concentration 232.5 mg l31, flocculant con-
centration 0.4 mg l31; initial water: iron concentration
194 mg l31, oxidizability 7.6 mg O per liter.

Cf, mg l31

DFe, Dor

Fig. 5. Recovery of (1) iron DFe and (2) organic compounds
Dor as a function of Praestol cationic flocculant concentra-
tion Cf; sample C-3. Lime concentration 232.5 mg l31,
coagulant concentration 66.9 mg l31.

range the efficiency of recovery of iron compounds
decreases at low flocculant concentrations, whereas
the content of organic impurities remains almost un-
changed. The above data show that under the experi-
mental conditions with cationic Praestol (a 20 mol %)
the lower limits of the coagulant and flocculant con-
centrations ensuring efficient purification of water are
15 and 0.4 mg l31, respectively.

CONCLUSIONS

(1) In the course of water treatment with Praestol
flocculants at constant concentrations of alkalizing
agent (calcium hydroxide) and coagulant [iron(II)
sulfate] the dependences ofD, DFe, Dor, andhsp/Cp

(at Cp const) on the content of the ionic fragments are
due to the change in the effective size of macromole-
cules in solutions and pass a maximum ata 11 and
20 mol % for anionic and cationic Praestols, re-
spectively.

(2) The values ofD increase on passing from the
cationic to anionic flocculants, whereasDFe and Dor
decrease.

(3) In the presence of cationic Praestol (a
20 mol %) the lower limits of the coagulant and floc-
culant concentrations ensuring efficient purification of
water are 15 and 0.4 mg l31, respectively.
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COMMUNICATIONS

Alkylation of Crystalline Salts of 1,3-Thiazolidine-2,4-diones
with Alkyl Halide Vapors
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Abstract-Alkylation of 1,3-thiazolidine-2,4-diones with alkyl halide vapors was performed. The composition
of the reaction mixtures was determined by thin-layer chromatography.

Alkylated derivatives of 1,3-thiazolidine-2,4-diones
are promising compounds exhibiting antibiotic, acari-
cidal, herbicidal, and other useful properties. How-
ever, the traditional procedure of their synthesis by
alkylation of alkali metal and ammonium salts of
1,3-thiazolid-4-ones yields a mixture of isomers origi-
nating from addition of the alkyl radical to the hetero-
cyclic nitrogen atom and exocyclic oxygen atom at the
2-position. The latter reaction yields 2-alkoxy-D

2-
1,3-thiazolin-4-ones, unstable by-products decom-
posing in the course of the reaction, which results in
decreased yield and contamination of the target prod-
ucts. The side addition of the alkyl radical to the
exocyclic oxygen atom is quite natural, since 1,3-thia-
zolidine-2,4-diones are ambifunctional compounds
showing dual reactivity in nucleophilic substitutions
in solutions [1]. Attempts to affect the isomer ratio by
varying the nucleophilicity of the substrate, polariza-
bility of the reagent, and polarity of the medium have
not improved the situation; in all the cases either an
isomer mixture was formed or the alkylation rate dras-
tically decreased; therefore, alkylation in solutions
was considered to have no practical significance [2].

A successful attempt of selective synthesis of alkyl
derivatives of 1,3-thiazolin-4-ones by a solid-phase
reaction [335] creates a prerequisite for purposeful
synthesis of 3-alkyl-substituted 1,3-thiazolidine-2,4-
diones by solid-phase synthesis. 1,3-Thiazolidine-2,4-
diones form a close-packed crystal lattice with the
space groupPbca in which the molecules are packed
in the form of planar hydrogen-bonded (N3

3H...O2
3

C2) dimers [6]. In their alkali metal salts, the counter-
ion is equidistant from the O2 and N3 reaction centers
[7], which makes the nitrogen atom accessible for the
electrophilic attack by an alkyl group, whereas shield-
ing of the O2 atom prevents formation of by-products.

To confirm this assumption, we alkylated the crys-
talline alkali metal salts with ethyl iodide vapor:
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where Z = H2 (I , VI ), PhCH (II , VII ), 4-NO2C6H4CH
(III , VIII ), 4-(CH3)2C6H4CH (IV , IX ), 4-CH3C6H4 .
CH (V, X); M = Li, Na, K.

Crystals of I3V were treated with ethyl iodide
vapor. Special experiments showed that the result is
independent of the amount of the alkylating agent and
reaction conditions.

The composition of the reaction mixture was deter-
mined by quantitative thin-layer chromatography
(TLC). We found that the reaction yields only the
products of addition of the alkyl group at the N3 atom
(see table). Quantitative analysis shows that the mate-
rial balance is well kept throughout the experiment,
i.e., the [initial] concentration calculated from the
weight of the salt sample is equal to the sum of the
running concentrations of the salt and reaction prod-
uct. These concentrations were measured with an error
of <5%.

We also examined the effect of the counterion in
the substrate on its reactivity and revealed no differ-
ence in the reaction pathway between the Li+, Na+,
K+, and Cs+ salts.

EXPERIMENTAL

1,3-Thiazolidinedione and its 5-arylmethylene
derivatives were prepared according to [8]. The com-
pounds were recrystallized from ethanol and identified
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Composition of the reaction mixture according to TLC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

Rf

³ IR spectrum, cm31 ³ Found, %/Calculated, %
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ n(C2=O) ³ n(C4=O) ³ N ³ S

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
VI ³ 0.80 ³ 1724 ³ 1688 ³ 10.8/10.84 ³ 24.6/24.82
VII ³ 0.86 ³ 1741 ³ 1710 ³ 6.0/6.00 ³ 12.8/13.74
VIII ³ 0.65 ³ 1745 ³ 1715 ³ 11.5/11.38 ³ 13.4/13.02
IX ³ 0.69 ³ 1741 ³ 1711 ³ 10.3/10.13 ³ 12.0/11.60
X ³ 0.75 ³ 1738 ³ 1708 ³ 6.1/5.66 ³ 3.1/12.96

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

by the melting points, which differed from published
data [8] by no more than 1oC. The substance purity
was checked by chromatography on alumina modified
with oxalic acid, in the system acetone3hexane3acetic
acid, 1 : 2 : 0.01. In static solid-phase alkylation, a
0.01-g sample of saltI3V was kept in an atmosphere
of the alkylating agent vapor at room temperature. In
the dynamic mode, alkylating agent vapor was passed
through a salt sample at room temperature and a re-
sidual pressure of 103200 mm Hg at which condensa-
tion of the alkylating agent on the solid phase surface
was excluded. After evacuation to remove the alkylat-
ing agent vapor, the concentration of the reaction
products was determined by quantitative TLC [9] and
spectrophotometrically [10], with an accuracy of 5%.
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Abstract-The structure of the copolymer prepared by radical copolymerization of vinyl chloride with
1-vinyl-1,2,4-triazole was studied by quantitative13C NMR spectroscopy. The structural unit of the copolymer
consists of the units of vinyltriazole and quaternized vinyltriazole, vinyl group, and four vinyl chloride units.

The most widely used procedure for preparing
modified polyvinyl chloride is copolymerization of
vinyl chloride (VC) wirth various monomers. It was
shown previously that radical copolymerization of VC
with N-vinyl-4,5,6,7-tetrahydroindole is accompanied
by dehydrochlorination [1].

In this work we studied by13C NMR spectroscopy
the structure of the copolymer prepared by radical
copolymerization of VC with 1-vinyl-1,2,4-triazole
(VT).

Copolymerization of VC with VT was performed
in N-methylpyrrolidone with azobis(isobutyronitrile)
initiator.

The IR spectra of the resulting copolymers contain
no bands characteristic of theN-vinyl group (960,
1680 cm31), but the vibration bands of the triazole ring
(1030, 1210, 1560 cm31) are preserved, and a band
characteristic of C=C bonds appears at 1640 cm31.
The 13C NMR spectrum of the VC3VT copolymer
contains broadened signals of the carbon atoms of the
triazole ring (151.91, 144.38 ppm), a group of signals
of the vinyl moiety3CH=CH3 (128.033127.58 ppm),
and carbon signals of the >CHCl (58.49356.57 ppm),
3N3CH3 (54.6), and >CH2 (45.4341.9 ppm) groups.
Along with the above signals, the spectrum contains
narrow signals corresponding to the carbon atoms of
N-methylpyrrolidone (17.21, 27.03, 30.73, 48.56,
173.90 ppm), probably chemisorbed on the copolymer
surface. It should be noted that the polymer was re-
precipitated two times and vacuum-dried to constant
weight.

The vinyl fragments incorporated into the copoly-
mer are formed by elimination of hydrogen chloride

from VC in the course of its copolymerization with
VT. Hydrogen chloride can be bound by the triazole
ring:
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The quantitative analysis of the13C NMR spectrum
showed that the molar ratio of the VC and VT units,
vinyl groups, andN-methylpyrrolidone is 1.00 : 2.67 :
0.619 : 0.254. The elemental composition and content
of each component (wt %) were calculated from the
13C NMR spectra assuming that (1) VT does not bind
hydrogen chloride, (2) all VT rings bind hydrogen
chloride, and (3) only 0.619 mol of VT binds hydro-
gen chloride. The results are listed in the table.

The results of chemical analysis are consistent with
the composition calculated from the13C NMR spec-
trum with assumption 3 (data are printed bold in the
table). When calculating the copolymer composition
from the elemental analysis data, we took into ac-
count the total content of chlorine (both organic and
ionic) in the final product; therefore, the content of
VC units calculated from the13C NMR spectrum
differs from that calculated from the analytical data.

From the results of quantitative analysis we calcu-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 9 2001

13C NMR STUDY OF THE STRUCTURE 1607

Elemental composition of VC3VT copolymer; relative
content of comonomers, vinyl group, andN-vinylpyrroli-
done in the sample
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Element,
³ Composition, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

fragment ³ 13C NMR spectrum³ chemical methods
ÄÄÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

C ³46.91³41.86³ 43.65³43.40
H ³ 5.45³ 5.16³ 5.27³ 5.76
N ³15.03³13.41³ 13.99³14.81
O ³ 1.34³ 1.20³ 1.25³1.26 (from difference)
Cl ³31.27³38.36³ 36.04³34.77
VT ³31.34³27.97³ 29.17³29.42 (by chlorine)

³ ³ ³ ³24.91 (by nitrogen)
VC ³55.05³49.14³ 51.23³70.58 (by chlorine)

³ ³ ³ ³75.09 (by nitrogen)
3CH=CH3 ³ 5.31³ 4.74³ 4.94 ³4.51 (from difference

³ ³ ³ ³between copolymer
³ ³ ³ ³compositions calcu-
³ ³ ³ ³lated by chlorine and
³ ³ ³ ³nitrogen)

N-Methyl- ³ 8.30³ 7.40³ 7.72³ 3
pyrrolidone³ ³ ³ ³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

lated the structural unit of the copolymer consisting
of the VT unit, quaternized VT unit, vinyl group, and
four VC units:
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The elemental composition of the structural unit of
the copolymer (wt %) is as follows: C 42.99, H 4.98,
N 16.71, and Cl 35.32; the content of fragments in
the structural unit of the copolymer is as follows
(wt %): VC 49.75, VT18.90, quaternized VT 26.17,
and CH=CH 5.18.

EXPERIMENTAL

Copolymerization was performed in sealed ampules
at 60oC in the presence of azobis(isobutyronitrile)
(1.5 wt % relative to comonomers) under argon. The
reaction mixture was dissolved in dimethylformamide
(DMF), and the copolymer was precipitated with
acetone. Then the copolymer was reprecipitated two
times from solution in DMF into acetone and vacuum-
dried to constant weight. The copolymer composition

was determined by elemental analysis following the
standard procedure [2]. The content of the3CH=CH3
was calculated from the difference between the com-
positions calculated by nitrogen and chlorine (e.g.,
75.09 3 70.58 = 4.51 and 29.423 24.91 = 4.51).

The IR spectra were taken on a Specord IR-75
spectrometer (KBr pellets or mulls in mineral oil).

The 13C NMR spectrum of the copolymer sample
was taken on a Varian VXR-500S spectrometer
(working frequency 125.5 MHz) in DMSO-d6 at a
relaxation delay of 2.5 s and 90o pulse. As relaxant
was used chromium tris(acetylacetonate) (0.02 M).
The molar ratios of the copolymer components and
N-methylpyrrolidone were calculated by a common
procedure: The fraction of one carbon atom of VT
qVT was taken equal to one carbon atom, which cor-
responds to 1 mol of VT,MVT. The number of moles
of the other components was calculated by the formula

Mx = qx / qVT,

whereqx is the fraction of the carbon atom of compo-
nent x, qx = Ix /Itot (where Ix and Itot are the integral
intensity of the signal of atomx and the total integral
intensity, respectively).

The relative error of the quantitative determination
of the relative content of comonomers (wt %) and
elemental composition of the copolymers does not
exceed 6.7%.

CONCLUSIONS

(1) Radical copolymerization of vinyl chloride
with 1-vinyl-1,2,4-triazole inN-methylpyrrolidone is
accompanied by dehydrochlorination.

(2) The composition of the copolymer, calculated
from the13C NMR spectrum and from elemental anal-
ysis data, shows that the released hydrogen chloride
protonates approximately each second triazole ring.
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Abstract-N-Vinylpyrrolidone3vinyltrimethoxysilane copolymers were prepared by radical copolymerization.
The composition of the copolymer was studied in relation to the reaction temperature and composition of the
initial mixture. The kinetic parameters of the monomer activity were calculated.

Unique properties of polyvinylpyrrolidone (PVP)
such as good solubility in water and organic solvents,
high complexing power with respect to a wide range
of inorganic, organic, and biological objects, and the
lack of toxicity allow wide use of PVP in engineering,
medicine, pharmacy, and agriculture [133]. Therefore,
there is a growing interest in syntheses of new poly-
mers based onN-vinylpyrrolidone (VP) by copoly-
merization with other polyfunctional monomers. Of
particular interest in this respect are copolymers with
a labile organosilicon moiety, capable of further poly-
mer-analogous transformations.

It is known that alkenylsilanes show poor activity
in radical polymerization because of the steric and
electronic effect of the silicon atom, but they relative-
ly readily copolymerize with acetonitrile, styrene,
vinyl acetate, and vinyl chloride [436].

This study is aimed at synthesis of VP3vinyltri-

Table 1. VP3VTMS copolymers [initiator AIBN (0.05%), reactiontime 3 h]

(CH CH2)nccc(CH2
cCH)m
c

gg

N
e

g

i

gccc

Si(OCH3)3
kO

(CH CH2)nccc(CH2
cCH)m
c
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gccc

Si(OCH3)3
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ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Content of monomers, mol %³

T, oC
³

Yield, %
³

Found N, %
³Copolymer composition, mol %

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
VP ³ VTMS ³ ³ ³ ³ VP ³ VTMS

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
84.21 ³ 15.79 ³ 60 ³ 74.0 ³ 12.10 ³ 97.01 ³ 2.99
75.00 ³ 25.00 ³ 60 ³ 51.7 ³ 11.13 ³ 91.50 ³ 8.50
66.67 ³ 33.33 ³ 60 ³ 71.0 ³ 9.39 ³ 79.58 ³ 20.42
25.00 ³ 75.00 ³ 60 ³ 30.7 ³ 6.79 ³ 60.91 ³ 39.09
84.21 ³ 15.79 ³ 80 ³ 82.9 ³ 9.73 ³ 81.88 ³ 18.12
84.21 ³ 15.79 ³ 100 ³ 80.9 ³ 8.95 ³ 76.57 ³ 23.43

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

methoxysilane (VTMS) copolymers, which practically
have not been studied previously.

EXPERIMENTAL

The initial monomers VTMS and VP (commercial
products) were vacuum-distilled before use. VTMS:
bp 122oC, nD

20 1.390 (cf. bp 52.9oC/49 mm HgnD
20

1.390 [7]); VP: bp 65oC/1.5 mm Hg,nD
20 1.5117 (cf.

bp 71372oC/2.5 mm Hg,nD
20 1.5117 [1]). Azobis(iso-

butyronitrile) (AIBN) of cp grade was used without
additional purification.

The copolymers were prepared by radical copoly-
merization in the bulk by heating with AIBN in sealed
glass tubes in the presence of atmospheric oxygen.
The copolymer was dissolved in acetone and reprecip-
itated into diethyl ether. After filtration and drying
with diethyl ether, the copolymers were dried in an
oven at 45oC to constant weight.
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M2, mol %

Composition of VP3VTMS copolymers as a function of the
monomer ratio. Reaction temperature 60oC, reaction time
3 h. (m2) Content of VTMS in copolymer and (M2) content
of VTMS in the initial mixture.

The IR spectra were taken on a UR-20 spectrom-
eter. Samples were prepared as mulls in mineral oil.
The copolymer composition was calculated from data
of elemental analysis for nitrogen.

The copolymers are gelatinous substances soluble
in acetone, ethanol, and chloroform; after reprecipita-
tion with diethyl ether and drying in an oven they
transform into a white powder. After reprecipitation
and drying, the solubility in organic solvents is lost,
probably owing to formation of siloxane cross-links.
The characteristics of the copolymers are listed in
Table 1. The formation of the copolymers was con-
firmed by the IR spectra, which contain absorption
bands at 1680 (VP C=O bonds) and 1094 cm31

(VTMS Si3O bonds).

The bands at 1600 and 1628 cm31, characteristic
of the double bonds in VTMS and VP, respectively,

Table 2. Parameters of monomer activity*
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Calcu-³

r1

³
r2

³
Q2

³
e2lation ³ ³ ³ ³

method³ ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

FR ³3.64+0.07³0.21+0.02³0.02+0.002³30.62+0.06
KT ³1.44+0.14³0.16+0.02³0.02+0.002³+0.07+0.007

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Q1 = 0.14, e1 = 31.14 [9].

are lacking in the spectra of the copolymers, which
confirms occurrence of the radical copolymerization
through the double bonds.

The composition of the copolymers as a function of
the composition of the initial mixture is shown in the
figure.

As seen from the composition diagram, VP forms
with VTMS random copolymers enriched in VP units.
The copolymerization constantsr1 and r2 calculated
by the Fineman3Ross (FR) and Kelen3Tudos (KT)
methods are listed in Table 2. These data were ob-
tained at monomer conversions not exceeding 50%,
which is acceptable in calculations ofr1 andr2 by the
Kelen3Tudos method [8].

In this case, the Alfrey3PriceQ3e reactivity param-
eters of VTMS were as follows:Q2 = 0.02 ande2 =
0.07; the published values for VP areQ1 = 0.14 and
e1 = 31.14 [9].

Thus, we prepared VP3VTMS copolymers and
determined the activity parameters of the monomers
in radical copolymerization.

REFERENCES

1. Sidel’kovskaya, F.P.,Khimiya N-vinilpirrolidona i ego
polimerov (Chemistry of N-Vinylpyrrolidone and Its
Polymers), Moscow: Nauka, 1970.

2. Kirsh, Yu.E.,Poli-N-vinilpirrolidon i drugie poli-N-vi-
nilamidy (Poly-N-vinylpyrrolidone and Other Poly-N-
vinylamides), Moscow: Nauka, 1998.

3. Sintez, svoistva i primenenie polimerov na osnove N-vi-
nillaktamov (Synthesis, Properties, and Use of Poly-
mers Based onN-Vinyllactams), Tashkent: Fan, 1990.

4. US Patent 2 820 798.
5. Thompson, B.R.,J. Polym. Sci., 1956, vol. 19, pp. 3733

377.
6. Mixer, R.Y. and Bailey, D.L.,J. Polym. Sci., 1955,

vol. 18, pp. 5733582.
7. Nagel, R. and Tamborski, C.,J. Org. Chem., 1951,

vol. 16, p. 1768.
8. Ivanchev, S.S.,Radikal’naya polimerizatsiya(Radical

Polymerization), Leningrad: Khimiya, 1985, p. 148.
9. Spirin, Yu.L., Reaktsii polimerizatsii(Polymerization

Reactions), Kiev: Naukova Dumka, 1977, p. 42.



1070-4272/01/7409-1610$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 9, 2001, pp. 161031615. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 9,
2001, pp. 156131566.
Original Russian Text CopyrightC 2001 by Morachevskii.

HISTORY OF CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND CHEMICAL TECHNOLOGY

Professor Gustav Tammann
(To 140th Birthday Anniversary)

Similarly to a number of his contemporaries,
prominent chemists of the late XIX century3early
XX century, Gustav Tammann had rather wide scien-
tific interests. He made an outstanding contribution to
investigations of solutions, heterogeneous equilibria,
and crystallization processes and studies of metal
systems, glassy state, and solid solutions.

Gustav Heinrich Johann Tammann was born on
May 28, 1861, in Jamburg, St. Petersburg Province
(now Kingisepp, Leningrad oblast). His father, Hein-
rich Tammann (183331864) was of Estonian peasant
origin. He graduated from the faculty of medicine
of Derpt (Yuryev, Tartu)1 University in 1857 and
worked as a physician first in Jamburg and then at
Gorki, Mogilev Province (now Gorki, Mogilev oblast,
Belarus). At the same place, Heinrich Tammann
taught applied medicine at Gorigoretskii Agricultural
Institute [1, 2]. Gustav Tammann’s mother, Matilda
Sch1unmann, was of German origin. After Heinrich
Tammann’s death, his family moved to Derpt. Despite
the more than modest means at family’s disposal,
Gustav Tammann successfully finished gymnasium
and entered the physicomathematical faculty of Derpt
University in 1879. One of the oldest in Russia, the
University was opened in April 1802 (the history of
this educational institution dates from 1632, but later
its functioning was interrupted for a long time). In
180231850, the University did not train specialists in
chemistry. The chair of chemistry, formed in 1804,
mainly satisfied the demand of medicine and phar-
macology [3, 4]. In 1850 the physicomathematical
faculty including a chemical department was created,
and training of specialists in chemistry was com-
menced. According to the available data [5], 58% of
those studying at the chemical department during
the period from 1850 till 1917 were from Baltics,
41% from other provinces of Russia, and 1% from
abroad. About 60% of those graduated from the
chemical department received a degree of candidate of
science.
ÄÄÄÄÄÄÄÄÄÄÄÄ

1 In 1893, the town of Derpt (Dorpat) was given its previous
(103031224) name of Yuryev; in 1919, it became Tartu. Cor-
respondingly changed the name of the University.

During G. Tammann’s education at the University,
all chemical disciplines were taught by professor Carl
Schmidt (182231894), a known scientist of that time,
educated at German universities.2 Schmidt was a re-
presentative of the scientific school created by such
prominent chemists of the XIX century as J. Liebig
(180331873) and F. W1ohler (180031882). C. Schmidt
became extraodinary professor at the chair of phar-
macology in 1850, and ordinary professor of chemis-
try and head of chemical laboratory in 1852. In 1873,
C. Schmidt was elected a corresponding member of
the St. Petersburg Academy of Sciences for his works
in the field of hydrochemistry.

The main Schmidt’s investigations were done in
the field of physiological chemistry and also analyti-
cal chemistry, hydrochemistry, and agricultural chem-
istry. Among his widely known works were, in par-
ticular, his studies of the chemical composition of
chernozem soils of the European Russia. Schmidt’s
ÄÄÄÄÄÄÄÄÄÄÄÄ

2 A major contribution to studies of the life and activities of
chemists from Tartu University of the XIX century, C. Schmidt,
G. Tammann, W. Ostwald, and others, was made by Ugo
Vol’demarovich Palm (193331989), professor of the same
university, known electrochemist and historian of chemistry.
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laboratory at Derpt University was a recognized center
of the most precise chemical analyses of a wide
variety of natural objects: clays, minerals, soils,fer-
tilizers, and water.

At the time of G. Tammann’s education at the
University, laboratory works with students were con-
ducted at the chair of chemistry by young teachers,
among whom mention should be made of J. Lemberg
(184231902) and W. Ostwald (185331932), Derpt
University graduates and Schmidt’s pupils. Lemberg
taught applied chemistry and soil science and exerted
a profound influence on the development at the chair
of physicochemical investigations, which became the
leading direction in the scientific work of the chair
beginning in the 1880s. In 1888, Lemberg was elected
a professor of the chair of mineralogy and petrography
and was the first in Russia to carry out experimental
studies in this field, having laid foundations of[chem-
ical geology.] Lemberg’s works were highly appre-
ciated by F.Yu. Levinson-Lessing (186131939) and
V.I. Vernadsky (186331945) [9].

Ostwald graduated from Derpt University in 1875
and worked at the chair of physical chemistry till
1881, when he became professor of chemistry at Riga
Polytechnic Institute. In 1887, he became a university
professor in Leipzig (Germany) where he founded the
first world’s chair of physical chemistry. Ostwald was
among those who founded the first journal of physical
chemistry (Zeitschrift f1ur physikalische Chemie).
He was awarded Nobel Prize in 1909.

The development of G. Tammann’s scientific in-
terests was also much affected by A. von Oettingen
(183631920), professor of physics, well educated and
all-round scientist. In 1883, G. Tammann received a
diploma of a candidate of chemistry and started
working at the laboratory of his teacher, Schmidt, as
laboratory assistant; he became a privat-docent in
1887 and docent in 1889. In 1890, G. Tammann
backed his doctoral dissertation1Uber Metamerie der
Metaphosphate(On Metamerism of Metaphosphates).
Upon Schmidt’s retirement in 1892, G. Tammann
took his position of a director of the chemical labora-
tory at Derpt University and was elected extraordinary
professor. In 1894, he became an ordinary professor.
G. Tamman’s promotion was favored by recommen-
dations of leading Russian scientists N.N. Beketov
(182731911) and D.I. Mendeleev (183431907).
G. Tammann delivered all the main courses of lec-
tures on analytical, inorganic, organic, and physical
chemistry. The transition of the educational process
from German to Russian posed certain difficulties to
G. Tammann and some other lecturers, but he got

through in the course of time. Frequent trips to
St. Petersburg and meetings with colleagues allowed
him to master Russian. Nevertheless, the volume of
his pedagogical activities was so large that he could
not give sufficient attention to scientific studies. Prob-
ably, this was the main reason why G. Tammann ac-
cepted in December 1902 invitation to head the Insti-
tute of Inorganic Chemistry at G1ottingen University
(Germany). Among those who recommended G. Tam-
mann was W. Nernst (186431941), a professor of the
same university, physicist and physical chemist, No-
ber Prize winner (1920), member of many academies,
including the Academy of Sciences of the USSR
(since 1926). In 1905, Nernst moved to Berlin, and
G. Tammann headed in 1907 the Institute of Physical
Chemistry of G1ottingen University. G. Tammann
worked at that university till his retirement in 1930.

Having left Russia, the scientist continued to main-
tain close scientific relations with his Russian col-
leagues. Already in 1880 he became a member of
the chemical department of the Russian Physico-
chemical Society by recommendation of D.P. Konova-
lov (185631929), N.A. Menshutkin (184231907), and
V.E. Tishchenko (186131941) [10]. In 1908, he was
one of very few foreign chemists who were elected
honorary members of this society. In December 1901,
G. Tammann took part in the XI Congress of Russian
naturalists and physicians and presented a reportOn
the Relationship between the Crystalline and Liquid
States [11]. The report was highly appreciated by
Mendeleev. Much attention was given to Tammann’s
works in Osnovy khimii(Foundations of Chemistry).
It is known that Mendeleev called Tamman[... my
dear friend] and believed that he developed[...extra-
ordinarily interesting fields of physical chemistry]

[10]. Correspondence between G. Tammann and
Mendeleev commenced in 1887 and was related to the
vapor pressure in the system sulfuric acid3water.
Tammann’s investigations and conclusions were in
agreement with the hydrate theory of solutions, de-
veloped by Mendeleev [12]. Later, the scientists
met more than once, the last time in 1902 in Derpt
(Yuryev) at the centennial anniversary of the resump-
tion of the University’s functioning. In 1903, Mende-
leev was elected honorary member of Yuryev Univer-
sity.

G. Tammann took part in the II Mendeleev Cong-
ress on General and Applied Chemistry in St. Peters-
burg in December 1911. He reported the results ob-
tained in determining the molecular weight of crystal-
line substances. There is evidence [13] that in 1909
G. Tammann was offered to stand for election as
ordinary academician (full member) of the St. Peters-
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burg Academy of Sciences, which, however, involved,
in the case of his being elected, obligatory moving to
St. Petersburg. At the same time, his work at G1ottin-
gen University was quite successful and G. Tammann
refused. Another known physical chemist, P.I. Walden
(186331957), professor of Riga Polytechnic Institute,
was elected to fill the vacancy in 1910. In December
1912, Tammann was elected, as a foreign scientist,
a corresponding member of the St. Petersburg Aca-
demy of Sciences, and in December 1927, an honorary
member of the Academy of Sciences of the USSR.

Very sympathetic recollections of G. Tammann
were written by N.I. Nikitin (189031975, correspond-
ing member of the Academy of Sciences of the USSR
since 1939) who worked, by recommendation of Aca-
demician N.S. Kurnakov (186031941), at G. Tam-
mann’s laboratory in G1ottingen in 192331924 and
attended his lectures [14].

When still in Russia, G. Tammann maintained most
friendly relationships and repeatedly met with the
leading Western scientists of that time: J.H. van’t-Hoff
(185231911), S. Arrhenius (185931927), W. Nernst,
and G.W.B. Rosenboom (185431907). Together with
Nernst, G. Tammann carried out a joint investigation
into the effect of pressure on the displacement of hy-
drogen from solutions by metals (1891). The most
cordial were G. Tammann’s relations with Arrhenius
and Nernst [13]. In 1900 in Paris, G. Tammann be-
came acquainted with H.-L. Le Chatelier’s (18503

1936) works.

As already noted, G. Tammann’s scientific activi-
ties were exceedingly versatile. The most important
directions of research included: dilute and concen-
trated solutions (depression of the saturated vapor
pressure, osmosis, internal pressure in solutions),
heterogeneous equilibria (one-component systems,
polymorphism, crystallization processes), glassy state,
theory of thermal analysis, phase diagrams of metal
systems, nature and corrosion behavior of solid solu-
tions, problems of biochemistry, etc. The most com-
prehensive analysis of G. Tammann’s scientific activi-
ties can be found in [15, 16]. More concise evidence
was given in a scientific-biographical dictionary [1]
and numerous publications devoted to jubilees of the
scientist or his death [17319].3 Separate directions of
G. Tammann’s scientific activities, mainly those con-
cerned with solutions, were analyzed in domestic
monographs devoted to the history of chemistry [203

22]. Tammann’s works carried out before his depar-
ÄÄÄÄÄÄÄÄÄÄÄÄ

3 A list of papers devoted to G. Tammann’s life and scientific
activities is given in the Dictionary of Scientific Biography [1].

ture from Russia were considered by U. Palm [23, 24]
and N. Ryago [25]. The role of Tammann in the de-
velopment of physical metallurgy in Germany was
discussed by U. Dehlinger [26]. To the sixty-fifth
birthday of the scientist was devoted a special volume
of Z. anorg. allg. Chem. (1926, vol. 154, pp. 13455)
presenting works of his colleagues and pupils. Among
the authors were known Russian chemists Nikitin,
N.A. Tananaev (187831959), and G.G. Urazov (18843
1957, academician of the Academy of Sciences of the
USSR since 1946). In connection with G. Tammann’s
seventieth birthday, a series of papers analyzing his
works in the field of structure and properties of metals
and alloys was published inZ. Metallkunde(1931,
vol. 23, no. 5, pp. 1343146).

The most complete list of published G. Tammann’s
works is given in the reference book [27]. Papers pub-
lished in the early stage of his scientific activities
(before 1901) are listed in the biographic dictionary
[28]. We now consider only briefly some results of
the versatile activities of the scientist during 55 years,
from 1883 till 1938.

In the 1880s, one of the main directions of research
in physical chemistry was investigation of dilute elec-
trolyte solutions. In those years, Tammann carried out
at the chemical laboratory of Derpt University high-
precision measurements of the saturated vapor pres-
sure over solutions and hydrates. Already in 1885,
before the appearance of basic van’t-Hoff’s works,
Tammann suggested that the molecular depression of
the saturated vapor pressures of similar salts is about
the same. To the same period of time belongs a series
of Tammann’s works concerned with osmosis and
properties of semipermeable membranes. He made an
important conclusion that the saturated vapor pres-
sures of aqueous solutions with equal osmotic pres-
sures are the same.

By the 1890s, a large group of Tammann’s pupils
was involved in his investigations, among whom men-
tion should be made in the first place of A.D. Bo-
goyavlenskii (186831940), G. Landesen (186731935),
and, later, R.F. Hollman (187731921) and V.A. Boro-
dovskii (187831914). Owing to their participation,
Tamman could extend the number of physicochemical
problems studied. In 189331896, a seriers of inves-
tigations of concentrated solutions was performed and
an original opinion about their nature was voiced.
The developed approach was based on the concept of
a gain in the internal pressure of a solution as com-
pared with straight solvent.

Together with studying solutions, Tammann and
co-workers commenced investigations of phase tran-
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sitions and phase equilibria in one-component systems
(189731902). These studies resulted in a bookKris-
tallisieren und Schmelzen(Crystallization and Melt-
ing) published in Germany in 1903. In a monograph
[20], this series of investigations is characterized as
[outstanding in both theoretical and experimental
regards.]

One of important, although not indisputable Tam-
mann’s conclusions was that no critical point at which
the crystal becomes identical to its own solution can
appear in the fusion curve. Tammann’s studies con-
cerned with the full phase diagram of water, which led
to the discovery of polymorphous modifications of
ice, became widely known (1900). These studies were
performed on a unique, by that time, high-pressure
(up to 4000 atm) installation. It was demonstrated in
studying the kinetics of phase transitions that the crys-
tallization rate depends on the rate of nucleation and
linear velocity of crystal growth.

The studies of phase diagrams of metal systems,
extensively developed already after G. Tammann
moved to G1ottingen, were also commenced in Russia.
The first paper on metal alloysOn the Structure of
Alloys, concerned with the depression of the melting
point of mercury and sodium upon introduction of
minor amounts of various metals, was published al-
ready in 1889 (Z. Phys. Chem., vol. 3, pp. 4413449).
The main goal of the author was to reveal the extent
to which general laws established for other types of
solutions are applicable to solutions of metals in met-
als. The second paper in this series, devoted to deter-
mining the composition of chemical compounds with-
out chemical analysis, was also prepared before depar-
ture to Germany (Z. Anorg. Chem., 1903, vol. 37,
pp. 3033313). Later, Tammann was the first to pro-
pose the term[thermal analysis] and developed its
fundamentals (Z. Anorg. Chem., 1905, vol. 45,
pp. 24338). The contribution made by Tammann,
together with other scientists, to the development of
the thermal analysis technique was considered in
detail by B.N. Menshutkin [20]. G. Tammanngave
detailed recommendations as to how cooling curves
should be studied and phase diagrams be constructed
on their base, and proposed a method for determining
the composition of eutectic mixtures. During a short
time of his work in G1ottingen, Tammann and co-
workers studied more than 100 binary metal systems.
These works in Germany were conducted in parallel
with large-scale investigations of Kurnakov and his
closest associates (S.F. Zhemchuzhnyi, N.A. Pushin,
N.I. Stepanov,et al.) in higher school institutions in
St. Petersburg. Based on investigations of a wide

variety of properties of metal alloys and salt systems,
Kurnakov and Zhemchuzhnyi formulated general prin-
ciples of physicochemical analysis in 1913. It is
known that G. Tammann highly appreciated Kurnakov
and his works [14]. It seems inappropriate to speak
about any kind of priority in comparing these two
most prominent scientific schools [30].

When studying the chemical stability of binary
metal solid solutions, Tammann established in 1919
an important relationship between the composition of
an alloy and its chemical properties. It was shown that
the corrosion resistance (limits of action of chemical
reagents) changes stepwise at compositions which are
multiples of 1/8 mol of the least active component
([Tammann’sn/8 law]). This law is applicable not
only to metal solid solutions, but also to solubility
and some chemical properties of salt solid solutions.
The Tammann theory relates the existence of limits to
chemical action to the arrangement of atoms in the
crystal lattice of a solid solution. The action limits are
also revealed in studying the anodic behavior of solid
solutions. A detailed analysis of the[n/8 law] can be
found in a paper by V.V. Schorcelletti and A.I. Shul-
tin [31].

In studying the aggregative states of substances and
phase transitions, G. Tammann investigated crystalli-
zation of glass-forming liquids and melts. He regarded
the glass as a supercooled fluid. Particular attention
was given to changes in properties of glass in its
transition onto a liquid state ([softening range]). The
results of these works were summarized in the mono-
graphDer Glasszustand(The Glassy State), published
in 1933.

After German professor O. Lehman (185531922)
made quite certain that liquid crystals do exist and
published a series of papers on this question, Tam-
mann was the first Russian scientist to became in-
terested in this problem. In a paperOn the So-Called
Liquid Crystals (Ann. Phys., 1901, vol. 4, pp. 5243
530), Tammann made quite a number of critical re-
marks. He insisted that the samples studied by Leh-
man are heterogeneous and contain impurities. Simul-
taneously, he entrusted one of his pupils,F.F. Rotar-
skii (187431912),4 with a task of carrying out experi-
mental studies and purification of compounds forming
liquid crystals. It so happened that Rotarskii did
most part of this work in St. Petersburg. Rotarskii
graduated from the chemical department of the Phys-
icomathematical Faculty at Yuryev (Derpt) University
ÄÄÄÄÄÄÄÄÄÄÄÄ

4 Tadeusz Rotarskii, of Polish origin, adopted the name Faddei
Feliksovich in Russia.
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in 1900, having received a candidate of science
degree, and, had on-the-job training at Krakow and
G1ottingen Universities by G. Tammann’s recommen-
dation. He became a laboratory assistant at the chair
of physiological chemistry of Women’s Medical Insti-
tute in 1902 and junior laboratory assistant at the chair
of analytical and organic chemistry at St. Petersburg
Polytechnic Institute in May 1904 [32]. Together with
other young teachers (F. Dreier, Zhemchuzhnyi,
L.A. Rotinyants), Rotarskii carried out, by Tammann’s
initiative, quite a number of studies of thoroughly
purified liquid crystals and described their specific
features. Only during the period of time from 1905 till
1909, 9 papers concerned with liquid crystals were
published in Izvestiya S.-Peterburgskogo Politekhni-
cheskogo Instituta(Bulletin of St. Petersburg Poly-
technic Institute). Rotarskii started working on a
special monograph, but, because of severe illness, had
to return home, to Warsaw, already in October 1909.
Rotarskii’s colleagues prepared for publication and
published the first chapter of the intended monograph,
where, in particular, Tammann’s views on the prob-
lem of liquid crystals were presented in ample detail
[33]. Rotarskii’s works were supported by Kurnakov
and V.A. Kistyakovskii (186531952), professors of
the Polytechnic Institute. Later, this series of investi-
gations was continued at the St. Petersburg Electro-
technical Institute by N.A. Pushin (187531947), a
closest Kurnakov’s associate, and I.V. Grebenshchi-
kov (188731953). These studies were commenced
in 1912.

The constructive criticism by Tammann of the
concept of liquid crystals and his many years’ dispute
with Lehman favored the development of research in
this field [34].

During the initial period of his scientific activities,
G. Tammann, following the example of his teacher
Schmidt, studied biochemical objects. The mechanism
and kinetics of enzymatic processes were interpreted
in purely chemical terms, with the use of the Arrhe-
nius equation. Tammann took part in discussions of
physiological problems at meetings of the Society of
Naturalists at Derpt University, whose member he was
since 1890 (honorary member since 1903).

The scientific legacy of G. Tammann is enormous.
Science-statistics data and the number of papers pub-
lished by G. Tammann on one or another research
direction are presented in the dictionary of scientific
biographies [1]. A number of the most important
scientist’s works: Metallography (1931), Physical
Metallurgy (1935), Handbook of Heterogeneous

Equilibria (1935), andThe Glassy State(1935), have
been translated into Russian.

During his entire life, Gustav Tammann received a
great number of honorary titles, prizes, and decora-
tions. He was member of numerous Academies all
over the world, an honorary member of the Bunsen
Society, German Society of Physical Metallurgists,
British Institute of Metals, and Royal Chemical Soci-
ety of Great Britain.

G. Tammann died on December 17, 1938, at the
age of 77. Till the last days of his life he retained
vivacity and was always available for scientific dis-
cussions. Already in the end of the XIX century he
made an invaluable contribution to the development
of physical chemistry as independent scientific dis-
cipline and, together with his pupils, faithfully served
to science during his whole life.
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Abstract-SnO2 xerogels were obtained by the sol3gel technique from alcoholic solutions of tin(II) and (IV)
salts and used as model systems for studying the behavior of SnO2-the main material of gas sensors, in
the course of formation and operation under the action of temperature.

The impact on the environment poses the problems
of on-line ecological monitoring ensuring the safety
of humans under household and industrial conditions.
The problem of obtaining the necessary data on
the state of the environment can be solved by using
analytical monitoring systems based on sensors for
gases and liquids. As primary sensitive elements in
these systems are used metal-oxide semiconducting
compounds, such as SnO2, ZnO, Fe2O3, etc. [1].
Among the materials mentioned, tin dioxide is the
most promising material for creating sensor systems
for monitoring of various gas media. By combining
tin dioxide with other elements, sensors sensitive to
most gases can be obtained (CO, H2S, etc.) [2].
The gas-sensitive SnO2 material can be used, depend-
ing on the design of the monitoring device, as bulk
samples or layers. At present, preference is given to
thin tin dioxide layers on various substrates because
of their sensitivity, determined to a greater extent by
the surface, high speed of response, smaller size, and
low energy consumption. The methods used to obtain
tin dioxide layers can be divided into two groups.
The first group is constituted by techniques relying
upon physical growth processes, such as reactive
cathode sputtering, rf magnetron sputtering, electron-
beam evaporation, thermal oxidation, etc. [337]. The
mentioned methods for obtaining tin dioxide are far
from always involving a simple technological process
and require complex equipment. On this background,
a less numerous group of chemical methods for tin
dioxide deposition, based on sol3gel process, yields,
at simpler technology, high quality of the material
as regards purity, composition, and structural uni-

formity. This group of methods includes SnO2 de-
position either from solutions of inorganic tin salts,
mostly halides [8310], or from organic tin derivatives,
which have not gained wide recognition because of
the complexity of synthesis of substances and their
high cost.

Analysis of published data suggests that the main
attention is given to the possibility of using tin di-
oxide obtained by one or another method for particular
determinations ofdynamiccharacteristics of gas media
without evaluation of changes in physicochemical
properties under the influence of temperature condi-
tions, varying in structure formation and in the course
of device operation.

In this study, tin dioxide was obtained chemical-
ly in the form of thin-layer coatings and powders
from the liquid phase by sol3gel process from salts
with different tin oxidation states-SnCl2 .2H2O
and SnCl4 .5H2O. Comparative studies of changes
in the properties of oxide materials synthesized from
two kinds of salts were performed on gel powder
samples in relation to synthesis conditions and sub-
sequent thermal treatments. Studies of powders allow
modeling of processes occurring in thin SnO2 layers
whose analysis is commonly hindered by the small
mass of a substance under study. Gel powders were
subjected to differential-thermal (DTA) and X-ray
phase analyses (XPA).

Powders of tin dioxide gels were obtained from
homogeneous solutions-sols of SnCl2 .2H2O and
SnCl4 .5H2O. The salt concentrations in the starting
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Fig. 1. TG and DTA curves of (a) SnO2(II) xerogel and
(b) that after thermal treatment. (T) Temperature,
(Dm/m) mass loss, and (t) time. Treatment temperature
(oC) and time (h): (a) 100, 10; (b) 100, 10; 600, 1.

solutions was 50 g l31. As solvent servedn-butyl
alcohol. The solutions-sols were homogenized, to
ensure complete dissolution of the salts, by vigorous
stirring and keeping a solution-sol at room tempera-
ture for 10315 min before its being converted into
gel. The medium of the starting solutions was acidic
(pH 233) without additional introduction of acid.
The conversion into gels was done by adding a 1 M
aqueous solution of ammonia to the starting solutions-
sols of tin salts and adjusting the pH value to 9310.
The obtained humid gels were subjected to two-stage
thermal treatment: first, drying at 100oC for 10 h
and then keeping in isothermal mode for 1 h at each
of the following temperatures-300, 600, and 900oC.
The solutions-sols of the SnCl2 .2H2O salt and gels
obtained from them were designated SnO2(II), with
SnCl4 .5H2O used as the starting salt the designation
was SnO2(IV).

A DTA of changes occurring in the gels under varied
thermal treatment conditions was performed with an
MOM derivatograph (Hungary) in the dynamic mode
at heating rate of 10 deg min31 in the range from room

temperature to 1000oC. As reference served powdered
aluminum oxide. An XPA of gel powders was done
on a DRON-2 instrument (CuK

a
radiation). The crys-

talline phases were identified using the ASTM file.

Acid solutions of SnCl2 .2H2O and SnCl4 .5H2O
salts in n-butyl alcohol pass into a jelly-like state
on pouring-in an aqueous solution of ammonia. In
aqueous solution, tin(IV) salts form tin(IV) hy-
droxide which has clearly pronounced gel nature, with
xSnO2 .yH2O formula ascribed to it [11]. The gel is
based on polymeric formations with=Sn3O3Sn=
bonds appearing as a result of oleation of hydroxo
complexes Sn(OH)n, with the subsequent polymeriza-
tion occurring with splitting-off of water molecules.
The increase in the number of bridge bonds, occurring
in the gelation stage, is also continued under the ac-
tion of temperature in the course of thermal treat-
ment. The dehydration process can be described by
the scheme [12]

2(=Sn3OH)n = (=Sn3O3Sn=)n + nH2O.

Being a strong reducing agent, Sn(II) is readily
oxidized in acid medium to Sn(IV) [11], with the oxi-
dation process enhanced by atmospheric oxygen and
light. In the case of Sn(II) oxidation to Sn(IV), the ge-
lation of SnCl2 .2H2O-containing solutions is also ac-
companied by the formation of=Sn3O3Sn= bonds, as
in the process of gelation with the use of SnCl4 .5H2O.

The inorganic network of freshly prepared gels
retains a considerable amount of the liquid phase com-
posed of water and organic solvent. In passing from
a humid gel to dry xerogel powder in the first stage
of drying at 100oC for 10 h, the major part of the
liquid phase is removed. However, the TG curves for
SnO2(II) and SnO2(IV) preheated at 100oC for 10 h
show, with increasing temperature, a continuing
loss of mass of reaction products retained by the in-
organic network of the xerogel. The loss of mass
continues for xerogel powders to 4403460oC and
constitutes 60.9 wt % for SnO2(II) (Fig. 1a) and
84.6 wt % for SnO2(IV). The shape of the DTA curve
(Fig. 1) indicates that the enthalpy of the substance
under study strongly fluctuates in this temperature
interval, which is accompanied by alternation of
exo- and endothermic peaks. The endothermic ef-
fects in the low-temperature region are most fre-
quently attributed to substance mass loss; however,
exothermic processes (T = 320oC) (Fig. 1a) occur
simultaneously with the mass loss, which may be due
to the onset of crystallization. In xerogels dried at
100oC (100 h) and 600oC (1 h), the mass loss is sig-
nificantly smaller: 2.41 wt % for SnO2(II) (Fig. 1b)
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and 4.78 wt % for SnO2(IV). The DTA curve in
Fig. 1b shows endothermic processes with apeak at
340oC. DTA curves for SnO2(IV) are similar to
the curves for SnO2(II), with a shift to higher tem-
peratures by 20oC (not presented here).

The similar nature of thermal effects in the DTA of
SnO2(II) and SnO2(IV) xerogels indicates that, ir-
respective of the different oxidation states of tin in
the starting salts, xerogels treated under identical tem-
perature conditions have similar nature.

XPA data for SnO2(II) and SnO2(IV) xerogels are
presented in Figs. 2a and 2b. Analysis shows a strong
similarity between the processes of structure forma-
tion in xerogel powders obtained from different salts.
Upon treatment at 100oC (10 h), X-ray diffraction
patterns of SnO2(II) and SnO2(IV) show rather strong
reflections (Figs. 2a and 2b, curves1) (2q 23.2o,
32.9o, 47.2o) attributed to a crystallized form of
NH4Cl, reaction productformed in reaction of NH4OH
used as precipitating agent with tin chlorides retained
by the network structure of the SnO2 gel. With the
xerogel treatment temperature raised to 300oC (1 h),
the reflections related to NH4Cl disappear from the
XPA curves of SnO2(II) and SnO2(IV) (Figs. 2a and
2b, curves2) as a result of its complete removal from
the gel structure under the action of temperature.
SnO2(II) and SnO2(IV) xerogels treated at 100oC
(10 h) cannot be considered completely amorphized.
The X-ray patterns of both gels (Figs. 2a and 2b
curves1) show broadened reflections which become,
with the xerogel treatment temperature raised to 300,
600, or 900oC, clear narrow reflections characteristic
of the crystalline form of SnO2 in tetragonal modifica-
tion. The XPA data indicate that, irrespective of
the oxidation state of tin in the starting SnCl2 .2H2O
and SnCl4 .5H2O salts, thermally treated gels crystal-
lize to form tin dioxide in tetragonal modification,
with, however, the process of SnO2(II) crystallization
being more vigorous than that for SnO2(IV) (Figs. 2a
and 2b).

Thin SnO2 layers were deposited onto semicon-
ducting silicon wafers, glass, and glass ceramics
from alcoholic solutions-sols of SnCl2 .2H2O and
SnCl4 .5H2O salts. The deposition was done by pour-
ing a solution and subsequent centrifugation at a rate
of 2000 rpm. According to ellipsometric data, the ob-
tained films were 50370 nm thick.

CONCLUSIONS

(1) Irrespective of whether chlorides of doubly or
quadruply charged tin are used as starting substances,

Fig. 2. XPA curves for (a) SnO2(II) and (b) SnO2(IV)
xerogels subjected to thermal treatment. (I ) Intensity and
(2q) Bragg angle. Treatment temperature (oC) and time (h):
(1) 100, 10; (2) 100, 10; 300, 1; (3) 100, 10; 600, 1; and
(4) 100, 10; 900, 1.

thermal treatment of xerogel powders leads to forma-
tion of SnO2 of the tetragonal modification.

(2) SnO2 crystallization in the tetragonal modifica-
tion in gel powders obtained with the use of tin(II)
chloride SnCl2 .2H2O occurs at lower temperatures,
compared with the case ofSnCl4 .5H2O, which allows
layer deposition at lower temperatures. This makes
simpler the technology of gas sensor fabrication.
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Abstract-Mg3Al and Zn3Al hydrotalcite-like layered double hydroxides of various compositions were
synthesized and characterized. A detailed comparative analysis of the structure and composition of starting
and reconstructed layered double hydroxides was made.

Synthetic layered double hydroxides (LDHs),
or so-called hydrotalcite-like materials, arouse in-
creased interest as sorbents [1, 2], anion exchangers
[3, 4], catalysts [5, 6], and catalyst precursors
[7, 8]. The idealized LDH formula is as follows:
[M2+

13 xM3+
x (OH)2]

x+Az3
x/z.mH2O, where M2+ is Mg2+,

Ni2+, Zn2+, ...; M3+ is Al3+, Fe3+, Ga3+, ...; and
Az3 is CO3

23, NO3

3, Cl3, ... [8]. The unit cell is formed
by brucite-like layers separated by interlayer gaps.
The doubly charged cations, M2+, bound to six ox-
ygen atoms, form primary octahedral fragments joint
to form networks [5]. These networks are mutually
superimposed in the form of H-bound brucite-like
layers. Isomorphic replacement of M2+ by different-
ly charged cations, e.g., by Al3+, results in the ap-
pearance of a positive charge, which is compensated
by the anions localized in the interlayer gaps [5].

Layered double hydroxides are solid bases, which
predetermines their use in basic catalysis [438]. In
most cases, LDHs are used in calcined form [8]. Re-
cently, the feasibility has been shown, however, of
using uncalcined LDH catalysts in a number of organ-
ic syntheses [4, 6, 7]. At the same time, there is in-
creased interest in materials with reconstructed struc-
ture, obtained using the so-called memory effect [4],
i.e., the ability of heat-treated LDH torecover the ini-
tial hydrotalcite-like structure upon rehydration [5]. In
this case, the degree of recovery of the LDH structure
depends on the temperature of preliminary heating and
the chemical composition of LDH [5]. Despite the

fact that the memory effect has been known for more
than 20 years and its importance for preparing new
catalysts grows [4], the number of works concerned
with fundamental aspects of this phenomenon is in-
sufficient [7, 9312].

In this study, LDHs of different compositions were
synthesized and a comparative analysis of their struc-
ture before and after transformation was made.

EXPERIMENTAL

As objects of study served Mg3Al and Zn3Al
LDHs. Synthesis of these materials with atomic ratios
M2+/Al3+ of 2, 3, and 5 was described in [7, 13].
The materials prepared are designated as Mg2Al,
Mg3Al, and Mg5Al, or Zn2Al, Zn3Al, and Zn5Al,
where the digit stands for the atomic ratio Mg/Al or
Zn/Al. The residual anions (NO3

3) were removed by
ion exchange for CO3

23 [14].

A part of the LDHs prepared was calcined in thin
bed at 673 or 773 K (heating rate 180 deg h31) for
16 h in a flow of N2, cooled, and stored in sealed
ampules in argon. These materials are designated by
index C. The reconstruction of LDHs was performed
as described in [15], i.e., 1 g of calcined LDHs was
suspended in 100 ml of deionized water, heated to
373 K, kept there for 40 min with stirring, cooled,
filtered, and dried at 383 K for 12 h. The materials
thus prepared are denoted by index R.
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Table 1. Chemical formula, M2+/Al3+ atomic ratio, structural parametera, and crystallite sizee of the synthesized LDHs
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

Formula
³

M2+/Al3+
³ a ³ e

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ nm

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Mg2Al ³ [Mg0.668Al0.332(OH)2](CO3)0.166 . 0.56H2O ³ 2.01 ³ 0.3042 ³ 18.5
Mg3Al ³ [Mg0.751Al0.249(OH)2](CO3)0.125 . 0.62H2O ³ 3.02 ³ 0.3061 ³ 19.9
Mg5Al ³ [Mg0.833Al0.167(OH)2](CO3)0.084 . 0.64H2O ³ 4.98 ³ 0.3086 ³ 20.7
Zn2Al ³ [Zn0.669Al0.331(OH)2](CO3)0.166 . 0.46H2O ³ 2.02 ³ 0.3071 ³ 44.8
Zn3Al ³ [Zn0.748Al0.252(OH)2](CO3)0.126 . 0.45H2O ³ 2.97 ³ 0.3080 ³ 40.3
Zn5Al ³ [Zn0.837Al0.163(OH)2](CO3)0.081 . 0.43H2O ³ 5.13 ³ 0.3088 ³ 47.0

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

X-ray diffraction analysis (XDA) of the materials
studied was done on DRON33 and Philips 1170 dif-
fractometers (CuK

a

-radiation, l = 0.154178 nm, Ni-
filter) with oriented samples. The size of the LDH
crystallites along thea axis was determined using
the Scherrer equation [7], high-purity gradea-SiO2
served as standard. IR spectra were recorded with
a FTIR Perkin3Elmer 2000 spectrophotometer, using
samples prepared by compaction of pellets of a ma-
terial under study with thoroughly dried KBr (1 : 60
ratio). The27Al NMR spectra were obtained with mag-
ic angle rotation on an AMX 300 WB Bruker spec-
trometer (H = 78.20 MHz, [Al(H2O)6]

3+ standard).

Fig. 1. Diffraction patterns ofLDHs synthesized. (2q) Bragg
angle; the same for Figs. 3, 5. (a) (1) Mg2Al, (2) Mg3Al,
and (3) Mg5Al; (b) (1) Zn2Al, (2) Zn3Al, and (3) Zn5Al;
the same for Figs. 2, 3.

The chemical composition of the materials studied
was determined by atomic absorption spectroscopy
(AAS) on a Perkin-Elmer 3030 spectrophotometer.
The rehydration of calcined LDHs was studied by
the method of water absorption on a CIsorp installa-
tion (C.I. Electronics Ltd).

The chemical formulas of the materials synthesized
(Table 1) show good agreement between the predicted
and experimentally found compositions. X-ray diffrac-
tion patterns of the obtained LDHs (Fig. 1) contain
basal reflections typical of hydrotalcite [5]. As known,
the intensity of the (110) reflection is proportional
to half the structural parametera of the LDH unit cell,
which corresponds to the spacing between the neigh-
boring cations in the brucite-like layer [5]. For the
materials studied, this parameter grows with increas-
ing M2+/Al3+ atomic ratio (Table 1). Such a depen-
dence was observed on replacing Al3+ structural cat-
ions with cations of larger ionic radius (Mg2+ or Zn2+)
[16, 17] and, consequently, confirms their localization
in the LDH structure. The crystallite size of these
materials along thea axis also grows with increasing
M2+/Al3+ ratio (Table 1).

The IR spectra of the synthesized LDHs in the
wave number range 400032000 cm31 contain a broad
absorption band (AB) peaked at 360033650 cm31,
related to OH vibrations in the brucite-like layer [5].
With increasing M2+/Al3+ ratio, the position of the
band maximum shifts steadily to higher frequencies
for Mg3Al and to lower frequencies for Zn3Al. This
is reasonable, since a similar absorption band was
noted at 3700 and 3620 cm31 for magnesium and zinc
hydroxides, respectively. As known, the narrower the
full width at half-maximum (FWHM),I1/2, of a band,
the more ordered is the cation distribution in the LDH
structure [5, 18]. For the materials studied, theI1/2
parameter grows with increasing Mg2+ and Zn2+ con-
tent. As a result, the distribution of structural cations
becomes less ordered. It should be noted that the ab-
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sorption band related to Mg(OH)2 impurity is absent.
Unfortunately, the similarity of the vibration frequen-
cies of Zn(OH)2 and Zn3Al LDHs makes identifica-
tion of the zinc hydroxide phase impossible.

In the range 14003200 cm31, the IR spectra of
LDHs contain a strong band at around136831376 cm31

(Fig. 2), attributed ton3 bending vibrations of CO3
23

anions [14, 19]. Weakly resolved shoulders at 1090,
105031056, and 8603880 cm31, attributable ton1 and
n2 vibrations of CO3

23 [12, 19], are also present. The
shoulder at 790 cm31 (Al3O3 bond vibrations [12])
was noted solely for the Mg2Al sample, evidently
indicating the presence of a certain amount of the
Al(OH)3 impurity. The absorption band at 7603

765 cm31, attributable to Zn3Al3O vibrations inside
the brucite-like layer, is also present in the Zn3Al
LDHs IR spectra. In addition, the IR spectra contain
absorption bands at 6683624 cm31 (Mg3Al LDH),
6123620 cm31 (Zn3AL LDH; n4, bending vibrations
of the carbonate bond), and 5803560 cm31. The last
absorption bands are typical of brucite-like layer
(stretching and bending vibrations of M3O, M3O3M,
and O3M3O bonds) [20]. With increasing content of
the M2+ cations in LDH, the positions of the 4283
396-cm31 bands (vibrations of hydrotalcite octahedral
networks [19, 20]) steadily shift to lower frequencies,
approaching the value found for brucite (364 cm31).

The 27Al NMR spectra of the materials studied are
similar to those obtained previously for synthetic
hydrotalcite [17, 21]. They contain only one strong
resonance related to Al3+ octahedrons with chemical
shift of 7.9 and 14.0 ppm for Mg3Al and Zn3Al,
respectively. This implies that, in the LDHs studied,
aluminum(III) atoms are localized in octahedral posi-
tions of brucite-like layers.

The whole set of the obtained results characterizes
the synthesized materials as LDHs with hydrotalcite
structure.

As expected, calcination atT > 573 K results in
amorphization of the LDH crystalline structure. The
diffraction patterns of calcined samples contain re-
flections that can be assigned to MgO or ZnO (Fig. 3).
It is quite reasonable that their intensity grows with
increasing M2+/Al3+ ratio (Fig. 3).

The calcination of Mg3Al and Zn3Al LDHs at
6003773 K yields double oxides, Mg(Al)O or
Zn(Al)O, nearly isostructural to MgO or ZnO
[7, 12, 21, 22]. Degradation of the Zn3Al LDHs is
observed at 573 K, irrespective of the Zn/Al ratio
[12]. The presence of the amorphous Al2O3 phase
or zinc aluminate on the surface of ZnO particles is
possible.

Fig. 2. LDHs IR spectra. (n) wave number.

Fig. 3. Diffraction patterns ofLDHs calcined at 773 K.

The IR spectra of LDH(C) contain absorption
bands characteristic of double oxides [23]. The CO3

23

vibrational bands disappear nearly completely, where-
as the weak band around 1370 cm31 is present. This
indicates incomplete removal of carbonate anions,
which can be occluded in the mixed oxide lattice [24].
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Fig. 4. Adsorption3desorption isotherms of water.
(Dm) Change in sample mass and (f ) relative humidity.
(I ) Adsorption and (II ) desorption. (1) Mg2Al, (2) Mg5Al,
(3) Zn2Al, and (4) Zn5l, all calcined at 773 K.

Fig. 5. Diffraction patterns of reconstructed LDHs.
(a) (1) Mg2Al(R), (2) Mg3Al(R), and (3) Mg5Al(R);
(b) (1) Zn2Al(R), (2) Zn3Al(R), and (3) Zn5Al(R).

The NMR revealed tetrahedrally coordinated Al3+

cations, Al3+(tet), in the Mg3Al and Zn3Al LDHs
calcined at 6733923 K [7, 17, 22]. For Zn-containing
materials, the intensity of the Al3+(tet) resonance
is considerably higher than that for Mg3Al LDHs [7].
Double oxides prepared by calcination of Zn3Al
LDHs contain Al3+ ions mostly in tetrahedral posi-
tions [25]. The change in partial coordination of Al3+

ions is caused by dehydroxylation of LDHs [17, 21].
With increasing temperature, the coordination envi-
ronment of Al3+(oct) cations becomes more distorted.
This affects neighboring Mg2+ or Zn2+ ions [7, 21],

capable of forming corresponding oxides. An analysis
of the parameters of the27Al NMR line showed
that the lowest ordering of Al3+ ions and, consequent-
ly, the most significant degradation of LDHs occur in
the temperature range 7233773 K [7].

The aforesaid suggests that the Mg3Al and Zn3Al
LDHs calcined atT > 923 K are predominantly the
double oxides Mg(O)Al or Zn(O)Al. The most es-
sential disordering of the LDH crystalline structure is
observed at 7233773 K. For this reason, materials
calcined at 773 K were used to study the structural
reconstruction .

Hydration is the driving force of the structural re-
construction of calcined LDHs [5]. This process was
studied by the method of adsorption3desorption of
water vapor. As expected, it is fundamentally different
from physical adsorption. Water absorption is ob-
served even at moderate humidity (less than 40%)
(Fig. 4). In the Mg3Al LDHs, the amount of sorbed
water grows with increasing M2+/Al3+ atomic ratio,
whereas for Zn-containing materials, the opposite ten-
dency is observed. The sample mass does not recover
to the initial value upon water desorption (Fig. 4),
i.e., the hydration is irreversible. The data obtained
are consistent with the results of thermogravimetric
analysis [5, 18] and show that the amount of water
bound with calcined LDHs depends on the origin and
concentration of a doubly charged cation. The Zn3Al
samples possess lower hydrophilicity.

According to X-ray diffraction analysis, the basal
reflections, typical of hydrotalcite, recover after rehy-
dration of these materials (Fig. 5). Except in the case
of the Mg5Al(R) sample, the obtained reflections are
stronger and narrower than those for unheated LDHs.
This result, also obtained by Prinettoet al. [4], can be
accounted for by the increased crystallinity and (or)
a more ordered orientation of LDH(R) crystallites.
In the case of Mg5Al(R), in which the Mg2+ con-
centration is the highest, the lower reflection inten-
sities indicate a lower degree of crystallinity and,
probably, the presence of the oxide phase, which
could not be transformed into LDH completely.

For Mg3Al(R) samples, the structural parametera
increases only slightly, compared with uncalcined
LDHs (Table 2). In this case, the relation between the
parametera and the Mg2+/Al3+ ratio is virtually sim-
ilar to that for the starting materials. For Zn3Al(R)
LDHs, the effect of the Zn2+/Al3+ ratio on a is less
pronounced. This may indicate that part of Zn2+ cat-
ions are not incorporated in brucite-like layers in re-
construction. For Zn3Al(R), the ratio Zn2+/Al3+ ap-
proaches two, irrespective of the Zn2+ content in the
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starting LDHs [12]. The validity of this conclusion can
be confirmed by the similarity of the averagea val-
ues for Zn3Al(R) and Zn2Al samples (Table 2). The
increase in the Zn2+/Al3+ ratio differently affects the
size of LDH(R) crystallites along thea axis. It de-
creases for Mgn3Al(R) and grows somewhat for Zn3
Al(R) (Table 2). This indicates that the morphologies
of the reconstructed and starting LDHs are different
and are affected by the type of a doublycharged cation.

The 27Al NMR spectra of the reconstructed Mg3Al
and Zn3Al LDHs show only a single resonance at
7.838.0 ppm, attributable to octahedrally coordinated
Al3+. The parameters of this resonance,W and W0.1
(FWHM and width at one tenth of maximum, respec-
tively), are virtually similar tothose of unheated LDHs.
For Zn3Al(R) LDHs, the Al3+(oct) resonance is nar-
rower and stronger than that for uncalcined materials.
Apparently, in this case, reconstruction facilitates the
ordering of the octahedral environment of Al3+ cat-
ions. It is not improbable that this results from the for-
mation of the Al(OH)3 phase characterized by the
most ordered environment of Al3+ cations.

As in the case of unheated LDHs, the IR spectra of
reconstructed materials contain a strong absorption
band at 365033500 cm31, related to OH vibrations of
the brucite-like layer [15, 18, 19]. As also in the case
of the starting LDHs, the band peak shifts with grow-
ing M2+/Al3+ ratio.

The FWHM, I1/2, of the band in question yields
information about the uniformity of the cation dis-
tribution in the brucite-like layer of LDHs [18, 19].
The additional absorption bands at around 3700 cm31

indicate the presence of an oxide (hydroxide) impurity.
A comparison of the starting and reconstructed LDHs
shows that for Mg3Al(R) the I1/2 parameter decreases
considerably with increasing Mg2+/Al3+ atomic ratio
(Fig. 6a). Hence follows that reconstruction leads to
a more uniform distribution of Mg2+ and Al3+ ions
inside the brucite-like layer. At the same time, the
IR spectra of these samples contain a shoulder at
3700 cm31, whose intensity grows with increasing
Mg2+ content. Consequently, a part of these cations
are not incorporated into brucite-like layers in the
course of reconstruction, but form the Mg(OH)2 phase
instead. For this reason, Mg3Al(R) LDHs can be re-
garded as hydrotalcite-like materials with highly or-
dered structure containing an admixture of brucite.

For Zn3Al(R) samples, raising the Zn2+/Al3+ ratio
leads to a pronounced increase in theI1/2 parameter
(Fig. 6b). This indicates the less ordered distribution
of Zn2+ and Al3+ structural cations in the brucite-
like layer of reconstructed materials. We cannot ex-

Table 2. Structural parametera and crystallite sizee of
reconstructed LDHs
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ a ³ e

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ nm

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Mg2Al(R) ³ 0.3046 ³ 34.6
Mg3Al(R) ³ 0.3063 ³ 22.7
Mg5Al(R) ³ 0.3088 ³ 18.4
Zn2Al(R) ³ 0.3069 ³ 21.6
Zn3Al(R) ³ 0.3072 ³ 28.9
Zn5Al(R) ³ 0.3075 ³ 29.7

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

clude that part of them form single phases [Zn(OH)2,
Al(OH)3, or oxides], as also indicated by the NMR
data.

In the wave number range 14003200 cm31, the
LDHs(R) IR spectra contain a strong absorption band
near 1360 cm31, which can be attributed to bending
vibrations of interlayer OH3 ions. Weakly resolved
shoulders due ton1 andn2 vibrations of CO3

23 are ab-
sent or shifted owing to the replacement of this ion by
the hydroxide ion. For the Zn3Al (R) LDHs, the shift
to higher wave numbers was observed for the 7653

760 cm31 absorption bands (Zn3Al3O vibrations). This
can be accounted for by a change in the Zn2+/Al3+

ratio in the brucite-like layer. Owing to the exchange

Fig. 6. The FWHM I1/2 of the IR band related to OH
vibrations (365033500 cm31) in a brucite-like layer
for starting and reconstructed LDHs. (a) (1) Mg2Al,
(2) Mg2Al(R), (3) Mg3Al; (4) Mg3Al(R), (5) Mg5Al, and
(6) Mg5Al(R). (b) (1) Zn2Al, (2) Zn2Al(R), (3) Zn3Al,
(4) Zn3Al(R), (5) Zn5Al, and (6) Zn5Al(R).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1626 PRIKHOD’KO et al.

of CO3
23 ions for OH3 ions, the intensities of the

6883620 cm31 bands also change as compared with
the starting LDHs. The IR spectra of LDH(R) show
absorption bands characteristic of brucite layer vib-
rations at 5803560 cm31 (M3O and M3O3M bonds),
which indicates at least a partial reconstruction of
the starting hydrotalcite structure.

CONCLUSIONS

(1) Reconstruction of calcined double layered hy-
droxides by hydration is a complex process resulting
in a significant transformation of their structural prop-
erties, compared with the starting materials.

(2) The type of doubly charged cation and the
M2+/Al3+ atomic ratio exert the strongest influence
on the extent of reconstruction of layered double hy-
droxides. The Mg3Al materials possess higher struc-
tural reversibility than their Zn3Al analogues.

(3) Full reconstruction of layered microstructure of
the Mg3Al and Zn3Al double hydroxides is possible
at calcination temperatures not exceeding 723 and
5733623 K, respectively.

(4) An analysis of the IR spectra of layered double
hydroxides in the region of OH vibrations of the
brucite-like layer (360033500 cm31) yields the most
comprehensive information about the uniformity of
distribution of the structural cations.
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Abstract-A procedure is proposed for studying acid decomposition of solid materials with the use of
ion-selective electrodes, with the experimental data recorded and processed with a personal computer. Varia-
tion of the H3O+, F3, and Ca2+ concentrations in reaction of fluorapatite concentrate with nitric, sulfuric,
and orthophosphoric acids and also the effect of particle size on the rate of solid phase decomposition were
studied.

The rate of acid decomposition of mineral raw
materials depends on temperature, nature of liquid and
solid phases, stirring rate, and some other factors.
A number of publications have been devoted to ex-
perimental studies of fluorapatite concentrate process-
ing, aimed to reveal factors affecting the process
kinetics [135]. The influence exerted by the composi-
tion of a phosphate substance on the rate of apatite
concentrate breakdown was studied by calorimetry
[6]. Changes in the density of the filtered-off fraction
of nitric-phosphoric solution was found [7, 8] to be
proportional to the content of reagents, and, therefore,
a densitometric monitoring of the kinetics of this re-
action is possible. An equation describing the time
dependence of the reaction rate was obtained with
the help of conductometric method [9]. However, the
techniques considered rely upon the time dependence
of only a single physicochemical parameter [639],
which is apparently insufficient for describing the
process mechanism most completely and reliably.

The aim of this work was to study the ionic com-
position of a reaction mixture in the course of acid
decomposition of a fluorapatite concentrate and to
develop a procedure for ionometric monitoring with
simultaneous use of three ion-selective electrodes.

EXPERIMENTAL

Ionometry [10312] enables simultaneous determina-
tion of several separate ions of starting substances and
reaction products. The use of ion-selective electrodes
also makes it possible to obtain an analog electric

signal proportional to the activities of potential-form-
ing ions. This signal can be recorded and processed
with the help of a personal computer.

The principal element of the experimental instal-
lation is the measuring cell (reactor) with electrodes
connected by means of a high-resistance interface to
a personal computer equipped with a device for in-
put and output of analog and digital information
(an L-154 board). Separate units, their service char-
acteristics, and principles of operation were described
in detail in [13]. As sensors of the ionic composition
of the reaction mixture were used fluoride (Kritur
09-107, electrode resistanceRel = 1 MW), calcium
(EM-Ca-01,Rel = 0.133 MW), and glass (ESL43-07,
Rel = 50+ 40 MW) electrodes. A silver chloride
electrode (EVL-1M3) served as reference. Since the
input resistance of the high-resistance interface (Rin =
1 0 109

W) appeared to be insufficient in the case
of the glass electrode, the input resistance of its
measuring channel was raised toRin = 2 0 1011

W.

To determine for the system under study the acidity
range in which the EM-Ca-01 electrode potential de-
pends linearly on the logarithm of the calcium ion
concentration, we studied model systems: HNO33

Ca(NO3)2 (I) and HNO33HF3Ca(NO3)2 (II) at con-
centrations of each component of0.001, 0.005, 0.01,
0.05, and 0.1 M and temperatures of 298, 303, 308,
313, 318, and 323 K.

The results of potentiometric measurements in
the concentration range under study show that the de-
pendences of the potentials of calcium and fluoride
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Fig. 1. Variation of concentrations of (a) H3O+ ion, CH+ ;
(b) fluoride ion, CF3 ; and (c) Ca2+ ion, CCa2+ in the reac-
tion mixture with the time of fluorapatite decomposition
t at 30oC. (1) HNO3, (2) H2SO4, (3) H3PO4.

ion-selective electrodes on the logarithm of the anal-
ytical concentrations of HF and Ca(NO3)2 are non-
linear. The reason is that complicated dissociation3

association processes occur in solution, which results
in a substantial difference between an analytical con-
centration of the electrolyte and the equilibrium con-
centration of a potential-determining ion.

To calculate the equilibrium compositions of model
systems (I) and (II), we examined reference data
[14316] on the equilibrium constants of all the known
reactions between the corresponding ionic and mo-
lecular species. The results of previous calculations
[17] are in good agreement with the experimental
data, which led us to conclude that the procedure
used to calculate the equilibrium concentrations of
potential-determining ions is reliable.

Studies of model systems (I) and (II) demonstrated
that the potentials of ion-selective electrodes depend
linearly on the logarithm of the calculated concentra-
tions of ions being determined [18]. Consequently,
the obtained calibration curves can be used to de-
termine quantitatively H3O

+, Ca2+, and F3 ions in

the case of their simultaneous presence in solutions
with pH 133. As shown previously [13], the ionic
strength of the reaction mixture can be taken constant
during the nitric acid decomposition of a fluorapatite
concentrate. Therefore, the data of potentiometric
measurements, processed using calibration curves,
give analytical concentrations.

We also estimated the response time of the calcium
electrode for model systems (I) and (II). The con-
centrations of the starting solutions (0.001, 0.005,
0.01, 0.05, and 0.1 M)were varied by rapid dilution
with stirring (injection procedure [19]). The time of
concentration equalization (approximately 0.5 s) was
found by conductometry [20]. For a calcium electrode
with a solid membrane, the time in which the po-
tential attained a steady value in the Ca2+ concentra-
tion range under study was from 2 to 6 s, in agree-
ment with the known published data [11, 19]. In
the course of heterogeneous reactions of acid decom-
position of a fluorapatite concentrate, the content
of ions being determined reached no less than 95% of
their quasi-equilibrium value in 100031200 s. There-
fore, the duration of the experiment much exceeds
the time in which the potentials of the employed ion-
selective electrodes attain a steady value.

Studies of the kinetics of fluorapatite acid decom-
position [139] showed that this process is diffusion-
limited, and, consequently, the rates of dissociation of
the products are many times greater than the rate of
the decomposition reaction itself. The proposed variant
of computerized ionometric monitoring of the kinetics
of acid decomposition of solid minerals allows the
experiment to be carried out following a prearranged
program, with the appearance of ionic forms of re-
action products recorded starting from concentrations
of 5 0 1035 kmol m33.

In this study, we used the fluorapatite concentrate
from the Khibiny deposit [GOST (All-Union State
Standard) 3277354], with average particle size of
26.80 1035, 18.00 1035, 13.00 1035, and 8.20
1035 m, and chemically-pure grade acids. To improve
the reproducibility of the kinetic data, a weighed por-
tion of apatite was introduced into a temperature-con-
trolled measuring cell containing 100 ml of distilled
water, and the required hydrodynamic stirring mode
was set. Then we introduced into the reactor 100 ml
of a separately thermostated 0.2 M solution of an acid
and simultaneously started measurements. The instant
of mixing was taken as the reference point for the
time of experiment.

The variation of the hydroxonium ion concentra-
tion with the time of fluorapatite decomposition by
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Fig. 2. Initial rate of fluorapatite decomposition,V0, vs.
the dispersityD of solid phase particles at 30oC.

0.1 M HNO3, H2SO4, and H3PO4 at 30oC are shown
in Fig. 1. It can be seen that the content of H3O

+ ion
in the reaction mixture decreases. This results from
the formation of weaker, orthophosphoric and hy-
drofluoric, acids in the case of the nitric and sulfuric
acid decomposition, and of hydrofluoric acid in the
case of phosphoric acid decomposition. Experimental
data on how the concentrations of F3 and Ca2 ions vary
during the fluorapatite breakdown with 0.1 M HNO3,
H2SO4, and H3PO4 at 30oC are given in Figs. 1b
and 1c, respectively. It can be seen that the concen-
trations of fluoride anions (Fig. 1b) and calcium cat-
ions (Fig. 1c) grow in the course of decomposition.
The dependence of the initial rateV0 of fluorapatite
decomposition with 0.1 M HNO3 at 30oC on the dis-
persity of solid phase particles is shown in Fig. 2.
The rate of heterogeneous reactions is governed by
the surface area of contacting phases. Therefore, as
the dispersityD (m31) of solid phase particles (and,
consequently, their specific surface area) increases,
the reaction rate also becomes higher (Fig. 2).

CONCLUSIONS

(1) The kinetics of fluorapatite decomposition by
nitric, sulfuric, and phosphoric acids with initial con-
centration of 0.1 M was studied by the ionometric
method. The obtained experimental data on the con-
tent of H3O

+, Ca2+, and F3 ions in the reaction mix-
ture were interpreted using calibration curves.

(2) The variation of the concentrations of H3O
+,

Ca2+, and F3 ions in decomposition was studied ex-
perimentally in relation to time, nature of decompos-
ing agent, and specific surface area of thesolid phase
particles.

(3) The content of hydroxonium ion was found to
decrease in the course of the decomposition, whereas
the concentrations of Ca2+ and F3 ions increase.
The dependences obtained for all the three acids under

study are monotonic. Raising the dispersity of fluor-
apatite makes higher the rate of the acidic decomposi-
tion.
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Abstract-The structure and the phase, granulometric, and chemical composition of hydrated titanium
dioxide obtained by hydrolysis of oxotitanium(IV) sulfate and ammonium titanium(IV) oxysulfate solutions
under hydrothermal conditions (1303170oC) were studied by X-ray and chemical analyses, electron micro-
scopy, and thermogravimetry. The effect of hydrolysis conditions on the formation of samples with globular
shape of particles was studied.

The stage of hydrothermal hydrolysis of titani-
um(IV) sulfate solutions, in which hydrated titanium
dioxide (HTD) is formed with anatase structure, is one
of main stages in the production of pigment titanium
dioxide by the sulfate method [1, 2]. According to
the results of numerous studies of the hydrolysis kinet-
ics, the chemical and granulometric compositions of
HTD, including the shape of aggregates, depend on
quite a number of synthesis parameters: temperature,
titanium(IV) and sulfuric acid concentrations in the
starting solution, rate of solution heating to a pre-
scribed temperature, presence of seed crystals and
admixtures [236], etc. In most of the investigations,
the hydrothermal hydrolysis of titanium(IV) sulfate
solutions was carried out in open reactors, which
imposed limitations on the experimental temperature
range (803110oC). It is known that the hydrolysis rate
constant grows with increasing temperature [7].

The aim of this work was to study the fundamental
aspects of HTD synthesis by hydrothermal autoclav-
ing of titanium(IV) solutions, which is also important
for intensifying this stage in synthesis of pigment
titanium dioxide.

EXPERIMENTAL

Solutions of titanium(IV) oxysulfate and ammoni-
um titanium(IV) oxysulfate (both of chemically-pure
grade) were prepared by dissolution of reagents in
aqueous solutions of sulfuric acid (pure grade) at 80oC.
The starting titanium(IV) oxysulfate solutions were
characterized by the concentration of Ti(IV) ions (1.25
and 2.5 M) and the ratio of numbers of H2SO4 and

TiOSO4 moles taken for preparing a solutionb = n1/n2
(1.0, 1.5, 2.0, 2.5, 3.0, and 4.0). In ammonium titani-
um(IV) oxysulfate solutions,CTi(IV) was 1.25 M, and
b, 1.0, 1.3, and 1.5. In certain experiments, seed crys-
tals with anatase structure were added to the starting
solution in amounts ranging from 0.5 to 5 wt % rel-
ative to TiO2 contained in the solution.

We carried out hydrothermal hydrolysis of titani-
um(IV) sulfate solutions at 130, 150, and 170oC (heat
treatment timet = 1 h) in 0.07-dm3 steel laboratory
autoclaves lined with fluoroplastic from within. The
autoclave filling factor was 0.8. Heating and stir-
ring were done with a rotating steel frame placed in
a SNOL oven. Six autoclaves were rigidly fixed on
the frame and set in rotation at a speed of 50 rpm,
using a gearbox. The temperature was monitored with
a Chromel3Copel thermocouple connected to a KSP-3
potentiometer. The hot thermocouple junction was
placed in a special pocket of an immobile autoclave of
similar design, placed in the oven. The time of auto-
clave heating to a prescribed temperature did not
exceed 1 h, the accuracy of the temperature control
was+5oC. To obtain larger samples, we used an enam-
eled steel autoclave with volume of 3 dm3. The pre-
cipitates obtained were separated from the mother
liquor by centrifuging or filtration under pressure,
washed to remove free sulfuric acid to absence of sul-
fate ions in the filtrate, dried to constant weight at
40oC, and crushed.

The phase and granulometric compositions of the
samples studied were monitored by means of X-ray
phase analysis (DRON-3 X-ray apparatus, filtered
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Chemical and granulometric composition of HTD samples*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Hydrolysis conditions ³ Characteristics of HTD samples and suspensions

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³ CTi(IV) , ³

b, rel. units
³

a, %
³

x
³

y
³ v, ³ morphology ³ Size of ag-

³ M ³ ³ ³ ³ ³ l m32 h31 ³ of aggregates³ gregates,mm
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
130 ³ 1.25 ³ 2.0 ³ 79.7 ³ 0.61 ³ 0.035 ³ 100 ³ gl >> am ³ 0.230.4

³ 1.25 ³ 3.0 ³ 62.2 ³ 0.57 ³ 0.039 ³ 450 ³ agr ³ 0.131
³ 1.25 ³ 4.0 ³ 4.8 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ 2.5 ³ 1.0 ³ 86 ³ 0.58 ³ 0.03 ³ centr ³ gl ³ 0.230.3
³ 2.5 ³ 1.5 ³ 66 ³ 0.61 ³ 0.038 ³ centr ³ am > gl ³ ~0.5
³ 2.5 ³ 2.5 ³ 5.3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

³ ³ ³ ³ ³ ³ ³ ³
150 ³ 1.25 ³ 2.0 ³ 97.4 ³ 0.44 ³ 0.028 ³ 350 ³ gl ³ 0.330.5

³ 1.25 ³ 3.0 ³ 99.4 ³ 0.45 ³ 0.039 ³ centr ³ gl ; am ³ 0.230.5
³ 1.25 ³ 4.0 ³ 67.5 ³ 0.50 ³ 0.052 ³ 1180 ³ agr; gl ³ 132(agr),
³ ³ ³ ³ ³ ³ ³ ³ 0.230.3 (gl)
³ 2.5 ³ 1.0 ³ 96 ³ 0.48 ³ 0.035 ³ 30 ³ gl ³ 0.230.3
³ 2.5 ³ 1.5 ³ 94 ³ 0.51 ³ 0.042 ³ 15 ³ gl >> am ³ 0.531(gl)
³ 2.5 ³ 2.5 ³ 49 ³ 0.47 ³ 0.060 ³ centr ³ agr; am ³ 3

³ ³ ³ ³ ³ ³ ³ ³
170 ³ 1.25 ³ 2.0 ³ 99.4 ³ 0.28 ³ 0.031 ³ 310 ³ gl ³ 0.230.5

³ 1.25 ³ 3.0 ³ 99.4 ³ 0.34 ³ 0.042 ³ 230 ³ " ³ 0.131.0
³ 1.25 ³ 4.0 ³ 98.5 ³ 0.30 ³ 0.051 ³ 730 ³ " ³ 0.232
³ 2.5 ³ 1.0 ³ 99.4 ³ 0.30 ³ 0.032 ³ 85 ³ " ³ 0.230.3
³ 2.5 ³ 1.5 ³ 99.6 ³ 0.24 ³ 0.044 ³ 110 ³ " ³ 0.230.5
³ 2.5 ³ 2.5 ³ 99 ³ 0.27 ³ 0.058 ³ 720 ³ " ³ 0.532

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* (a) Degree of hydrolysis, (v) filtration rate; (gl) globules, (am) amorphous phase, (agr) aggregates, (centr) centrifuging.

CuK
a

radiation) and transmission electron micros-
copy (UEVM-100K electron microscope); the chem-
ical composition was determined by volumetric chem-
ical analysis and thermogravimetry (Q-1000 deriv-
atograph). The average sized of the forming crystals
was calculated by Selyakov3Scherer’s formula [8] from
the physical broadening of diffraction peaks,D2q.

According to the X-ray phase analysis of products
obtained in hydrothermal hydrolysis of titanium(IV)
oxysulfate in solutions, HTD with anatase-type struc-
ture is formed in the entire range of temperatures,
CTi(IV) concentrations, andb values used in the study.
The average sized of HTD crystals is virtually in-
dependent ofCTi(IV) andb, and is largely determined
by the heat treatment temperatureT, growing linear-
ly with increasing temperature from 15 (T = 130oC) to
20 nm (T = 170oC). The empirical composition of
HTD samples, calculated from the data of chemical
analysis and thermogravimetry, is described by the
formula TiO2 . xH2O . ySO3, wherex depends on the
temperature at which the hydrolysis was carried out
(see table), and decreases steadily with increasingT
from 0.6 (T = 130oC) to 0.3 (T = 170oC). They value
is affected by temperature and other factors, the main

of which seems to beb value. The content of sul-
fate ions in HTD grows with increasingb (see table).
The b value also affects the degree of titanium(IV)
oxysulfate hydrolysis in solutions, which decreases
steadily with increasingb. Raising the hydrolysis tem-
perature makes this dependence weaker; for example,
at 170oC the degree of hydrolysis in all the exper-
iments was no less than 99%.

It follows from the electron microscopic data that
HTD samples prepared at 130oC are characterized by
different shapes of aggregates, depending on theb
value. For example, samples synthesized from titani-
um(IV) oxysulfate solutions withb = 2 mainly consist
of uniform spherical aggregates (globules) (Fig. 1a)
with average sizeD of about 0.3mm. Comparison
of the sizes of HTD aggregates and separate crystals
(D >> d) shows that the globular particles contain
103 to 104 primary crystals randomly oriented relative
to one another. Samples of HTD prepared from titani-
um(IV) oxysulfate solutions withb > 2 consist of
dense aggregates of irregular shape with admixture of
an amorphous phase (Fig. 1b). With increasing hy-
drolysis temperature, the range ofb values in which
HTD globular particles are formed tends to expand
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(a) (b) (c) (d)

Fig. 1. Microphotographs of products of thermal hydrolysis of (a)3(c) titanium(IV) oxysulfate and (d) ammonium titanium(IV)
oxysulfate. Magnification 20000. Content of seed crystals 4 wt % (c). Ti(IV) concentration (M): (a), (b), and (d) 1.25; (c) 2.5.
Temperature (oC): (a) and (b) 130; (c) and (d) 150.b: (a) 2, (b) 3; (c) and (d) 1.

(see table), and atb = const their average size also
shows a tendency to increase to 2mm at 170oC.

The effect of seed crystals with anatase-type struc-
ture on the HTD formation was studied for the ex-
ample of hydrolysis of hydrothermal titanium(IV)
oxysulfate (T = 150oC) in solutions with CTi(IV)
= 2.5 M andb = 1.0. We found experimentally that
the introduction of seed crystals leads to an increase
in the degree of titanium(IV) oxysulfate hydrolysis in
solution to 99%. At weight fraction of seed crystals
less than 3%, separate globular HTD particles are
formed; at greater weight fractions of seed crystals,
a tendency toward globule aggregation is observed
(Fig. 1c).

To determine the generality of the established fun-
damental aspects of HTD formation in hydrothermal
hydrolysis of titanium(IV) oxysulfate, we studied
the hydrolysis of ammonium titanium(IV) oxysulfate
under similar conditions (T = 150oC). According
to X-ray phase analysis data, hydrolysis of am-
monium titanium(IV) oxysulfate yields, as also in
the case of titanium(IV) oxysulfate hydrolysis, HTD
with anatase-type structure, with average size of
crystals of about 10 nm. Raisingb from 1.0 to 1.5 has
only a minor effect on the average size of HTD crys-
tals. It follows from electron-microscopic data that
HTD samples obtained at differentb values are mono-
disperse systems consisting of regular-shape ag-
gregates, which include up to 103 primary crystals.
The shape and size of the HTD aggregates depend on
the b value. In particular, an HTD sample obtained
at b = 1.0 consisted of lenticular particles with aver-
age length of about 100 nm and diameter of 50 nm
(Fig. 1d), with the porous structure of these particles
seen in the light-contrast areas. Raisingb to 1.3 re-
sults in the formation of ellipsoidal HTD aggregates,
with their average dimensions increasing to 120 and
80 nm, respectively. Spherical HTD particles with

average size of about 150 nm are precipitated from
ammonium titanium(IV) oxysulfate solutions with
b = 1.5. When seed crystals are introduced into the
starting ammonium titanium(IV) oxysulfate solution,
a tendency toward aggregation of globular HTD par-
ticles is observed, which is also the case for titani-
um(IV) oxysulfate solutions.

Thus, our experimental data suggest that the grain-
ing rate and the chemical and granulometric compo-
sition of HTD samples formed in hydrothermal hy-
drolysis of titanium(IV) salts in solutions depend on
the following main factors: concentration of sulfuric
acid in the starting solution, acid to titanium(IV) salt
molar ratio, and temperature. It is known [9] that
crystals in solutions grow through incorporation of
crystal-forming complexes in a nucleus of the crystal-
line phase, with both the nucleus and the crystal-form-
ing complexes formed in an interaction between hy-
droxo aqua complexes of metal ions present in the
solution. Owing to the absence of direct methods for
studying the structure of such complexes and to the
inconsistency of the data on their composition [10],
we assume, based on the reaction of hydrolysis of
Mz+ ions in solution

Maq
z+ + i H2O 6 [M(OH) i (H2O)k3 i ]

(z3 i)+ + i H+
aq, (1)

that titanium(IV) hydroxo aqua complexes have the
composition [Ti4+(OH)i(H2O)k3 i ]

(43 i)+. Here the quan-
tity i (depth of hydrolysis of Ti4 ions) is determined
by particular conditions of the reaction;k is the co-
ordination number of Ti4+ ions in solution.1

With decreasing concentration of the acid in the
starting solution, the depth of hydrolysis,i, of titani-
um(IV) ions increases, which yields not only positive-
ÄÄÄÄÄÄÄÄÄÄ
1 This assumption is not, on the whole, of fundamental im-

portance and has no effect upon further reasoning.
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ly charged hydroxo aqua complexes, but also neutral
complexes [Tim(OH)n(H2O)l]

0 (m > 1), which are the
[construction material] for titanium(IV) oxide com-
pounds [2], including hydrated compounds. The con-
centration of these complexes grows with increasing
temperature andCTi(IV) in solutions and decreases
with increasing acidity of solutions (b value),
which accounts for the corresponding dependences of
the degree of titanium(IV) hydrolysis (see table)
on the above-mentioned conditions of hydrothermal
processing.

Let us consider elementary processes occurring in
thermohydrolytic precipitation of HTD from titani-
um(IV) oxysulfate and ammonium titanium(IV) oxy-
sulfate solutions. The whole set of experimental data
on the occurrence of a latent period preceding HTD
precipitation and a reduction in its duration, ac-
companied by a dramatic (335-fold) increase in the
average rate of HTD precipitation, upon introduction
of seed crystals into the reaction medium [2, 5] in-
dicates that the limiting stage of HTD precipitation
from solutions is the nucleation stage, rather than the
hydrolysis reaction (1). Therefore, it may be assumed
that by the initial instant of time the concentration of
[Tim(OH)n(H2O)l]

0 complexes in solution reaches
the equilibrium value for given thermodynamic con-
ditions.

During the latent period of heat treatment, two
opposite processes occur in parallel in local areas of
the solution [2]. The first process is the formation of
HTD nuclei as a result of polycondensation of titani-
um(IV) hydroxo aqua complexes, which results in the
formation of strong bridging oxo or hydroxo bonds
between Ti4+ ions in a nucleus

p[Tim(OH)n(H2O)l ]
0
6 [TipmOq(OH)pn32q(H2O)r ]0

+ (q + pl 3 r)H2O, (2)

The second process is the dissolution of nuclei
through their reaction with free sulfuric acid. Nuclei
of critical size, not inclined to dissolve, are formed by
the end of the latent period as a result of fluctuations
in local solution areas. Hydroxo aqua complexes con-
tained in the solution start to be incorporated into
these nuclei, thus forming HTD crystals. The small
size of primary HTD crystals (no more than 20 nm)
suggests that the growth of crystals in thermohy-
drolytic precipitation of HTD from solution occurs
under conditions of strong supersaturation and is ac-
companied by irregular incorporation of hydroxo aqua
complexes into the surface layer of a nucleus. We can
assume that all hydroxo aqua complexes located at

a distance of a diffusion jump from a critical-size
nucleus are incorporated into it almost instantaneously.

This leads to a change in the ratio of activities of
hydroxo aqua complexes and other solution compo-
nents, in particular SO4

23 or HSO4
3 ions, in a local so-

lution region close to a primary crystal. These ions
start to react with titanium(IV) ions on the crystal
surface to form there a two-dimensional quasi-phase
[11], which prevents further crystal growth. This may
be a factor responsible for the presence of sulfate ions
in HTD samples obtained by thermohydrolytic pre-
cipitation from sulfuric acid solutions (see table).
The sulfate ions are rather strongly bound to HTD and
can be removed on calcination of the samples in air at
temperatures above 500oC [2, 11].

In the initial stage of HTD crystal formation,
the solutions become heterogeneous, and, owing to
an essential reduction in the work of heterogeneous
nucleation as compared with homogeneous nucleation
[9], nuclei are predominantly formed on the surface
of the already existing HTD crystals. Because of the
presence of a quasi-phase on their surface, which
weakens the effect of the crystal structure of hydrated
titanium dioxide on the formation and growth of the
nuclei, no epitaxial growth of crystals takes place in
aggregates forming in repeated events of nucleation.
However, owing to the occurrence of strong chemical
bonding between the quasiphase and the formed
nucleus, the aggregates are rather strong formations,
which retain their configuration in washing HTD to
remove water-soluble salts and in mechanical treat-
ment.

The aforesaid furnishes a consistent explanation of
the observed dependence of the chemical and granu-
lometric sion composition of HTD formed by thermo-
hydrolytic precipitation from titanium(IV) sulfuric
solutions on synthesis conditions. In particular, the in-
crease in the average size of primary HTD crystals
and the decrease in the content of crystallization water
in these crystals with increasing temperature of heat
treatment can be accounted for by the increase in the
diffusion mobility of hydroxo aqua complexes, which
results in a longer diffusion jump and more ordered
incorporation of the complexes into a growing nucleus.
The increase in the content of sulfate ions in HTD on
raising the concentration of sulfuric acid in solution
(molar ratiob) is associated with a rise in the activity
of sulfate ions in solution, which results in higher
weight fraction of the quasi-phase in the samples. The
average size and structure of aggregated primary crys-
tals are determined by the amount of the HTD primary
crystals included in the aggregates, which grows with
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increasing degree of titanium(IV) hydrolysis in sul-
fate solutions. Indeed, at high temperatures anda
values close to 100%, the maximum concentration of
titanium(IV) hydroxo complexes [Tim(OH)n(H2O)l ]

0

in solution is reached, which results in a shorter
(down to zero) duration of the latent period of thermo-
hydrolytic HTD precipitation from solution. In this
case, the nuclei and titanium(IV) hydroxo aqua com-
plexes are uniformly distributed over the entire volume
of the reaction medium, which predetermines equal
conditions for the formation of HTD crystals and
manifests itself in the formation of monodisperse
aggregates with globular structure. Vice versa, at low
degrees of hydrolysis of titanium(IV) sulfate com-
pounds (T < 150oC, b > 2), the latent period becomes
longer because of the low concentration of titani-
um(IV) hydroxo aqua complexes in solution. There-
fore, HTD nuclei are formed by a stochastic mech-
anism [11] at different instants of time and, as
a result, are nonuniformly distributed in the reac-
tion medium. This results in local nonuniformity of
the concentration of titanium(IV) hydroxo aqua com-
plexes in solution and is responsible for the formation
of irregularly shaped polydisperse aggregates.

CONCLUSION

The temperature required for hydrolysis of titani-
um(IV) in sulfate solutions under hydrothermal con-
ditions was found to be 170oC. In this case, hydrated
titanium dioxide with well-pronounced globular struc-
ture of aggregates is formed. A possible mechanism of
formation of globular particles of hydrated titanium
dioxide was considered.
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Abstract-Zr(acac)4, Hf(acac)4, and SnHacacCl2 . 2H2O were prepared in the solid state and in enthanol
solutions. The film-forming capacity and thermal stability of these compounds were studied. Films of ZrO2,
HfO2, and SnO2 were prepared from film-forming solutions of the corresponding acetylacetonates.

At present there is demand for thin film materials
stable in corrosive media and having good optical
properties. The functional and physicochemical prop-
erties of these films are mainly determined by their
preparation conditions and the nature and composi-
tion of the initial film-forming compound (FFC).
The promising FFCs areb-diketonates [1]. Data on
the thermal stability, volatility, behavior in organic
and inorganic solvents, and film-forming capacity of
Group IV metal b-diketonates are scarce and often
contradictory [2].

In this work, we studied the film-forming capacity
of zirconium hafnium, and tin acetylaetonates. For
this purpose, we prepared these complexes in the solid
phase and in solution, studied their thermal stability
in air, and prepared ZrO2, HfO2, and SnO2 films from
ethanol solutions of these acetylacetonates.

EXPERIMENTAL

Zirconium and hafnium acetylacetonates Zr(acac)4
and Hf(acac)4 were prepared from aqueous solutions
of zirconium and hafnium oxychlorides, respectively,
and acetylacetone (molar ratio 1 : 4) at pH 1.933.5.
The resulting mixture was heated on water bath. The
crystalline precipitate was washed with ice-cold water
and dried in air. Tin(II) acetylacetonate was prepared
from ethanol solution (96 wt % C2H5OH) of tin(II)
chloride hydrate and acetylacetone (molar ratio 1 : 2).

The zirconium and hafnium content was determined
gravimetrically. The actylacetonate (acac3) content
was determined by absorption of the iron(III) acetyl-
acetonate complex atleff = 550 nm [3].

The qualitative and quantitative composition of
SnHacacCl2 .2H2O was determined by means of X-ray
spectral microanalysis (XSMA) [4] on a Camebax
Microbeam device at accelerating voltage of 20 keV.
Metallic tin and single-crystal sodium chloride were
used as references. The presence of acetylacetone in
the complex was confirmed by qualitative reaction
with iron(III) [3].

The compositions of the complexes are presented
in Table 1. Acetylacetone in Zr(acac)4 and Hf(acac)4
complexes is in the deprotonated enol form. The tin
complex is coordination-unsaturated and contains hy-
dration water and Hacac in the undissociated enol and
keto forms, which were previously detected in an eth-
anol solution acidified with HCl [5].

The solubility of zirconium, hafnium, and tinace-
tylacetonates in organic and inorganic solvents was
studied at room temperature. The solubility of anhy-
drous zirconium acetylacetonate in chloroform, aceto-

Table 1. Composition of zirconium and hafnium acetyl-
acetonates and dichloro(acetylacetone)tin(II) dihydrate
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Composition, wt %³ M ³ acac3 ³ Cl3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Zr(acac)4: ³ ³ ³

found ³ 18.66 ³ 80.70 ³ 3

calculated ³ 18.72 ³ 81.28 ³
Hf(acac)4: ³ ³ ³

found ³ 31.12 ³ 66.74 ³ 3

calculated ³ 31.07 ³ 68.93 ³
SnHacacCl2 . 2H4O ³ ³ ³

found ³ 35.97 ³ 3 ³ 26.14
calculated ³ 36.43 ³ 3 ³ 27.79

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
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Fig. 1. Thermal analysis curves of (a) SnHacacCl2 . 2H2O and (b) Zr(acac)4 decomposition. (m) Weight loss and (T) tem-
perature; the same for Fig. 3.

nitrile, and acetone is 30, 15, and 439 wt %, respec-
tively. The solubility of hafnium acetylacetonate in
these solvents is, on the average, 3 wt % lower owing
to the more ionic character of the coordination bonds.
SnHacacCl2 . 2H2O is insoluble in organic solvents
and poorly soluble in concentrated mineral acids and
water (~601034 M) at room and elevated temperatures.

The thermal stability of the complexes in air was
studied on a Q-1500 MOM derivatograph (Hungary)
in the temperature range 29831273 K at a heating rate
of 10 deg min31.

Thermal analysis data for SnHacacCl2 . 2H2O are
shown in Fig. 1a. The first decomposition step is
characterized by an exothermic effect in the temper-
ature range 2983473 K and weight loss of up to 4%.

As determined by X-ray spectral microanalysis, the
remaining product is identical to the initial compound,
which indicates that the first effect is due to the sub-
limation of the compound

Found, wt %: Sn 36.04, Cl 26.98.

SnHacacCl2 . 2H2O.

Calculated, wt %: Sn 36.43, Cl 27.79.

In the second step (5103563 K) acetylacetone is
eliminated and oxidized. As determined byX-ray phase
analysis (XPA), the product is SnCl2 . 2H2O, in agree-
ment with the data of [6]. Weak exothermic peaks in
the third step (5633773 K) are assigned to decomposi-
tion of SnCl2 . 2H2O to give SnO and to oxidation of
this product by atmospheric oxygen to SnO2 (Table 2).

Table 2. X-Ray diffraction patterns of the final decomposition products of metal acetylacetonates and theirFFSs
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

SnO2 (SnHacacCl2 . 2H2O) ³ ZrO2 [Zr(acac)4] ³ HfO2 [Hf(acac)4]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

d, A ³ I / I0 ³ d, A ³ I / I0 ³ d, A ³ I / I0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

3.35(3.34)* ³ 100(100) ³ 3.37(3.63) ³ 20(24) ³ 5.01(5.07) ³ 18(20)
2.64(2.64) ³ 84(63) ³ 3.19(3.19) ³ 100(100) ³ 3.69(3.68) ³ 35(40)
2.37(2.36) ³ 23(18) ³ 2.85(2.85) ³ 78(80) ³ 3.61(3.61) ³ 23(30)
1.76(1.75) ³ 63(63) ³ 2.64(2.63) ³ 30(32) ³ 3.17(3.15) ³ 100(100)
1.67(1.67) ³ 14(10) ³ 2.55(2.55) ³ 18(16) ³ 2.82(2.82) ³ 95(100)
1.59(1.58) ³ 8(5) ³ 2.10(2.09) ³ 23(24) ³ 2.59(2.59) ³ 59(60)
1.49(1.49) ³ 10(14) ³ 1.82(1.81) ³ 44(40) ³ 2.53(2.52) ³ 50(50)

³ ³ 1.71(1.70) ³ 20(20) ³ 2.33(2.32) ³ 45(50)
³ ³ 1.49(1.486) ³ 16(16) ³ 2.20(2.196) ³ 60(60)
³ ³ 1.43(1.426) ³ 14(16) ³ 2.17(2.171) ³ 30(30)
³ ³ ³ ³ 2.00(2.006) ³ 40(40)
³ ³ ³ ³ 1.90(1.981) ³ 56(60)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The data of [8] are given in parentheses.
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Fig. 2. FFS viscosityh vs. time t.

The data obtained in thermal analysis of SnHacacCl2 .

2H2O and XPA of its decomposition products suggest
the following scheme of its decomposition

SnHacacCl2 . 2H2O

7777777777776
3Hacac + O2 6 oxidation products

SnCl2 . 2H2O

776
3H2O

SnCl2 . H2O 776
32HCl

SnO 776
1/2O2 SnO2.

Decomposition of Zr(acac)4 is also a three-step
process (Fig. 1b). In the first step (3733473 K), one
acetylacetonate ligand is liberated with an endother-
mic effect and 18.9% weight loss. The subsequent two
steps (4733673 and 6733743 K) are due to exothermic
decomposition of the complex to finally form mono-
clinic ZrO2 (Table 2).

Thermolysis of Hf(acac)4 is similar to that of
Zr(acac)4, with the temperature effects shifted by
30 K to higher temperatures. As determined by XPA,
the final thermolysis product is monoclinic HfO2
(Table 2).

Thus, ZrO2, HfO2, and SnO2 can be prepared from
the corresponding metal acetylacetonates at 743, 773,
773 K, respectively.

It is known that oxide films can be conveniently
prepared from film-forming solutions in ethanol [8].
Since Hf(acac)4, Zr(acac)4 and SnHacacCl2 . 2H2O are
poorly soluble in ethanol, we studied preparation of
these complexes directly in ethanol without their iso-
lation in the solid state.

Film-forming solutions were prepared from 96%
ethanol, acetylacetone and Group IV metal salts [zir-
conium and hafnium oxychlorides, tin(II) chloride] at
Zr4+ : acacH, Hf4+ : acacH, and Sn2+ : acacH ratios of
1 : 4, 1 : 4, and 1 : 2, respectively. The experimental
results show that tin(II) acetylacetonate is stable in
ethanol solution only at hydrochloric acid concentra-
tions of no less than 0.4 M.

In practice, the stability of FFS can be estimated
by their viscosity. The viscosity was measured with
VPZh-2 and VPZh-4 viscometers at room tempera-
ture. The time dependences of the viscosity of solu-
tions of zirconium and hafnium acetylacetonates are
similar (Fig. 2, curves1, 2, respectively). The viscos-
ity reaches a maximum in six days (4.0534.35 mm2s31)
and then decreases to constant value by the 15th
day. The increase in the viscosity is due to hy-
drolysis and formation of polymeric associates
3M4O=C(CH3)CH=C(CH3)OM3 (M = Zr and Hf)
with acetylacetonate bridges [7]. These associates de-
grade (with a decrease in viscosity) to form mutually
oriented coordination-saturated zirconium and hafni-
um chelates with coordination number of eight.

The time dependence of the viscosity of tin(II) ace-
tylacetonate (Fig. 2, curve3) indicates the attainment

Fig. 3. TG, DTA, and DTG curves of dried FFSs of (a) tin acetylacetonate and (b) zirconium acetylacetonate.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

FILM-FORMING CAPACITY OF Sn(II), Zr(IV), AND Hf(IV) ACETYLACETONATES 1639

of equilibrium in the solution in four days. The vis-
cosity is constant during the following 6 days. This
indicates that equilibriumhydrolysis andcomplexation
of tin(II) are complete. The increase in the viscosity
after 10 days is also due to the formation of polymeric
associates. Since the viscosity of FFSs does notreach
the critical values [8], these solutions can be used
during a year after their preparation.

To study the mechanism of oxide film formation,
the chemical composition of FFSs dried at 333 K
was determined and thermal analysis of these prod-
ucts in the temperature range from 293 to 1073 K
was performed.

The chemical composition of an FFS of
SnHacacCl2 . 2H2O in EtOH, dried at 333 K, was
determined by XSMA. The tin and chlorine concen-
trations in different parts of the sample indicate the
presence of SnCl2 . 2H2O and SnHacacCl2.

Found in FFS, wt % Sn Cl

SnCl2 .2H2O 52.49 34.75
SnHacacCl2 43.75 24.16

Calculated, wt %:

SnCl2 .2H2O 52.59 33.46
SnHacacCl2 42.96 24.49

A quantitative XSMA of dried FFS of tin(II) acet-
ylacetonate and SnHacacCl2 . 2H2O showed that, dur-
ing drying of the sample, Hacac is evaporated with
ethanol and SnHacacCl2 . 2H2O partially decomposing
to form SnCl2 . 2H2O.

The TG, DTA, and DTG curves of an SnHacacCl23

SnCl2 . 2H2O mixture (Fig. 3a) somewhat differ from
those of SnHacacCl2 . 2H2O (Fig. 1a). In the case of
dried FFS, thetemperature effects are shifted to high-
er temperatures. The first step is accompanied by two
endothermic effects at 3233473 K, associated with
sublimation of the complex and desorption of ethanol
molecules. In the second step (exothermic effect at
4733593 K), Hacac is liberated from SnHacacCl2 and
then oxidized. The third step (5933873 K) involves
decomposition of SnCl2 . 2H2O to SnO and oxidation
of SnO by atmospheric oxygen to give SnO2 having
the rutile structure (according to XPA).

Thermolysis of dried FFS consisting of ZrOCl2,
Hacac, and ethanol is a complex process (Fig. 3b).
Four endothermic peaks at 370, 388, 448, and 473 K
and two exothermic peaks at 531 and 733 K are ob-
served in the DTA curve, with the second exothermic
peak being a sum of two effects (DTG). The endo-

Table 3. Physicochemical properties of films*

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄ
Film com- ³

n
³ d, ³

r, W
³ F, ³ DE,

position ³ ³ nm ³ ³ kg mm32 ³ eV
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄ

SnO2 ³ 1.84³ 41.5³ 106 ³ 0.450 ³ 3.9
ZrO2 ³ 2.14³ 65.7³ 108 ³ 0.801 ³ 3

HfO2 ³ 2.12³ 58.9³ 1073108 ³ 0.765 ³ 3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄ
* n, F, andDE are the refractive index, adhesion, and the optical

band gap, respectively.

thermic effects in the temperature range 3213487 K
are probably due to stepwise removal of residual
ethanol and water, and to decomposition of zirco-
nium chloride complexes. The exothermic effects in
the temperature range 4873873 K are assigned to
combustion of the ligand with complete oxidative
degradation of FFS to form monoclinic zirconium(IV)
oxide (according to XPA).

The DTA curves of dried FFS containing HfOCl2,
Hacac, and C2H5OH are characterized by three endo-
thermic peaks at 403, 448, 508 K and two exothermic
peaks at 693 and 825 K, with the second of these
corresponding to two effects. Monoclinic hafnium
dioxide is formed at 873 K.

The results of XPA and thermal analysis of dried
FFSs indicate that monoclinic zirconium and hafnium
dioxides and tin dioxide with rutile stricture are
formed at 873 K.

Films of zirconium, hafnium, and tin dioxides were
prepared by centrifugingFFSs at 200035000 rpm.
These films are thermally stable, chemically inert, and
have good adhesion to silicon, quartz, glass, and
Polikor. The physicochemical properties of high-re-
sistivity semiconducting films of ZrO2, HfO2, and
SnO2 on a silicon support are summarized in Table 3.
The optical properties of the films were studied with
an LEF-3M ellipsometer; the electrical properties, on
E7-8 and E7-12 units; and adhesion was measured
with a PMT-3 microhardness gage.

CONCLUSION

The complexes Zr(acac)4, Hf(acac)4, SnHacacCl2 .
2H2O were prepared in the solid phase and in an eth-
anol solution. The film-forming capacity and thermal
stability in air of these solutions were studied. High-
resistivity semiconducting films of ZrO2, HfO2, and
SnO2 with high adhesion to different supports were
prepared.
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Abstract-The solubility of metallic and amorphous selenium inn-heptane,n-octane,n-nonane,n-decane,
n-undecane, andn-dodecane was determined in the range 2983493 K. The effect of temperature and al-
kane nature is considered. The average composition of selenium molecules in alkanes was determined from
ebullioscopic data.

Our study of the solubility of elemental sulfur in
pure n-alkanes showed that at 1503200oC [low-mo-
lecular-weight] products of thermal dissociation of
S8 rings (down to S2) exist in solution in noticeable
amounts [1]. Also, a saw-tooth dependence of the sul-
fur solubility on the number of carbon atoms in the
hydrocarbon chain was observed for the first time.

Proceeding with studies of synthesis of metal sul-
fides in organic solvents [2, 3], we proposed an envi-
ronmentally safe method for preparing metal selenides
in liquid n-alkanes from elemental selenium and metal
carboxylates as initial reagents [4]. Hydrogen selenide
formed in the reaction of selenium with hydrocarbons
is then converted into a poorly soluble metal selenide.
The hydrogen selenide content in the reactor was less
than 0.8 mg m33.

We believe that a study of physicochemical trans-
formations of chalcogens in nonaqueous solutions will
allow development of a scientifically substantiated
process for preparing semiconductor materials based
on metal sulfides and selenides.

The primary stage of the interaction of selenium
with n-alkanes is its dissolution. The state and solubil-
ity of selenium in paraffins have been poorly studied.

In this work, we studied the solubility of two se-
lenium modifications (amorphous and crystalline; the
latter is usually termed metallic selenium) in C73C12
saturated hydrocarbons in the temperature range 253

250oC by the method of immersion filtration [5, 6].

Several conical flasks with preliminarily purified
solvent [7] and an immersion filter with selenium
were placed in a thermostat equipped with a special
vibrator. Samples of saturated solutions were taken
with a sampler, and the selenium concen tration was

determined gravimetrically after isothermal evapora-
tion of the solvent. The curves of paraffin saturation
with metallic and amorphous selenium are shown in
Figs. 1 and 2.

The solubility of metallic selenium inn-nonane in-
creases from 8.670 1035 M at 298 K to 8.290 1032 M
at 418 K (Table 1). The data on solubility of amor-
phous selenium inn-paraffins are listed in Table 2.

Schroeder’s equation describing the temperature
dependence of the solubility was used for thermody-
namic analysis of solubility curves of metallic and

Fig. 1. Curves of solution saturation with metallic sele-
nium at 50oC: (S) solubility; (t) time; the same for Fig. 2.
Solvent: (1) n-heptane, (2) n-octane, and (3) n-nonane.

Fig. 2. Curve of saturation of solution inn-decane with
amorphous selenium at 174oC.
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Table 1. Solubility of metallic selenium in hydrocarbons,S
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ S, g per 100 g of solvent º

T, K
³ S, g per 100 g of solvent

ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ n-heptane ³ n-octane ³ n-nonane º ³ n-heptane ³ n-octane ³ n-nonane

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
298 ³ 0.009+ 0.001 ³ 0.012+ 0.001 ³ 0.009+ 0.002 º 363 ³ 0.81+ 0.01 ³ 0.68+ 0.02 ³ 0.75+ 0.01
323 ³ 0.05+ 0.02 ³ 0.11+ 0.01 ³ 0.13+ 0.01 º 393 ³ 3 ³ 0.69+ 0.01 ³ 0.82+ 0.02
348 ³ 0.06+ 0.02 ³ 0.66+ 0.01 ³ 0.69+ 0.02 º 418 ³ 3 ³ 3 ³ 0.91+ 0.01

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Solubility of amorphous selenium in hydrocarbons,S
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ S, g per 100 g of solvent
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ n-heptane ³ n-octane ³ n-nonane ³ n-decane ³ n-undecane ³ n-dodecane

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
298 ³ 0.12+ 0.01 ³ 0.81+ 0.02 ³ 0.86+ 0.02 ³ 0.92+ 0.02 ³ 3.01+ 0.02 ³ 1.95+ 0.01
323 ³ 1.10+ 0.01 ³ 1.12+ 0.01 ³ 2.53+ 0.02 ³ 2.05+ 0.01 ³ 4.89+ 0.02 ³ 3.87+ 0.02
348 ³ 4.31+ 0.01 ³ 3.79+ 0.02 ³ 5.20+ 0.02 ³ 4.02+ 0.01 ³ 8.03+ 0.01 ³ 6.21+ 0.01
365 ³ 8.48+ 0.02 ³ 5.38+ 0.02 ³ 9.07+ 0.02 ³ 5.79+ 0.02 ³ 12.11+ 0.01 ³ 8.39+ 0.02
395 ³ 3 ³ 6.99+ 0.01 ³ 12.44+ 0.02 ³ 7.56+ 0.01 ³ 15.06+ 0.01 ³ 10.24+ 0.02
421 ³ 3 ³ 3 ³ 15.69+ 0.02 ³ 9.27+ 0.01 ³ 18.12+ 0.02 ³ 13.07+ 0.02
450 ³ 3 ³ 3 ³ 3 ³ 12.89+ 0.01 ³ 21.87+ 0.02 ³ 16.81+ 0.02
472 ³ 3 ³ 3 ³ 3 ³ 3 ³ 26.54+ 0.01 ³ 18.02+ 0.02
493 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 20.24+ 0.01

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

amorphous selenium in hydrocarbons. The integral
form of this equation is as follows:

ln XSe = const 3 ÄÄÄÄÄ ,sat DHm.Se

RT
ln XSe = const 3 ÄÄÄÄÄ ,sat DHm.Se

RT

where const is the integration constant,XSe
sat is the se-

lenium concentration (mole fraction) in a solution
equilibrated with solid selenium,DHm.Se is the heat
of selenium melting,T is temperature, andR is the
universal gas constant.

Fig. 3. ln XSe
sat
31/T dependence for various solvents:

(XSe) concentration of dissolved substance; (T) tempera-
ture. Solvent: (1) n-heptane, (2) n-octane, (3) n-nonane,
(4) n-decane, (5) n-undecane, and (6) n-dodecane.

The temperature dependences of the solubility of
amorphous selenium inn-heptane,n-octane,n-nonane,
n-decane,n-undecane, andn-dodecane are shown in
Fig. 3. Similar dependenceswere obtained for metal-
lic selenium.

The melting point of the solute can be found by ex-
trapolation of straight lines in Fig. 3 to intersection
with the abscissa (lnXSe

sat = 0), and their slope gives
the molar heat of melting. However, Schroeder’s equa-
tion is valid for ideal solutions, and data of Fig. 3
show that such an approximation is unjustified for so-
lutions of selenium in hydrocarbons. A comparison
of the reference value of the heat of selenium melting
(6.7 kJ per mole of monoatomic selenium) and the
values obtained in the experiment showed that Sen
molecules withn = 134 prevail in selenium solutions
in n-alkanes at boiling point. It is usually believed that
Se8 rings are the main selenium species in organic so-
lutions. In the gas phase, Se8 molecules start to disso-
ciate at 70032000 K [8]. In this work, we estimated
the average molecular composition of selenium in the
solution from the temperature dependence of the se-
lenium solubility: Se3.4 in n-oktane, Se3.4 in n-nonane,
Se2.6 in n-decane, Se1.8 in undecane, and Se1.8 in
n-dodecane. A more precise determination of selenium
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Table 3. Average molecular weight of selenium in liquid
hydrocarbons (selenium concentration 1 mol per kg of
solvent)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Hydrocarbon³ Ke(calc)

* ³ Dtboil, oC ³ Mav
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

n-C7H16 ³ 3.15 ³ 14.3 ³ 258.89
n-C8H18 ³ 3.64 ³ 18.2 ³ 225.60
n-C9H20 ³ 4.80 ³ 23.4 ³ 224.80

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Ebullioscopic constant.

molecular weight inn-alkanes was performed by ebul-
lioscopy.

A statistical processing of the equationsy = b1x 3

b0 by the least-squares method gave the coefficients
b1 andb0 of the linear regression equation and sample
correlation coefficientsr:

y1 = 316.56 + 6.82x, r = 0.99, n-heptane, 2983365 K,

y2 = 35.00 + 2.83x, r = 0.98, n-octane, 2983395 K,

y3 = 35.19 + 2.75x, r = 0.99, n-nonane, 2983421 K,

y4 = 33.13 + 2.08x, r = 0.98, n-decane, 2983450 K,

y5 = 32.14 + 1.45x, r = 0.98, n-undecane, 2983472 K,

y6 = 31.90 + 1.45x, r = 0.98, n-dodecane, 2983493 K.

As noted above, we calculated in [1] for the first
time the slopes of the temperature dependence of the
solubility of sulfur in variousn-paraffins. It follows
from these data that the temperature dependence of the
sulfur solubility is substantially steeper for heptane
and nonane, compared with their analogs having even
number of carbon atoms in the chain.

This dependence is still more pronounced for the
solubility of amorphous selenium in sixn-paraffins:
heptane, octane, nonane, decane, undecane, and do-
decane (Table 2). The difference in the temperature
dependence of the solubility in paraffins with odd
and even number of carbon atoms in the hydrocarbon
chain is well seen in Fig. 4. The solubility changes
from 1.27 M for octane at 395 K to 3.47 M for do-
decane at 493 K. For hydrocarbons of the odd series,
the solubility is substantially higher and changes from
1.62 M for heptane (C7) to 4.59 M for undecane (C11)
at 365 and 472 K, respectively.

Ebullioscopic data for selenium solutions inn-par-
affins and calculated average molecular weights of
selenium molecules in the solution are listed in
Table 3.

Table 4. Characteristics of thermal dissociation of eight-
membered molecular selenium rings
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

Number of ³ ³ Composition³ ³
carbon atoms³ Mav

* ³ of thermal ³ i ³ Kavin n-alkane ³ ³ dissociation³ ³
chain ³ ³ products ³ ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
7 ³ 258.89³ Se3.28 ³ 2.44 ³ 3.24
8 ³ 224.80³ Se2.85 ³ 2.81 ³ 3.26
9 ³ 225.60³ Se2.86 ³ 2.80 ³ 4.94

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* At maximal selenium solubility.

The low values of these molecular weights experi-
mentally confirm the thermal dissociation of Se8 rings
in liquid alkanes in the range 3723424 K.

A linear correlation was also found between the
numberi of molecular selenium species formed from
the initial Se8 molecule and the solution dilution 1/C:

i = Kav 0 1/C, 1 < i < 8.

Regression analysis of this equation gives equa-
tions relating the empirical quantitiesx (log C) and
y (log i).

y = 0.510 3 0.703x, r = 0.994, n-C7H16,

y = 0.513 3 0.586x, r = 0.993, n-C8H18,

y = 0.510 3 0.582x, r = 0.986, n-C9H20.

The closeness of the sample correlation coefficient
r to unity indicates that the above linear regression
y = a + bx is adequate and meaningful.

The molecular weights, composition of products
thermal dissociation of eight-membered selenium
rings, average number of molecular species in solu-
tion, and equilibrium constants are listed in Table 4.

Fig. 4. Temperature trend of solubilityS of amorphous
selenium inn-alkanes with (1) odd and (2) even numbers
of carbon atoms. (T) Temperature.
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CONCLUSIONS

(1) The solubility of metallic and amorphous se-
lenium in n-C73n-C12 paraffins was determined at
2983493 K by the method of immersion filtration.

(2) It was found from the molar heat of selenium
melting, determined as the slope of solubility curves
in the lnXSe

sat
31/T coordinates (XSe

sat is the selenium
mole fraction), that Sen molecules withn = 134 are
the main selenium species in saturated solutions in
n-paraffins.

(3) A saw-tooth dependence of the solubility of
amorphous selenium inn-paraffins on the number of
carbon atoms in the hydrocarbon chain was revealed.

(4) The average molecular composition of seleni-
um in solutions inn-heptane,n-octane, andn-nonane
in a wide concentration range was determined by
ebullioscopy. Empirical equations describing the de-
pendence of the average number of Se atoms in mo-

lecular selenium species on the selenium concentra-
tion in solution were obtained.
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Abstract-The rheological properties of sodium alginate solutions were studied as influenced by the con-
centration of alginic acid, pH of the medium, and temperature. The probable structural and conformational
transformations induced on varying these parameters were suggested. The effect of cations and anions of
varied nature on the viscous characteristics of these solutions was discussed.

Brown sea algae have recently attracted attention
as a source of various substances having wide range
of consumer’s properties.

Of special value is alginic acid underlying the man-
ufacture of alginates. These are biologically active
preparations exhibiting high antiviral, antibacterial,
and immunomodulating activities and finding wide
application in today’s practical medicine [1].

The alginate production procedure is based on alka-
line treatment of algae and subsequent separation of
this polysaccharide. The drawbacks of this procedure
are that the raw material is used ineffectively, as ev-
idenced by production of much waste in the form of
algal cellular tissue and large loss of the end prod-
uct during centrifugation, when the process solution
(fugate) is separated from the cellular tissue [2].

This work is a part of the studies of the physico-
chemical properties of sodium alginate solutions,
aimed at gaining deeper insight into processes occurr-
ing in various stages of the process and at its further
improvement.

In this study, we elucidated how the rheological
properties of sodium alginate solutions are affected by
the alginic acid concentrationc, g dl31, ionic strength
I, M, pH of the medium, and temperatureT, oC. Also,
we studied how the nature of anions and cations af-
fects the properties of these solutions. The experimen-
tal dependences obtained in this study were used for
explaining the structural and conformational transfor-
mations in these systems.

EXPERIMENTAL

The subjects of investigation were the process solu-
tion (fugate) sampled in the stage of centrifugation of
algal galert whose main component is sodium algi-
nate and which also contains organic and inorganic
substances (chlorides, carbonates, as well as sodium,
potassium, magnesium sulfates, etc.) and a sodium
alginate solution prepared from the end product, so-
dium alginate, according to TU (Technical Specifica-
tions) 6-09-10-535376.

The content of alginic acid in the fugate and sodi-
um alginate was estimated by the procedure described
in [3] to be 30 and 75% of absolutely anhydrous sub-
stance, respectively. The fugate solution yielded by
the process had the following characteristics: alginic
acid concentration 0.21 g dl31, pH of solution 10.2,
and ionic strength due to Na2CO3 introduced in the
algae cooking stage 0.053 M.

We measured pH of the solutions on an EV-74
universal ion meter with an ESL-43-07 glass electrode
as measuring electrode and an EVL-1M silver chlo-
ride electrode as reference. We varied pH of the solu-
tions studied by adding certain amounts of 0.01 M
NaOH solution and 0.05 M HCl solution.

We studied the properties of the sodium alginate
solutions as influenced by the electrolyte composition
by adding inorganic salts; the same salts maintained
a constant ionic strength. The influence of the nature
of the anions was studied using sodium carbonate,
sulfate, orthophosphate, and chloride. The influence of
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Fig. 1. Reduced viscosityhsp/c, of (1) sodium alginate and
(2) fugate solutions vs. (a) alginic acid concentrationc,
and (b) temperatureT. (a) pH of solution 10.2,I =
0.053 M, T = 25oC and (b) alginic acid concentration in
solution c = 0.21 g dl31.

the nature of the cations was investigated by introduc-
ing into sodium alginate solution sodium, potassium,
ammonium, and magnesium chlorides. The viscosity
was measured on a VPZh-1 glass viscometer with
capillary diameter of 1.16, 0.99, and 0.53 mm atT =
25+ 1oC. The temperature control was provided with
a Typ Two thermostat. As the viscosity characteristic
served the reduced viscosityhsp/c, dl g31, which
most adequately reflects the structural changes occurr-
ing in a system. The measurement error was within
0.5 dl g31.

To compare the rheological properties of the fu-
gate and sodium alginate solutions, we studied how
the concentration of alginic acid affects the reduced
viscosity of these solutions (Fig. 1a). Thehsp/c = f (c)
dependence shows that, within the range of relatively
low concentrations (c < 0.1 g dl31), the viscous char-
acteristics of the fugate and sodium alginate solutions
are similar. In this concentration range, the solutions
are in the micellar state, predominantly in the form of
Hartley micelles. With increasing concentration, solu-
tions pass through several equilibrium states charac-
terized by different aggregation numbers, sizes, and
shapes of micelles. A sharp increase in the viscosity
of solutions (c = 0.17 g dl31 and c = 0.37 g dl31 for
the fugate and sodium alginate solutions, respectively)

is probably due to the formation of more complex
cylindrical or plate-like micelles (McBain micelles)
which, in turn, are formed via successive transforma-
tions of several mesomorphic phases of different struc-
tures [4]. These extended micelles are further arranged
into a two-dimensional-hexagonal continuous struc-
ture throughout the solution, thus forming a middle
mesomorphic phase. With the concentration increas-
ing further, the system converts to a plate-like or
lamellar mesomorphic state [5].

The transition of the fugate and sodium alginate
solutions from one mesomorphic phase to another at
different concentrations can be accounted for by the
influence of organic and inorganic impurities occur-
ring in the fugate [2]. The concentration of these im-
purities is, evidently, sufficient for compressing the
electric double layer, thus decreasing the energy barrier
preventing the coalescence of colliding particles.
Thus, in the fugate solution the interaction of the
micellar particles is intensified, which is responsible
for a more rapid transition from a less structured to
a more structured phase and significantly increases
the viscosity of the solution at lower concentrations
[6, 7].

We showed that the viscosities of the fugate and
sodium alginate solutions are also differently affected
by temperature (Fig. 1b). First of all, it should be
mentioned that the reduced viscosities of the fugate
and sodium alginate solutions with the alginic acid
concentration corresponding to that in the process so-
lution (0.21 g dl31) differ. This suggeststhat the fugate
solution occurs in a more structured (i.e., in one of
mesomorphic phases) states than sodium alginate so-
lution. This may be responsible for the different tem-
perature dependences exhibited by these solutions.

For example, the viscosity of the fugate solution
decreases with temperature increasing to 50oC; above
this temperature a small gradient of the temperature
dependence may evidence destruction of a stage in
structuring and a transition of the system from micel-
lar to a molecular-micellar state. In sodium alginate
solution, an analogous transition occurs at 40oC.
The inflection point in the temperature dependence at
T = 65oC and the further steeper decrease in the vis-
cosity of sodium alginate solution may be due to a
transition of the system to the molecular state, which
was not established for the fugate solution in the tem-
perature range of interest.

Although the fugate and sodium alginate solutions
markedly differ in the dependences obtained, we can
reveal a similar trend in variation of the rheological
properties of solutions of these polymers with their
concentration and temperature.
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To exclude the influence of impurities in the fugate
solution, we used in subsequent experiments solutions
of sodium alginate as process solution models. The
plots of the reduced viscosity of sodium alginate so-
lution against alginic acid concentration suggest that
there are two regions of existence of the solutions,
namely, the molecular (c < 0.170 1032 g dl31) and
micellar (c > 0.1701032 g dl31) regions, throughout
the examined pH range (Fig. 2a). The inflection point
in the plots discussed corresponds to the critical mi-
celle concentration (CMC), at which micelles formed
in solution are in thermodynamic equilibrium with
the molecules. This is responsible for a drastic change
in a number of properties of solutions and, above all,
viscosity.

At close-to-CMC concentrations, the solution con-
tains, for the most part, Hartley micelles, i.e., spher-
ical formations consisting of a hydrocarbon nucleus
and an electric double layer. The latter is lined from
inside with COO3 ionic groups and from outside, with
[bound] and[free] sodium counterions. With increas-
ing concentration of alginic acid in solution the result-
ing micelles acquire another, namely, plate-like, struc-
ture (McBain micelles). Owing to the formation of
plate-like micelles, sufficiently concentrated sodium
alginate solutions (c > 0.5 g dl31; Fig. 1a, curve 1)
are able to convert into gel.

Our study of how the ionic strength of solution af-
fects the reduced viscosity showed that, with the ionic
strength increasing to 0.02 M, the reduced viscosity
sharply decreases, while further increase in the ionic
strength virtually does not affect the viscous charac-
teristics of the solution (Fig. 2b).

In the case of solutions with alginic acid concen-
tration c = 0.940 1032 g dl31, corresponding to the
micellar region, the influence exerted by sodium chlo-
ride taken to create the required ionic strength can
be assessed from the viewpoint of the effect on the
system of a supporting electrolyte, one of whose ions
is identical to the counterions of the colloid particle.
Evidently, with increasing content of electrolyte in
the system, the electric double layer gets thinner
owing to the compression of the diffusion layer. As
a result, thex potential tends to decrease to zero (at
I = 0.02 M), which corresponds to the isoelectric state
of the system and the minimum reduced viscosity.
Further increase in the electrolyte concentration does
not affect the reduced viscosity.

The influence exerted by the concentration of the
supporting electrolyte on the reduced viscosity of so-
dium alginate solution with the alginic acid concen-
tration corresponding to the molecular region (c =

Fig. 2. Reduced viscosityhsp/c of sodium alginate solu-
tions vs. (a) concentrationc, (b) ionic strengthI, and
(c) pH of the medium. (a, c)T = 25oC, I = 0.012 M and
(b) pH of solutions 6.5. (a) pH: (1) 6.7 (without addition of
NaCl electrolyte), (2) 8.0, (3) 7.0, and (4) 10.2. (b) Sodium
alginate concentration, g dl31: (1) 0.0094 and (2) 0.0015.
(c) Alginic acid content, g dl31: (1) 0.0150, (2) 0.0075,
(3) 0.0019, (4) 0.0009, and (5) 0.0005.

0.150 1032 g dl31) can be accounted for conforma-
tional transformations of the alginate macromolecules
in the system. The flexible macromolecules of this
polymer can take different conformations. The con-
formations differ in free energy, since the repulsion
of the charges of the COO3 groups will result in rela-
tively high free energy for compact conformations,
and relatively low, for unfolded conformations. There-
fore, at low ionic strengths of solution, the macro-
molecules are unfolded to the greatest extent, which
favors an increase in the viscosity of solutions
(Fig. 2a, curve1). The increase in the ionic strength of
solution, which causes the electric double layer to
compress, is responsible for the fact that the shape of
the macromolecule approximates the most statistically
probable conformations corresponding to the globular
state of the system as a whole, which, in turn, de-
creases the viscosity of solution.

The dependence of the reduced viscosity of sodium
alginate solutions on the pH of the medium has a clear-
ly pronounced maximum (Fig. 2c). We varied the pH
of solution between 5.8 and 12; the lower boundary of
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Fig. 3. Reduced viscosityhsp/c of sodium alginate solution
vs. the concentrationc after introduction of (a) cations
and (b) anions of varied nature. (a) Cation: (1) Mg2+,
(2) Na+, (3) NH4

+, and (4) K+. (b) Anion: (1) Cl3,
(2) CO3

23 (3) SO4
23, and (4) PO4

23.

this range was chosen in view of the fact that at
pH < 5, alginic acid begins to precipitate from solution.

In the molecular concentration region (0.090 1032

and 0.050 1032 g dl31), the established patterns are
quite explicable from the viewpoint of the ability of
macromolecules occurring in solution to change their
conformation by folding and unfolding.

In the acidic region (5.8 < pH < 6.5), the COO3

groups of sodium alginate molecules react with H+

ions forming a weak alginic acid. As a result, the
electrostatic repulsion forces in the segments of so-
dium alginate macromolecules weaken, which leads
to folding of the macromolecule and, therefore, de-
creases the solution viscosity.

With increasing pH of sodium alginate solution
(6.5 < pH < 8), the degree of dissociation of alginic
acid increases, thus enhancing the electrostatic re-
pulsion between the COO3 groups of the molecule.
This, in turn, results in unfolding of the macromole-
cule and, consequently, increases the viscosity of the
system. The highest viscosity is observed at pH 8.
Further, at 8 < pH < 12 the viscosity of solution tends
to decrease because the highly charged sodium coun-
terion in the electrolyte introduced is attracted to the
macromolecule surface and strongly shields it, thus
decreasing the mutual repulsion of the segments of the
molecule carrying negative charges of COO3 group
and promoting partial folding of the chain [7].

In the case of micellar solutions (1.50 1032,
0.750 1032, and 0.190 1032 g dl31), the influence of

pH is less pronounced and is due to the colloidal-
chemical transformations in the system. With increas-
ing pH of the solution, the macromolecules constitut-
ing the micelle unfold owing to electrostatic repulsion
forces, thus influencing the volume of the aggregate
as a whole. Eventually, continuous micellar layers of
the McBain micelle type are formed in the system
(pH 8), thus increasing the viscosity of solutions.

The pronounced extremum in the plot of the re-
duced viscosity against pH of the medium in the mo-
lecular region is quite explicable by a more prompt
response of the system to the state of individual mo-
lecules than to that of their aggregates.

We studied how cations of varied nature affect
the rheological properties of sodium alginate solu-
tions by introducing NaCl, NH4Cl, KCl, and MgCl2
salts into these solutions. We found that the reduced
viscosity of the sodium alginate solutions tends to de-
crease in the order K+ > NH4

+ > Na+ > Mg2+ (Fig. 3a).
The ions of interest form a lyotropic series in which
the ion radius tends to decrease from K+ to Mg2+.
This favors formation of less soluble and more com-
pact sodium alginate structures, which, in turn, de-
creases the solution viscosity.

The same situation was observed with chloride,
carbonate, sulfate, and orthophosphate ions introduced
into sodium alginate solution. The viscosity of solu-
tions increases in the lyotropic series Cl3 < CO3

23 <
SO4

23 < PO4
33 (Fig. 3b). This can be explained in a way

analogous to the case of the cations.

Our results can be used in production of alginic
acid for regulating and controlling the structure for-
mation processes and intermediate products and prod-
ucts with desired physicochemical properties.

CONCLUSIONS

(1) The molecular (c < 0.170 1032 g dl31) and
micellar (c > 0.170 1032 g dl31) regions of existence
of sodium alginate solutions were revealed.

(2) The influence of the ionic strength and pH
of solutions on the viscous characteristics of sodium
alginate solutions was established: the reduced vis-
cosity decreases exponentially with increasing ionic
strength. The dependence of the reduced viscosity of
sodium alginate solutions on the pH of the medium
has a maximum at pH 8.

(3) The influence of the cations of anions of dif-
ferent nature is in agreement with the known lyotropic
series.
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Abstract-The effect of thermal and steam treatment on the oxidation state of surface functional groups
formed in preparation of granulated carbons from cotton lignin was studied by means of IR spectroscopy and
titration with bases of varied strength.

Activated carbons prepared from vegetable raw ma-
terials (lignin, fruit kernels, sawdust, peat, nut shells,
etc.) are widely used as sorbents. Compared with the
known carbons (KAD-iodine, AG-3, and SKT), car-
bons of this type show higher activity in extraction of
precious metals from process solutions after leaching
of gravel concentrate.

The formation of the pore structure in active car-
bons has been studied in sufficient detail, but its
chemical origin requires a more thorough study, since
the polarity of active carbon surface, determined by
surface oxides, and, consequently, the acid3base prop-
erties of the surface strongly affect carbon sorption of
various substances.

The aim of this study was to analyze by means of
IR spectroscopy [1, 2] and titration in various media
[335] the chemical properties of the surface of ac-
tivated carbon prepared from cotton hydrolytic lignin.

EXPERIMENTAL

Carbonized carbon samples were prepared at 4003

700oC and then activated with superheated steam with
addition of 2% oxygen at 800oC. Samples with dif-
ferent combustion losses were obtained by varying
the activation time between 15 and 60 min. The total
acidity was estimated by back titration withn-butyl-
amine [3]. For this purpose, weighed portions (0.5 g)
of granulated carbons under study were placed in
flasks with ground stoppers, each containing 15 ml of
a 0.01 N solution of butylamine in benzene. After
periodic shaking for a few hours and clarification,
an aliquot portion of the solution was titrated with
a 0.005 N solution of acetic acid in benzene. The titra-

tion was performed until the Bromophenol Blue in-
dicator changed its color, and then the amount of
n-butylamine necessary for neutralization of the sur-
face acidic centers was calculated.

It was found experimentally that, when the time of
contact between a weighed portion of carbon and a
benzene solution of a base is longer than 5 h, no
further increase in the neutralization occurs. To dif-
ferentiate between the acidic surface groups, the in-
teraction of samples with aqueous basic solutions was
studied by potentiometric titration. As in [4], we
assumed that NaHCO3 neutralizes the strongest acidic
centers (H+), Na2CO3 and weaker carboxyls (3COOH),
NaOH, and phenolic hydroxyls. In addition to the
above groups, C2H5ONa also reacts with alcoholic
hydroxyls. Using the method of separate weighed
portions, we found that under the conditions prevent-
ing CO2 adsorption from air, the highest rise in neu-
tralization is observed during the first 24 h of carbon
contact with 0.005 N aqueous solutions of bases.
Further, the concentration of acidic centers, especially
those determined with NaHCO3 and Na2CO3, changes
only slightly. Therefore, in this stage of the study, we
exposed the test samples to corresponding so-
lutions for 1 day. The IR spectra of the activated car-
bons in KBr were recorded on a Pay Unicam spectro-
photometer.

The IR spectra of the samples carbonized at 400oC
contain a set of absorption bands in the interval
36003430 cm31; the intensity of these bands markedly
decreases with increasing carbonization temperature
(see the figure). The absorption bands in the 35003

3330 cm31 range can be assigned to (O3H) stretching
vibrations of alcohols, phenols, carboxylic acids, and
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Concentration of surface centers of various lignin carbons
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Carboniza-³ Com- ³ Concentration of surface centers, mmol g31

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄtion tem- ³ bustion ³
perature, ³ loss, ³ weakly acidic ³ phenolic ³ carboxylic ³ strongly ³ total acidity ³
oC ³ % ³ alcoholic (OH3) ³ (OH3) ³ (3COOH) ³ acidic (H+) ³ by n-butylamine ³ basic

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
400 ³ 3 ³ 0.080 ³ 0.070 ³ 0.060 ³ 0.040 ³ 0.090 ³ 3

600 ³ 3 ³ 0.110 ³ 0.075 ³ 0.045 ³ 0.010 ³ 0.060 ³ 3

700 ³ 3 ³ 0.130 ³ 0.020 ³ 0.038 ³ 3 ³ 0.040 ³ 3

700 ³ 12* ³ 0.160 ³ 0.065 ³ 0.040 ³ 0.012 ³ 0.090 ³ 3

700 ³ 25* ³ 0.140 ³ 0.40 ³ 0.050 ³ 0.006 ³ 0.150 ³ 3

700 ³ 36.6* ³ 0.130 ³ 0.0035 ³ 0.061 ³ 0.001 ³ 0.21 ³ 3

700 ³ 40* ³ 0.120 ³ 0.0025 ³ 0.060 ³ 3 ³ 0.190 ³ 0.05
700 ³ 60* ³ 0.070 ³ 0.001 ³ 0.030 ³ 3 ³ 0.130 ³ 0.08
700 ³ 80* ³ 0.025 ³ 3 ³ 0.015 ³ 3 ³ 0.110 ³ 0.10

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Samples activated at 800oC following carbonization.

adsorbed water molecules. However, these frequencies
are also a characteristic of stretching vibrations of free
and associated (NH2), (NH), and (C=NH) groups.
Therefore, their presence, especially in samples con-
taining up to 2% nitrogen and carbonized within 4003

600oC, is rather probable. The weak bands at 2860
and 2800 cm31 unambiguously characterize (C3H)
vibrations of the methyl and methylene groups, which,
along with a number of (C=O) vibrational bands in
the range 179031625 cm31, points to simultaneous
presence of compounds containing a carbonyl group
in aldehydes and acids. A low-frequency shift of
the (C=O) vibrations indicates the formation of intra-
molecular hydrogen bonds. The presence of oxygen-
containing compounds at the surface is also confirmed
by the bands at 141331440 cm31, related to bending
vibrations of alcoholic hydroxyls, and bands at 12003

1070 cm31 due to (C3O) vibrations of alcohols and
phenols. The formation of the surface structures of
aromatic type in the course of lignin carbonization
can be judged, in particular, from the presence of
skeletal vibrations, including (C=C) vibrations at
160031585 and 150031400 cm31, and from the out-of-
plane bending vibrations of (C3H) in the range 9003
675 cm31.

Analysis of the IR spectra of the carbonized lignin
carbons indicates a gradual decrease in the intensity of
vibrations of the hydroxyl-containing compounds with
the carbonization temperature increasing from 400 to
800oC. This result correlates well with the measured
concentration of acidic centers of varied nature (see
the table) and confirms their close thermal stabilities.
The total acidity of the carbonized samples decreases
monotonically with increasing carbonization tempera-
ture. Before activation no basic centers are found.

The estimate of the amount of surface groups titrated
in aqueous media with bases of different strengths
shows that high-temperature carbonization raises
solely the concentration of the weakest acidic centers
formed by alcoholic hydroxyls. At the same time,
the number of strong protonic centers and weaker
acidic centers decreases.

IR spectra of lignin carbons carbonized at (1) 400, (2) 600,
and (3) 800oC and those activated at 800oC after car-
bonization at 700oC with combustion loss of (4) 12% and
(5) 36.6%. (I) Absorption intensity and (n) wave number.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1652 PEREZDRIENKOet al.

The total acidity of the activated samples is the
highest at a 36.5% combustion loss and, on the whole,
is lower than that of carbonized samples. In the ini-
tial stage of activation, at a 12% combustion loss,
a large amount of phenolic and alcoholic hydroxyls
is formed. Correspondingly, the intensity of the IR
bands at 3330 and 108931210 cm31 due to (O3H)
and (C3O) stretching vibrations reaches a maximum.
It is in this sample that the maximum concentration of
strongly acidic COOH and H+ groups is observed.
With increasing activation time, up to a 50% combus-
tion loss, a part of alcoholic hydroxyls undergoes
deeper oxidation to carboxyls andaldehydes. This fol-
lows from the gradual increase in the intensity of the
absorption bands at 170031720 cm31, related to (C=O)
stretching vibrations, and a decrease in the intensity of
absorption bands at 333033350 cm31, associated with
stretching vibrations of the (O3H) bond. Simulta-
neously, two new bands appear in the IR spectra:
strong asymmetric band at 1570 cm31 and a weaker
band at 1400 cm31, due to symmetric stretching vib-
rations, which is characteristic of carboxylate ions [1].

In our opinion, burning out of organic substances
in activation of lignin carbons releases alkali and
alkaline-earth metal cations, which, interacting with
carboxy groups, block part of strongly acidic cen-
ters. Thus, the unexpectedly low acidity of activated
samples is due to partial neutralization of the surface
carboxy and proton acidic groups by sodium, potas-
sium, magnesium, and calcium ions produced in dis-
solution of ash particles in adsorbent pores under
the action of steam in the course of activation. At
higher combustion losses, corresponding to a (8312%)
ash content, the alkali and alkaline3earth metal
compounds incorporated into the ash lead to the ap-
pearance of basic centers on the background of further
decreasing acidity.

In addition to the bands related to various oxygen-
containing compounds formed in preparation of ac-
tive carbons, the IR spectra contain absorption bands
whose assignment encounters certain difficulties. For
example, a set of bands in the range 260032000 cm31

can be attributed to acetylene compounds or to sulfur-
containing compounds. The formation of the latter is
rather probable in view of the fact that acid lignin
containing sulfuric acid is used for preparing the car-
bons. Thus, the high-frequency bands in the range
260032490 cm31 can be attributed to partial reduc-
tion of sulfate ions to hydrogen sulfide, present in
chemisorbed state in the carbon pores. The strongest
bands corresponding to (S3H) bond vibrations are
observed at 2636 and 2423 cm31 on a sample car-
bonized at 400oC. Their intensity falls with increasing
carbonization temperature.

Several types of centers with different adsorption
activities are formed at the surface in preparing ac-
tivated carbons [5]. CO, CO2, and other gaseous prod-
ucts of incomplete oxidation of lignin are physically
and chemically adsorbed on the surface of freshly
prepared carbon. Owing to the mobility of adsorbed
molecules, the most active defect structures are sat-
urated first and form secondary adsorption centers of
different nature. According to [1], gaseous CO is char-
acterized by absorption band at 2143 cm31, associated
with stretching vibrations, and gaseous CO2, by bands
at 2349 and 667 cm31 [1]. The surface structures re-
sponsible for the higher-frequency bands in the 22003

2140-cm31 range are easily removed from the surface
by roomtemperature vacuum treatment, and, conse-
quently, are weakly bound to the surface by Van der
Waals forces. Therefore, their appearance in the IR
spectra can be attributed to the adsorbed carbon oxides.

CONCLUSIONS

(1) Functional groups whose acidic properties be-
come weaker in going from H+, to 3OOH, and further
to 3OH groups of phenol-like compounds and alco-
hols are identified on the surface of active carbons
prepared from cotton lignin.

(2) Raising the carbonization temperature from 400
to 800oC makes the concentration of the surface acidic
centers lower.

(3) The activation of carbonized carbons with
superheated steam at 800oC is accompanied by ad-
ditional formation of carboxy groups up to 40% com-
bustion loss.

(4) Lignin carbonscontaining only acidic functional
groups, or those containing both acidic and basic cen-
ters simultaneously, can be prepared by varying the
combustion loss in activation of lignin carbon.
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Abstract-Procedures were developed to prevent precipitation on the ion-exchange membrane surface in
demineralization of natural hydrocarbonate water by electrodialysis.

Owing to the steadily growing consumption of pure
water, its preparation by demineralization of natural
water is of interest not only from the scientific and
engineering, but also from the social and political
standpoints [1]. At present, the most efficient and
environmentally safe water treatment procedures are
based on membrane processes [2]. In desalination of
sea and ocean water, reverse osmosis membranes are
the most appropriate. At the same time, in demineral-
ization of the surface and underground brackish water,
use of electrodialysis with ion-exchange membranes is
preferable. A schematic of a five-compartment elec-
trodialyzer including alternating anion- and cation-
permeable membranes is shown in Fig. 1. In com-
mercial electrodialyzers, the number of desalination
and concentration compartments may be as large as
several tens or even several hundreds. To prevent
precipitation at the (anion-exchange membrane)3so-
lution interface, caused by the increasing pH in this
zone, the electrodialysis of natural water is performed
at current density lower than the limiting diffusion
current.

In standard electrodialysis modes, a concentration
polarization occurs, resulting in alkalization of the
aqueous solution at the boundary between the ion-
exchange membrane and the aqueous phase owing to
irreversible water dissociation. In particular, when
the limiting diffusion current through the boundary
layer between the anion-exchange membrane and so-
lution is exceeded, the irreversible water dissociation
is caused by selective electromigration of hydroxy
anions across the membrane. These hydroxy anions
are accumulated in the opposite boundary layer of the
anion-exchange membrane in the concentration com-
partment3 (Fig. 1). The increased concentration of
hydroxy anions in compartment3 results in the forma-

tion of precipitates of poorly soluble calcium carbon-
ate, magnesium hydroxide, and calcium sulfate. Ac-
cording to [3], calcium sulfate does not affect the elec-
trochemical characteristics of the ion-exchange mem-
branes. As opposed to calcium sulfate, calcium car-
bonate and magnesium hydroxide, precipitating at the
interface, shield the transmembrane current in the area
of their deposition. At the same time, the current den-
sity throughfree surface increases to a level consider-

Fig. 1. Electrodialyzer. (135) Compartment numbers.
Membranes: (A) anion-exchange and (C) cation-exchange.
Granules: (a) anion exchanger and (b) cation exchanger.
(I) Feed, (II ) concentrate, and (III ) diluate.
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ably exceeding the limiting diffusion current density.
These processes passivate the membranes, raise their
electrical resistivity, reduce the membrane conductiv-
ity, and, finally, suppress the electrodialysis.

Deterioration of electrodialysis can be prevented
by decreasing the current density to a level lower than
the limiting diffusion current density. However, such
a procedure decreases the output of demineralization
and, what is more, the irreversible water dissociation
can proceed at these current densities, too, owing to
the catalytic effect of ionogenic groups of the ion-
exchange membranes [4].

There are several ways to prevent precipitation.
The passivated membranes can be regenerated by re-
peated (several times an hour) reversal of current [5].
The membranes can also be depassivated by treatment
with a reagent capable of dissolving CaCO3 and
Mg(OH)2 precipitates, e.g., by passing a dilute aque-
ous HCl solution with pH 4.5 through the concentra-
tion compartment [6]. One more, widely used tech-
nique for membrane depassivation is based on pre-
liminary removal of calcium and magnesium from
mineralized water by their precipitation in the form
of poorly soluble hydroxides. The alkaline aqueous
solution used for magnesium and calcium precipita-
tion is prepared by electrodialysis of a salt solution
with bipolar membranes [7], allowing simultaneous
preparation of alkaline and acidic solutions. Calci-
um and magnesium hydroxide precipitates are filtered
off, and the filtrate is passed through a column packed
with cation exchanger in the H+ form. This cation
exchanger is regenerated by passing aqueous acidic
solution prepared by electrodialysis of a salt solution
with bipolar membranes. In this work, we developed
an electrochemical technique for binding hydroxide
and carbonate anions, which prevents formation of
poorly soluble calcium carbonate and magnesium hy-
droxide on the ion-exchange membrane surface in
electrodialysis of mineralized water.

In our experiments, we used Voronezh tap water
containing 9 mM of magnesium and 1.43 mM of cal-
cium ions. If the product of the concentration of the
calcium cations and hydroxide anions exceeds the sol-
ubility product, a poorly soluble precipitate of mag-
nesium hydroxide is formed:

[Mg2+] [OH3]2 > Ks1 = 6.00 10310. (1)

This expression shows that at magnesium hydrox-
ide can precipitate from the tap water at pH > 10.1.

Calcium carbonate precipitation is described by
the expression

[Ca2+] [CO3
23] > Ks2 = 3.80 1039, (2)

which shows that this process is more probable than
magnesium hydroxide precipitation.

It is known that the carbonate concentration de-
pends on pH (dissociation constant of bicarbonate
anion K2 = 4.80 10311). At a bicarbonate concentra-
tion in supply water equal to 2.3 mM, precipitation
of calcium carbonate starts at pH > 7.38. Therefore,
even upon a small increase in pH of the initial water,
calcium carbonate can precipitate in the concentration
compartment3 (Fig. 1).

Our experiments were performed with a five-com-
partment electrodialyzer with alternating anion- and
cation-exchange membranes, platinum anode, and
stainless steel cathode. MA-41I anion-exchange het-
erogeneous membranes were prepared from a compos-
ite containing AV-17 strongly basic isoporous anion
exchanger (65%) with benzyltrimethylammonium
monomeric units and polyethylene matrix.

It was found [8] that, in electrodialysis of carbon-
ate solutions, anion-exchange membranes based on
a strongly basic anion exchanger are preferable to
membranes containing a resin with weakly basic iono-
genic groups. These membranes provide higher cur-
rent efficiency and smaller consumption of electric
power. The commercial MA-40 anion-exchange mem-
branes prepared from EDE-10P medium-basic anion
exchanger contain, along with trimethylammonium
groups (10312%), secondary =NH and tertiary=N
amino groups functioning as ionogenic groups in acid-
ic media only. However, anions of weak acids are
protonated in acidic media, and, as a result, the ion-
ic transmembrane transfer decreases. Furthermore,
MA-41I resin provides more complete removal of sil-
ica derivatives from natural water. Their removal is
complete at pH > 12. In the neutral medium the re-
moval of silica derivatives is also sufficiently high.
Their transference number for MA-41I membrane is
0.39, which significantly exceeds that for MA-40
membrane (0.09) [9]. These facts were the main ar-
guments in favor of the use of MA-41I membrane.

MK-40 cation-exchange heterogeneous membranes
were prepared from a formulation containing KU-2
strongly acidic sulfonic cation exchanger and polyeth-
ylene. The electrodialyzer compartments are 120 cm
high, 1 cm wide, with intermembrane spacing of
0.09 cm. The desalination compartments2 and 4
were packed with anion-exchange gauze with granules
of the anion exchanger in the cells. The concentration
compartment3 was packed in the same way with cat-
ion-exchange gauze and cation-exchange granules.
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The way of packing of the intercompartment space
with the ion-exchange materials is illustrated in Fig. 2.
The ion-exchange gauzes and the corresponding ion-
exchange membranes were prepared from the same
material. The cells of the anionexchange gauze lo-
cated in the desalination compartment were packed
with AV-17 anion exchange granules. Similarly, the
cells of the cation-exchange gauze in the concentra-
tion compartment were packed with KU-2 cation ex-
changer granules. The initial tap water with resis-
tivity of 2 kW cm was clarified and then continuously
passed through all the compartments at a velocity of
2.2 cm s31. The resistivity of the initial and desali-
nated water was determined on a VM-484 semiauto-
matic bridge in a flow-type conductometric cell with
platinum platinized electrodes. A VSA stabilized rec-
tifier was used as direct current source. The current
was measured with an M-104 ammeter. The voltage
across the electrodialyzer was measured with a V7-15
high-resistance voltmeter. The pH of the medium was
measured with an EV-74 ionometer with a glass elec-
trode. Calcium and magnesium were determined com-
plexometrically. Carbonate anions were determined
by acidometric titration.

Figure 3 shows the resistivity of desalinated water
as a function of the current density. These data show
that electrodialysis at current densities within the range
0.25 < i < 0.50 mA cm32 raises the resistivity from
2 kW cm in the initial water to 1003120 kW cm in
the desalinated product. Electrodialysis at high cur-
rent density allows preparation of water with charac-
teristics similar to those of double-distilled water.
However, to prevent precipitation in prolonged opera-
tion of an electrodialyzer, reversal of the water feed
is required when the total resistance of the apparatus
becomes high. Water demineralized in the first elec-
trodialysis stage can be fed into the second stage of
electrodialysis. In this case, the intermembrane space
of the desalination compartments should be packed
with a mixture of anion and cation exchangers. Such
a two-stage treatment of tap water allows prepara-
tion of highly desalinated water with resistivity of
20 MW cm [10]. This water, with parameters similar
to those of the double-distilled water, can be con-
verted into ultrapure water by passing through a mix-
ture of anion and cation exchangers.

Figure 4 illustrates the effect of the current densi-
ty on the pH of water flowing out from both the de-
salination and concentration compartments. As seen
from curve2, the water flowing out of the concentra-
tion compartment, where sedimentation is the most
probable, has acidic reaction ensuring depassivation
of membranes. On packing the desalination compart-

Fig. 2. Packing of the intermembrane space with (1) ion-
exchange gauze and (2) granules.

Fig. 3. Resistivity r of desalinated water vs. the current
density i in the electrodialyzer with intermembrane space
packed with ion-exchange gauze and granules. Velocity
of water feed 2.2 cm s31.

Fig. 4. pH of solutions flowing out of (1) desalination and
(2) concentration compartments vs. the current densityi
in elecrodialysis of weakly mineralized calcium hydrocar-
bonate water.

ment with anion exchanger, we did not found any
noticeable increase pH. This phenomenon is due to
complicated electrochemical processes occurring in
the course of electrodialysis with intermembrane space
packed with ion exchangers.

The main processes responsible for desalination in
electrodialysis occur at the heteropolar boundaries of
anion-exchange granules and cation-exchange mem-
branes (Fig. 5). It was established [11] that, in polari-
zation indicated in Fig. 5, the features of the hetero-
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Fig. 5. Scheme of membrane depassivation in two adjacent
compartments in electrodialysis of calcium hydrocarbonate
water: (C) cation-exchange membranes and granules; (A)
anion-exchange membranes and granules.

polar boundaries between the cation-exchange mem-
brane and anion-exchange granules and between the
anion-exchange membrane and cation-exchange gran-
ules are similar to those of the internal boundary of
a bipolar membrane generating hydrogen and hydrox-
ide ions. We believe that the following mechanisms
are responsible for this similarity. The exhaustive de-
salination of water within the capillary heteropolar
contact is reached even at very small current densities.
Under these conditions, the current is maintained only
by irreversible dissociation of water molecules. The
high efficiency of this process is ensured by migration
of protons and hydroxy anions across the cation-ex-
change membrane and through anion-exchange gran-
ules, respectively (Fig. 5).

In migration through the anion-exchange granule
the hydroxy anions react with hydrocarbonate anions
sorbed from water. As a result, the hydroxy anion
concentration decreases and hydrocarbonate anions are
converted into carbonate anions:

OH3 + HCO33 = CO3
23 + H2O.

Carbonate anions migrate toward the anode through
the anion-exchange granules located within the desali-
nation compartments4 and2 (Fig. 1) and also across
the anion-exchange membranes separating compart-
ments4 and3 and1 and2 into the concentration com-
partment3 and anode compartment1, respectively. It
was found [12] that the electromigration rate of car-
bonate anions exceeds that of bicarbonate anions [12].

Hydrogen ions formed by irreversible dissociation
of water at the heteropolar contact between the cation-

exchange membrane and anion-exchange granule mi-
grate toward the cathode from the desalination com-
partment to the concentration compartment3 and then
through a cation-exchange granule to the heteropolar
contact between the anion-exchange membrane and
cation-exchange granule. At polarization indicated in
Fig. 5, the following reaction occurs in the capillary
space of this heteropolar contact:

2H+ + CO3
23 6 H2CO3 = H2O + CO28.

By this reaction, carbonate anions are converted
into weakly dissociating carbonic acid which partial-
ly decomposes to give water (target product) and car-
bon dioxide.

Figure 4 (curve2) shows that the pH in the con-
centration compartment grows with increasing elec-
tromigration of hydrogen ions across the cation-ex-
change membrane. This effect prevents precipitation
of calcium carbonate and magnesium hydroxide.

What is more, even when calcium carbonate is pre-
cipitated under favorable local conditions, it is con-
verted in any case into soluble calcium bicarbonate by
the reaction with active carbon dioxide liberated in
carbonic acid decomposition:

CO2 + H2O + CaCO3 = Ca(HCO3)2.

Neutral or weakly alkaline medium in the desali-
nation compartment can facilitate calcium carbonate
precipitation. However, this precipitate is continuous-
ly dissolved owing to the transfer of calcium and car-
bonate ions from the saturated solution across the cat-
ion and anion-exchange membranes, respectively [13].
This electrochemical process prevents precipitation in
the desalination compartment.

CONCLUSIONS

The following factors prevent precipitation in elec-
trodialysis of calcium hydrocarbonate water: (1) con-
version of hydroxy anions formed by nonlinear con-
centration polarization into water molecules by the re-
action with hydrocarbonate anions, (2) localization of
the reaction of carbonate anions with hydrogen ions
within the capillary space of the heteropolar conrtact
between the granular ion exchanger and ion-exchange
membrane, (3) dissolution of calcium carbonate by
the reaction with carbon dioxide, (4) control of pH
in the desalination and concentration compartments by
packing the intermembrane space with ion exchangers,
and (5) electrochemical dissolution of calcium car-
bonate formed the desalination compartment.
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Abstract-Liquid-phase graft polymerization of acrylic acid on polypropylene fiber after preliminary gamma
irradiation was studied as influenced by the ratio of the concentration of peroxides formed during gamma ir-
radiation (60Co) of polypropylene in air to the Fe(II) concentration in the reaction solution. The ion-exchange
and mechanical properties of monofunctional carboxylate cation exchanger prepared by the developed proce-
dure were studied.

FIBAN K-41 fibrous cation exchanger is a poly-
propylene (PP) fiber with grafted acrylic acid (AA).
Fibrous ion exchangers with carboxy groups are wide-
ly used to remove ammonia, amines, and alkali aero-
sols from air, and cations of nonferrous and heavy
metals from water [135]. Commercial ion exchangers
based on cellulose and polyamides are insufficiently
stable in acid solutions, which complicates their re-
generation. Fibrous polyacrylonitrile-based anion ex-
changers have good chemical and mechanical stability,
but contain not only carboxy groups but also amido-
amine, hydrazide, and ammonium groups. Hence, all
technological prescriptions should be strictly followed
in production of these ion exchangers and in their use
for purification of tap water and also for medical and
biological purposes.

From this standpoint, development of a simple and
efficient procedure for preparing monofunctional car-
boxylate cation exchanger based on strong, chemically
inert, and nontoxic fiber is an urgent problem. The
initial polypropylene fiber chosen for this purpose was
functionalized with carboxy groups by graft polymer-
ization of acrylic acid. Granulated acrylic acid3meth-
acrylic acid copolymers cross-linked with divinylben-
zene and triacryloyltriazine are widely used in medi-
cine and biology [6].

Several procedures for preparing PP fibers with
grafted AA are known [739]. Tsetlin et al. [10] pre-
ÄÄÄÄÄÄÄÄÄÄ
1 This cation exchanger was developed at the Institute of

Physical Organic Chemistry, Belarussian National Academy
of Sciences, Minsk, Belarus.

pared these fibers by direct irradiation under AA vapor
at reduced pressure. This fiber, named KATIOLAN,
has good physicomechanical properties and is stable
in repeated acid-alkali treatment. This fiber is success-
fully used in production of protective working outfit.
At the same time, maintaining reduced pressure of AA
in an installation exposed to gamma radiation is a
complicated problem. Furthermore, the problem of ef-
ficient removal of the heat of grafting under these
conditions has not been solved. This results in non-
uniformity of fibers as regards the degree of grafting
and exchange capacity. It should also be noted that
grafting from an unsaturated AA vapor is a slow
process.

EXPERIMENTAL

FIBAN K-4 sorbent was prepared by gamma ir-
radiation of PP fiber with a60Co source in air, fol-
lowed by liquid-phase graft polymerization of AA on
peroxide groups of the PP in the presence of Fe(II)
salts as reducing agents. We used the following start-
ing materials: PP fiber (66-mm staple) with linear
density of 0.33 tex, produced at Khimvolokno Kursk
Production Association [TU (Technical Specifications)
6-06-535376]; AA stabilized with Lauroks-9 (Shostka
Chemical Plant); FeSO4 and Mohr’s salt of pure grade,
ferrocene of technical grade; and iron(II) acrylate pre-
pared from FeO and AA.

The starting PP staple was washed with benzene in
a Soxhlet apparatus to remove the stabilizer and lu-
bricant. The staple was irradiated on UGU-400 and
RKhM g-20 gamma irradiation units without tempera-
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ture control and without using additional equipment in
the irradiation zone. The dose rate ranged from 0.5 to
4.7 Gy s31. The total radiation dose was 114 kGy.
The content of peroxy and hydroperoxy groups in ir-
radiated samples was determined by iodometric titra-
tion [11] after irradiation, during storage, and just
before graft polymerization.

The graft polymerization was done from aqueous
solutions of AA under nitrogen in the presence of
iron(II) salts. The AA concentration ranged from 7.5
to 80 %. The iron(II) concentration was varied from 0.1
to 6.0 g l31, which corresponds to 0.0530.60 g-equiv
of iron(II) per 1 g-equiv of peroxy groups. The reac-
tion temperature was varied from 353 K to the boiling
point of the solution. The bath ratio (the ratio of liquid
and solid phases) ranged from 7 to 100 ml g31. The
degree of grafting was expressed as a percentage of
the initial PP weight.

The properties of PP fibers were studied after both
irradiation and grafting. The deformation-strength pa-
rameters of monofilament weremeasured on a UMIV-3
universal testing machine [12]. The acidity of the ion
exchangers was determined by potentiometric titration
[13]. The stability of the ion exchange fiber in ag-
gressive media was characterized by GOST (State
Standard) 10899375 [14].

The synthesis of FIBAN K-4 cation-exchanger was
performed as shown below

(1)[3CH23CH3]n + O2 76 [3CH23C3]m,
g-rayg

CH3
g

CH3

g
OOH

6 [3CH23CH3]q + PP-graft-AA (FIBAN K-4).

COOH
g

[3CH23CH3OO3CH23]p + CH2=CH

CH3
g

COOH
g

c
Fe2+

(2)

When PP fiber is irradiated with60Co gamma-rays
(1), peroxy and hydroperoxy groups are formed in the
sample. Their concentration was determined by iodo-
metric titration on keeping the samples in a solution
of sodium iodide in acetic anhydride atT > 333 K
for no less than 10 min. Reaction (2) does not occur
after this treatment,i.e., peroxy and hydroperoxy
groups initiating this reaction are completely decom-
posed. After a similar treatment at room temperature
for 0.5 h, as recommended in [11], the polymerization
is still observed in the system, i.e., the initiating
centers are preserved. In addition, the degree of graft-

Fig. 1. Accumulation of peroxy and hydroperoxy groups
in PP fiber at a dose rate of (1) 4.7 and (2) 0.5 Gy s31.
(C) concentration and (D) radiation dose.

Fig. 2. Total concentrationC of peroxy and hydroperoxy
groups in PP fiber irradiated with (1) 10, (2) 20, (3) 30,
(4) 40, and (5) 50 Gy and (6) in the unirradiated sample
vs. time t of their storage in air at 2773278 K.

ing, P, and the amount of the homopolymer formed,
H, are close to those for untreated PP fibers (e.g.,P is
39 and 37%, andH, 1.0 and 0.8%, respectively).

As seen from Fig. 1, the concentration of peroxy
and hydroperoxy groups grows with increasing total
radiation dose until equilibrium between their forma-
tion and degradation (individual for each dose rate) is
attained. At a dose rateI = 0.5 Gy s31, the content
of peroxy groups in the fiber levels off and reaches
120 mmol g31 at a total radiation doseD = 60 kGy.
At I = 4.7 Gy s31, the content of peroxy groups
levels off at a total doseD = 70 kGy and reaches
360 mmol g31, which suggests the presence of a large
number of reaction centers in the PP fiber.

Although peroxy groups are stable at ambient tem-
perature [15], we found that their content in irradiated
PP fibers decreases exponentially during their storage
even in a refrigerator at 2773278 K (Fig. 2). The com-
position of irradiated PP fiber stored for 30 days ap-
proaches that of unirradiated samples. Hydroper-
oxy groups present in small amounts in the fiber are
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Fig. 3. (1) Degree of AA grafting,P, and (2) the amount
of AA homopolymer, H, after polymerization from a 30%
AA solution at 373 K for 3 h vs. the ratio of iron(II) con-
centrationA to the content of peroxy groups in irradiated
PP fiber, B.

Fig. 4. (1, 2) Degree of AA grafting,P, and (3, 4) the
amount of AA homopolymer,H, after graft polymerization
at 373 K for 3 h vs. the AA concentrationCAA in the initial
solution at a total concentration of peroxy and hydroperoxy
groups of (1, 3) 370 and (2, 4) 269 mmol g31.

unstable even at low temperatures and decompose into
radicals:

R3OOH 6 RO. + OH..

These radicals, in their turn, catalyze decomposi-
tion of the peroxy groups. To increase the efficiency
of AA grafting, graft polymerization (2) should be
performed as soon as possible after sample irradia-
tion (1). Hence, the main features of graft polymeriza-
tion (2) will be determined by the concentration of
peroxy and hydroperoxy groups present in the sample
by the time of grafting, rather than by the total radia-
tion dose.

The graft polymerization and AA homopolymeriza-
tion by reaction (2) strongly depend on the molar ratio
of Fe(II) concentration in the solution,A, to the con-
tent of peroxy groups in irradiated PP fiber,B, and on

the ratio of peroxy and hydroperoxy groups. As seen
from Fig. 3, high degrees of AA grafting to PP at
negligible formation of AA homopolymer are obtained
in a narrowA/B range 0.130.2. If homopolymerization
is initiated by OH radicals formed by decomposition
of hydroperoxy groups, the content of peroxy groups
initiating the graft polymerization should be 439 times
higher than that of hydroperoxy groups which initiate
to the same extent of both the graft polymerization
and homopolymerization, even without taking into
account the possibility of occurrence of chain-transfer
reactions.

When ferrocene and Fe(II) acrylate were used as
inhibitors, AA was grafted to PP fiber from an 80%
aqueous solution of AA at 353 K [16]. With inorganic
Fe(II) salts, the suitable AA concentration was 7.53

50 wt %. The homopolymer formation in the presence
of ferrocene is 233 times more intensive than that in
the presence of other Fe(II) compounds. Taking into
account that Fe(II) acrylate is unstable in air, we used
FeSO4 and Mohr’s salt for preparing experimental
batches of grafted fiber.

Since the degree of AA grafting to PP fiber grows
exponentially with increasing concentration of peroxy
groups in PP, the influence of various factors on
the graft polymerization was studied at rather high
peroxy concentrations in a preirradiated PP fiber
(C = 370 and 269mg-equiv g31). The working con-
centration of AA in the solution ranged from 30 to
40% (Fig. 4). When the AA concentration is lower
than 30%, the graft polymerization should be per-
formed at higher content of peroxy groups in the start-
ing fiber (about 400mg-equiv g31). In solutions with
AA concentration greater than, or equal to 50%, the
homopolymer yield increases along with a sharp rise
in the degree of grafting. In this case, it is difficult
to wash out gelatinous polyacrylic acid (PAA) from
the grafted fiber.

The theoretical static exchange capacities (SEC) of
carboxylate ion exchangers were calculated from the
degree of AA grafting to the PP fiber. The theoretical
SECs for cationsagree well with the experimental
values. The difference between the theoretical and
experimental SECs is no higher than 10% (SECt = 9.3
and SECe = 8.6 mg-equiv g31) even at high (200 wt %)
degree of AA grafting to the PP fiber. This suggests
the absence of cross-linking during the grafting and
accessibility of all carboxy groups in the grafted fiber.

FIBAN K-4 fibrous carboxylate cation exchanger
with SEC of up to 9 mg-equiv g31 was prepared by
the above procedure. The acid properties of the cation
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Fig. 5. (1) Direct and (2) back potentiometric titration of
FIBAN K-4 cation exchanger. Supportingelectrolyte 1 M
KCl; initial excess of HCl 1.85 mg-equiv g31. (g) Amount
of the titrating agent. Solid line and points represent cal-
culated and experimental data, respectively.

exchanger were estimated by theoretical processing
of the results of its direct and back potentiometric ti-
tration (Fig. 5). Polypropylene fiber with a degree of
AA grafting of 98.0% was titrated by the single por-
tion procedure at an initial HCl excess of 1.85 mg-
equiv g31 per gram of fiber, using 1 M KCl as the
supporting electrolyte. The titrating agent was added
at 20-min intervals. The results of calculation of the
potentiometric titration curves by Soldatov’s proce-
dure [18] allow estimation of the number, quantitative
content, and acidity of the functional groups of anion
exchanger. This estimation can be performed even
when the potentometric titration curve has no pro-
nounced inflection points owing to a large number of
functional groups of different kinds in the sorbent and
and small difference in their acidities. In this case,
it is possible to determine the properties of the func-
tional groups with the same chemical composition but
different acidities owing to their different positions or
the influence of the adjacent functional groups.

A theoretical processing of the experimental results
of potentiometric titration of FIBAN K-4 cation ex-
changer showed that this fiber is a moderately acidic
monofunctional cation exchanger containing carboxy
groups with pK 5.3 (DpK 2).

The good mechanical properties of FIBAN K-4 ion
exchangers and their stable operation in repeated
sorption3regeneration cycles and on exposure to ag-
gressive media are of great practical importance. These
properties of ion exchangers depend on the conditions
of irradiation and grafting, degree of grafting, and
nature of reagent.

As seen from Table 1, the deformation strength
properties of PP fibers change mainly in the stage of
preliminary irradiation. As seen from Fig. 6, the ten-

Fig. 6. (1) Elongation at break,e, and (2) tensile strength
s of PP fibers vs. the total radiation doseD.

sile strengths and elongation at break,e, of PP mo-
nofilaments decrease mainly in the initial stage of ir-
radiation at a total doseD = 30 kGy, which may be
due to radiative-chemical oxidation of the strongest
chains in the ordered fibers. Further increase in the
radiation dose to 70 kGy deteriorates the deformation
strength properties of PP fiber only slightly. At a
radiation dose of 114 kGy the main parameter of fiber
elasticity, the elongation at break,e, decreases further,
to 7%, and the tensile strength, to 80 MPa, which
complicates the use of this material as a fiber. There-
fore, we used for graft polymerization a PP fiber ir-
radiated at a dose rate of 4 Gy s31 to a total dose
of 70 kGy. The content of peroxy groups in the fiber

Table 1. Dependence of the deformation-strength
properties* of FIBAN K-4 cation exchangers on the AA
concentration in the grafting solution,CAA, and degree
of grafting, P
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ

Sample ³CAA,³ P, ³ d, ³ F, ³ s, ³ e,
³vol %³ wt % ³ mm ³ cN ³ MPa³ %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
PP: ³ ³ ³ ³ ³ ³

initial ³ 3 ³ 0 ³ 21 ³ 11.7³ 338 ³ 77
irradiated ³ 3 ³ 0 ³ 22 ³ 6.4³ 183 ³ 16.2
to 70 kGy³ ³ ³ ³ ³ ³

FIBAN K-4 ³ 80 ³ 98.7 ³ 32 ³ 7.2³ 90 ³ 22
³ 30 ³ 96.0 ³ 31 ³ 12.3³ 168 ³ 31
³ 30 ³ 128.0 ³ 31 ³ 9.8³ 135 ³ 23
³ 80 ³ 56.5 ³ 24 ³ 6.1³ 140 ³ 18
³ 80 ³ 201.0 ³ 33 ³ 9.1³ 102 ³ 59
³ 80 ³ 282.9 ³ 35 ³ 10.3³ 106 ³ 14

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
* d is the fiber diameter;F, s, and e are breaking force,

tensile strength, and elongation at break.
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Table 2. Resistance of FIBAN K-4 containing 96% PAA to aggressivemedia
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄ

Treatment ³ SEC, ³
s, MPa ³

e, % º Treatment ³ SEC, ³
s, MPa ³ e, %

conditions ³mg-equiv g31³ ³ º conditions ³mg-equiv g31³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄ
Untreated cation exchanger³ 6.2(100)* ³ 16.8(100)³ 31(100)ºNaOH, 5 g-quiv l31³ 5.1(82) ³ 14.6(87)³ 18(58)
H2SO4, 5 g-quiv l31 ³ 5.4(87) ³ 15.8(94) ³ 12(39) ºH2O2, 10 wt % ³ 3.6(58) ³ 10.9(65)³ 11(36)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄ
* The percentage relative to the initial value is given in parentheses.

ranges from 200 to 400mmol g31, depending on the
storage time of the irradiated product.

As seen from Table 1, the diameterd, breaking force
F, and elongation at break of the monofilament grow
appreciably with increasing degree of AA grafting to
PP fiber (up to a degree of grafting of 201 wt %),
i.e., the grafted polymer located in amorphous regions
of PP fibers improves their mechanical properties.
Thus, although the tensile strength of the fiber con-
taining carboxy groups decreases to 9 MPa, this fiber
remains sufficiently strong, elastic, and suitable for
processing and practical application. The tensile
strengths and the elongation at break,e, of the fiber
can be raised by using 30%, instead of 80% AA so-
lutions in step (2) (Table 1).

The data on the chemical stability of FIBAN K-4
cation exchanger with 96.0 wt % grafted PAA are
presented in Table 2. In accordance with the require-
ments of GOST (State Standard) 10899375, a sample
was heated on a boiling water bath with 5 N sulfuric
acid or 5 N sodium hydroxide for 30 min and then
treated with 10 % hydrogen peroxide for 48 h at room
temperature. The SEC and tensile strengths change
in concentrated acids and alkalis only slightly, whereas
the elongation at break,e, significantly decreases, es-
pecially after treatment with sulfuric acid and hy-
drogen peroxide. The low stability of the cation ex-
changer in 10% hydrogen peroxide may be due to low
stability of both the PP matrix and grafted PAA in ox-
idative media. In an additional experiment, we found
that the exchange capacity and deformation-strength
parameters of FIBAN K-4 cation exchangers do not
change after threefold treatment in regenerating solu-
tions (0.5 N HCl and 0.5 N NaOH) at 293 K. The ex-
change capacity decreases by a factor of 1.332.3 after
prolonged operation of the cation exchanger in actual
sorptionregeneration processes, e.g., in iron removal
from water, involving regeneration with 2 N HCl.

The enhancement of the chemical stability and
mechanical strength of FIBAN K-4 fibrous cation ex-
changer is necessary for prolonged multicycle opera-
tion of the fiber in aggressive media. Nevertheless,

FIBAN K-4 fibrous cation exchanger can be used for
additional treatment of water to remove heavy metal
cations.

An experimental batch of FIBAN K-4 fibrous cat-
ion exchanger with SEC = 4.5+ 0.2 mg-equiv g31 was
prepared by the above procedure. Nonwoven needle-
punched material was prepared from the fiber and
used in composition of cartridges for Krynichka and
Mifil filters for purification of potable water.

CONCLUSIONS

(1) FIBAN K-4 fibrous monofunctional cation
exchanger containing carboxy groups with pK 5.3
(DpK 2.0) was prepared.

(2) In graft polymerization of acrylic acid to the
fiber at 373 K in inert atmosphere the best molar ratio
of Fe(II) to peroxide groups in the irradiated poly-
propylene fiber is 0.130.2.

(3) Preferable inhibitors of acrylic acid homo-
polymerization are FeSO4 and Mohr’s salt.

(4) The ion-exchange and mechanical properties
of the cation exchanger allow its use in filters for ad-
ditional purification of potable water.
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Abstract-The effects of the concentrations of sulfuric acid and arsenic in the aqueous phase, concentration
of the extractant in the organic phase, temperature, and time of phase contact on arsenic(V) extraction with
hexabutylphosphoric triamide were studied, and the arsenic(V) extraction constant was calculated.

Liquid extraction is widely used for recovery of
arsenic from sulfuric acid solutions [1]. Various com-
pounds, such as tributyl phosphate (TBP) [2, 3],
amines [3] and tertiary ammonium [4] salts, trioctyl-
arsine oxide [5], etc., have been proposed as ex-
tractants. The extraction of As(V) compounds from
copper- and nickel-containing sulfuric acid solutions
has been studied is most detail [6, 7], because the ex-
tractive purification of copper electrolyte to remove
arsenic is performed on the industrial scale. At foreign
plants, TBP is used as an extractant [8]. Presumably,
other extractants may be more efficient for extractive
recovery of arsenic.

In sulfuric acid solutions, arsenic(V) exists in the
form of arsenic acid derivatives. The extractive recov-
ery of As(V) can proceed by both anion-exchange and
hydrate-solvate mechanisms. In the first case, extrac-
tion is performed with amines or substituted ammo-
nium salts, and in the second case, with neutral organ-
ophosphorus compounds X3P=O (X = R, RO, R2N).
The stability of the extractable complexes strongly de-
pends on the basicity of the oxygen atom in the phos-
phoryl group. Usually both the basicity and the ex-
tractive power of compounds with active phosphoryl
group increase in the order (RO)3P=O < RP(O)(OR)2 <
R2P(O)OR < R3P=O. High-molecular-weight phos-
phine oxides (R> C8H17) are the most efficient ex-
tractants of arsenic(V) in this series. The basicity of
phosphoryl oxygen becomes even higher when phos-
phoric acid amides (R2N)3P=O are used [8, 9]. This
effect is due to a decreasing bond order in the phos-
phoryl fragment, as a result of competition of nitrogen
atoms for 3d orbitals of the phosphorus atom and ap-
pearance of additional electron density at the phos-
phoryl oxygen. Yakshinet al. [8], determined exper-
imentally the basicity of phosphoric acid amides by

potentiometric titration with perchloric acid in nitro-
methane and found that pKa increases from 8.75 for
tributylphosphine oxide to 9.15 for hexabutylphos-
phoric triamide (HBPTA). Taking this circumstance
into account, we can expect a greater extractive power
of phosphoric acid amides with respect to As(V).

In this work, the main features of extraction of
As(V) from copper-containing sulfuric acid solutions,
with HBPTA as an extractant, were studied.

EXPERIMENTAL

The extractant contained no less than 98399%
of the main substance. The extraction was performed
from sulfuric acid solutions containing 435 g l31 As(V)
at 1 : 1 organic to aqueous phase ratio, stirring time
of 10 min, and temperature of 20+ 1oC.

The distribution of As(V) between the aqueous
phase and 1.1 M HBPTA solution in kerosene as a
function of H2SO4 concentration is shown in Fig. 1.

Fig. 1. Effect of sulfuric acid concentrationCH2SO4
on ex-

traction of As(V) with (1) TBP and (2) 1.1 M HBPTA
solution in kerosene. (DAs) As(V) distribution coefficient.
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As seen, similarly to extraction with TBP, the As(V)
recovery grows with increasing H2SO4 concentration.
The greater basicity of HBPTA ensures As(V) extrac-
tion even from weakly acidic solutions. The As(V)
recovery with HBPTA from H2SO4 aqueous solutions
with concentration exceeding 1.5 M is greater than
that in the case ofTBP.

The dependence of the As(V) distribution coeffi-
cients DAs on the extractant (HBPTA, TBP) concen-
tration in extraction from 1.7 M H2SO4 is shown in
Fig. 2. The processing of the experimental data by
means of the least-squares method gives the following
dependences ofDAs on the concentration of the un-
bound extractant:

log DAs = 1.90 log [HBPTA]ub + 0.35, (1)

log DAs = 2.46 log [TBP]ub + 0.47, (2)

where [S]ub = [S]in 3 q[H3AsO4]0 3 [H2SO4]0.

The correlation coefficient for Eqs. (1) and (2)
is 0.98.

It follows from Eqs. (1) and (2) that the solvation
number q for HBPTA is lower than that for TBP.
The obtained solvation numbers suggest that HBPTA
recovers arsenic acid mainly in the form of disolvate,
while TBP recovers it as a mixture of di- and trisol-
vates. In the latter case, extraction of a mixture of
mono-, di-, and trisolvate is possible. Data of [3] con-
firm this possibility.

It should be noted that the increase in the As(V) ex-
tractive recovery with growing extractant concen-
tration in the organic phase is limited by phase sep-
aration.

The reaction of As(V) extraction from sulfuric acid
solutions with HBPTA can be represented as follows:

m(H+ + HSO4
3)aq + nH3AsO4(aq) + q(HBPTA . hH2O)o

6
4 (nH3AsO4 . mH2SO4 . h0H2O . qHBPTA)o

+ (h 3 h0)H2Oaq. (3)

The concentration constants of extraction of ar-
senic acid with HBPTA and TBP were determined
as the slope of the extraction isotherms measured for
As(V) dilute solutions at constant H2SO4 concentra-
tion (Fig. 3). The concentration extraction constants
Kex obtained by the least-squares method are listed
in Table 1. The correlation coefficient for both ex-
tractants is 0.99.

The constant of extraction of arsenic acid from
sulfuric acid solutions increases from TBP to HBPTA
in parallel with a rise in the extractant basicity.

Fig. 2. As(V) distribution coefficientDAs vs. extractant
concentration in kerosene [S]o: (1) HBPTA and (2) TBP.

Fig. 3. Isotherms of As(V) extraction from 1.5 M H2SO4
with (1) TBP and (2) 1.1 M HBPTA solution in kerosene.
([As]o, [As]aq) As(V) concentrations in the organic and
aqueous phases, respectively.

The IR spectrum of HBPTA contains two intense
bandsn(P=O) at 1210 cm31 andn(C3N) at 1180 cm31.
They shift to 1190 and 1170 cm31, respectively, when
arsenic(V) and sulfuric acid are introduced. In addi-
tion, new bands characteristic of H-bonded hydroxy
groups appear at 164031670 cm31. These changes
result from the formation of arsenic acid hydrate-sol-
vates in the organic phase. It is difficult to reveal
the n(As3O) bands because of the superposition of
other bands and first of all those ofn(P3N) and
n(C3N). The data obtained show that amide groups
hardly participate in coordination with As(V).

Table 1. Characteristics of extraction of arsenic acid
([As]o = Kex[As]aq + a)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Extractant ³ [H2SO4]aq ³
Kex

³
aÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ´ ³

M ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
TBP, 3.66 ³ 1.6731.73 ³ 0.76 ³ 37.450 1033

HBPTA, ³ 1.7331.77 ³ 1.15 ³ 0.07
1.64 in kerosene³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Table 2. Effect of temperature on extraction ofAs(V) with
1.1 M HBPTA solution in kerosene*

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
T, oC ³ As(V) recovery, % ³ DAs

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
20 ³ 43.2 ³ 0.76
35 ³ 37.9 ³ 0.61
45 ³ 32.0 ³ 0.47
55 ³ 27.1 ³ 0.38
64 ³ 23.3 ³ 0.29

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* C0

As = 0.1, C0
H2SO4

= 2.4 M.

Table 3. Effect of stirring timet on extraction of As(V)
with 1.1 M HBTA solution in kerosene*

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ Concentration, g l31 ³
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

t, min³ aqueous phase* ³ organic phase* ³ DAs
ÃÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´
³ As(V) ³ H2SO4 ³ As(V) ³ H2SO4 ³

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 4.8 ³ 227 ³ 2.6 ³ 9.2 ³ 0.54
2 ³ 4.5 ³ 226 ³ 2.9 ³ 11.0 ³ 0.64
3 ³ 4.2 ³ 223 ³ 3.1 ³ 14.0 ³ 0.74
5 ³ 4.2 ³ 226 ³ 3.1 ³ 10.0 ³ 0.74

10 ³ 4.2 ³ 227 ³ 3.2 ³ 10.0 ³ 0.76
30 ³ 4.2 ³ 226 ³ 3.1 ³ 11.0 ³ 0.74

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Equilibrium phases.

Table 4. Distribution of components of the initial sulfuric
acid solution between raffinate and backwash in extraction
of As(V) with HBPTA
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Component
³ Concentration, g l31

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
extracted³ initial ³

raffinate
³

backwash³ solution ³ ³
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
As(V) ³ 4.10 ³ 1.68 ³ 1.81
H2SO4 ³ 209 ³ 201 ³ 6.9
Cu(II) ³ 29.6 ³ 29.8 ³ 0.01
Fe(III) ³ 1.10 ³ 1.12 ³ 0.01
Fe(total) ³ 1.85 ³ 1.84 ³ <0.01
Sb(III) ³ 0.07 ³ 0.07 ³ 0.001
Ni(II) ³ 11.8 ³ 11.7 ³ 0.02
Zn(II) ³ 1.50 ³ 1.52 ³ 0.005
Co(II) ³ 0.60 ³ 0.59 ³ 0.001
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

One of important factors influencing the As(V) re-
covery is the extraction temperature. A special ex-
periment showed that the arsenic distribution coeffi-
cient decreases with increasing temperature (Table 2);
for instance, in the range from 20 to 60oC it decreases
threefold.

The kinetic parameters of As(V) extraction with
HBPTA and TBP differ. Extraction with TBP is char-

acterized by faster transfer of As(V) into the organic
phase [10] (Table 3) which is probably due to a larger
size of the HBPTA molecule as compared with TBP.

Our results show that the equilibrium of extraction
with HBPTA is attained within 3 min.

Data on the extraction of concomitant metals pres-
ent in the copper electrolyte with 1.5 M HBPTA in
kerosene are presented in Table 4. Backwashing was
performed with 5% aqueous solution of sodium sul-
fate at 1 : 1 volume ratio of aqueous to organic phase,
stirring for 2 min, and 22+ 1oC.

Thus, HBPTA, similarly to TBP, extracts only
As(V) and sulfuric acid. Coextraction of H2SO4 does
not exceed 334% in a single extraction stage. The
counter-current regime of extraction ensures a high
degree of purification to remove arsenic(V). For in-
stance, in three stages of countercurrent extraction,
the As(V) recovery from the aqueous phase under
the above conditions amounts to 84%.

The studies performed allow recommendation of
the following scheme for extractive purification of
copper electrolyte to remove As(V), with HBPTA
as extractant (see scheme).
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The extraction process includes the following op-
erations: extraction of As(V) with 1.631.8 M HBPTA
solution in kerosene [335 stages of countercurrent ex-
traction, volume ratio of the organic to aqueous phase
(131.5) : 1, 25330oC, time of phase contact 3 min],
backwashing of As(V) from the organic phase with
5% aqueous solution of Na2SO4 [233 stages, volume
ratio of the organic to aqueous phase (132) : 1,
30340oC, time of phase contact 3 min], and separa-
tion of As(V) in the form of a poorly soluble product
(e.g., calcium or iron arsenate) followed by its dis-
posal or conversion to a commercial product (copper
arsenate).

In this case, the degree of copper electrolyte purif-
ication is 80390%. The electrolyte can be returned to
copper electrolysis or directed to copper sulfate pro-
duction. The optimal concentration of sulfuric acid in
the aqueous phase for As(V) extraction with HBPTA
is about 2 M.

Laboratory tests of the above process were per-
formed with an electrolyte containing 11.2 g l31.
As and 220 g l31 H2SO4 to give raffinates contain-
ing 1.2 g l31 As(V) and 189 g l31 H2SO4. The content
of As(V) and H2SO4 in the backwash was 14.3 and
37 g l31, respectively. The recycling organic phase
directed to extraction contained 0.3 g l31 As and
1.1 g l31 H2SO4. Thus, the process proposed ensures
high degree of arsenic removal at small loss of sul-
furic acid.

CONCLUSION

Hexabutylphosphoric triamide is more efficient ex-
tractant of As(V) than TBP in extraction from aqueous
H2SO4 solutions with concentrations of 1.5 M and
more. Arsenic is extracted with HBPTA solution in
kerosene in the form of mixed hydrate-solvate. The
degree of As(V) extraction decreases with increasing
temperature. A flowsheet is proposed for As(V) ex-
tractive recovery from copper electrolyte with HBPTA

solution in kerosene, ensuring high degree of arsenic
removal from the electrolyte.
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Abstract-Comparative analysis is made of the operation of an extraction block of the LG 35-8/300B benzene
reforming unit (Kirishinefteorgsintez Production Association) before and after its upgrade (with triethylene
glycol3sulfolane3water mixed extractant used instead of straight triethylene glycol).

It has been demonstrated previously [135] that
the use of triethylene glycol3sulfolane3water mixed
extractant instead of straight triethylene glycol (TEG)
for extraction of aromatic hydrocarbons C63C8 from
reforming naphthas allows an increase in both the se-
lectivity and solvency of the extractant. As a result of
such a modification, the extractant : feed ratio can be
decreased, and the degree of recovery of aromatic hy-
drocarbons from the reforming naphtha, increased.

In 200032001, the indicated mixed extractant was
introduced in LG 35-8/300B benzene reforming unit
(Kirishinefteorgsintez Production Association). The

sulfolane content in the extractant was gradually
brought to 15 wt %. In this communication, we report
on a comparative analysis of the unit operation before
and after upgrade.

Before the upgrade,watered crude TEG was used as
an extractant. Its composition was as follows (wt %):
water 6.0, ethylene glycol 0.7, diethylene glycol 4.4,
TEG 88.4, and tetraethylene glycol 0.5.

The mixed extractant composition, extractant : feed
ratio (stable reforming naphtha), and also parameters
of extraction of aromatic hydrocarbons before and
after upgrade are summarized in Table 1. The tem-

Table 1. Parameters of extraction of aromatic hydrocarbons on LG 35-8/300B benzene reforming unit with TEG and
TEG3sulfolane extractants
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³

Before upgrade
³ After upgrade

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ ³ January 2000³ March 2001

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Extractant composition, wt %: ³ ³ ³

crude TEG ³ 94 ³ 79 ³ 79
sulfolane ³ 3 ³ 15 ³ 15
water ³ 6 ³ 6 ³ 6

Extractant : feed (by weight) ³ 8 : 1 ³ 6.5 : 1 ³ 7.9 : 1
Recycle : feed (by volume) ³ 1 : 1 ³ 0.8 : 1 ³ 1 : 1
Total degree of recovery of arenes, wt %, including ³ 96.4 ³ 96.4 ³ 98.5

benzene ³ 99.7 ³ 99.7 ³ 99.8
toluene ³ 95.9 ³ 95.5 ³ 98.3
xylenes ³ 72.3 ³ 81.6 ³ 82.4

Content of target component in commercial products, wt %:³ ³ ³
benzene ³ 99.84 ³ 99.78 ³ 99.84
toluene ³ 99.94 ³ 99.96 ³ 99.98
xylenes ³ 99.50 ³ 99.50 ³ 99.50

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Parameters of single-step extraction with water of TEG and sulfolane from simulated hydrocarbon mixtures
at 45oC (water : feed weight ratio 0.05 : 1)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ

Hydrocarbon mixture,
³

Solvent
³ Extractant content, wt % ³

k
³
a, %³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´ ³wt % : wt %

³ ³ initial mixture ³ raffinate ³ aqueous phase³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
Heptane3toluene, 99 : 1 ³ TEG ³ 0.09 ³ 3 ³ 1.64 ³ 3 ³ 100

³ Sulfolane ³ 0.20 ³ 0.007 ³ 3.94 ³ 563 ³ 96.8
Benzene3toluene3m-xylene, ³ TEG ³ 0.36 ³ 0.019 ³ 6.02 ³ 317 ³ 94.7
59 : 46.6 : 3.4 ³ Sulfolane ³ 0.15 ³ 0.023 ³ 2.31 ³ 100 ³ 85.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
Note: (k) Extractant distribution coefficient and (a) degree of recovery.

perature in the extraction and extractant regeneration
columns remained unchanged. The results show that
the use of the mixed extractant allowed reduction of
the extractant : feed and recycle : feed ratios by about
20%, with the total degree of recovery and the product
quality remaining practically unchanged, which is due
to increased selectivity and solvency of the mixed
extractant with respect to arenes. The possibility of
diminishing the recycle consumption is due to a
stronger intermolecular interaction of sulfolane with
arenes. As a result, the benzene and toluene concen-
trations in the recycle decrease. The decrease in the ex-
tractant and recycle consumption allows an increase in
the extractor efficiency with respect to the feed by
20%, and also a decrease in the specific power con-
sumption for recovery of arenes.

In another operation mode of the extraction block
(March 2001), when the mixed extractant : feed and
recycle : feed ratios were the same as with the use of
straight TEG, the total degree of recovery of arenes
increased by 2.1 wt %. The most significant increase
was achieved with respect to recovery of toluene and
xylenes (by 2.4 and 10.1 wt %, respectively), which is
due to the lower molecular-weight selectivity of sul-
folane and, correspondingly, of the mixed extractant
as compared with TEG. For example, at 150oC the
molecular-weight selectivity [logarithm of the ratio of
the limiting activity coefficients of octane and heptane
in the extractant log (g0

oct/g
0
hpt)] is 0.08 and 0.13 for

sulfolane and TEG, respectively [6]. The lower molec-
ular-weight selectivity, along with an increased group
selectivity with respect to arenes, allows more efficient
extraction with the mixed extractant of not only ben-
zene, but also higher-boiling arenes from fractions
with relatively wider boiling ranges. At a potential
output of 300 000 t with respect to the feed, an 853
87 wt % yield of stable naphtha, and a 40345 wt %
content of arenes C63C8 in it [7], the unit can addi-
tionally produce 2.232.4 thousand tons of aromatic
hydrocarbons annually.

In the initial period of operation of the unit on
the mixed extractant, an increased loss of sulfolane,
compared with that of TEG, was found in the raffinate
and, to an even higher extent, in the extract, which,
unlike the raffinate phase, is not subjected to aqueous
washing. The increased sulfolane content in the extract
is due to a number of factors. The first among these is
the unfortunate flowsheet of the extraction block in
the LG 35-8/300B unit, according to which the re-
cycle and extract are steam-distilled not in separate
columns (as is done in the process of arene extrac-
tion with individual sulfolane), but in a single column
with removal of the extract as a sidecut distillate.
The second factor is the flatter temperature de-
pendence of the saturated sulfolane vapor pressure: at
150oC (temperature of regeneration of the extractants
from the extract phase) the saturated vapor pressure
of sulfolane is twice that of TEG, despite the virtual-
ly the same standard boiling points [8]. Finally, the
third factor is the stronger positive deviation from the
Raoult’s law in the water3sulfolane system as com-
pared with the water3TEG system (in the first system,
the excess Gibbs energyDGE

max exceeds 1 kJ mol31 at
30oC [9]).

The efficiency of aqueous stripping of TEG and
sulfolane was preliminarily tested on model hydro-
carbon mixtures. As a system simulating the compo-
sition of the raffinate phase served a heptane3toluene
mixture (99 : 1 by weight) containing small amounts
of TEG and sulfolane. The extract was simulated
with a benzene3toluene3m-xylene system with small
amounts of the same extractants. The results show
(Table 2) that TEG and sulfolane can be virtually
totally recovered from the raffinate phase by single-
stage stripping. The distribution coefficients of TEG
and sulfolane between the simulated extract phase
and aqueous phase are considerably lower, which is
due to a strong specific interaction of arenes with
the mixed extractant components. Correspondingly,
the degree of recovery of TEG and, especially, sul-
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Table 3. Parameters of aqueous stripping of extractants from the raffinate phase and also from xylenes (weight ratio
water : raffinate phase = 0.05 : 1, water : xylenes = 1 : 1)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvent
³ Solvent content, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ raffinate phase ³ raffinate ³ xylenes before stripping³ xylenes after stripping

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Diethylene glycol ³ 0.001 ³ < 0.001 ³ 0.0130.05 ³ 0.00130.003
TEG ³ 0.015 ³ 0.005 ³ 0.1230.13 ³ 0.005
Sulfolane ³ 0.09 ³ 0.00430.010 ³ 4.335.7 ³ 0.00830.02
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

folane from arene-containing mixtures is insufficiently
high.

Since an increase in the water : extract weight ratio
is undesirable because of the higher power consump-
tion for the subsequent evaporation of excess water,
the aqueous stripping block was upgraded so that it
became possible to strip TEG and sulfolane not from
the extract phase, but from the toluene column bottoms
in which xylene and even higher-boiling TEG and
sulfolane are concentrated. Since the xylene fraction in
the extract is only 336 wt %, the volume of aromatic
feed going to aqueous stripping is reduced by a factor
of about 15330. Another advantage is that aqueous
stripping of polar solvents from xylene solutions is
more efficient than that from mixtures with benzene or
toluene, since xylene-containing systems are charac-
terized by higher degree of nonideality. For example,
at 35oC the limiting activity coefficients in the system
oxylene (1)3sulfolane (2) areg0

1 = 6.99 andg0
2 = 13.2

[10], while the limiting activity coefficient of benzene
in sulfolane is 2.4 [11].

In aqueous washing of concentrates of TEG and
sulfolane in xylene, instead of those in the extract
phase, the tendency of the system to form emulsions
decreases as a result of, first, a decrease in the mutual
solubility of xylenes, compared with benzene and
toluene, in aqueous sulfolane and TEG solutions and,
second, an increase in the difference between the phase
densities from 130 to 150 kg m33.

The data on aqueous stripping of TEG and sulfolane
after the upgrade of the unit show that, despite high
sulfolane concentration in xylenes, their low consump-
tion makes it possible to increase the water : xylenes
ratio to 1 :1 and to achieve a tolerable level of TEG
and sulfolane losses (Table 3). Thus, at the rated
feed load of the unit, the sulfolane loss with theraf-
finate and xylenes is estimated at 6315 and 0.430.9 t
per year, respectively; and the TEG loss, at 738 and
0.230.4 t per year. The estimated total loss of the ex-
tractants due to insufficiently effective aqueous strip-

ping is 0.1430.24 kg per ton arene product. A similar
level of loss is typical of other arene extraction proc-
esses. For example, in the Aromex process with
N-formylmorpholine, the loss is 0.16 kg extractant
per ton of arenes [12]. If aqueous stripping of sul-
folane were performed from the overall extract, in-
stead of the xylene fraction, its estimated loss would
be as high as 25335 t per year, and, without aqueous
stripping at all, as high as 1703250 t per year. Further
reduction in the sulfolane and TEG loss in perform-
ing aqueous washing of xylenes with mainly the raf-
finate is possible by lowering the temperature of the
extractant fed into the extractor. Compared with that
of aqueous TEG, the increased solvency of the mixed
extractant TEG3sulfolane3water with respect to arenes
and its lower viscosity make it possible to lower the
temperature in the upper section of the reactor from
1453150 to 120oC; in this case, the extractant content
in the raffinate phase must decrease.

Further improvement of the efficiency of arene
extraction is planned to be achieved by raising the sul-
folane fraction in the mixed extractant.

CONCLUSIONS

(1) The extraction of benzene, toluene, and xylenes
from the 623105oC reforming naphtha fraction with
mixed triethylene glycol3sulfolane3water extractant
containing 15 wt % sulfolane, instead of straight tri-
ethylene glycol, at the LG 35-8/300B benzene reform-
ing unit (Kirishinefteorgsintez Production Associa-
tion) allowed an increase by 2.1 wt % in the total
degree of recovery of aromatic hydrocarbons or re-
duction of the extractant : feed and recycle : feed
ratios by 20%.

(2) The loss of sulfolane and TEG with the ex-
tract were reduced to a tolerable level as a result of
the upgrade of the aqueous washing block, in which
provision is made for stripping of TEG and sulfolane
not from the extract phase, but from toluene column
bottoms.
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Abstract-The method of direct potentiometry was applied to measure redox potentials of Sm3+/Sm2+ and
Eu3+/Eu2+ in molten cesium chloride relative to chlorine reference electrode in the temperature range 9733

1173 K. Changes in the Gibbs energy of the redox reaction LnCl2(l) + 1/2Cl2(g) 5 LnCl3(l) were calculated.

Electrochemical methods for processing of rare-
earth raw materials in salt melts have been acquiring
increasing importance in view of the growing use of
rare-earth metals (REM) and their alloys in high tech-
nologies. In electrochemical systems based on molten
alkali metal halides and containing REM halides, the
latter are, as a rule, present, by virtue of their chem-
ical nature, in the form of ions in various oxidation
states. There are only scarce published data on redox
processes occurring in molten salt electrolytes contain-
ing lanthanide halides. As a rule, the available data are
only estimates, which results from the use of indirect
methods for determining electrochemical parameters
[1] or proximate techniques [2] furnishing semiquan-
titative characteristics applicable only to solution of
various technological problems. At the same time,
use of methods making it possible to directly de-
termine, e.g., decomposition voltages and redox po-
tentials of halide systems containing rare-earth metals
encounters severe difficulties. These are related to
the fact that noticeable amounts of alkali metal start to
deposit at the decomposition potentials, and the high
affinity of lanthanides for oxygen requires an ex-
ceedingly clean experimental technique [3]. Mean-
while, successful development of such hi-tech schemes
as processing of irradiated fuel [436] insistently
demands that the occurring processes should be
studied more thoroughly and in greater detail, which
is impossible without systematic precision studies
directly furnishing the required information.

The following most important problems of the elec-
trochemistry of molten alkali metal halides contain-
ing lanthanide compounds can be distinguished, which
have not been sufficiently well described in the sci-

entific literature. To these belong in the first place
the stability and type of REM ions in various ox-
idation states in these systems; quantitative character-
istics of redox reactions (number of electrons involved
in a reaction, equilibrium constants, etc.), their depen-
dence on the ionic composition of the salt solvent,
concentration of rare-earth halide, and temperature.
Analysis of published data [739] and the results of
previous studies [10, 11], convincingly demonstrates
that samarium and europium have only two stable
forms, Ln3+ and Ln2+, and a reversible redox reaction
involving these species is of single-electron type.

It is knownthat, in molten alkali metal halides, ions
of polyvalent metals, including REM, form anionic
complex groups whose stability grows on replacing
the solvent-salt cation in the following order Li+

6

Na+
6 K+

6 Rb+
6 Cs+ [12314]. Their influence on

the equilibrium of the reaction

Ln3+ + e 6
4 Ln2+ (1)

is especially strongly manifested in solutions dilute
with respect to lanthanide chlorides, since, in this case,
ions of rare-earth metals are completely incorporated
into LnCl6

33 and LnCl4
23 [7, 13].

In the present study, the potentiometric technique is
applied to study the equilibria of the redox reactions

SmCl2(l) + 1/2Cl2(g)
6
4 SmCl3(l), (2)

EuCl2(l) + 1/2Cl2(g)
6
4 SmCl3(l) (3)

in a cesium chloride melt. In this case, by analogy
with other salt systems containing polyvalent metals
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[12], the stability of complex ions formed by samar-
ium and europium, and their influence of on the equi-
librium of trichloride reduction reactions, must be
the highest.

EXPERIMENTAL

Cesium chloride of special-purity grade, used in the
study, was preliminarily dried, melted, and subjected
to zone refining [15]. Anhydrous samarium and euro-
pium trichlorides were prepared by chlorination of
crystal hydrates by heating in carbon tetrachloride
vapor [16]. Crystal hydrates of REM chlorides were
obtained by dissolving an oxide in hydrochloric acid
to pH 131.5 with further evaporation of the resulting
solution on water bath. The prepared chlorides were
stored, ground, and weighed in a box in an atmosphere
of dry nitrogen.

REM chlorides readily decompose at elevated tem-
perature in the presence of atmospheric oxygen and
undergo hydrolysis as a result of interaction with
moisture to form oxychlorides [17]. With account of
this fact, SmCl3 + CsCl and EuCl3 + CsCl fusion
cakes of eutectic composition, containing 17 mol %
cesium chloride according to fusibility curves [14, 18],
were preliminarily synthesized. Since it is known
[19321] that trichlorides of samarium, and especially
europium, are thermally unstable at temperatures close
to the melting point, the employed technique makes it
possible to essentially decelerate the reaction of ther-
mal decomposition of chlorides. The suppression of
this process is due to lowering of the melting tem-
peratures of trichloride-containing salt formulations
and to occurrence of complexation reactions in the
molten solvent-salt. To completely remove trace
amounts of rare-earth metal oxychlorides, chlorine
with admixture of carbon tetrachloride was bubbled
through a melt contained in glassy-carbon or pyro-
lytic-graphite crucibles. A melt to be studied was
prepared directly when carrying out an experiment by
fusing a prescribed amount of a preliminarily prepared
eutectic with the solvent-salt. In all experiments, the
concentration of a rare-earth metal chloride in the salt
phase was not higher than 4.5 mol %.

Glassy carbon served as indifferent material for
the working electrode. As true values were taken such
emf values which remained constant within+1 mV for
0.5 h at a given temperature. All experimental emf
values are given with account of the thermo emf be-
tween the platinum and carbon current leads to the
cell electrodes.

The design of the experimental cell and experi-
mental procedure were described in detail in [10].

Despite that samarium dichloride is a stable com-
pound, it is exceedingly sensitive to presence of ox-
idizing agents and, in particular, oxygen in the system
[3, 17]. In developing a procedure for measuring the
redox potentials of samarium [10], it was shown that
reproducible results can only be obtained with special
measures taken against presence of oxygen in the gas
atmosphere. Otherwise, the slope of experimental iso-
therms corresponded to a number of electrons much
less than unity, and a precipitate was formed in dis-
solving solidified salt fusion cake in water. As shown
by X-ray phase analysis, the chemical composition of
the precipitate corresponded to samarium oxychloride,
which could be formed in the melt by the reaction

SmCl2(l) + 1/2O2(g) = SmOCl(s) + SmCl3(l). (4)

Reaction (4) is even possible in the case of very
small admixtures of oxygen in the gas medium or
presence of residual amounts of oxygen adsorbed on
the surface of crucible and other members of the
measurement cell, not removed in thermal treatment.
Therefore, special attention was given to argon purifi-
cation. For this purpose, argon was pumped, during
the entire experiment, by an RR 1-05 peristaltic pump
through a getter composed of zirconium filings and
heated to 1073 K.

The starting salt, containing rare-earth metal tri-
chloride, was electrochemically reduced to a dichlor-
ide whose concentration was calculated from the quan-
tity of electricity Q passed through a system under
study, measured during the experiment with a copper
coulometer.

After an experiment, the salt fusion cake solidified
in the inert atmosphere was analyzed for the content
of bi- and trivalent samarium or europium ions. The
content of samarium dichloride was determined vol-
umetrically from the amount of hydrogen evolved in
dissolution of the fusion cake in an acidified aqueous
solution, the content of europium dichloride was ana-
lyzed by potentiometric titration of its aqueous solu-
tion with potassium dichromate. The total content of
trivalent ions of rare-earth metals was found by titra-
tion with ethylenediamine tetraacetate (EDTA) by the
known procedure [22].

The experimental values of redox potentials ob-
tained on an indifferent glassy carbon electrode in
molten CsCl are presented in Fig. 1 for the systems
Sm3+/Sm2+ and Eu3+/Eu2+. In both the systems, the
redox potentialELn3+/Ln2+ linearly depends on the loga-
rithm of the trichloride to dichloride concentration ra-
tio ln([Ln3+]/[Ln2+]). The experimentalELn3+/Ln2+ (V)
values are described by linear equations at confidence
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Fig. 1. Redox potentials (1) ESm3+/Sm2+ and (2) EEu3+/Eu2+

vs. concentration ratio Ln3+/Ln2+ at 973 K in CsCl melt.
Ln3+/Ln2+: (1) Sm3+/Sm2+ and (2) Eu3+/Eu2+.

probability of 0.95. For 973 K these dependences
have the form

ESm3+/Sm2+ = 3(2.1667+ 0.0006)

+ (0.0833+ 0.0006)ln([Sm3+]/[Sm2+]) + 0.001, (5)

EEu3+/Eu2+ = 3(1.036+ 0.002)

+ (0.082+ 0.002)ln([Eu3+]/[Eu2+]) + 0.004, (6)

where [Sm3+], [Sm2+], [Eu3+], and [Eu2+] are the con-
centrations of samarium and europium ions in differ-
ent oxidation states (mol fraction).

The numbern of electrons involved in the electro-
chemical reduction of a rare-earth metal trichloride by
reaction (1) was determined from the pre-logarithmic
coefficients. Then value is 1.01+ 0.01 for samarium
and 1.02+ 0.03 for europium.

A chemical analysis of solidified salt fusion cakes
for the content of samarium or europium dichloride,
performed after the experiments, confirmed the mea-
surement results. The discrepancies between the cou-
lometric (i.e. that calculated from the quantity of elec-
tricity expended for reduction of REM trichloride) and
analytical determinations were 232.5%. Apparently,
the electroreduction reaction in the melt under study
proceeds by scheme (1).

The temperature dependence of the conditional
standard potentialE0

Ln3+/Ln2+ (V), obtained on a glassy

Fig. 2. Conditional standard redox potentials (1) E0
Sm3+/Sm2+

and (2) E0
Eu3+/Eu2+ in molten cesium chloride vs. tempera-

ture T.

carbon electrode, is presented in Fig. 2. In the tem-
perature range of the experiment, the dependence is
linear for both samarium and europium. The data pro-
cessed by a least-squares procedure are described in
the temperature range 97331173 K by the equations

E0
Sm3+/Sm2+ = 3(2.943+ 0.003)

+ (79.8+ 0.3)0 1035T + 0.0008, (7)

E0
Eu3+/Eu2+ = 3(1.764+ 0.003)

+ (73.0+ 0.3)0 1035T + 0.0009. (8)

Equations (5)3(8) involve the rms scatter of the
experimental data.

The results obtained in the study indicate that, at
one and the same temperature and concentration ratio
of electrically active species, the redox potential
ESm3+/Sm2+ is more negative thanEEu3+/Eu2+, in good
agreement with the available data for samarium and
europium chloride solutions in a eutectic LiCl3KCl
mixture [3] and equimolar NaCl3KCl mixture [2, 10].

Changing the salt solvent strongly affects the con-
ditional standard potentialsE0

Ln3+/Ln2+. For example, at
1073 K, these potentials were31.880 and30.742 V in
molten equimolar mixture [10],31.966 and30.844 V
in molten KCl [17], and32.087 and30.981 V in mol-
ten CsCl, for samarium and europium, respectively.
A linear, within the experimental determination error,
dependence ofE0

Ln3+/Ln2+ on the inverse of the crystal-
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chemical cation radii of the solvent-salt is observed
(Fig. 3). The radii of the alkali metal cations are taken
according to Goldschmidt [23]. For 1073 K this de-
pendence is described by the following empirical
equations

E0
Sm3+/Sm2+ = 3(2.57+ 0.02)

+ (0.80+ 0.02)/r+
R + 0.004, (9)

E0
Eu3+/Eu2+ = 3(1.54+ 0.01)

+ (0.92+ 0.01)/r+
R + 0.002. (10)

The obtained linear dependences of the conditional
standard redox potentials on the inverse of the cation
radii allow estimation of theE0

Ln3+/Ln2+ values for those
salt media in the series LiCl3NaCl3KCl3RbCl3CsCl
(or mixtures of these) in which these potentials are not
determined experimentally.

Table 1 presents conditional standard redox poten-
tials E0

Sm3+/Sm2+ and E0
Eu3+/Eu2+ for molten NaCl and

RbCl and for the LiCl3KCl eutectic mixture at dif-
ferent temperatures.

Johnson and Mackenzie [3] reported redox poten-
tials ESm3+/Sm2+ andEEu3+/Eu2+ for 1 : 1 ratio of oxidized
and reduced forms of rare-earth ions, measured on
tungsten (for samarium-) and platinum (for europium-
containing melts) indicator electrodes in a LiCl3KCl
eutectic at 723 K relative to a platinum reference elec-
trode. Recalculated to the chloride reference elec-
trode, these potentials are, respectively,32.035 and
30.860 V, whereas our data, extrapolated to this tem-
perature, give31.966 and30.753 V. With account of
the extrapolation error, the results are in satisfactory
agreement.

The experimentally determined redox potentials
were used to calculate the changes in the conditional
standard Gibbs energy,DG0, and the equilibrium con-
stants Kc for the reaction

LnCl2(l) + 1/2Cl2(g)
6
4 LnCl3(l). (11)

The DG0 value varies with the cation radius of
a solvent-salt and temperature. For the salts studied
these dependences are presented in Table 2.

Table 3 lists equilibrium constants for the reaction
of samarium and europium trichloride formation in
molten NaCl3KCl, KCl, and CsCl at different tem-
peratures. It can be seen that the equilibrium constant
decreases with increasing temperature. At equal tem-
peratures,Kc grows with increasing cation radius of
the solvent-salt. This indicates that, with decreasing

Fig. 3. Conditional standard redox potentialsE0
Ln3+/Ln2+

vs. cation radiir+
R of the solvent-salt at 1073 K in molten

alkali metal chlorides. (1) E0
Sm3+/Sm2+ and (2) E0

Eu3+/Eu2+.

temperature and increasing cation radius of the sol-
vent-salt, reaction (11) shifts toward formation of rare-
earth trichloride.

The shift of the conditional standard potentials
E0

Ln3+/Ln2+ to more electronegative values and the
change in the conventional standard Gibbs energy of
the redox reaction in passing from (Na3K)Cl to CsCl
are associated with complexation in melts. It is known
[7313] that, in dilute solutions of alkali metal chlo-
rides, rare-earth metal ions Ln3+ and Ln2+ form com-
plex groups LnCl6

33 and LnCl4
23 whose stability de-

pends both on the ionic potential of the complexing
agent [24, 25] and on the size of solvent-salt cations.

Table 1. Calculated conditional standard redox potentials
E0

Ln3+/Ln2+ in molten NaCl, RbCl, LiCl3KCl
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ E0
Sm3+/Sm2+ ³ E0

Eu3+/Eu2+

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Melt ³ V, at indicated temperature, K

ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 1073 ³ 1123 ³ 1173 ³ 1073 ³ 1123 ³ 1173

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
NaCl³ 3 ³31.720³31.683³ 3 ³30.572³30.542
RbCl³32.033³31.995³31.956³30.923³30.885³30.850
LiCl3³31.719³31.686³31.649³30.561³30.533³30.504
KCl ³ ³ ³ ³ ³ ³
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

Table 2. Conditional standard changes in Gibbs energy for
reactions (2) and (3) in molten chlorides of alkali metals
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Melt
³ DG0

Sm3+/Sm2+ ³ DG0
Eu3+/Eu2+

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ J mol31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
NaCl3KCl ³ 3260317 + 73.5T ³ 3136767 + 60.7T
KCl ³ 3265623 + 70.7T ³ 3150131 + 64.1T
CsCl ³ 3283955 + 77.0T ³ 3170200 + 70.4T
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 3. Constants of equilibrium between di- and trichlorides of samarium,Kc(Sm), and europium,Kc(Eu), in molten
alkali metal chlorides
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Kc(Sm) ³ Kc(Eu)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Melt ³ at indicated temperature, K
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ 1073 ³ 1123 ³ 1173 ³ 1073 ³ 1123 ³ 1173

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
NaCl3KCl ³ 6.810 108 ³ 1.860 108 ³ 5.670 107 ³ 3.070 103 ³ 1.550 103 ³ 8.310 102

KCl ³ 1.730 109 ³ 4.600 108 ³ 1.370 108 ³ 9.130 103 ³ 4.320 103 ³ 2.170 103

CsCl ³ 6.330 109 ³ 1.530 109 ³ 4.200 108 ³ 4.060 104 ³ 1.740 104 ³ 7.980 103

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

It may be stated, on the basis of the available pub-
lished data on crystal-chemical radii of doubly and
triply charged samarium and europium ions [26, 27],
that the stability of the SmCl6

33 and EuCl6
33 complexes

much exceeds that ofSmCl4
23 and EuCl4

23 groups. At
the same time,account should be taken of theinfluence
of the salt-solvent cation, which is the stronger, the
smaller its radius. As a result, the relative stability of
the complex species LnCl6

33 and LnCl4
23 decreases in

order Cs+ 6 K+
6 (Na3K)+. Elevated temperature

also favors weakening of interparticle bonds in the
complex groups because of the more intensive thermal
motion of molten salt particles. As also in other salt
systems containing chlorides of polyvalent metals, the
decrease in the extent of complexation (weakening of
intracomplex interparticle bonds) shifts the redox po-
tentials E0

Sm3+/Sm2+ and E0
Eu3+/Eu2+ to more positive

values.

CONCLUSIONS

(1) Redox potentials of samarium and europium
were for the first time measured potentiometrically in
molten cesium chloride at 97331173 K.

(2) The redox potentialsELn3+/Ln2+ depend linearly
on ln([Ln3+]/[Ln2+]) in accordance with the Nernst
equation. The number of electrons involved in the
electrochemical reaction is unity.

(3) The conditional standard potentialsE0
Sm3+/Sm2+

and E0
Eu3+/Eu2+ become more electropositive with de-

creasing cation radius of the solvent-salt and increas-
ing temperature.

(4) In molten alkali metal chlorides and mixtures
of these, the redox potentialESm3+/Sm2+ is more nega-
tive thanEEu3+/Eu2+ at equal temperatures and concen-
tration ratios of electrically active species.
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Abstract-Specific features of deposition, structure, physicomechanical (microhardness, wear resistance),
corrosion-protective, and electrical properties of an electrochemical zinc3cobalt coating containing 0.05 to
28 wt % alloying metal.

Electrodeposition of zinc coatings alloyed with
other metals is one of methods to improve their ser-
vice characteristics. Among additives most widely
used for alloying are iron subgroup metals: nickel
[136], cobalt [6310], and iron [6, 11], and also other
metals-manganese [12], molybdenum [13], lead [14],
and tin [14]. In alloying, modification of zinc coating
properties is achieved both through formation of a
finer, more perfect structure of a deposit in joint de-
position of zinc and a minor amount of alloying metal
and as a result of deposition of more corrosion-resis-
tant phase structures-alloys Zn3Ni, Zn3Fe, Zn3Co,
Zn3Mn, Zn3Sn, etc.

Zinc3cobalt coatings are commonly obtained in
weakly acid zinc-plating electrolytes with various
organic formulations, which yield, even without
brightening (chromating), high-quality shining coat-
ings with improved corrosion-protective properties in
salt or sea fog. However, the problem of solution
composition and deposition conditions of electrolytic
Zh3Co deposits with required set of functional proper-
ties is for the most part solved empirically. Published
data on electrochemical deposition of zinc3cobalt coat-
ings are scarce, especially in what refers to the effect
of various factors on the chemical and phase composi-
tion, structure, corrosion-protective, and physico-
mechanical properties.

The aim of this study was to develop a composi-
tion of a weakly acid electrolyte and conditions for
obtaining a functional zinc3cobalt coating with fine
decorative outward appearance and to study the effect
of various factors on the chemical and physical com-
position of the coatings, and also on physicomechan-
ical, electrical, and corrosion-protective properties.

EXPERIMENTAL

Zinc3cobalt coatings were electrodeposited from
the developed weakly acid chloride solution onto the
copper or steel surface with the use of a B5-49 dc
power supply. Zinc of TsO brand was used as anode.
The amount of cobalt and zinc in a coating was
determined upon its dissolution on a Spectro Flame
Modula atomic-emission spectrometer (FRG). The
analysis error was not higher than 1%. As brightening
additives to the zinc3cobalt plating electrolyte were
used formulations of Dipo-tsink and ABC brands. The
phase composition and structure of the obtained
coatings were studied by means of X-ray diffraction
analysis. Xray diffraction patterns were measured on
a DRON-3 diffractometer with CoK

a

radiation at
a recording rate of 1 deg min31 in the angle range
2q = 163110o. The crystal lattice parameters and sizes
of coherent-scattering regions (CSR) were found
by the method of Cauchy’s approximating function.
Auger spectra were recorded from the surface of zinc3
cobalt coatings, and also in various stages of ion etch-
ing, to study the element distribution across the entire
thickness of electroplated coatings. The corrosion tests
of the coatings under study (thickness 8.5+ 0.05mm)
were performed at elevated relative humidity and tem-
perature [GOST (State Standard) 9.308385] by com-
pletely submerging samples in a 3% NaCl solution
and subsequent gravimetric determination of the mass
loss and also by a method based on measuring po-
larization curves of anodic dissolution of a coating
and cathodic evolution of hydrogen. The polarization
curves were measured with a PI-50-1 potentiostat in
the potentiodynamic mode at potential sweep rate of
2 mV s31, with the use of fresh portions of a 3% NaCl
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solution (50 ml) and a new working electrode. The
potentials are given relative to a saturated silver chlo-
ride reference electrode.

The auxiliary electrode was made of platinum; as
working electrode served steel plate onto which a
zinc3cobalt coating with varied content of the alloy-
ing metal was electrodeposited. The measurements
were done at 20+ 1oC with natural aeration (without
stirring the solution). The obtained results were pres-
ented in the form of aE3log i plot. Extrapolation of
linear portions of the anodic and cathodic curves to
the stationary metal potential was used to determine
the current density and the corrosion potential. The
microhardness of a coating about 30mm thick was
measured on a PMT-3 microhardness meter with in-
denter load of 20 g. The electrical resistance of coatings
was measured at dc current of 50 mA under a load of
40 g. The wear resistance was evaluated by the meth-
od of reciprocal motion of a sphere (ShKh-15 steel,
R = 3 mm) over the surface of a sample under study
at a velocity of 25 mm s31 under 50-N load without
lubricant, with 1000 cycles executed at a 22-mm path
length and the width and depth of the friction track
measured, and the volume wear per cycle determined,
subsequently.

The study was concerned with the effect of various
factors-cathode current density, temperature, pH
value, concentrations of the salts of the main metal
(zinc chloride) and alloying metal (cobalt chloride) on
the coating deposition rate, current efficiency by me-
tal, and chemical composition of electroplated zinc3
cobalt coatings. It was found that the deposition rate
and the current efficiency are virtually independent
of temperature, pH value, and concentration of the
alloying metal salt in the zinc plating electrolyte and
constitute 30+ 2 mm h31 and 95+ 3%, respectively,
at ic = 2 A dm32. With the temperature increasing
from 8 to 50oC, the pH value, from 3.3 to 6.5, and
the Co(II) concentration in the electrolyte, from
0.02 to 0.22 M [at constant Zn(II) ion concentra-
tion of 0.45 M], the amount of cobalt codeposited
with zinc grows, on the average, from 0.0530.12 to
0.2530.29 wt % (Fig. 1). The deposition rate, current
efficiency by metal and chemical composition of a
coating are more strongly affected by the cathode
current density. Withic increasing from 1 to 5 A dm32,
the coating deposition rate grows linearly from 18
to 70 mm h31, the current efficiency decreases from
98 to 70375% because of the simultaneously occur-
ring reaction of hydrogen reduction, and the amount
of cobalt codeposited with zinc becomes higher. It
should be noted that at small current densities (0.5 to
2.0 A dm32) the mass fraction of cobalt grows at a

Fig. 1. Amount of cobalt in a Zn3Co coating,CCo, vs.
(1) pH; (2) concentration of Co(II) ions in the electrolyte,
CCo(II); (3) temperatureT; and (4) cathode current den-
sity ic. In each curve one parameter varies with the other
three remaining constant:T = 20oC, ic = 2 A dm32,
CCo(II) = 0.15 M, pH 5; the same for Fig. 2.

much lower rate, from 0.12 to 0.18 wt %, than it does
at higher current densities (2 to 5 A dm32)-from 0.18
to 0.6 wt % (Fig. 1). The decisive influence on the
chemical composition of a zinc3cobalt coating at
fixed ic and Co(II) concentration of 0.15 M is exerted
by the ratio of metal salt concentrations in solution.
The largest amount of cobalt (up to 28 wt %) is co-
deposited into a coating at a ratio Zn(II) : Co(II) =
0.3 : 1 [Zn(II) ion concentration 0.05 M] at low alloy
deposition rate (~9 mm h31) and current efficiency
(~30%). This is presumably due to the occurrence of
concentration polarization: at low zinc salt concen-
tration in the electrolyte and predominant discharge of
zinc ions at the cathode, the near-electrode layer is
rapidly depleted of Zn(II) ions, and, therefore, the
share of cobalt in the coating is rather large. With in-
creasing concentration of Zn(II) ions (to 0.15 M) and
decreasing Zn(II) : Co(II) ratio (from 0.3 : 1 to 1 : 1,
the amount of cobalt codeposited with zinc decreases
dramatically, from 28 to 1.2 wt %, the coating deposi-
tion rate grows from 9 to 25mm h31, and the current
efficiency, from 30 to 85% (Fig. 2). Zn3Co coatings
with the finest outward appearance-uniform, dense,
and shining, were obtained at Zn(II) : Co(II) ratio in
the electrolyte of 2 : 1 and more. The cobalt content in
these coatings is 0.1830.25 wt %, the deposition rate
and current efficiency reach their maximum values of
30332 mm h31 and 98%, respectively (Fig. 2).

Thus, the content of cobalt in a coating can be
varied in a sufficiently wide range (0.05328 wt %)
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Fig. 2. (1) Deposition rateV of a zinc3cobalt coating,
(2) current efficiency CE, and (3) amount of Co in
a Zn3Co coating vs. concentration of Zn(II) ions in the
electrolyte, CZn(II).

Fig. 3. Auger spectra of a zinc3cobalt coating containing
0.18 wt % cobalt. (I ) Intensity and (E) kinetic energy.
Layer: (a) surface and (b) adjacent to the substrate (steel).

by changing the concentration ratio of Zn(II) and
Co(II) ions in the electrolyte, and in a much narrower
range (0.12 to 0.6 wt %), by changing the electrode-
position conditions-cathode current density, pH val-
ue, and temperature.

An X-ray study of electroplated Zn3Co coatings
with varied content of cobalt demonstrated that, at
small content of the alloying metal (<1.2 wt %), only
the phase of crystalline zinc is revealed with a full set
of diffraction reflections 002, 100, 101, 102, 103,
110, 112, and 201, and lattice constantsa = b =
0.2665,c = 0.4947 nm, which, according to [15] cor-
respond to hexagonal closest packing. The CSR of
the forming grains is 25330 nm in size (see table).
With the content of cobalt in a coating increasing to
2.5 wt %, the intensities of separate reflections change
together with the crystal lattice constants: an increase
in a andb to 0.2682 and a decrease inc to 0.4920 nm
indicate the formation of a solid solution of cobalt in
zinc. With the content of cobalt increasing to 28 wt %,
no further changes in crystal lattice occur, with
only the intensities of some reflections (002, 101,
102, 112) decreasing and that of others (100, 110)
increasing, and the CSR size decreasing to 15317 nm
(see table).

Thus, depending on the chemical composition of
a Zn3Co coating, either a solid solution of cobalt in
zinc can be obtained if the content of the alloying
metal exceeds 2.5 wt %, or crystalline zinc, if the con-
tent of the alloying metal is less than 1.2 wt %.

Auger spectra of Zn3Co coatings containing
0.18 wt % cobalt indicate that oxygen is incorporated
into the coating in very small amounts (<1%) and is
uniformly distributed across the entire thickness of
the electroplated coatings (Fig. 3). This means that,
contrary to the assumptions made in [1], no difficultly
soluble hydroxo compounds of Zn(II) and Co(II) ions
discharging at the cathode are formed as a result of
alkalinization of the near-electrode layer, although
the pH grows in the course of electrolysis from 4.5 to
5.035.5. At small content of cobalt in a coating, the
cobalt phase is observed neither on the outer surface
of electroplated Zn3Co deposits, nor on the inner sur-
face adjacent to the iron substrate(Fig. 3). This sug-
gests that cobalt atoms are introduced at defects of
the crystal lattice of zinc.

A corrosion-electrochemical study of Zn and Zn3Co
coatings with varied content of the alloying metal

Microstructure and phase composition of Zn3Co coating
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Co concentration, wt %³ Phase composition ³ CSR size, nm ³ Crystal lattice constants, nm
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

< 1.2 ³ Crystalline Zn ³ 25330 ³ a = b = 0.2665, c = 0.4947*

2.5 ³ Solid solution of Co in Zn ³ 25330 ³ a = b = 0.2682, c = 0.4920
28 ³ The same ³ 15317 ³ a = b = 0.2682, c = 0.4920

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* According to published data [15],a = b = 0.2665, c = 0.4947 nm.
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in a 3% sodium chloride solution demonstrated that
alloying of zinc with cobalt improves the corrosion
resistance of Zn coatings: in particular, the corro-
sion current density decreases from 7.4mA cm32 for
zinc coating to 0.734.2 mA cm32 for Zn3Co coatings
containing from 0.15 to 2.5 wt % cobalt, respectively
(Fig. 4). The lowest corrosion current density is ob-
served for coatings containing minor amounts of co-
balt: (0.2+ 0.05 wt %). This is presumably due to
the uniform distribution of alloying metal atoms over
defect sites in the crystal lattice. The increase in the
corrosion current density to 4.2mA cm32 on raising
the amount of the alloying metal in the coating to
2.5 wt % is probably due to the formation of a solid
solution of cobalt in zinc. The corrosion potentials of
Zn and Zn3Co coatings differ only slightly (31.05+
0.05 V) and correspond to the cathodic steel protec-
tion range.

Accelerated corrosion tests of zinc and Zn3Co coat-
ings in a climatic chamber in the course of 30 days
(T = 40+ 2oC, relative humidity 93+ 3%) demon-
strated that, under severe climatic treatment, the zinc
coating shows centers of attack on the substrate (red
rust) on the background of a white layer of corro-
sion products having the form of a mixture of ZnO,
6Zn(OH)2 . ZnCl2, and 4Zn(OH)2 . ZnCl2 (white rust)
[7]. At the same time, only a very thin film of firmly
adhering and difficultly removable corrosion products
appeared on coatings containing less than 1 wt % co-
balt (the coating became dull), whereas on coatings
with 2.5 wt % cobalt the layer of corrosion products
was the most pronounced. In both these cases, there
were no centers of attack on the base metal.

Tests with samples completely submerged in a 3%
NaCl solution with subsequent gravimetric determina-
tion of the coating mass demonstrated that zinc coat-
ings alloyed with cobalt have better protective prop-
erties than zinc coatings. The average relative loss of
mass in 30 days (%) was 5310 for Zn coating, 233 for
Zn3Co coatings with 2.5 wt % cobalt and 132 for
those with 0.18 wt % cobalt.

A study of the physicomechanical (microhardness,
wear resistance) and electrical (electrode resistance)
properties of zinc and Zn3Co coatings demonstrated
that the Zn3Co coatings have higher microhardness,
compared with zinc coatings [H20(Zn) = 850 N mm32].
With the content of cobalt in a coating increasing at
low concentrations of the alloying metal (0.05 to
0.25 wt %), the microhardness grows linearly from
900 to 1050 N mm32. Further increase in the con-
tent of cobalt has little effect on the microhardness
(1100 N mm32, Fig. 4). Zn3Co coatings exhibit firm
adhesion to the base, with no flaking-off observed on

Fig. 4. Effect of the cobalt contentCCo of a Zn3Co coating
on (1) corrosion current densityic in a 3% sodium chloride
solution and (2) microhardnessH20.

repeated bending of a steel band coated with Zn3Co.
When thicker than 3mm, the zinc coating alloyed
with cobalt is nonporous and has a fine, decorative
outward appearance-uniform, bright, and shining. It
much surpasses the zinc coating in wear resistance.
The specific volume wear in 1000 cycles of abrasion
under dry friction conditions is (1.80 1037 mm3

for the Zn3Co coating and 6.50 1037 mm3 for the
zinc coating. In contrast to purely zinc coatings, those
alloyed with cobalt require no treatment in chromate
solutions, which diminishes the labor-intensity of
the process and eliminates the problem of wastewater
purification to remove Cr(VI) ions. The resistance of
zinc coatings and Zn3Co coatings with small content
of cobalt (up to 2.5 wt%) is 435 mOhm. With the
content of the alloying metal growing to 28 wt %,
the resistance increases to 83 12 mOhm. Presum-
ably, this increase may be due to a twofold decrease
in grain size (see table) and growing area of grain
boundaries. The intergrain space has higher electrical
resistance than the grain bulk, and, therefore, electron
transport is hindered in finely crystalline coatings,
compared with coarsely crystalline layers.

CONCLUSIONS

(1) A weakly acid (pH 5.0+ 0.5) chloride solution
for electrodeposition of Zn3Co coatings onto a steel
or copper substrate was developed, which yields func-
tional Zn3Co coatings with fine, decorative outward
appearance in the presence of Dipo-tsink or ABC
brand brighteners.

(2) Varying the ratio of Zn(II) and Co(II) ion con-
centrations in the electrolyte and the electrolysis con-
ditions, one can obtain Zn3Co coatings containing
0.05 to 28 wt % cobalt.

(3) X-ray phase analysis demonstrated that the
coating is composed of crystalline zinc at cobalt con-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1682 TSYBUL’SKAYA et al.

tent less than 1.2 wt %, with cobalt presumably dis-
tributed among defects of the closest hexagonal pack-
ing of zinc, and a solid solution of cobalt in zinc at
cobalt content exceeding 2.5 wt %.

(4) The best service characteristics: enhanced cor-
rosion resistance and protecting capacity, higher mi-
crohardness and wear resistance, and low electrical
resistance, are characteristic of zinc3cobalt coatings
containing 0.2+ 0.05 wt % cobalt.
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Abstract-Electrochemical polishing of jewelry silver alloy SrM925 by means of microsecond-pulse current
in ammonia-nitrate, thiosulfate, and chromate electrolytes is considered.

Stringent requirements are presently imposed on
the outward appearance of jewelry. Manufacture needs
effective technological processes for finishing treat-
ment of the surface of composite-profile articles. As
a process of this kind can be used electrochemical
polishing, which has a number of indisputable advan-
tages over mechanical treatment. The use of electro-
chemical polishing is hindered by the fact that silver
alloys are conventionally polished in hazardous and
ecologically unsafe cyanide electrolytes similar to
Shpital’skii’s electrolyte [135]. Also possible is use
of non-cyanide electrolytes, e.g., thiosulfate [6], am-
monia-nitrate [7], and chromate [5]. However, the
quality of the resulting surface gives no way of using
electrochemical polishing in these electrolytes as in-
dustrial finishing procedure.

According to the theory of electrochemical polish-
ing [5], high quality of the resulting surface is ensured
when the rates of anodic dissolution and passivation
are comparable and rather high. Investigations have
shown that the processes develop at different rates [8],
with the difference observed on the microsecond time
scale. Therefore, use of pulsed currents with micro-
second pulse duration comparable with the time of
development of anodic processes allows a certain ex-
tent of control over their course at the anode3elec-
trolyte interface in order to achieve high rates of
smoothing of the microroughness on a surface being
treated [9, 10]. It was recommended in [6] to treat
the surface with pulsating current in order to improve
the process efficiency.

The aim of the present study was to analyze the
possibility of electrochemical polishing of samples
cast from SrM925 jewelry silver alloy in non-cyanide
electrolytes with the use of microsecond current
pulses.

The experiments were carried out using a transistor
source of rectangular pulses, with independent control
of the output amplitude-and-time parameters [11]. As
samples served cast cylinders pressed in fluoroplastic.
The cathode was made of 12Kh18N9T steel. The elec-
trolyte in the electrochemical bath was continuously
stirred mechanically. The electrolyte temperature was
18320oC.

The effectiveness of surface microroughness smooth-
ing was judged on the basis of the following criteria:
outward appearance of the surface, metal lossDm,
reflectivity factor kr, relative smoothingDRz, and
smoothing efficiency factorleff. The coefficientkr
(%) was defined by

kr = (Otr / Om) 0 100, (1)

whereOtr andOm are the intensities of light reflected
from a sample under study and a mechanically mirror-
polished sample, respectively.

To determine the coefficientkr, a device was fab-
ricated, measuring the intensity of light reflected per-
pendicularly to the sample surface. As a source of
light served an electric lamp, with the beam of light
from the lamp focused onto the sample surface by
a lens. The intensity of reflected light was measured
with a photographic exposure meter. The relative
smoothing of surface microirregularities (the irreg-
ularity height Rz was determined with the use of
an MII-4 interference microscope)DRz (%) was de-
fined as the ratio of the difference of microirregularity
heights before,Rz (in), and after treatment,Rz (fin) to
the value prior to treatment:

(2)DRz = 777777 0 100.
Rz (in)

_ Rz (fin)

Rz (in)
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Fig. 1. (1) Microirregularity height Rz and (2) surface
reflectivity factor kr vs. time ttr of treatment in ammonia-
nitrate electrolyte. Electrolysis conditions:ia = 15 A dm32,
q = 2, tp = 30000 1036 s.

Fig. 2. Effect of the timettr of treatment in a thiosulfate
electrolyte on (a) reflectivity factorkr and (b) micro-
irregularity height Rz. Electrolysis conditions: (1) ia =
5 A dm32, q = 4, tp = 1000 1036 s; (2) ia = 5 A dm32,
q = 4, tp = 10000 1036 s.

The coefficientleff was defined as the ratio of
the height of dissolved microprojections to the mass
Dm of dissolved metal [5]:

(3)leff = 7777777 .
Rz (in)

_ Rz (fin)

Dm

The higherleff, the more effective the smoothing.
A change in reflectivity is a measure of the polish-
ing properties of an electrolyte, whereas the relative
smoothing, combined withleff, characterizes elec-
trolytes and electrolysis modes from the standpoint of
smoothing ability and technological feasibility.

Electrolytes of the following compositions (g l31)
were studied [537]: no. 1, ammonia-nitrate (NH4NO3,
360; NaOH, 120); no. 2, thiosulfate (Na2S2O3 .10H2O
809); and no. 3, chromate (CrO3, 220; CaCl2 .2H2O,
86).

The samples were treated in the following modes:
pulse anode current densityia (A dm32) (chosen on
the basis of recommendations of [537] as the most
effective for treatment) for electrolyte no. 1: 15, 30,

200; no. 2: 5, 7; no. 3: 5, 10, 15; time of treatment
ttr: 1, 3, 5, 7 min; current pulse durationtp (100,
1000, 3000)0 1036 s; off-duty factor (pulse repeti-
tion cycle to pulse duration ratio)q = (2; 4).

Before and after treatment, the microirregularity
height, sample mass, and surface reflectivity were
measured for each of the above modes.

Let us now consider successively the electrolytes
studied.

Electrolyte no. 1. At ia 30 or 200 A dm32, the ob-
tained results are unsatisfactory at any pulse lengths
and off-duty factors. The surface is subject to pitting
etching, with the metal uniformly removed at a rate of
0.00330.005 g min31. At ia = 200 A dm32, q = 4,
the surface is covered with a dense dark brown film,
and the sample mass increases by 0.01 g min31. A
shining surface was obtained in the following mode:
ia = 15 A dm32, q = 2, andtp = 30000 1036 s (Fig. 1),
with leff = 1.590 1036 m g31 and DRz = 22.5%.

Electrolyte no. 2. A shining surface was obtained
in the following modes. First mode:ia = 5 A dm32,
q = 4, and tp = 1000 1036 s. The surface acquires
mirror shine. At treatment time of 1 to 7 min the re-
flectivity grows linearly, upon further treatment (up to
9 min) the surface becomes matte (Fig. 2a, curve1):
leff = 2.990 1036 m g31, DRz = 66.7%. Second mode:
ia = 5 A dm32, q = 4, tp = 10000 1036 s. After treat-
ment for 5 min, the samplesurface becomes glossy
(as shown by visual inspection; Fig. 2a,curve 2,
point A), but the microirregularity height remains
unsatisfactory:leff = 3.890 1036 m g31, DRz = 35.5%.
Thus, a surface is obtained, which possesses rather
high reflectivity at considerable microroughness. Such
a result is possible in the case of regular surface
texture [5].

The smoothing efficiency factor in the second
mode is nearly 2 times greater than that in the first
one. In any other mode, the surface reflectivity was
lower, or pitting etching of the surface was observed
and dense dark films were formed.

Electrolyte no. 3. Surface polishing could not be
achieved in any mode. Pitting etching and formation
of solid gray, brown, yellow, or black films were ob-
served. The films could not be removed by washing
with water or acetone. Raising the temperature to 80oC
and use of dc current failed to improve the results.

CONCLUSIONS

(1) The surface of silver is not polished in the
chromate and ammonia-nitrate electrolytes. The most
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promising is the thiosulfate electrolyte used in the op-
timal electrolysis mode (pulse current densityia =
5 A dm32, off-duty factor q = 4, pulse durationtp =
1000 1036 s).

(2) High reflectivity can be obtained not only with
a substantially smoothed surface, but also with a sur-
face characterized by regular texture.

(3) Exceeding the optimal treatment duration leads
to surface etching. Therefore, a thorough mechanical
pretreatment of the surface is necessary to make
shorter the final stage of electrochemical polishing.
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Abstract-Catalytic properties of Pt3O4 platinum oxide were studied in the high-temperature range. The op-
timal parameters of ammonia oxidation on the oxide catalyst and kinetic characteristics of the reaction were
determined.

Catalytic oxidation of ammonia to nitrogen(II) oxide
is the basis of the industrial method for production of
nitric acid [1]. Industrial catalysts (Pt, Rh, and Pd
alloys) undergo physicochemical transformations in
the course of technological processes, with the surface
structure and chemical composition changed [135].
A set of such transformations of platinoid catalysts
results in the loss of difficult-to-obtain and expensive
platinum metals. The mechanism of platinum metal
loss remains debatable [1, 437]; the conversion prod-
ucts widely differ according to data of different au-
thors [1, 438]. The catalytic properties of platinum
compounds in ammonia oxidation have not been de-
termined (except for PtO2 [8]), which hinders the un-
derstanding of how ammonia is oxidized on plati-
noid catalysts and platinoids lost at elevated tem-
peratures.

The present study is concerned with the catalytic
and physicochemical properties of platinum(II, III)
oxide Pt3O4 as a catalyst for ammonia oxidation,
which has not been studied in the given process [138].

The catalyst was obtained by thermal treatment of
ground hydrated platinum dioxide PtO2 . nH2O of
chemically pure grade in inert medium (nitrogen) at
933 K. The reaction product was purified to remove
the remaining platinum and PtO2 in, respectively,
boiling aqua regia and 48% HBr solution at 293 K [9]
(with Pt3O4 not dissolved). The compound obtained
was identified on a Siemens D-500 powder diffracto-
meter in diffracted beam configuration, with CuK

a

radiation and graphite monochromator. The phases ob-
served in the obtained diffraction patterns were iden-
tified using the JCPDS file contained in the software
package of the diffractometer. In parallel, the com-
pound was subjected to chemical analysis [5, 9].

The content of oxygen in the oxide was determined
from the mass loss in decomposition of samples in
inert medium (nitrogen) in quartz ampules at 1173 K
[10].

IR absorption spectra were measured on a Perkin3

Elmer spectrophotometer in the spectral range 2003

2000 cm31 with KBr pellets as matrices.

The selectivity of the catalysts with respect to NO
was determined on a flow-through setup with quartz
reactor 201032 m in diameter [11]. The bed of catalyst
grains of size (20 3) 0 1033 m was (4312)0 1032 m
high; the time of contact was 6.500 1032 s under
standard conditions, i.e., the optimal according to
previously obtained data [12]; and the pressure was
0.101 MPa. The temperature was varied within 8133

1273 K, depending on the purposes of studies.

The composition of the products formed in am-
monia oxidation and thermal decomposition of nitro-
gen(II) on the catalysts was determined chromato-
graphically by means of the known technique [13] by
analyzing the gas mixture for the content of NH3,
O2, N2, NO, and N2O before and after the catalysts.
The sensitivity of the employed analytical procedure
was (vol %): 3.00 1033 for NH3; 3.50 1033 for NO;
and 5.00 1033 for O2, N2, and N2O.

The limiting loadA of the catalysts with respect to
NH3 was determined by the procedure consisting in
that the catalyst load was raised to a critical[decay]
state, i.e., the state in which the thermalbalance of
a catalyst was disturbed when the reaction passed from
the diffusion region into the kinetic one [14].

The catalyst particle size was determined on
a JEM-7Y electron microscope [15]. A suspension of
catalyst samples was prepared by ultrasonic disper-
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sion of weighed portions of the substance in distilled
water in a UZDV-2 device. As substrates were used
carbon films obtained by thermal evaporation of
graphite.

The specific surface area of the catalyst was de-
termined from the low-temperature adsorption of ni-
trogen and calculated by the BET equation, using the
standard procedure [16].

The synthesized catalyst (main lines in the X-ray
diffraction pattern with interplanar spacings of 0.397,
0.253, 0.231, 0.1630, 0.1567, 0.1413, 0.1236, 0.1053,
0.0845 nm) corresponded to a cubic structure of Pt3O4
platinum oxide [17].

The IR spectrum of the compound contains absorp-
tion bands at 706, 590, 367, and 230 cm31, charac-
teristic of platinum(II, III) oxide [18].

Chemical analysis was applied to determine the
atomic ratio O/Pt = 1.31, which is in good agreement
with the stoichiometry of the Pt3O4 compound.

The cubic structure of Pt3O4 is composed of square
oxygen prisms filled with Pt atoms and perpendicular
to one another (Fig. 1). Oxygen ions are arranged at
cube corners. The Pt atoms center each oxygen square
of these prisms. The cubic voids formed by the inter-
section of the prisms are empty. Such a structure cor-
responds to the ideal composition PtO1.33[17]. Devia-
tions from the ideal composition can be attributed to
formation of interstitial solid solutions. The excess,
compared with the PtO1.33 composition, platinum
atoms can occupy (together with impurity ions Na+,
K+, Ca2+, Mg2+, etc.) the cubic voids to form stable
nonstoichiometric interstitial compounds of the type
NaxPt3O4 [9, 19].

The temperature dependence of the catalyst selec-
tivity is shown in Fig. 2. The maximum selectivity of
platinum(II, III) oxide (96.1%) is shifted to lower
temperatures (953 K) as compared with most of other
oxide catalysts [1, 12]. According to X-ray phase and
chemical analyses, the catalyst starts to dissociate
at 9633973 K with the formation of platinum, which
corresponds to the following overall equation of
the process [10, 20]

Pt3O4 = 3Pt + 2O2. (1)

According to X-ray phase analysis, the components
of the system form no solid solutions under the given
experimental conditions, being present as a mix-
ture of two compounds. The formation of an intersti-
tial solid solution in the system Pt3O43Pt to give
a stable structure of platinum oxide NaxPt3O4 is
slow [9, 17, 19]. The catalytic properties of the sys-

Fig. 1. Structure of Pt3O4 and NaxPt3O4 by Muller [17].

Fig. 2. Catalyst selectivitySNO vs. process temperatureT.
Linear velocity of ammonia3air mixture 0.77 m s31 (w.c.).
(1) Pt3O4 (3 h of operation) and (2) catalyst after 170 h of
operation.

tem Pt3O43Pt at T > 963 K are determined by the
physicochemical characteristics of the individual com-
ponents and their relative amounts.

Phase transformations of the catalyst at T> 963 K
make its selectivity lower, since a component (plati-
num) is formed whose selectivity at 9633973 K is not
higher than 90.0391.0% [1]. The catalyst selectivity
was commonly determined after 233 h of operation at
a given temperature. According to X-ray phase and
chemical analyses, the catalyst partly dissociates at
106331073 K during this time, i.e., becomes a two-
phase system Pt3O43Pt. However, already after 7 h of
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Characteristics of platinum(II, III) oxide catalyst
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

³ Phase ³ Ssp,
³ Smax

NO, ³ A 0 1033,
Catalyst ³ com- ³

m2 g31³ %
³m3 h31 m32

³ position ³ ³ ³ (953 K)
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Initial* ³ Pt3O4 ³ 12.5 ³ 96.1 ³ 13.80

³ ³ ³ (953 K)³
After 170 h³MxPt3O4+Pt³ 8.7 ³ 97.2 ³ 9.58
of operation³ ³ ³(1173 K)³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Body-centered cubic crystal structure, NaxPt3O4 type, a =

0.5633.

tests at 106331073 K the catalyst completely decom-
poses into the components, with only one condensed
phase (platinum) found in the system. In the range
111331273 K, the curve describing the temperature
dependence of the catalyst selectivity (Fig. 2) coin-
cides with a similar curve for Pt [1],i.e., after 233 h
of tests the catalyst completely decomposes into sim-
ple substances at the given temperature. Consequently,
the catalyst is only stable as an individual compound
at T < 963 K. The main characteristics of the catalyst
are presented in the table.

Only two nitrogen compounds, NO and N2, were
found in the products of ammonia oxidation on the
given catalyst: no[breakthrough] of ammonia was ob-
served under the conditions that are far from critical.
The total conversion of the starting substance is

Fig. 3. Catalyst selectivitySNO vs. contact timet (w.c.).
Linear velocity of ammonia3air mixture (m s31, w.c.):
(1) 0.77 and (2) 1.19.

Fig. 4. Selectivity SNO of platinum oxide vs. linear ve-
locity of the ammonia3air mixture,w. Time of contactt =
6.500 1032 s; T = 953 K.

100.0%, with only the ratio between the amounts of
nitrogen(II) oxide and molecular nitrogen varying in
the catalytic process, i.e., the catalyst selectivity with
respect to NO (or nitrogen) changes. Thermal dis-
sociation of NO makes lower the apparent selectivity
of the catalyst with respect to nitrogen(II) oxide

2NO = N2 + O2. (2)

According to experimental data, the degree of ther-
mal dissociation of nitrogen(II) oxide on platinum ox-
ide is 1.2% at 953 K and the optimal contact timet =
6.500 1032 s. Thus, thermal dissociation of NO leads
to a decrease in selectivity of platinum(II, III) oxide
with respect to nitrogen(II) oxide by 1.1%. With in-
creasing linear velocity of the components,i.e., thetime
of contact decreasing to 1.10 1033 s (critical conditions
of catalyst[decay]), no thermal dissociation of nitro-
gen(II) oxide is observed, in agreement with data for
other oxide catalysts for ammonia oxidation [1, 21].

The fact that the catalyst selectivity depends on
the contact time (Fig. 3) points to a kinetically com-
plex mechanism of ammonia oxidation on platinum
oxide [1, 12, 21].

The steep decrease in the catalyst selectivity at
contact timet < 8.00 1033 s (working conditions) is
due to the occurrence of a side reaction of nitrogen
defixation by the equation [1, 22]

4NH3 + 6NO = 5N2 + 6H2O. (3)

The gradual decrease in selectivity at contact time
t > (2.832.9)0 1032 s is mainly due to NO dissocia-
tion by scheme (2) [1]. The optimal contact time for
platinum oxide is 2.460 1032 and 1.580 1032 s (w.c.)
at linear velocities of the ammonia3air mixture of 0.77
and 1.19 m s31 (w.c.), respectively.

The influence of the linear velocity of the reactants
on the catalyst selectivity (Fig. 4) points to the outer-
diffusion mechanism of the process [1, 12, 14, 21], in
which the reaction rate is limited by diffusion of am-
monia from the flow core to the platinum oxide sur-
face.

The optimal linear velocity of the ammonia3air
mixture for platinum oxide is 0.77 m s31 (w.c.) at con-
tact timet = 6.500 1032 s (s.c.). With increasing lin-
ear velocity of the reactants, the[hot zone] shifts to
the end of the catalyst bed, i.e., the temperature of its
[frontal] layer becomes lower (Fig. 5). For example,
at w = 1.80 m s31 the temperature of the front layer of
the catalyst falls to 803 K, which favors the occur-
rence of side reactions; in particular, the rate of nitro-
gen defixation by Eq. (3) is the highest at 6733873 K
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[1, 22]. In addition, the low temperature of the front
layer favors a parallel process

4NH3 + 3O2 = 2N2 + 6H2O, (4)

which makes lower the selectivity of platinum oxide
with respect to NO [1]. Low linear velocities of
the ammonia3air mixture favor [1] the occurrence of
a side reaction of NO dissociation, which leads to
a gradual decrease in the catalyst selectivity with
respect to nitrogen(II) oxide, since the rate of NO
decomposition at 953 K is not high [1, 23]. Raising
the linear velocity of the reactants to critical values
(t = 1.10 1033 s) leads to catalyst decay, i.e., to dis-
turbance of the heat balance of the process because of
a dramatic rise in heat losses. The heat losses can be
compensated for by an increase in the amount of heat
of the chemical processes occurring on platinum oxide
in accordance with the heat balance equation [24]

Q1kCS
n = a (TS 3 T0) + Q2, (5)

whereQ1 is the heat effect of the reaction;k the reac-
tion rate constant;CS the ammonia concentration at
the catalyst surface;n the reaction order;a the heat-
transfer coefficient;Ts and T0 the temperatures of,
respectively, the catalyst surface and gas flow; andQ2
the heat loss.

The increase in the heat effect of chemical pro-
cesses occurring on the catalyst is ensured by faster
rate (higher rate constant) of the reaction on the plati-
num oxide surface, with the grain surface temperature
becoming higher. As follows from Eq. (5), the effi-
ciency of the catalyst at constant temperature in the
bed of platinum oxide grains strongly depends on the
hydrodynamic characteristics of the ammonia3air mix-
ture, and primarily on the linear velocity of the flow
of reactants. The optimal linear velocities of the am-
monia3air mixture lie within a limited range (Fig. 4).

The influence exerted by the ammonia concentra-
tion in the ammonia3air mixture on the selectivity
of platinum(II, III) oxide is illustrated in Fig. 6
(w = const,h = const). At [O2]/[NH3] > 1.631.7 the
catalyst surface is entirely covered with oxygen, and,
consequently, mass transfer of NH3 molecules to the
platinum oxide surface is the rate-determining stage of
the reaction [1, 14]. The ammonia oxidation raterNH3
per unit catalyst volume is equal to the rate of am-
monia diffusion from the flow core to the platinum
oxide surface [1, 14, 24].

(6)rNH3 =bS(C0 3 CS),

Fig. 5. Distribution of temperatureT along the catalyst bed
height h at the testing temperature of 953 K. Linear veloc-
ity of ammonia3air mixture (m s31; w.c.): (1) 0.77 and
(2) 1.80.

Fig. 6. Selectivity of platinum(II, III) oxide with respect
to NO, SNO, vs. ammonia concentrationCNH3

in the am-
monia3air mixture. Linear velocity of ammonia3air mixture
w = 0.77 m s31 (w.c.), T = 953 K; the same for Fig. 7.

whereb is the mass-transfer coefficient;S the surface
area ofunit catalyst volume; andC0 and CS the am-
monia concentrations in the flow core and at the cata-
lyst surface, respectively.

DenotingbS = k and assuming thatC0 >> CS (deep-
diffusion region of the process), we obtain

rNH3 = KC0. (7)

At [O2]/[NH3] < 1.5 (CNH3
= 12.3 vol %) the cata-

lyst surface is insufficiently covered with oxygen and
a possibility appears of a direct interaction between
ammonia and the platinum oxide surface, which leads
to reaction (4) with the formation of molecular nitro-
gen [1, 14].

In this case, the catalyst selectivity with respect to
NO falls dramatically (Fig. 6).

The kinetic characteristics of the reaction were de-
termined using the temperatures of[ignition] and
[decay,] i.e., the temperatures at the critical
points, of an oxide catalyst pellet. The reaction rates
were calculated using the method for determining
the temperature limits of the outer-diffusion region
with the use of the effect of catalyst pellet decay at
lowered temperature of the ammonia3air mixture
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Fig. 7. Selectivity of Pt3O4 catalyst, SNO, vs. operation
time t.

[25]. The catalyst surface temperature was measured
with a Chromel3Alumel thermocouple pressed in the
pellet on the front surface of the pellet (with re-
spect to the ammonia3air mixture flow direction).
To prevent heat losses, a layer of platinum oxide grains
(2.033.0)0 1033 m was placed between the pellet and
the reactor walls. The kinetic parameters of the pro-
cess were calculated using the equation proposed by
Buben [26] and solved for two reaction rates at con-
stant concentration of oxygen. The Buben equation
has the form

(1 + a)291 + (m _ 1) 7 9 _ 7 1 _ 7 = 0,a
b � �

� � a
b

a
e
� �

� �
(8)

a = 7 _ 1, b = 777, e = 77,T
T0 T0a

QbC0 RT0
E

wherem is the reaction order with respect to ammo-
nia; T the catalyst surface temperature at the critical
point (K); T0 the temperature of the ammonia3air
mixture; C0 the concentration of ammonia in the flow;
a and b the coefficients of, respectively, heat and
mass transfer;Q the heat effect of the reaction; andE
the activation energy of the reaction.

The coefficientsa andb were calculated using the
known equations [27].

The kinetic parameters of ammonia oxidation on
platinum oxide are as follows:

Temperature of catalyst ignition 500
Ammonia concentration in
the ammonia3air mixture, vol % 10.0
Activation energyE of the reaction, kJ mol31 NH3 9.06
Reaction order with respect to ammonia 0.17

A study of how the catalyst selectivity depends
on the time of operation at the optimal temperature
(953 K) demonstrated (Fig. 7) that the catalyst is stable
during 40 h of operation and then undergoes deactiva-
tion. After 170 h of operation, the catalyst selectivity
decreases by 5.2%. To reveal the causes of the deac-
tivation, the chemical and phase composition of the

catalyst and its structure (especially that of the surface
layer of the catalyst, in view of the heterogeneous-cat-
alytic nature of the reaction) were studied. According
to X-ray phase and chemical analyses and X-ray pho-
toelectron spectroscopy (XPS), the surface layer of
a deactivated catalyst contains platinum and a non-
stoichiometric compound MxPt3O4 (M = Na+, K+,
Ca2+, Mg2+, Fe3+) of the NaxPt3O4 structural type [9,
17, 19]. Compounds of such metals are present in the
catalyst in the form of impurities and, in part, arrive
with the ammonia3air mixture as contaminants, de-
spite the purification of the reactants to remove them
[1, 6]. According to XPS, thesurface layers of catalyst
grains are enriched (to a depth of 10320 nm) in the
above metal ions, compared with deeper lying layers.
The appearance of platinum can be accounted for by
the redox mechanism of the reaction occurring at the
surface [1, 28], and by interaction of a strong reducing
agent-ammonia, directly with parts of the catalyst
surface that are characterized by low catalyst3oxygen
binding energies [1, 28, 29]. Also, the temperature at
which the catalyst was tested was close to the tem-
perature of its dissociation. Partial dissociation of the
catalyst is possible in the reaction medium at places
of local catalyst surface temperature rise [9, 17, 20]

Pt3O4 = 2PtO2 + Pt. (9)

The forming platinum dioxide readily decomposes
into simple substances (Tdis = 8533873 K) by the
reaction [20]

PtO2 = Pt + O2. (10)

Part of platinum dioxide sublimates and is carried
away by the gas flow of the reaction medium
[1, 638, 20].

Conditions are created for introduction of platinum
atoms into the voids of the cubic structure of plati-
num(II, III) oxide to form a stable compound of the
NaxPt3O4 structural type. In this case, the atomic ratio
O/Pt of the compound (170 h of operation) falls to
1.17 according to chemical analysis data. The crystal
lattice constant of stabilized platinum oxide grows
from 0.5633 to 0.5644 nm. Thex value in a compound
of the structural type NaxPt3O4 may vary between 0
and 1 in the formation of stable interstitial structures
[9, 19, 20]. The rate of formation of the variable-com-
position compound NaxPt3O4 (in particular, upon in-
troduction of platinum into platinum oxide) is low
[9, 17]. For example, Na0.1Pt3O4 is formed after
1303150 h of synthesis from sodium carbonate and
a-PtO2 [5, 9], and CaPt3O4, after 3003340 h of
synthesis from calcium nitrate anda-PtO2 [17, 30].
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Probably, the concentration of platinum in the sur-
face layer of the catalyst much exceeds the amount
that can react with Pt3O4 under a given process con-
ditions, i.e., part of platinum remains in the form of
a separate phase. Both the interstitial solid solution
(MxPt3O4) and part of unreacted platinum are present
in the surface layer of the catalyst as separate phases.
The properties of the catalytic system at the chosen
test parameters are determined by the composition and
physicochemical characteristics of separate compo-
nents and by the nature of their interaction. The se-
lectivity of platinum at 9533973 K does not exceed
90391% [1], i.e., the appearance of this phase in
the surface layer makes the catalyst selectivity lower.
The composition of the MxPt3O4 compound varies
with nature and concentration of interstitial ions in
the structure and with the time of catalyst operation
(at constant process parameters).

Under the action of elevated temperature the cata-
lyst recrystallizes, with its specific surfacearea de-
creasing (see table). The rms size of particles of pla-
tinum oxide grows upon its conversion into a nonstoi-
chiometric interstitial compound MxPt3O4 from 170 to
230 nm (after 170 h of catalyst operation). Electron-
microscopic studies of the surface of a catalyst that
operated for a certain time demonstrated that the
two-phase system MxPt3O4 + Pt contains both fine
MxPt3O4 particles and large, strongly recrystallized
particles of platinum uniformly distributed over the
surface. The MxPt3O4 compound only slightly recrys-
tallizes at the given temperature. The specific surface
area of the catalytic system decreases in the course of
operation from 12.5 to 8.7 m2 g31 (mainly because
of the recrystallization of platinum particles). Since
the reaction proceeds under far-from-critical condi-
tions, i.e., is limited by the diffusion of ammonia to
the outer surface of the catalyst, the specific surface
area exerts no decisive influence on the selectivity of
platinum oxide with respect to NO [1, 12, 14, 21, 29].
This means that the decrease in the selectivity of the
catalyst in the course of its operation at 953 K is
mainly due to phase and chemical transformations of
the catalyst. Under the critical conditions of the reac-
tion (catalyst decay), the recrystallization and the de-
crease in the specific surface area of the catalyst
decrease the limiting load on platinum oxide,i.e.,
diminish its activity [1, 14], from 13.80 103 to
9.580 103 m3 NH3/(h m2) 170 h of operation). The
limiting load depends on the rate of the chemical re-
action on the surface, which is, in turn, determined by
the chemical composition of the catalyst. When the
process is performed under the critical conditions
(t = 1.10 1033 s), no successive reaction of nitro-

gen(II) oxide decomposition by scheme (2) is observed,
but part of unreacted ammonia is found after the cata-
lyst, i.e., there occurs ammonia breakthrough.

The decrease in the specific surface area of the cat-
alyst in the course of its operation is accompanied
by an increase in ammonia breakthrough from 0.14 to
0.32%, which is due to the drop in the catalyst activity.

Thus, the whole set of chemical and phase trans-
formations of the catalyst, leading to the formation of
less active and less selective components (MxPt3O4,
Pt) with changed structure (recrystallization and de-
creasing specific surface area), is the reason for deac-
tivation of platinum(II, III) oxide at 953 K.

A study of how the selectivity of a catalyst that
undergoes phase and chemical transformations (170 h
of operation) depends on temperature (Fig. 2) demon-
strated that the peak selectivity of the catalyst (97.2%)
is shifted to higher temperatures (1173 K), compared
with platinum(II, III) oxide. The MxPt3O4+Pt catalyst
is thermally stable and does not undergo dissociation
in the temperature range 95331173 K. At T > 1173 K
the compound MxPt3O4 starts to decompose to give
platinum and low-active oxides of the corresponding
metals. AtT > 1173 K the selectivity of the catalytic
system decreases with increasing temperature.

The MxPt3O4 phase can also be formed on the plat-
inum surface in operation of the platinum catalyst in
ammonia oxidation in view of the surface processes of
high-temperature platinum oxidation and the presence
of impurities of metal compounds in the ammonia3air
mixture and the catalyst. In fact, the catalytic prop-
erties of platinum will be determined in this case by
the composition and properties of the surface inter-
stitial phase of platinum(II, III) oxide,i.e., MxPt3O4.
The assumptions that the key role in ammonia oxida-
tion on platinum is played by PtO2 [8] or PtO [31] are
rather questionable, since both these compounds are
unstable in the high-temperature region [5, 9, 17, 20].

The only possible candidate is the thermally stable
modified platinum(II, III) oxide,i.e., MxPt3O4. Stud-
ies of the catalytic properties of variable-composition
compounds MxPt3O4 (with account of the nature and
concentration of the interstitial ions) give new insight
into the mechanisms of high-temperature ammonia ox-
idation on platinum and deactivation and regenera-
tion of the catalyst.

CONCLUSIONS

(1) The catalytic properties of platinum(II, III) ox-
ide were studied in the temperature range 81331273 K.
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(2) The optimal parameters of the process of am-
monia oxidation on oxide catalyst and the kinetic char-
acteristics of the reaction were determined.

(3) It was established that atT > 953 K the cata-
lyst undergoes structural (recrystallization, decreasing
specific surface area), phase, and chemical transforma-
tions to give a nonstoichiometric compound MxPt3O4
(Me = Na+, K+, Ca2+, Mg2+, Fe3+, Pt2+) and platinum.
The reasons for the catalyst deactivation atT > 953 K
are considered.

(4) Data on the catalytic properties of platinum(II,
III) oxide can be used, in particular, in analyzing the
mechanisms of high-temperature oxidation of ammo-
nia on platinum and deactivation and regeneration of
platinum catalysts.
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Abstract-The influence of sulfur compounds and higher homologues of methane on the parameters of
oxidative ammonolysis of methane was studied.

In [1, 2], the results obtained in technological cal-
culations in terms of the empirical model of HCN
production by the Andrussow method (the so-called
oxidative ammonolysis of methane, OAM) were con-
sidered. The next step in a comprehensive study was
to analyze the influence exerted by technological im-
purities present in natural gas on hydrogen cyanide
formation.

The influence of sulfur compounds and higher ho-
mologues of methane-unavoidable components of
natural gas-on the OAM parameters has been studied
in sufficient detail [335]. A detailed analysis of pat-
ents and other published evidence was made in a
monograph [6]. However, quite a number of ques-

tions, answers to which are exceedingly important
from the standpoint of applications, remain un-
answered. In particular, the effect of the timet of
contact with platinoid grids on the loss of catalyt-
ic activity upon prolonged action of technological
impurities on a catalyst, has not been studied at all.
A search of answer to this and other questions was the
aim of the present study.

The author has collected during a long time data
characterizing the operation of an industrial instal-
lation for HCN synthesis. The obtained body of
evidence was used to compile a database, part of
which is given in Table 1 (total number of measure-
ments 116).

Table 1. Influence exerted by the concentration of sulfur compounds and higher homologues of methane in natural gas
on the content of HCN in synthesis gas (selected data)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Starting mixture, vol % ³ Content in natural ³ Flow rate ³ ³ ³ HCN content³ gas, mg m33 ³ of mixture,³ T, oC ³
t, h ³ in synthesisÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³ ³ ³

NH3 ³ CH4 ³ O2 ³ S ³ CnH2n+ 2 ³ m3 h31
³ ³ ³ gas, vol %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
11.00 ³ 11.66 ³ 15.26 ³ 1.06 ³ 0.24 ³ 7550 ³ 930 ³ 26 ³ 6.16
11.30 ³ 12.88 ³ 14.86 ³ 0.62 ³ 1.81 ³ 7660 ³ 945 ³ 94 ³ 7.05
10.79 ³ 12.55 ³ 15.42 ³ 0.58 ³ 1.54 ³ 9380 ³ 960 ³ 174 ³ 7.45
11.00 ³ 11.68 ³ 15.45 ³ 0.17 ³ 0.94 ³ 7500 ³ 930 ³ 240 ³ 7.31
11.24 ³ 12.52 ³ 15.71 ³ 0.72 ³ 0.69 ³ 7550 ³ 930 ³ 378 ³ 6.58
11.07 ³ 12.28 ³ 15.65 ³ 0.54 ³ 1.69 ³ 8700 ³ 925 ³ 455 ³ 7.17
11.39 ³ 11.48 ³ 15.11 ³ 0.61 ³ 1.17 ³ 7050 ³ 930 ³ 574 ³ 7.01
11.16 ³ 12.11 ³ 15.28 ³ 0.47 ³ 0.59 ³ 7550 ³ 910 ³ 656 ³ 7.98
10.73 ³ 11.29 ³ 15.51 ³ 0.51 ³ 0.02 ³ 7630 ³ 980 ³ 716 ³ 7.43
11.70 ³ 12.76 ³ 15.47 ³ 0.17 ³ 0.94 ³ 8700 ³ 945 ³ 833 ³ 7.57
11.47 ³ 12.10 ³ 15.74 ³ 0.51 ³ 0.67 ³ 8700 ³ 945 ³ 908 ³ 7.07
11.92 ³ 12.13 ³ 15.61 ³ 0.36 ³ 0.60 ³ 9640 ³ 960 ³ 1018 ³ 6.61
11.94 ³ 12.83 ³ 15.52 ³ 0.30 ³ 0.98 ³ 9610 ³ 945 ³ 1202 ³ 6.90
11.24 ³ 12.4 ³ 16.05 ³ 0.30 ³ 1.26 ³ 9720 ³ 970 ³ 1250 ³ 7.29

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 1. Hydrogen cyanide concentration in the synthesis
gas vs. content of sulfur compounds, S, and higher homol-
ogues of methane, CnHn+ 2, in natural gas.

Fig. 2. Hydrogen cyanide concentration in the synthesis
gas vs. (a) content of sulfur compounds, S, and (b) higher
homologues of methane, CnHn+ 2, in natural gas at dif-
ferent times t of contact with platinoid catalyst.

A preliminary processing of the entire body of in-
formation (representation in two-dimensional space)
revealed a rather clearly pronounced correlation be-
tween the amount of sulfur compounds in natural gas
and the volume concentration of hydrogen cyanide in

the synthesis gas. There is no relationship between
the content of HCN and the amount of CnHn+ 2. There-
fore, it was suggested that the influence exerted by
technological impurities present in natural gas has
combined nature. This suggestion was confirmed by
plotting the corresponding dependence in three-di-
mensional space (Fig. 1).

Noteworthy is the fact that the effect of sulfur
compounds has extremal nature with a maximum at
1.0 mg m33: minor amounts block intermetallic com-
pounds inevitably present in the alloy, thereby en-
hancing its selectivity; further increase in the content
of sulfur in the gas leads to poisoning of platinum it-
self. The obtained results are in full agreement with
the data of [739]. The influence of higher homologues
of methane is on the whole positive in the investigated
range of their concentrations, but, with this range ex-
panded further, an abrupt drop in the output of hy-
drogen cyanide would be expected, as found experi-
mentally by S.S. Bobkov[6]. A virtually similar con-
clusion is given in a patent [10].

Analysis of the data in Fig. 2 shows that the con-
tent of HCN exhibits extremal behavior with the time
contact with the platinoid catalyst increasing at
fixed content of sulfur compounds; at constant con-
centration of methane homologues the content of
hydrogen cyanide grows with increasing time of
passage.

The subsequent processing of the entire body of
input data cast some doubts on the existence of a di-
rect dependence of the volume content of HCN in the
synthesis gas on the concentration of technological
impurities in natural gas. A graphical interpretation
of the averaged data of Table 1 (Fig. 3) indicates that
this relationship cannot be considered in isolation
from the changing flow rate of the starting mixture
Q 0 103 (m3 h31) and the spontaneously attained auto-
thermic temperatureT (oC) of the process. Anyway,
none of the considered parameters (content of sulfur
and CnHn+ 2, and alsoQ and T ) correlates with the
content of hydrogen cyanide in the reaction products.

In this regard, the following assumption seemed to
be well justified. The problem in question can only be
solved, with an empirical model adequate to the input
data constructed, when the concentrations of tech-
nological impurities in a mixture supplied to con-
version, rather than in natural gas (as it was done be-
fore [335, 7310]), are used as control parameters.

A graphical presentation of the results of a re-
presentative sampling characterized by constant flow
rate of the starting mixture (7550 m3 h31) indicates
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Fig. 3. Selected control parameters and response functions
vs. time t. (Q) Flow rate of the starting mixture and
(T) temperature.

(Figs. 4a and 4b) that an abrupt increase in the amount
of sulfur, QS (m3 h31), fed into the reactor for HCN
synthesis is accompanied by a virtually instantaneous,
but not prolonged in any way, decrease in the content
of hydrogen cyanide in the synthesis gas.

At the same time, the processing revealed a correla-
tion between the content of sulfur compounds and
the autothermic temperature of the process (Figs. 4a
and 4c). For example, experiments with approximately
constant temperature gave a dependence (Fig. 5) vir-

Fig. 4. Selected control parameters and response functions
vs. time t at constant flow rate of the starting mixture
(7550 m3 h31). (QS) Amount of sulfur and (T) temperature.

Fig. 5. Effect of the content S of sulfur compounds on
the content of hydrogen cyanide in the synthesis gas. Load
7550 m3 h31, temperature 915oC.

tually coinciding with Warren’s data, with the form
of presentation of the content of sulfur compounds-

as their concentration in natural gas or in the starting
reaction mixture-being of no importance.

The entire body of the obtained data gave new
insight into the problem of the influence exerted by
technological impurities on the course of the OAM
process. The revealed correlation between the content
of sulfur compounds and the autothermic temperature
suggested a similar relationship for higher homol-
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Table 2. Database for determining the nature of the influence exerted by sulfur compounds on parameters of the OAM
process.
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Starting mixture, vol % ³ ³ ³ Natural gas ³ Amount of sulfur ³ Content of³
T, oC

³
t, h

³ ³ compounds, m3 ³ HCN inÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´

NH3
³ CH4

³ O2
³ ³ ³ flow rate,³ content of sulfur ³

running
³

integral
³ synthesis

³ ³ ³ ³ ³ m3 h31 ³ compounds, vol %³ ³ ³ gas, vol %

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
10.93 ³ 11.76 ³ 15.17 ³ 925 ³ 73 ³ 1080 ³ 0.75 ³ 8.08 ³ 590 ³ 7.1
11.30 ³ 11.78 ³ 15.17 ³ 920 ³ 141 ³ 1100 ³ 0.67 ³ 7.35 ³ 1415 ³ 7.4
10.63 ³ 12.09 ³ 15.50 ³ 930 ³ 173 ³ 1070 ³ 0.61 ³ 6.52 ³ 2505 ³ 7.7
11.00 ³ 11.68 ³ 15.45 ³ 930 ³ 245 ³ 1095 ³ 0.17 ³ 1.87 ³ 3380 ³ 7.4
11.12 ³ 12.00 ³ 15.49 ³ 930 ³ 265 ³ 1100 ³ 0.16 ³ 1.76 ³ 3845 ³ 7.0
11.16 ³ 11.93 ³ 15.41 ³ 975 ³ 294 ³ 1090 ³ 1.74 ³ 18.98 ³ 6745 ³ 6.5
11.16 ³ 12.11 ³ 15.58 ³ 930 ³ 309 ³ 1095 ³ 0.36 ³ 3.95 ³ 10200 ³ 6.4
11.06 ³ 12.04 ³ 15.51 ³ 930 ³ 333 ³ 1115 ³ 0.50 ³ 5.56 ³ 11725 ³ 6.8
11.40 ³ 12.52 ³ 15.24 ³ 925 ³ 409 ³ 1130 ³ 0.40 ³ 4.53 ³ 13595 ³ 6.7
11.48 ³ 12.16 ³ 15.41 ³ 920 ³ 432 ³ 1135 ³ 0.51 ³ 5.80 ³ 15765 ³ 7.3
11.12 ³ 12.05 ³ 15.31 ³ 915 ³ 577 ³ 1105 ³ 0.27 ³ 2.99 ³ 17980 ³ 6.3
11.17 ³ 12.09 ³ 15.65 ³ 910 ³ 600 ³ 1135 ³ 0.37 ³ 4.20 ³ 20095 ³ 7.7
11.66 ³ 12.27 ³ 15.49 ³ 915 ³ 622 ³ 1140 ³ 0.72 ³ 8.19 ³ 23850 ³ 8.3
11.05 ³ 12.21 ³ 15.82 ³ 910 ³ 653 ³ 1120 ³ 0.47 ³ 5.25 ³ 28165 ³ 7.9
10.93 ³ 12.08 ³ 15.55 ³ 915 ³ 673 ³ 1110 ³ 0.51 ³ 5.65 ³ 31780 ³ 7.1

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

ogues of methane, too, the more so as the calorific
value of these latter much exceeds the same charac-
teristic for sulfur compounds [11].

Therefore, an assumption was made that the entire
body of the previously obtained information reflects
the accumulation of sulfur on the surface of a plati-
noid catalyst, rather than the prolonged nature of the
influence of sulfur compounds. To verify (or reject)
this hypothesis, a sample was formed (Table 2), char-
acterized by constant flow rate of the starting mixture
(7550 m3 h31). As an additional restrictive condition
served the following: all the experiments belonged to
the same run. The volume of sulfur compounds in
a given period of the run is understood as the current
amount of sulfur compounds passed through the re-
actor, and their progressive total volume, as the in-
tegral amount.

The graphical representation of the data of Table 2
indicates that there is no integral effect of sulfur on
the course of the OAM process. No prolonged nature
of this influence is observed either. Detailed analysis
of the obtained data shows that sulfur compounds are
to be regarded as catalytic poisons of instantaneous
action.

Thus, it became apparent that it is only possible to
construct an empirical model of the OAM process that
would adequately describe not only the effect of the
main technological parameters (as it was done in [6]),

but also the influence exerted by sulfur compounds
and higher homologues of methane if the following
condition is satisfied. Deviations of calculated volume
concentrations of methane from experimental values
should be regarded as a direct consequence of the un-
accounted-for effect of sulfur compounds and higher
homologues of methane.

The subsequent statistical processing aimed at de-
veloping an empirical model (derived by the Brandon
method in the form of a polynomial) took this factor
into account and yielded a system of equations, in-
cluding several submodels. These were the follow-
ing: (a) calculation of the volume concentration of
reagents in the starting mixture (ammonia, methane,
oxygen), depending on its preparation conditions;
(b) determination of the spontaneously attained proc-
ess temperature; (c) finding the output parameters of
the process (volume content of HCN in the synthesis
gas, conversion of reagents into the target product,
yield of the target product, etc.).

The results of a technological calculation performed
using the derived system of empirical equations in-
dicate (Fig. 6) that, with natural gas containing equal
amounts of sulfur compounds and higher homologues
of methane, an increase in the amount of impurities
leads to a gradual rise in the process temperature, and
this dependence passes through a maximum with in-
creasing flow rate of the starting mixture.
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Fig. 6. Process temperatureT vs. content of sulfur com-
pounds, S, and higher homologues of methane, CnHn+ 2,
in natural gas at their equal concentrations. Flow rate
(m3 h31): (1) 7000, (2) 8000, and (3) 9000.

Fig. 7. Effect of the content of (1) sulfur compounds, S,
and (2) higher homologues of methane, CnHn+ 2, on the
concentration of hydrogen cyanide in the synthesis gas.
Content (vol %): (1) CnHn+ 2 1.03 and (2) S 0.56.

An indisputable advantage of the proposed model
is that it clearly demonstrates the effect of sulfur com-
pounds and homologues of CnHn+ 2 in [pure] form.
The database in Table 1, characterized by exceedingly
wide ranges of variation of all parameters of the OAM
process, cannot do this by definition. It can be seen
from Fig. 7 that the influence exerted by the content
of sulfur compounds has extremal nature; the effect
of higher homologues of methane on the content of
hydrogen cyanide in the synthesis gas is negative (in
calculations, the content of one of the natural gas
components under consideration was fixed at the sta-
tistical-mean level).

It may be stated that only technological calcula-
tions based on the empirical model of the OAM pro-
cess made it possible to avoid an erroneous conclu-
sion that impurities contained in natural gas affect
the HCN formation, drawn in the stage of preliminary
processing of the initial database.

CONCLUSIONS

(1) Preliminary processing of experimental data
was used to determine the nature of the influence ex-
erted by technological impurities inevitably present in
natural gas on parameters of oxidative ammonolysis
of methane.

(2) Technological calculations performed using the
constructed empirical model of oxidative ammonolysis
of methane demonstrated an extremal influence of
sulfur compounds and negative effects of higher ho-

mologues of methane on the content of hydrogen cy-
anide in the production gas.

(3) An increase in the time of contact with a plat-
inoid catalyst in the case of presence of sulfur com-
pounds and higher homologues of methane in natural
gas exerts negative influence on the volume content
of HCN in the synthesis gas.
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Abstract-The possibility of diminishing chromium(III) ion concentration in aqueous solutions to a MPC
(maximum permissible concentration) level with the use of industrial carbonate-containing wastes was studied.
The influence exerted by the chromium(III) ion concentration in a starting solution, duration of sorbent
contact with the solution, anion composition of the solution, temperature, and other conditions on the degree
of recovery of Cr(III) ions and on the sorbent consumption was investigated.

The problem of effective and inexpensive purifica-
tion of wastewater of galvanic industry to remove
heavy metals and, in particular, chromium(III) ions is
of great importance for the national economy. Pres-
ently, the main technique for removal of chromi-
um(III) ions from solutions is their neutralization and
precipitation in the form of Cr(OH)3. The after-
purification to an MPC level (0.5 mg l31) usually
requires expensive synthetic cation exchangers [1]. It
has been proposed to use inorganic carbonate-con-
taining sorbents for recovery of heavy metals [2].
The use of industrial wastes as sorbents is of particular
interest from the standpoint of cost efficiency and
ecological safety.

The cumulative, embryotoxic, and mutagenic ef-
fects of chromium(III) ions have been well studied.
The possibility of removing these ions from waste-
water is the subject of the present study. We propose
to use for this purpose an industrial waste containing
calcium and magnesium carbonates as a readily ac-
cessible and inexpensive sorbent (for brevity, referred
to as sorbent in what follows). The sorbent is a finely
disperse white powder with creme tinge. According to
the histogram in Fig. 1, the main fraction (49.2%)
used in the study contains particles of size 0.253

0.5 mm.

The following elements were found in the sor-
bent (%): Ca 26.5+ 0.1 (titrimetry), Mg 2.69+ 0.05;
Fe 2.00+ 0.02; Al 1.10+ 0.05 (spectrophotometry,

KFK-2 apparatus), Si 2.4+ 0.1 (gravimetry), Na
0.19+ 0.01 (flame photometry, Flapho-4 photometer);
Ni 0.0010+ 0.0005, Pb 0.0013+ 0.0005, Cu 0.0047+
0.0005 (spectral analysis, LMA-10 spectrograph).

Using an X-ray analysis (DRON-2 apparatus, CuK
a

radiation), we found the following phases: CaCO3
(calcite), MgCO3 . 3H2O, b- and g-Fe2O3 . H2O.

A water extract of the sorbent at dry substance to
water ratio of 1 : 5 has pH 8.74+ 0.05 (the pH values
were measured with an I-120M ionometer).

Hydrolytic equilibria for chromium(III) ions were
calculated for the 100 mg l31 concentration, which
corresponds to the average content of chromium ions
in real wastewater [3]. As a result, the pH ranges

Fig. 1. Granulometric composition of the sorbent. (F) Con-
tent of a fraction in the sorbent and (R) particle size.
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with the following predominant species were estab-
lished: Cr3+ (pH < 4.0), Cr(OH)2+ (4.0 < pH < 5.7),
Cr(OH)2

+ (5.7 < pH < 5.9), Cr(OH)3 (5.9 < pH <
9.4), and Cr(OH)4

3 (pH > 9.4). The range of maximal
chromium(III) recovery at pH 6.5310 was exper-
imentally found by direct precipitation with sodium
hydroxide solution. This pH range is in good agree-
ment with the theoretically calculated range of
Cr(OH)3 predominance (Fig. 2a).

The calculated and experimental data, and also the
fact that the solution above the sorbent has pH > 7,
suggest that the industrial carbonate-containing waste
can be used in purification of wastewater to remove
chromium(III) ions.

The degree of chromium(III) recovery was mon-
itored during the experiments by determining spec-
trophotometrically with diphenyl carbazide the con-
centration of chromium(III) ions in solution before
and after contact with the sorbent [4]. The optical
density was measured on a KFK-2 photometer with
an error of no greater than 4%. Model solutions were
prepared from analytically pure CrCl3 . 6H2O. The
sorption was carried out under static conditions with
stirring.

We found experimentally for a model solution with
chromium concentration of 100 mg l31 and pH 3.41
(Fig. 2b, curve3) that purification to the MPC level
is achieved at sorbent consumption of 10 g l31

(pH 7.57). It is seen from how the pH value varies
that the sorption is accompanied by neutralization of
the initially acid solutions.

To optimize the sorbent consumption, we studied
the effects of time, temperature, and other factors on
the degree of chromium recovery. To assess the effect
of contact duration, the sorbent (20 g l31) was placed
in a solution to be purified (solution volume 100 ml)
at 20oC. The obtained data (Fig. 2c) show that
20 min is sufficient for purification to the MPC
level to be complete. In further experiments, the op-
timal duration of the sorbent3solution contact was
20 min.

The degree of chromium(III) recovery as a func-
tion of sorbent consumption at 20, 35, 50oC is shown
in Fig. 2b. It can be seen that the sorbent consump-
tion required for purification of aqueous solutions to
the MPC level decreases dramatically with increasing
temperature. For example, the sorbent consumption
is about 10 g l31 at 20oC and only 1 g l31 at 50oC.
Apparently, this is a consequence of the higher sol-
ubility of carbonates contained in the sorbent and in-
creased degree of chromium(III) ion hydrolysis at
elevated temperature.

Fig. 2. Degree of Cr(III) recoveryA vs. (a) pH value,
(b) sorbent consumption SC, (c) timet. Temperature (oC):
(1) 50, (2) 35, (3) 20; (4) MPC level.

Fig. 3. Degree of Cr(III) recoveryA vs. sorbent consump-
tion SC at 20oC. Sorbent consumption RC (mg g31 Cr):
(1) 50, (2) 100, (3) 200, (4) 500.

To expand the possibilities of sorbent application,
namely to purify spent electrolytes with chromium(III)
content of up to 500 mg l31, we studied how the de-
gree of chromium(III) recovery depends on the sor-
bent consumption at various initial concentrations of
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Fig. 4. Degree of Cr(III) recoveryA vs. sorbent con-
sumption SC for solutions of chromium (1) nitrate,
(2) chloride, and (3) sulfate at 20oC.

chromium(III) in solutions (Fig. 3) and determined the
sorbent consumption required to attain the MPC level
in these cases. As expected, the sorbent consumption
grows with increasing initial solution concentration
and attains 60 g l31 in the case of solutions with
chromium(III) content of 500 mg l31.

Industrial chromium plating involves a stage of
product pretreatment (mechanical cleaning, degreas-
ing, etching, and rinsing) and direct electrolytic
chromium deposition. Various acids can be used in
etching. Thus, the galvanic sewage may have varying
composition. Therefore, it is necessary to consider
the effect of the anionic component of the solution on
chromium sorption. For this purpose, we carried out
additional experiments with chromium(III) nitrate and
sulfate solutions (CCr = 100 mg l31). Comparison of
thus obtained data (Fig. 4) and data on sorption from
chloride solutions shows that the processes of sorp-
tion from chromium(III) chloride and nitrate solutions
differ only slightly, although the degree of chromi-
um(III) recovery from the nitrate solution is some-
what higher at the same sorbent consumption. The ef-
ficiency of chromium(III) recovery from the sulfate
solution is essentially lower (Fig. 4). For example,

when chromium(III) is removed from this solution,
the MPCCr value is attained on adding 20 g l31 of
the sorbent. This can be accounted for by sorbent
[gypsuming] in the course of chromium(III) sorption
from sulfate solutions, i.e., a part of calcium ions of
the sorbent becomes bound in the form of calcium
sulfate. Moreover, a layer of difficulty soluble calcium
sulfate appearing on the sorbent surface prevents dif-
fusion of calcium ions into the solution and penetra-
tion of chromium(III) ions into the sorbent.

To verify the conclusions based on studying the
sorption from model solutions, we carried out tests
with real wastewater from electroplating shops of
various plants. The wastewater compositions and
analytical data are shown in the table. It follows from
a comparison of the data for sample no. 1 and for
the model solution with a similar concentration and
the same sorbent consumption that the degree of
chromium(III) recovery from sample no. 1 is much
lower. This results from the presence of iron(III) and
zinc(II), along with chromium(III), in the sorbent.
The sorbent is presumably consumed for recovery of
these ions. Moreover, in the case of sample no. 1,
the pH value is much lower and part of the sorbent
is consumed for neutralization of the acid medium.
In fact, in the case of sample no. 4 with pH 3.34,
the solution purification to remove chromium(III) to
about the MPC level is attained on adding 20 g l31

of the sorbent, whereas for sample no. 3 with pH 1.87
a similar result is obtained on addition of 60 g of the
sorbent to 1 l of the solution. This conclusion is also
well confirmed by the experimental data for samples
nos. 5 and 6.

CONCLUSIONS

(1) A study of the chemical (elemental), phase, and
granulometric composition of carbonate-containing in-
dustrial waste demonstrated the possibility of its use

Purification of real wastewater
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Wastewater parameters ³ Sorbent ³ CCr, ³

Degree of Cr(III)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ³³ ³ consumption,³ residual, ³

recovery, %no. ³ cations ³ pH ³ CCr, initial, mg l31 ³ g l31 ³ mg l31 ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ Cr(III), Zn(II), Fe(III) ³ 1.87 ³ 217.7 ³ 20 ³ 50.8 ³ 76.7
2 ³ Cr(III), Zn(II), Fe(III) ³ 1.87 ³ 217.7 ³ 40 ³ 11.6 ³ 94.7
3 ³ Cr(III), Zn(II), Fe(III) ³ 1.87 ³ 217.7 ³ 60 ³ 0.4 ³ 99.8
4 ³ Cr(III), Zn(II), Fe(III) ³ 3.34 ³ 217.7 ³ 20 ³ 0.7 ³ 99.7
5 ³ Cr(III), Fe(III) ³ 3.21 ³ 154.7 ³ 20 ³ 0.4 ³ 99.9
6 ³ Cr(III), Zn(II), Fe(III) ³ 3.51 ³ 275.2 ³ 20 ³ 0.4 ³ 99.9

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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as a sorbent in removal of chromium(III) ions from
wastewater.

(2) Sorbent consumption decreases with increasing
temperature and grows with increasing initial con-
centration of chromium(III) ions in the solution and
also on passing from nitrate solutions to chloride, and
especially to sulfate solutions.

(3) The results of the study were confirmed by tests
with wastewater from electroplating shops of various
plants. The efficiency and expediency of wastewater
purification with the use of the carbonate-containing
sorbent studied were demonstrated.
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Abstract-A scheme is proposed for purification of wastewater of galvanic and printed circuit board shops.
The scheme using reverse osmosis, ion exchange, and electrolysis techniques involves recycling of purified
water and recovered metals.

Contamination of natural water with sewage wa-
ter of galvanic industries is an ecological challenge.
Discharge of this wastewater, containing highly toxic
salts of heavy and non-ferrous metals, has a severe
impact on the environment and leads to irretrievable
loss of valuable metals in amounts of tens of thou-
sands of tons.

The discharge of metals into water bodies of St. Pe-
tersburg was 3310.53 tons in 1999 [1]. The decline
in galvanic manufacture in the succeeding years did
not result in a proportional decrease in the environ-
ment contamination.

Most of domestic galvanic enterprises make use of
outdated wastewater treatment facilities of 30340-
years-old conventional design. These bulky and cost-
inefficient facilities fail to meet modern requirements
to water recycling and heavy metal recovery. An es-
sential drawback of such systems is the formation of
a common wastewater flow including waste elec-
trolytes, acidic and basic wastes, and rinsing water
(see scheme). Mixing of wastes containing different
ions in various concentrations hampers extraction of
pollutants, and the mixed flow cannot be recycled
even after reagent purification [2]. Purified wastewater
is discharged into a sewer system or directly into a
water body. Sediments formed in wastewater pur-
ification, i.e., sludges containing a combination of
various heavy metal compounds, are transported to
sludge stores, wherefrom these compounds are gradu-
ally washed out by ground waters and, all the same,
find their way into the environment. Sludge process-
ing is technologically complicated and economically
inefficient.

Scheme of water use in degreasing, etching, and electro-
plating.

Owing to the absence of water recycling, most
of domestic galvanic plants consume fresh water in
amounts of 2 m3 and more per 1 m2 of treated sur-
face area, whereas in Sweden the same parameter is
0.05 m3 m32. A promising engineering solution of
the problem under discussion consists in passing at
galvanic shops to local purification systems recycl-
ing purified wastewater and recovering heavy met-
als. Local systems are intended for purification of
wastewater with relatively invariable composition,
produced by a certain technological line or separate
installation, which allows use of compact purify-
ing systems based on more effective and expensive
purification techniques. The recoupment of such sys-
tems can be ensured by reduction of charges for the
intake of pure water and disposal of wastewater and
sludges. Moreover, wastewater produced by a par-
ticular technological line or separate installation usu-
ally contains ions of a single metal, rather than a
mixture of metal ions, which significantly simplifies
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its purification and creates new possibilities for further
use of the recovered metals.

There are several efficient methods of purification,
namely: adsorption and ion exchange [234], isola-
tion of impurities by changing their aggregative state
(distillation and freezing) [1, 2], and membrane tech-
niques (electrodialysis, ultrafiltration, and reverse
osmosis) [2, 539]. Comparative data [1] on capital
investments and degree of nickel(II) removal from
washing water are given in Table 1. The consumption
of washing water was 0.2 m3 h31, and the initial con-
centrations of Ni(II) and organic compounds, 32 and
54 mg l31, respectively. The cost of wastewater pur-
ification by ion exchange was conditionally taken to
be unity.

Naturally, the relative costs and residual concen-
trations may vary with discharge parameters.

EXPERIMENTAL

The aim of this work was to study the possibility
of, and conditions for creation of a low-waste tech-
nology for purification of wastewater produced by
galvanic industry and printed circuit board manufac-
ture.

The proposed purification scheme involves use of
reverse osmosis for washing water purification, ion
exchange for concentrating metal ion solutions, and
electrochemical methods for metal recovery from con-
centrates of washing water and spent technological
solutions.

The advantages of reverse osmosis consist in that
no chemical reagents are required, the installations
are compact, and water can be purified to remove
impurities of varied nature.

Membranes used for reverse-osmosis purification
retain any particles larger than 0.001mm: inorganic
ions, molecules of organic substances, and colloid
particles. This leads to a high degree of purification
and water becomes suitable for recycling.

Among disadvantages of reverse osmosis are the
possibility of precipitate formation on membranes ow-
ing to the concentration polarization and the resulting
necessity for periodic regeneration of the membranes.

We determined the most favorable conditions of
reverse-osmosis purification of washing water of gal-
vanic shop on a pilot installation comprising filters
for rough and fine mechanical pre-purification and
a reverse-osmosis apparatus with roll elements (see
figure).

Table 1. Relative costs of purification of nickel-contain-
ing the washing waters by various methods and the at-
tained degree of purification
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Rel- ³Residual concentration, mg l31

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄMethod ³ ative³
³ cost³ Ni(II) ³ organic substances

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Ion exchange ³ 1 ³ 0.008 ³ 3

Reverse osmosis³ 233 ³ 0.05 ³ 1.2
Electrolysis ³ 334 ³ 0.3 ³ 3

Electrodialysis ³ 5310³ 0.55 ³ 6.7
Evaporation ³ 8312³ 0.1 ³ 4.1
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Reverse-osmosis purification of local washing
water discharges
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ

Source ³ ³ CMn+, mg l31 ³ Selec-³
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄ´ ³of ³ Metal ³ ³ tiv- ³

pH
washing ³ ion ³ initial ³ fil- ³ ity, ³
water ³ ³ solution ³ trate ³ % ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
Acid etch- ³Cu(II) ³ 14.0 ³ 0.22 ³ 98.4 ³7.8
ing line ³ ³ ³ ³ ³
Nickel ³Ni(II) ³ 10.2 ³ 0.44 ³ 95.7 ³7.05
plating line ³ ³ ³ ³ ³
Chromium ³Cr(VI) ³ 18.0 ³ 1.6 ³ 91.1 ³5.6
plating line ³ ³ ³ ³ ³
Zinc ³Zn(II) ³ 13.0 ³ 0.1 ³ 99.2 ³7.0
plating line ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ

Comparative tests of the most widespread cellu-
lose acetate membranes MGA-70, MGA-80, MGA-90,
and MGA-100 demonstrated that MGA-100 mem-
branes are the most effective under the test conditions,
and these membranes were used in further studies.
The possibility was established of purifiyng washing
water containing various metal ions (Table 2). In
all the experiments, the selectivity of a membrane,
characterizing its separating ability, exceeded 90%,
and the low residual content of metal ions in filtrates
allowed their recycling as washing water.

Schematic of a reverse-osmosis element: (1) wastewater in-
put, (2) reverse-osmosis apparatus, (3) membrane, (4)
purified filtrate, (5) concentrate.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1704 MANVELOVA et al.

The experiments demonstrated that the residual
content of metal ion in the filtrate,CMn+, is in in-
verse relationship with the effluent concentrate frac-
tion-the ratio of the concentrate volume to the vol-
ume of washing water to be purified. In most cases,
this fraction was maintained at a level of 10315%.

Our study of the efficiency and selectivity of mem-
branes in relation to reverse-osmosis purification de-
termined the following optimal parameters: pressure
2.032.5 MPa, velocity of purified water flow along
membrane 0.831.2 m s31, water temperature 12327oC.
In this case the degree of purification to remove salts
of heavy metals is no less than 90%, and the extent
of recycling of purified water, no less than 90%.

Comparative tests of the efficiency of membrane
regeneration with solutions of oxalic, citric, and malic
acids allow us to recommend a 2% solution of oxalic
acid for practical use. A complete restoration of
the initial properties of membranes can be achieved if
regeneration with this solution is carried out once
a month.

In most cases, more effective isolation of metals
from concentrates obtained in reverse-osmosis puri-
fication can be performed if the concentration of met-
al ions is no less than 4310 g l31. In this case, concen-
tration can be carried out in the second stage of a re-
verse-osmosis installation or on an ion-exchange in-
stallation.

Heavy metal ions can be recovered from primary
concentrates using various types of ion-exchange
resins. We have shown previously [10] that carboxyl-
ic cation-exchange resins in Na form are extremely
selective in sorption of copper(II) and other metal ions
forming sparingly soluble hydroxides in hydrolysis. If
hydroxides or basic salts of the metals being extracted
are poorly soluble in alkalis, they can be accumulated
in a cationite phase in amounts exceeding severalfold
the exchange capacity in a single sorption by treating
a cationite alternately with primary concentrates con-
taining ions of a metal to be extracted and with alkali
solutions.

2R3COONa + Cu2+ = (R3COO)2Cu + 2Na+, (1)

(R3COO)2Cu + 2NaOH = 2R3COONa. Cu(OH)2, (2)

2R3COONa. Cu(OH)2 + Cu2+

= (R3COO)2Cu . Cu(OH)2 + 2Na+, (3)

(4)

(R3COO)2Cu . Cu(OH)2 + 2NaOH

= 2R3COONa. 2Cu(OH)2.

For example, a triple sorption of copper(II) ions
on a KB-4P-2 cationite, following equations (1)3(4),
allowed us to raise the copper(II) concentration in
the cationite matrix to 10 mg-equiv g31 or 320 mg g31

(in terms of dry cationite) [10].

At a comparatively small (in terms of volume or
weight) required of amount ionites, it may be expedi-
ent to use relatively expensive new-generation ion-ex-
change resins. These resins have high exchange ca-
pacity, good kinetic characteristics, and granules of
uniform size; the last factor ensures low hydraulic
resistance of an ionite layer in filtration.

To recover metal ions from concentrates formed
in purification by reverse osmosis and ion-exchange
and containing about 434.5 g l31 of metal ions, we
used direct electrolysis on installations equipped with
metal cathodes and graphite anodes. Discharge of
metal ions (Cu, Ni, Zn, or Cr) and deposition of a me-
tal occurred on the metal cathode. The current ef-
ficiency by metal was determined by gravimetry.

The experiments demonstrated that use of cathodes
with smooth surface at a cathode current density of
0.331.5 A dm32 allows recovery of up to 80385% of
metals at current efficiency of 30370%. In this case,
the specific energy consumption for metal recovery is
438 kW h kg31.

With bulk flow-type complex-shape cathodes, the
current density can be decreased to 0.0230.5 A dm32,
with the degree of metal recovery of 95398% and
current efficiency of 50380%.

Metals deposited at the cathode had relatively high
purity (up to 99.5%), and, therefore, could be used
as soluble anodes in metal plating.

Spent etching solutions formed in printed circuit
board manufacture can be recovered by direct elec-
trolysis with cooled titanium cathodes and graphite
anodes at 40345oC, current density of 9.5311 A dm32,
and rate of spent solution supply of 5310 l min31.

In this case, cathode deposition of copper and an-
ode recovery of etching reagent occur simultaneously.
The productivity of copper recovery was 3 kg h31

at a current efficiency of 85%.

The results of the investigations performed allowed
us to design an automated compact (required area of
95 m2) installation for physicochemical purification
of wastewater containing heavy metals.1

ÄÄÄÄÄÄÄÄÄÄ
1 The project will be implemented at the galvanic shop of

Krasnoe znamya plant (Ryazan).
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CONCLUSIONS

(1) Conditions were found for the effective joint
use of reverse osmosis, ion exchange, and electrolysis
for deep purification of wastewater containing heavy
metal ions and for recovery of these metals.

(2) A low-waste technology for purification of
wastewater of galvanic industry and printed circuit
board manufacture, assuming recycling of purified
water and recovered metals, was proposed for prac-
tical implementation.
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Abstract-The possibility of improving the adsorbent efficiency by means of transverse and longitudinal
sectioning of adsorption apparatus is substantiated. Results of an experimental and calculation study of sec-
tioned apparatus are presented. A number of designs of sectioned adsorbers with the optimal working space
were developed.

Adsorption apparatus with fixed and moving ad-
sorbent beds have rather widely varying designs [133].
For example, adsorbers with fixed adsorbent bed may
have vertical, horizontal, multishelf, annular, or some
other arrangement of the adsorbent bed in an ad-
sorber [2, 3]. The bed shape is frequently defined
by technology (e.g., annular adsorbent beds are used
in the case of limitations on the loss of head in pu-
rification of a raw material), whereas the relative
geometric dimensions of the bed receive much less at-
tention. For example, the ratio of the bed heightH to
adsorbent bed diameterD in industrial vertical ad-
sorbers varies rather widely-between 0.5 and 15,
without any convincing substantiation of the adopted
H/D values.

The aim of this study was to analyze the effect of
the working space configuration of the adsorber on
the working activity of the adsorbent and the purity of
the obtained products.

Adsorption apparatus with fixed adsorbent bed.
An important thing in improving the operation ef-
ficiency of an adsorption apparatus is to make higher
the main performance parameter of the process-the
breakthrough activity of the sorbent,a, reached by
the instant of breakthrough of the component being
extracted into the purified product, since it largely
determines the adsorber size, adsorbent consumption,
and energy expenditure for adsorbent regeneration.

In batch adsorption apparatus, a part of the ad-
sorbent bed, which corresponds to the height of the
mass-transfer zone, is saturated with the adsorbate to
a lesser extent than the spent bed. This makes on
the whole lower the integral activity of the adsorbent,

regarded in experiments and calculations as real break-
through activity. Let us introduce the coefficient of ef-
ficiency of adsorbent use under working conditions,
Ke, characterizing the extent to which the sorbent
is spent:

Ke = ab /ae,

where ab is the dynamic activity of the adsorbent to
conditional breakthrough (g of adsorbed substance per
1 g of adsorbent); andae is the total dynamic activity
of the adsorbent under the conditions of equal ad-
sorbate concentrations in the flow at the entrance into,
and exit from the adsorbent bed, characterizing the po-
tential adsorption activity of the sorbent (g of adsorbed
substance per 1 g of adsorbent).

The Ke value strongly depends on the conditions
under which the adsorption process is performed. For
example, calculations show that, for apparatus with
long absorption stage (e.g., 1 day) and the correspond-
ingly large height of the adsorbent bed, the decrease
in ab relative to ae is largely compensated for by
the fact that the ratio of the bed heightH1 to the height
L0 of the mass-transfer zone is, as a rule, greater than
10 for apparatus of this kind. In these cases, the sor-
bent efficiency coefficientKe is rather high and con-
stitutes 0.9530.99, depending on the symmetry factorf
of the output curve of absorption dynamics. By con-
trast, for adsorbers used in short-cycle processes,
the H1 value exceedsL0 only slightly. In these cases,
the adsorbent activity under the working conditions is
comparatively low and is much exceeded by the total
dynamic activity, which reduces the efficiency coef-
ficient Ke to 0.330.5.
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Table 1. Comparison of characteristics of the conventional vertical adsorbers (I) with performance parameters of
telescopic adsorbers (II) and adsorbers with vertical partitions (III)* (base adsorber-vertical with conventional values
H = 1, D = 1, W = 1, L0 = 0.5, total dynamic activity of the sorbent 15 wt %,f = 0.5)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³ ³ Dimensions, m³
W,

³ Hs ³ L0 ³
Hs/L0

³
a,

³
Ke

³ Conven-
³ ÃÄÄÄÄÄÂÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ ³ ³ ³Figure ³ n ³ ³ ³ ³ ³ ³tional steel
³ ³ H ³ D ³

m s31
³ m ³ ³

wt %
³ ³ intensity

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
Adsorber I

1a, 2a, 3a³ 1 ³ 1 ³ 1 ³ 1 ³ 1 ³ 0.500 ³ 2.00 ³ 9.85 ³ 0.657 ³ 7.06
1b ³ 2 ³ 2 ³ 0.705 ³ 2 ³ 2 ³ 0.705 ³ 2.84 ³ 11.18 ³ 0.743 ³ 7.55
1c ³ 3 ³ 3 ³ 0.575 ³ 3 ³ 3 ³ 0.865 ³ 3.47 ³ 12.40 ³ 0.826 ³ 8.26
1d ³ 4 ³ 4 ³ 0.500 ³ 4 ³ 4 ³ 1.000 ³ 4.00 ³ 12.88 ³ 0.858 ³ 9.00

Adsorber II
2b ³ 2 ³ 1 ³ 1 ³ 2 ³ 2 ³ 0.705 ³ 2.84 ³ 11.18 ³ 0.743 ³ 7.72
2c ³ 3 ³ 1 ³ 1 ³ 3 ³ 3 ³ 0.865 ³ 3.47 ³ 12.40 ³ 0.826 ³ 8.36
2d ³ 4 ³ 1 ³ 1 ³ 4 ³ 4 ³ 1.000 ³ 4.00 ³ 12.88 ³ 0.858 ³ 9.01

Adsorber III
3b ³ 2 ³ 1 ³ 1 ³ 2 ³ 2 ³ 0.705 ³ 2.84 ³ 11.18 ³ 0.743 ³ 7.34
3c ³ 3 ³ 1 ³ 1 ³ 3 ³ 3 ³ 0.865 ³ 3.47 ³ 12.40 ³ 0.826 ³ 7.64
3d ³ 4 ³ 1 ³ 1 ³ 4 ³ 4 ³ 1.000 ³ 4.00 ³ 12.88 ³ 0.858 ³ 7.92
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (n) Number of sections, (W) flow velocity, and (Hs) sorbent bed height.

Reducing the bed diametern-fold at constant
volume of the vertical adsorbent bed results in an in-
crease by a factor ofn2 in the bed height and in the
linear velocity of the flow being purified (Fig. 1), and
by a factor of n in the mass-transfer zone length,
which makes the efficiency coefficientKe somewhat
higher (Table 1). However, the adsorber dimensions
change in this case to such an extent that the apparatus
becomes less convenient in practice. For example, if
the velocity of the flow being purified is raised 4-fold
in an adsorber with bed diameter and height of, re-
spectively, 2 and 10 m and mass-transfer zone length
of 5 m, the apparatus will be 40 m high at bed diam-
eter of 1 m and, although the mass-transfer zone
length will increase to 10 m, the coefficient of ad-
sorbent use efficiency,Ke, in the new design will,
nevertheless, increase from 0.65 to 0.85. However,
an adsorber with such a bed height is inconvenient
since the low mechanical strength of the adsorbent
will result in crushing of sorbent grains and loss of
a part of ground sorbent with the flow of the product
being purified. In addition, the hydraulic resistance of
the sorbent bent increases dramatically. Such a high
column is to be divided into several beds, which will
make the apparatus more expensive and the operations
of adsorbent charging and discharging more difficult.

One of variants of improving the working space of
an adsorber is its design in the folded[telescopic]
form, when a system ofn shells inserted one into
another leads to conditional longitudinal sectioning of

the apparatus, with equal cross-sections of each of
the annular zones and the central zone (Fig. 2). This
ensures a constant flow velocity in each sections,
which is n + 1 times that in the initial apparatus.

Fig. 1. Design variants of vertical adsorbers with the same
charge of fixed adsorbent bed and varied heightH and bed
diameterD. H/D: (a) H1/D1, (b) 2.83H1/D1, (c) 5.19H1/D1,
and (d) 8.0H1/D1.
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Fig. 2. Design variants of vertical sectioned adsorbers of
telescopic type with the same charge of the fixed adsorbent
bed. Adsorber: (a) of base type with bed heightH = H1,
(b) with two sections with bed heightH = 2H1, (c) with
three sections with bed heightH = 3H1, and (d) with four
sections with bed heightH = 4H1.

Fig. 3. Design variants of sectioned adsorbers with vertical
partitions and the same charge of fixed adsorbent bed.

The telescopic design of the apparatus leads to a more
perfect working space of the adsorber (Table 1), but
has such disadvantages as high steel intensity and
complicated systems for adsorbent charging and dis-
charging.

This disadvantage is eliminated when the ad-
sorbent bed is divided along the height by partitions
parallel to the motion direction of the raw material
being purified into several in-series connected sec-
tions (Fig. 3), which leads to an increase in the break-
through activity of the sorbent [437]. This can be
achieved because of the different effects of the sec-
tion geometry on the flow velocity of a raw material
being purified and on the mass-transfer zone length
(Table 1).

Let us consider how the use of apparatus with ad-
sorbent bed sectioned inton sections withn + 1 par-
titions parallel to the flow of a product being pu-
rified leads to intensification of short-cycle adsorption
process.

With increasing number of sections,n, the path of
a flow being purified along the apparatus becomes
longer, i.e., the adsorbent height grows:

Hn = H1n, (1)

whereH1 andHn are, respectively, the path lengths of
a flow in the adsorber through an adsorbent bed with-
out sectioning and withn sections (m).

Simultaneously with the adsorbent bed height,
grows the flow velocity

Wn = W1n, (2)

where W1 and Wn are, respectively, the velocities of
adsorbate transport along apparatus without sectioning
and with n sections (m s31).

The mass-transfer zone lengthL0 depends on
the flow velocity [8]:

L0 = BH
7
W, (3)

which was also confirmed experimentally in [9, 10].
As applied to the operation conditions of a sectioned
adsorber, relation (3) takes the form

L01/L0n = W1/Wn .H
777

(4)

The mass-transfer zone lengthL0 can be calculated
using the equation [11]

(5)L0 = H1 777777 ,
ae

_ (1 _ f )ab

ae3 ab

where f is the symmetry factor of the output curve of
the adsorption dynamics.

Writing Eq. (5) for the operation conditions of
a conventional adsorber with bed heightH1 andn-sec-
tioned adsorber with bed heightHn, we obtain an
equation for calculating the efficiency coefficient

Ke = 7 = 7777777777 .HWn /W1
ccccc

ab
ae

c

Hn
_ L0

Hn
_ L0

(1 _ f )HWn /W1
cccccc

c(6)

Since the mass-transfer zone height is virtually in-
dependent of the adsorbent bed height and is propor-
tional toH

-

W, andW grows in sectioning in proportion
to the height of then-sectioned adsorber, this leads to



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

FORMATION OF OPTIMAL WORKING SPACE IN ADSORBERS 1709

an increase inKe, which intensifies the adsorption
process because of the approach ofab to ae. The co-
efficient of adsorber operation efficiency depends on
the number of sections in the apparatus, the symmetry
factor of the output curve, and theHn/L0 ratio (Fig. 4);
Ke 6 1 at Hn/L0 6 i.

The effect of sectioning on the adsorbent efficiency
was verified experimentally in separation of a 20%
toluene3n-heptane mixture in liquid phase with NaX
zeolites. A set of laboratory columns with adsorbent
bed height of 0.27, 0.57, and 0.90 m allowed adjust-
ment of the operation conditions of a sectioned adsorb-
er by varying the total adsobent bed height in a set
of in-series connected columns and the raw material
flow rate equivalent to the necessary number of stages.
The mass-transfer zone length was calculated by
Eq. (5) and determined experimentally by sampling
the product along the column height. The data pres-
ented in Fig. 5 and Table 2 confirm that sectioning
makes it possible to raise the dynamic activity of
the NaX zeolite with respect to toluene to a condi-
tional breakthrough, and the efficiency coefficient
Ke by 12314 rel.%, with good qualitative and quan-
titative agreement between the experimental and the
calculated values prognosticating the operation of
a sectioned apparatus on the basis of experimental
results obtained for the base unsectioned apparatus.

For concrete conditions of the adsorption process,
the optimal number of sections forming the working
space of an apparatus can be calculated; as a rule,
the optimal number of sections is within 235 [12].

Adsorption apparatus with moving adsorbent
bed. Adsorption apparatus with moving bed-hyper-
sorbers, serve for separating multicomponent mix-
tures into fractions markedly enriched in one of com-
ponents [2, 3, 13, 14]. In separating a multicomponent
(e.g., four-component) mixture, the least readily
sorbed component is discharged in the vapor phase
from the upper zone of the adsorption section of
the hypersorber, and the best sorbed component, as
desorption product from the upper zone of the desorp-
tion section. Other components being separated are
also discharged in vapor phase in succession along
the height of the adsorption section operating in
the chromatographic mode (Fig. 6a). The better a par-
ticular intermediate component is sorbed, the lower,
along the adsorber height, lies the zone with the max-
imum concentration of the given component [14].

The indisputable advantages of the process with
a moving adsorbent bed are as follows: lower ad-
sorbent consumption (since the height of the adsorp-
tion section of the process exceeds only slightly the

Fig. 4. Efficiency coefficientKe vs. number of sections in
adsorber,n, and ratio of adsorbent bed to mass-transfer
zone height,H1/L0. Symmetry factor of the output curve
f = 0.5.

Fig. 5. Effect of the number of sectionsn on the efficiency
coefficient Ke in liquid-phase separation of the toluene3

n-heptane mixture with NaX zeolites.Line: calculation by
Eq. (6); points: experiment [(I) base point for obtaining
the calculated dependence and (II ) control points].

mass-transfer zone length and is several times smaller
than the adsorbent bed height in apparatus with fixed
sorbent bed), lower energy expenditure in the desorp-
tion stage, small size of the installation, and pos-
sibility of high-level automation of the process.

Table 2. Dynamic activity of NaX zeolites with respect to
toluene in liquid-phase separation of a toluene3n-heptane
mixture
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

n
³ Dynamic activity, wt %
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ calculation ³ experiment

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 9.54 ³ 9.54
2 ³ 10.85 ³ 10.72
3 ³ 10.95 ³ 10.90

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 6. Variants of separation of a four-component mixture in various designs of adsorbers with moving adsorbent bed. Hyper-
sorber: (a) conventional; (b) supplemented with systems for cooling of discharged fractions with partial condensation of high-
boiling components; (c) supplemented with system of stripping desorbers for removal of low-boiling components from
the effluent fractions, with subsequent desorption of target fractions; and (d) with vertical sectioning partitions, equivalent
to the system in variant (c). F, raw material; A, adsorbent; I3VI close-cut effluent fractions; (1) hypersorber, (2) condensers,
(3) condensate collectors, (4) desorbers, (5) heat supply systems, and (6) sectioning partitions.

A disadvantage of the hypersorption process is
the comparatively low purity of the intermediate com-
ponents discharged at different heights along the ad-
sorption section [13, 14], associated with the limita-
tions on the column height. Improving the purity of
products in side fractions requires a significant in-
crease in the mass-transfer zone length and the result-
ing substantial increase in the number of theoretical
plates with very low concentration gradient of a com-
ponent being extracted in both the vapor and solid
phases just at those parts of the bed where the ef-
ficiency of separation is markedly impaired [15]. As
a consequence, the apparatus size, mass of circulating
adsorbent, and energy expenditure for desorption grow
dramatically.

Such an imperfection of the hypersorber operation
can be eliminated, by analogy with the rectification
process, by directing the products taken-off at dif-
ferent heights along the hypesorber in vapor phase to
cooling with partial condensation of high-boiling
components (Fig. 6b), which makes it possible to
lower the concentration of these components in the
discharged fractions and to increase the concentration
of target products. In the limiting case, the system of
single evaporation (condenser and evaporator vessel)
can be replaced with an incomplete rectifying column,
if the target component and impurities have markedly
different volatilities. In some cases, it is necessary
to remove low-boiling components from the effluent

fraction and to increase thereby the concentration
of the target components. Then the hypesorber can
be equipped with a system of desorbers working as
stripping columns (Fig. 6c) into which adsorbent
saturated with the target product is delivered, since,
according to the phase equilibrium laws, the concen-
tration of the target component in the adsorbed phase
is higher than that in the vapor phase. The admixture
of a low-boiling component will be desorbed in the
upper part of the[stripping] desorbers by the supplied
heat and then returned into the hypersorber, and
the target product will be discharged in their bottom
part. Thus, in the two considered ways to solve the
problem at hand, the intensification of the adsorption
process with improvement of the quality of the dis-
charged fractions is ensured by installing additional
devices, and in the second of these by redistribution of
the adsorbent mass and heat supply in the system. In
this case, the velocity of adsorbent motion will de-
crease dramatically in the lower part of the base
hypersorber, which will impair the operation of the
already rather inefficient system of heat transfer from
the heat transfer agent to the adsorbent in the desorp-
tion zone, or make necessary fabricating an apparatus
with narrowed bottom part.

These shortcomings can be eliminated with the
stripping desorbers placed directly in the adsorber with
moving bed by mounting additional vertical section-
ing partitions with lateral and bottom edges in contact



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

FORMATION OF OPTIMAL WORKING SPACE IN ADSORBERS 1711

with the casing. The upper edges of the partitions
must be higher than the feeding zone of the adsorption
column. [16319]. The number of partitions leading
to parallel sectioning of the apparatus is equal to
the number of discharged side fractions. Each section
plays the part of a stripping desorber. In separating,
e.g., a four-component mixture, mounting two addi-
tional partitions makes it possible to divide the ad-
sorbent spent in the adsorption section into three
flows delivered into chromatographic sections with
individually optimal temperature modes. The com-
ponent with the highest sorbability, absorbed by the
adsorbent, is released into sections with higher de-
sorption temperature, and that with intermediate ad-
sorbability, into sections with lower temperature
(Fig. 6d). Such a differentiated distribution of the ad-
sorbent heating temperature over sections allows re-
duction of energy expenditure, compared with that
in a conventional hypersorber, when the entire body
of adsorbent is heated to the maximum temperature.
The flow chart for a sectioned adsorber is shown in
Fig. 7.

Previously [20, 21], the efficiency of a sectioned
adsorber in extraction of two impurities from the base
flow has been evaluated. The operation of a sectioned
adsorbent column with moving adsorbent bed has been
studied in detail and an analysis was made of the effect
of sectioning on the quality of the extracted narrow-
cut fractions-products of separation of a three-com-
ponent mixture [22] As raw material was used a hypo-
thetical three-component raw mixture fed into the
column at component ratio of 30 : 40 : 30. The rel-
ative desorbabilities of the components,ai (reciprocal
of the relative adsorbability and equivalent of the rel-
ative volatility of components in rectification proc-
esses), were represented by the ratioa1 : a2 : a3 of
9 : 3 : 1, 16 : 4 : 1, or 25 : 5 : 1 and covered a rather
wide range of variation of the sorbent adsorption prop-
erties and affinities of substances being separated for
the sorbent. The discharge of the separation products
was done with account of the balance relation of
the main components: the first fraction had a yield
fr1 = 30; the second,fr2 = 40; and the third,fr3 =
30 kg per 100 kg of raw material.

A mathematical model of an adsorption column
with moving adsorbent bed assumed a successive
plate-by-plate calculation of the apparatus (from one
stage of phase equilibrium to another) with account
of the equilibrium and material balance equations at
the contact device by means of the modified relaxa-
tion method which allowed a rather effective com-
parison of different variants of mass-exchange ap-
paratus operation [23]. A specific feature of the model

Fig. 7. Flows in a sectioned adsorber with moving ad-
sorbent bed in separating a four-component mixture.

is that it relies in analyzing the phase equilibrium
upon the notion of the relative desorbability of com-
ponents of the mixture being separated, similar to rel-
ative volatility of components in calculating a rec-
tification column.

The composition of the adsorbed mixture of com-
ponents, which[flow down] together with a condi-
tionally inert mass of adsorbent fromj-th plate after
contact on this plate of the countercurrent nonequilib-
rium flows of adsorbent from (j 3 1)-th plate and
vapor from (j + 1)-th plate and possible supply of
raw material to j-th plate, can be determined from
the material balance equation

xj, i = 7777777777777777 ,
lj _ 1 + vj +1 + fj

lj _ 1 xj _ 1, i + vj +1yj +1, i + fj xf, j, i
(7)

where l j 31, xj 31,i are the amount of flow descend-
ing from (j 3 1)-th plate (flow absorbed by the ad-
sorbent) and the content ofi-th component in it;
vj + 1, yj + 1,i are the amount of vapor ascending
from ( j + 1)-th plate and the content ofi-th component
in it; fj , xf, j, i are the amount of raw mixture and
the content ofi-th component in it. The composition
of the vapor that is in equilibrium with the adsorbent
being spent and ascends fromj-th plate is found from
the relation

yj, i = 777 ,
ai xj, i
c

S ai xj, i
(8)

where ai is the relative desorbability ofi-th com-
ponent.
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Table 3. Comparison of the quality of fractions discharged
in operation of a hypersorber and sectioned adsorber in
purification of a three-component mixture to remove
admixtures of the second (2%) and third (3%) components
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Composition of dis- ³ Base ³ Sectioned
charged fractions, %³ hypersorber ³ apparatus
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Fraction 1 (95%): ³ ³

component 1 ³ 99.84 ³ 99.98
component 2 ³ 0.16 ³ 0.02
component 3 ³ 0.00 ³ 0.00

Fraction 2 (2%): ³ ³
component 1 ³ 0.10 ³ 1.34
component 2 ³ 90.81 ³ 98.37
component 3 ³ 9.08 ³ 0.29

Fraction 3 (3%): ³ ³
component 1 ³ 0.00 ³ 0.00
component 2 ³ 6.07 ³ 0.25
component 3 ³ 93.93 ³ 99.75

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

A calculation analysis of the operation of a three-
section adsorber revealed the following main factors
associated with the formation of the optimal working
space in sectioned adsorbers with moving adsorbent
bed with respect to flows and geometric parameters:
distribution of adsorbent flow among sections, dis-
tribution of the cross-section areas of the sections,
positions of upper edges of sectioning partitions in
the adsorbent bed, place of raw material input into
the adsorber, possibility of adjusting the working
space characteristics upon a change in the flow rate
or composition of the raw material.

Let us consider the operation of a sectioned ad-
sorber in separation of a four-component mixture in
the region of flow distribution between the first sec-
tion, in which the second component is to be extracted
(the first component is discharged at the top of the ad-
sorber) and other sections. As follows from the flow
chart of a sectioned adsorber (Fig. 7), part of sorbed
substances, l (3)

j 31, is diverted, together with the
sorbent descending from a fixed (j 3 1)-th plate,
into the discharged zone of the third and fourth
fractions by the sectioning partition. The remaining
part of the sorbed flow,l (2)

j 31, is moved to the dis-
charge zone of the second ([intermediate]) separa-
tion product, withl j 31 = l (3)

j 31 + l (2)
j 31. The amount of

sorbent discharged into this zone and, correspond-
ingly, the flow l (2)

j 31, and its composition were de-
termined by the following two conditions: (1) the
concentration of the third component in the flow
l (2)
j 31 should be as low as possible, and that of the

fourth component should be virtually zero, which
determines the purity of the second fraction with re-
spect to the third component; and (2) the amount of
adsorbed product in the flowl (2)

j 31 descending into
the second section (into the discharge zone of the sec-
ond component) should be such that a balance amount
of the second fraction is formed. In the case when
the rate of the adsorbent flow arriving at the second
section exceeds the balance value, the excess amount
of the second component will ascend with the vapor
flow into the first section and, as a result, the first
fraction will be contaminated with the second com-
ponent. In the case of the optimal formation of the
working space of a sectioned adsorber, narrow-cut
fractions are obtained in the apparatus, having much
higher purity as compared with that achieved in the
hypersorber (Table 3).

A mathematical modeling of the operation of
the sectioned adsorber with a moving adsorbent bed
demonstrated that the flow rate of spent adsorbent,Gi ,
arriving at an arbitrary stripping section, must ensure
supply of the balance amount of the component dis-
charged in this section and have the minimum con-
tent of the component next in order of increasing
sorbability. The optimal positions of the sectioning
vertical plates in the adsorber volume are governed by
the relation

Gi /GS
= Si /S, (9)

whereG
S

is the total flow rate of separation products
in all sections of the lower part of the adsorber,Si is
the cross-section area of the adsorber section between
two adjacent sectioning partitions or between the ex-
treme plates and the corresponding part of the shell,
and S is the cross-section area of the adsorber.

The calculated position of the upper edge of the
sectioning partition in the working space of the ad-
sorber is found from the condition of minimizing the
content of the component next in order of increasing
sorbability, xj, i + 1, in the adsorbent flow arriving at
the given section fromj-th plate and is given by
the relation

777 = 77777 ,
xj, i yfin, i

xj, i +1 ( yfin, i + 1)min
(10)

wherexj, i andyfin, i are, respectively, the concentration
of i-th component in the flow fromj-th plate and its
final concentration in the fraction discharged from
the given section; and (yfin, i + 1)min

is the minimum
admissible concentration of (i + 1)-th component in
the fraction discharged from the given section.
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The prescribed flow rates of the adsorbent, and, con-
sequently, the flow rates of substances absorbed by
the adsorbent (Fig. 7, e.g.,l (3)

j 31 and l (2)
j 31) can be

adjusted and maintained by varying the speeds of rota-
tion of sector feeders mounted in lines discharging
regenerated adsorbent from sections. In addition,
an adsorber design with sliding partitions, allowing
control over the volume of the adsorption space in
each section separately, has been patented [18].

The raw material feed zone in the sectioned adsorp-
tion apparatus is somewhat shifted downwards along
the column height, compared with the hypersorber,
and, in optimizing the process, its position should be
adjusted to achieve the maximum possible concentra-
tion of the target components in the discharged frac-
tions (Fig. 8).

Calculations demonstrated that, as also in the case
of any other mass-exchange processes, the purity of
the fractions obtained in the sectioned apparatus de-
pends on the flow rates of vapors being separated and
adsorbent (Fig. 9). Results of mathematical modeling
of hypersorbers and sectioned adsorbers indicate that
mathematical processing of the information fields ob-
tained in numerous kinds of apparatus calculations can
be used to develop rather simple dependences relating
the operation parameters of the sectioned adsorber and
the base hypersorber [22]. The energy efficiency of
the sectioned adsorber increases especially strongly
when the content of the most difficultly desorbed
component in the raw material is low. In these cases,
the heat saving may be as high as 25350%.

CONCLUSIONS

(1) It is shown that, with the working space of ad-
sorbers divided by vertical partitions, it is possible to
form in a single apparatus a conditional chain of in-
series connected adsorbers with fixed adsorbent bed or
parallel [stripping] zones in adsorbers with moving
adsorbent bed.

(2) The possibility of optimizing the working space
of adsorbers with fixed and moving adsorbent bed is
substantiated theoretically.

(3) Optimization of the working space of an ad-
sorber with fixed adsorbent bed makes it possible to
find the optimal number of sections in the apparatus
and raise the dynamic activity of the adsorbent.

(4) Optimization of the working space of an ad-
sorber with moving adsorbent bed makes it possible to
improve the quality of discharged fractions and reduce
the energy expenditure for the process.

Fig. 8. Concentrations of extracted components,C, in
the target fractions vs. number of raw material input plate,
Nf , in separation of a three-component mixture with rel-
ative desorbabilities of the componentsa1 : a2 : a3 =
16 : 4 : 1. Component concentration: (1) second in the sec-
ond fraction and (2) third in the third fraction.

Fig. 9. Concentrations of the target components in the frac-
tions, C, vs. (a) massv of the vapor flow ascending into
the discharge zone of the first component and (b) part
of mass of the descending flowl (3) arriving from
the discharge zone of the first component at that of
the second component, in separation of a three-component
mixture. Purity of fraction: (1) second and (2) third.
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Abstract-The mechanisms and kinetics of practically important redox reactions proceeding under the action
of hydroxy- and aminoalkanesulfinates are analyzed. The general features allowing forecasting of the rates
of reactions involving the above reducing agents are elucidated.

Hydroxy- and aminoalkanesulfinates are widely used
as reducing agents in various branches of engineering
and technology. The bestknowncompounds, hydroxy-
methanesulfinate (HMS, technical name rongalite) and
thiourea dioxide (TUDO, aminoiminomethanesulfinic
acid), are used in textile industry, production of syn-
thetic rubber, stabilizers for polymeric materials, ura-
nium salts and salts of transuranium elements, elec-
troless metal plating of polymeric materials, and other
processes [1].

By now the experimental data on the kinetics and
mechanisms of redox reactions involving the above
compounds are quite extensive and, in our opinion,
sufficient to generalize and elucidate the general fea-
tures.

Based on an analysis of the concentration depen-
dences of the reaction rates and the effect of various
additives on the reaction rate, the reactions in hand
can be divided into three groups. The reactions of
the first group are characterized by the occurrence of
an induction period, zero reaction order with respect
to oxidizing agent for a long reaction time, first re-
action order with respect to reducing agent, and abrupt
decrease in the reaction rate, even to the point of
complete inhibition, upon addition of formaldehyde.
This group includes reduction of disodium 5,5`-indigo-
tindisulfonate (indigocarmine) with sodium hydroxy-
and aminoalkanesulfinates [2], 2-nitro-2`-hydroxy-5̀-
methylazobenzene (NAB) with HMS and TUDO [3,
4], Direct Red 2C azo dye with HMS and TUDO [5],
uranyl acetate with TUDO [6], and iodine, bromine,
and chlorite ions with HMS and TUDO [7]. Typical
kinetic curves characteristic of this group of reactions
are shown in Fig. 1.

The reactions of the second group have zero induc-
tion period, fractional reaction order with respect to
the oxidizing agent, and first order with respect to
the reducing agent. Addition of formaldehyde also
inhibits the reaction, but to a lesser extent than for
the reactions of the first group. The second group
includes reduction of vat dye precursors with sodium
hydroxy- and aminoalkanesulfinates [8], nickel and
cobalt salts with HMS and TUDO [9], and ethylenedi-
aminetetraacetatoferrate (FeEDTA3) with TUDO [10].

The reactions in which formaldehyde exerts weak
or practically no effect on the reduction rate belong
to the third group. These reactions are first-order with
respect to the oxidizing agent at moderately low tem-
peratures, and a fractional reaction order is observed
with increasing temperature; in all cases, the reaction
order with respect to the reducing agent is 1. The ex-

Fig. 1. Concentration of NABC vs. timet of its reduction
with HMS. T = 298 K, CHMS = 0.252 M. CNaOH (M):
(1) 0.78, (2) 1.74, (3) 2.43, and (4) 3.11.
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amples of these reactions are reduction of FeEDTA3

[11] and 4-nitrosodiphenylamine (4NDPA) [12] with
rongalite and ofp-benzoquinone with rongalite and
TUDO [2].

Studies of decomposition of HMS and TUDO
showed [13, 14] that the induction period is caused by
the autocatalytic decomposition of molecules of the
reducing agent, proceeding with rupture of the C3S
bond (with HMS molecules as an example) in neutral

HOCH2SO2
3 = HSO2

3 + CH2O (1)

or in alkaline medium:

HOCH2SO2
3 + OH3 = SO2

23 + CH2(OH)2. (2)

To pass from the induction period to a steady state,
it is necessary to accumulate a sufficient amount of
decomposition catalysts ([active sulfur] and sulfide),
which are by-products of processes (1) and (2). When
the excess of the reducing agent is sufficiently high,
the reactions of the first group proceed in quasi-steady-
state mode to 90% and higher conversion of the oxi-
dizing agent. The inhibiting effect of formadehyde is
caused by a shift to the left of the equilibrium of re-
actions (1) and (2) and the resulting decrease in the
quasi-steady-state concentration of the intermediates,
anions of sulfoxylic acid (HSO2

3 and SO2
23) [1, 2].

The kinetic data suggest that the reduction with
derivatives of aminoalkanesulfinic acids proceeds by
two concurrent pathways: with preliminary cleavage
of the C3S bond, accompanied by the formation of
sulfur-oxygen intermediates by reactions (1) and (2),
and by direct reaction between molecules of the oxi-
dizing and reducing agents [i.e., with stages (1) and
(2) by-passed]. The first pathway is arbitrarily named
the dissociative pathway, and the second, the associ-
ative pathway [15].

Thus, as regards the nature of the reducing effect,
the reactions of the first group can be classed with
dissociative-autocatalytic reactions.

For the second group of reactions, the absence of
the induction period in the kinetic curves suggests that
the reduction rather easily proceeds by the dissociative
pathway without accumulation of active sulfur able to
catalyze stages (1) and (2).

For the third group of reactions, along with the
reduction with HSO2

3 or SO2
3 anions, there occurs di-

rect reaction of the oxidizing agent with molecules
of the initial reducing agent (associative pathway).

The relative contribution of associative and disso-
ciative pathways to the total process can be estimated

from the corresponding reaction ratesra and rd de-
termined in experiments with and without addition of
formaldehyde. The ratera for the reactions proceed-
ing by two pathways was determined under the con-
dition rd = 0, i.e., when anincrease in the concentra-
tion of added formaldehyde did not affect the reaction
rate. The raterd was evaluated on the basis of exper-
imental data obtained in the absence of formadehyde
addition, from the difference between the apparent re-
action rater and ra. It should be noted that the ratio
ra : rd, characterizing the contribution of the individ-
ual pathways, is governed by the following factors:
(a) chemical nature of the oxidizing and reducing
agents; (b) reaction conditions, primarily temperature
and pH; and (c) process duration.

Let us consider the effect of each factor separately.
Data on the kinetics and mechanisms of reactions in-
volving HMS and TUDO are summarized in Tables 1
and 2.

According to the experimental data, associative
mechanism is of the greatest importance in reduc-
tion of FeEDTA3 with HMS (at a temperature below
303 K the reaction proceeds completely by the asso-
ciative pathway).

In reduction of organic compounds, the dissociative
pathway is dominant. For example, the ratiora : rd
is 1 : 6 for 4NDPA (T = 308 K, CNaOH = 1 M), and
1 : 380 for NAB (T = 308 K, CNaOH = 1 M). Reduc-
tion of indigocarmine proceeds completely by the
dissociative autocatalytic pathway.

The ra : rd ratio depends on the nature of the reduc-
ing agent. In reduction with TUDO, reactions with
an appreciable contribution of the associative path-
way are less common than in reduction with HMS.
This is apparently caused by the presence of sulfox-
ylates, which are more readily formed under condi-
tions of reduction with TUDO, i.e., in alkaline media.

The temperature and acidity of the medium govern
the degree and rate of cleavage of the reducing agent
molecules and thus affect the ratiora : rd. The tem-
perature effect is particularly noticeable in reaction
of FeEDTA3 with HMS [16]. In this process the re-
action proceeds below 303 K by the associative path-
way (rd = 0), and by both pathways above 303 K
(ra : rd = 1 : 2.5 atT = 308 K, CHMS = 6.50 1033 M,
pH 10.8).

This fact is accounted for by stronger temperature
dependence of the reaction rate in the case of dissocia-
tive mechanism (Table 1), which follows from a com-
parison of the activation energiesEI and EII . There-
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Table 1. Results of kinetic studies of the reactions involving sodium hydroxymethylsulfinate*

ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Oxidizing agent³ Mechanism of the redox process ³ Evaluated kinetic parameters
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ³ ³
NAB ³ HOCH2SO2

3+ OH3 76
47

k1

k
31

SO2
23 + CH2(OH)2 ³ T = 308 K, CNaOH = 0.134 M,

³ ³ k1 = (0.32+ 0.07)0 1036 M31 s31,
³ NAB + SO2

23
76

k2
BTANO + SO3

23 ³ k
31 = 8 + 5 M31 s31,

³ ³ k2 = (1.2+ 0.07)0 1032 M31 s31,
³ ³ Eapp = 40+ 5 kJ mol31

³ ³
4NDPA ³ HOCH2SO2

3 + OH3 76
47

k1

k
31

SO2
23 + CH2(OH)2 ³ T = 308 K, CNaOH = 0.132 M,

³ ³ k1 = (0.47+ 0.08)0 1036 M31 s31,
³ 4NDPA + SO2

23
76

k2
Int + SO3

23 ³ k1 : k2 = (13+ 4) 0 1043,
³ ³ Eapp = 54+ 4 kJ mol31

³ Int + SO2
23

76

k3
4ADPA + SO3

23 ³
³ ³
³ 4NDPA + HOCH2SO2

3
76

k4
Int + HOCH2SO3

3 ³
³ ³
³ Int + HOCH2SO2

3
76

k5
4ADPA + HOCH2SO3

3 ³
³ ³

FeEdta3 ³ HOCH2SO2
3 76
47

k1

k
31

HSO2
3 + CH2O ³ T = 308 K, pH 10.8 (Robinson3

³ ³ Britton buffer solution),
³ FeEdta3 + HSO2

3
76

k2
FeEdta23 + HS

.
O2 ³ k1 = (0.14+ 0.01)0 1035 s31,

³ ³ k1 : k2 = (0.7+ 0.1)0 1035,
³ FeEdta3 + HS

.
O2 76

k3
FeEdta23 + SO2 + H+ ³ k4 = 0.55+ 0.07 M31 s31,³ ³

³ ³ E I
app = 21+ 4 kJ mol31,³ ³

³ FeEdta3 + HOCH2SO2
3
76

k4
FeEdta23 + HS

.
O2 + CH2O³ E I

a
I
pp = 109+ 8 kJ mol31

³ ³
[IC(CO)2] ³ HOCH2SO2

3 76
47

k1

k
31

HSO2
3 + CH2O ³ T = 333 K, pH 10.5,

³ ³ k1 = 1.030 1035 s31,
³ IC(CO)2 + HSO2

3
76

k2
ICCOCOH3 + SO2 ³ k1 : k2 = 240 1033,

³ ³ Eapp = 114 kJ mol31

³ ³
Ni2+(NiCl2) ³ HOCH2SO2

3 76
47

k1

k
31

HSO2
3 + CH2O ³ T = 308 K, pH 4.0,³ ³

³ ³ k1 = 1033 s31,
³ Ni2+ + HSO2

3 + H2O 76

k2
Ni + HSO3

3 + 2H+ ³ k
31 = 8.470 102 M31 s31,

³ ³ k2 = 4.90 1032 M31 s31,
³ 2HSO2

3
76

k3
HS3 + HSO4

3 ³ k3 = 27.6 M31 s31,
³ ³ k4 = 110.9 M31 s31,
³ 2HSO2

3
76

k4
SO3

23 + S + H2O ³ Eapp = 134+ 12 kJ mol31

³ ³
³ Ni2+ + HS3 76

k5
NiS + H+

3 fast ³
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (BTANO) BenzotriazoleN-oxide; the reaction proceeds by the dissociative mechanism, contribution of the associative mechanism

is insignificant; (Int) intermediate,(4ADPA) 4-aminodiphenylamine; (EI
app) and (EI

a
I
pp) apparent activation energies for reactions

proceeding by the associative and both pathways, respectively; (IC) indigocarmine; and (ICCOCOH) leucoform of indigocarmine.

fore, in all reducing reactions involving hydroxy- and
aminoalkanesulfinates, the contribution of the associa-
tive pathway must grow with increasing temperature.

An increase in pH facilitates cleavage of TUDO
molecules by the scheme

(3)NHC(SO2H)NH2 + OH3 = HSO2
3 + (NH2)2CO.

Thereby, the contribution of the dissociative path-
way to redox processes involving TUDO increases.
The acidity of the medium affects the degree of
dissociation of HMS and other derivatives of sodi-
um alkanesulfinates in two ways. On the one hand,
their dissociation becomes more pronounced with de-
creasing pH, owing to autocatalysis by the products
of decomposition of the reducing agents [13, 14] and,
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Table 2. Results of the kinetic studies of the reactions involving thiourea dioxide
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Oxidizing agent³ Mechanism of the redox process ³ Evaluated kinetic parameters
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ³ ³
NAB ³ NH2CSO2NH2

76
47

k1

k
31

NHC(SO2H)NH2 ³ T = 281 K, CNaOH = 0.18 M,
³ ³ k5 : k3 = (9.4+ 0.8)0 1033,
³ NHC(SO2H)NH2 + OH3 76

k2
HSO2

3 + (NH2)2CO ³ Eapp = 60+ 5 kJ mol31

³ ³
³ NAB + HSO2

3
76

k3
BTANO + HSO3

3 ³
³ ³
³ HSO2

3
76

k4
Decomposition products in the presence³

³ of formaldehyde additive ³
³ ³
³ CH2O + HSO2

3 76
47

k5

k
35

HOCH2SO2
3 ³

³ ³³ ³
FeEdta3* ³ NH2CSO2NH2

76
47

k1

k
31

NHC(SO2H)NH2 ³ T = 301 K, pH 8.7,
³ ³ k5 : k3 = (1.7+ 0.4)0 1034,
³ NHC(SO2H)NH2 + OH3 76

k2
HSO2

3 + (NH2)2CO ³ Eapp = 110+ 10 kJ mol31

³ ³
³ FeEdta3 + HSO2

3
76

k3
FeEdta23 + HSO2

.
³

³ ³
³ FeEdta3 + HSO2

.
76

k4
FeEdta23 + SO2 + H+ ³

³ ³
³ HSO2

3
76

k5
Decomposition products ³

³ ³³ ³
Uranyl acetate** ³ NH2CSO2NH2

76
47

k1

k
31

NHC(SO2H)NH2 ³ T = 323 K, CCH3COOH = 2.0 M,
³ ³ k5 : k3 = 0.08,
³ NHC(SO2H)NH2 + H2O 76

k2
H2SO2 + (NH2)2CO ³ Eapp = 39+ 5 kJ mol31

³ ³
³ UO2

2+ + H2SO2 76

k3
U4+ + SO2 + 2OH3 ³

³ ³
³ H2SO2 76

k4
Decomposition products in the presence³

³ of formaldehyde additive ³
³ ³
³ CH2O + H2SO2

76
47

k5

k
35

HOCH2SO2H ³³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* In the experiments with formaldehyde additive, the possibility of direct reaction ofFeEDTA3 with TUDO wasfound, but the con-

tribution of the associative pathway is insignificant.
** UO2(CH3COO)2.

on the other hand, a decrease in pH shifts the equilib-
rium of reaction (2) to the left, which decreases the
contribution of the dissociative pathway when it is
present. It is evident that the first factor plays a de-
cisive role in this case. Previously, it has been shown
[2] that in the reaction ofp-benzoquinone with
rongalite the reaction order changes from 1 to a frac-
tional value with decreasing pH. It can be suggested
that the contribution of the dissociative pathway of
the reduction increases.

The following problems are very important for
both elucidating the general features of the kinetics
of the redox processes and solving the practical prob-
lems: (1) demonstration of the adequacy of the pro-

posed reduction schemes, (2) goal-seeking control of
the reduction rates, (3) forecasting of the rates and
selectivity of the reduction depending on the nature
of a reducing agent and an atom or a group of atoms
to be reduced.

To prove the adequacy of the reduction schemes,
we identified the intermediates of the redox reactions
proceeding by the dissociative pathway, using polaro-
graphy. It was found that the quasi-steady-state con-
centration of the intermediate active species (S2O4

23,
SO2

23, and SO23) varies in parallel with the reduction
rate [17, 18]. As additional argument, we checked
experimentally in a series of the reactions the kinetic
equation obtained from the conditions of the quasi-
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steady-state approximaton, which demonstrated a sat-
isfactory agreement between the experimental and
calculated reaction rates.

In the general form the reaction rates in the quasi-
steady-state mode of many reactions involving HMS
and its analogs can be described by the following
equation (in alkaline medium):

77
dCOx

dt
= 77777777

k1k2CRedCOxCOH3

k
31kCH2O

+ k2COx
+ k3CRedCOx, (4)

where k1 is the constant of direct decomposition of
the reducing agent (Red),k

31 is the constant of the
reverse stage,k2 is the rate constant of the reaction
of the reducing agent with reduction intermediates,
andk3 is the rate constant of the associative pathway.

The first term in the right-hand side of Eq. (4)
accounts for the reaction rate by the dissociative
pathway, and the second, by the associative pathway.

For the reactions involving TUDO, the equations
for the reaction rates have a more complicated form
as a result of the presence of the stage of rearrange-
ment and irreversible decomposition of the reducing
agent molecules. However, in many cases, the exper-
imental verification of the linear forms of the kinetic
equations allows conclusion about the suitability of
the quasi-steady-state approximation for reduction
processes involving TUDO [4, 6, 10].

In the case of reduction of NAB, Ni2+,
1

and N,N`

derivatives of binaphthylhexylcarboxylic acid diimide,
we determined the kinetic parameters using the pro-
cedures of mathematic simulation with criterial se-
lection of possible process schemes [19321]. This
approach makes it possible to determine the rate con-
stants of individual stages or combination of these,
estimate errors, and correlate the parameters with
sufficient reliability.

The constants for NAB and Ni2+, evaluated by the
above procedures, are listed in Table 1.

It should be noted that the rate constants of the in-
dividual stages can be reliably determined only when
the information content of the experimental data cor-
responds to the complexity of the system. When ex-
perimental data are scarce and the kinetic model is
complex, a large number of parameter sets providing
the same adequate description of the experimental
ÄÄÄÄÄÄÄÄÄÄ
1 The reduction of Ni2+ is arbitrarily considered homogeneous

since it yields nickel in the solid state. However, owing to
the irreversibility of the stage of solid nickel formation we can
use the equations of homogeneous kinetics for mathematical
description of the process.

data can be selected. Therefore, for some of reactions
(Tables 1, 2) we determined not individual constants
but their combinations.

Of some interest is to compare the rate constants
of the same stages in different reduction reactions.
It turns out that at 308 K the rate constant of the
stage of HMS cleavage involving OH3 ions, k1,
determined from the kinetic data for reduction
of NAB [(0.32+0.07)0 1036 M31 s31], is close to
the k1 value determined for reduction of 4NDPA
[(0.47+0.08)0 1036 M31 s31]. The rate constants
of the stages of HMS cleavage without OH3 ions
involved in the reduction of FeEDTA3 and indigo-
carmine are also comparable: (0.14+0.01)0 1035 and
(0.17+0.03)0 1035 s31, respectively.

The k1 values2 for indigocarmine were recalcu-
lated from 333 to 308 K using the valuesEapp =
114 kJ mol31 and lnpapp = 37. The kinetic parameters
of the reaction of vat dye precursors of varied
structures with HMS were evaluated in [22]. It was
shown that for various hydroxyalkanesulfinates the
rate constants of the stages of reaction of the same
vat dye precursor with sulfoxylate anions [which cor-
responds to constantk2 in Eq. (4)] agree within the
order of magnitude. These facts additionally prove
the adequacy of the proposed reaction schemes to
experimental data.

The control of the reduction rate by addition of
catalysts and formadehyde is only possible when the
dissociative mechanism is dominant. For example,
cobalt dioximines [23] and sodium sulfide [24] accel-
erate the process. It was found that cobalt dioximines
exhibit high catalytic activity in reduction of azo dyes
with rongalite and in reductive cyclization of nitro-
azobenzene to give light stabilizer of polymers, ben-
zene P. The mechanism of the effect of dioximines
consists in substitution of hydroxymethanesulfinate
anion for one of the axial ligands, with its subsequent
inner-sphere cleavage and release of sulfoxylate anions.

The effect of sodium sulfide is caused by an in-
crease in the steady-state concentration of SO2

23 owing
to the inhibition of sodium hydroxyalkanesulfinate
decomposition [13].

The selectivity of the reduction effect of alkane-
sulfinates of various structures is well seen in reduc-
tive cyclization of binaphthylhexacarboxylic acid der-
ÄÄÄÄÄÄÄÄÄÄ
2 For reduction of Ni2+ ion, this rate constant is four orders of

magnitude higher, which is caused by, first, the difference
in pH and, second, different character of cleavage of reduc-
ing agent molecules, as mentioned above.
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Table 3. Kinetic parameters of reduction of transition metal compounds
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Oxidant + reductant³ kapp (333 K), min31 ³ Eapp, kJ mol31 ³ ln p ³ Df H

0 (298 K), kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Co2+ + HMS ³ 0.080 1032 ³ 74 + 8 ³ 19 + 1 ³ 356.6
Ni2+ + HMS ³ 0.110 1032 ³ 134+ 12 ³ 42 + 4 ³ 353.1
CuEdta23 + HMS ³ 13.3 ³ 189+ 19 ³ 71 + 6 ³ 1643.9
Co2+ + TUDO ³ 0.520 1032 ³ 78 + 7 ³ 22 + 1 ³ 356.6
Ni2+ + TUDO ³ 12.50 1032 ³ 149+ 15 ³ 51 + 5 ³ 353.1
CuEdta23 + TUDO ³ 0.96 ³ 96 + 10 ³ 35 + 3 ³ 1643.9
UO2

2+ +TUDO ³ 3.10 1034 ³ 39 + 5 ³ 6 + 2 ³ 31024.9
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ivatives. In this case, the final products of the reaction
in solution are di- and tetraanions of perylenetetracar-
boxylic acid derivatives [25]. It was shown that the
most probable process is concurrent formation of these
derivatives from the corresponding initial compounds.
For all of the studied derivatives of binaphthylhexa-
carboxylic acid, the relative yield of the product with
four reduced carbonyl groups increases in the series
of the reducing agents sodium dimethylaminometh-
anesulfinate < sodium diethylaminomethanesulfinate <
sodium hydroxymethanesulfinate < sodium hydroxy-
ethanesulfinate < sodium hydroxypropanesulfinate. It
was shown [2] that the stabilities of the first three
reducing agents are much the same, whereas intro-
duction of alkyl substituent toa-carbon atom drasti-
cally decreases the stability of the reducing agent. The
rise in the reducing power is due to an increase in

Fig. 2. Correlation between the Arrhenius parameters for
reduction of various compounds with HMS and TUDO.
( p) Pressure and (Eapp) apparent activation energy.

(1) Co2+ + HMS, (2) Ni2+ + HMS, (3) CuEDTA23 +
HMS, (4) NAB + HMS, (5) 4NDPA + HMS, (6) IC(CO)2 +
HMS, (7) Direct Red 2C + HMS, (8) CoEDTA23 + HMS,
(9) NiEDTA23 + HMS, (10) Co2+ + TUDO, (11) Ni2+ +
TUDO, (12) CuEDTA23 + TUDO, (13) NAB + TUDO,

(14) UO2
2+ + TUDO, (15) IC(CO)2 + TUDO, and

(16) FeEDTA3 + HMS (by the associative pathway).

the quasi-steady-state concentration of sulfoxylate an-
ions, which, in turn, accelerates formation of products
with four reduced groups.

The correlations obtained on the basis of kinetic
data for reduction of a wide variety of reducing agents
may be useful for forecasting the rates of reduction
of various compounds with rongalite and TUDO.

The kinetic parameters of reduction of transition
metal ions and complex compounds with rongalite
and TUDO are presented in Table 3. Comparison of
the apparent rate constants and enthalpies of formation
of oxidizing agents suggests that these parameters
vary in parallel for both the reducing agents.

Figure 2 shows the compensation relation between
the Arrhenius parameters, which is described by the
equation

ln p = 0.43Eapp 3 12.06 (R = 0.987).

This dependence is observed for those reactions in
which the dissociative mechanism of reduction is pre-
dominant. Therefore, the point with the coordinates
Eapp = 21 kJ mol31 and lnp = 12, obtained for the re-
duction of FeEDTA3 with rongalite proceeding at low
temperatures by the associative pathway, falls out of
this dependence. The observed compensation effect
suggests the occurrence of the limiting stages of the
reactions through transition states with similar con-
figurations [26]. In the stages of decomposition of
reducing agents, transition states are likely to form
by protonation or deprotonation of hydrated mole-
cules, as shown by quantum-chemical calculations for
tautomeric conversion of TUDO as an example [2].

In conclusion, it should be noted that the data
presented make it only possible to determine schemes
of stoichiometric mechanisms of the processes. The
existing experimental data are insufficient to come
to reliable conclusions on the structure of transition
states in particular stages.
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Abstract-The feasibility of isolation and quantitative determination by gas chromatography of methyl-
phosphonic acid and its mono- and dialkyl etsers, which originate from destruction of organophosphorus
chemical warfare agents and have been detected in bitumen3salt compounds is examined.

Organophosphorus chemical warfare agents
(OPCWAs), the most known of which are tabun,
sarin, soman, and VX-group compounds, are extreme-
ly strong cholinergic antagonists.

By now, basic principles of OPCWA analysis have
been developed and recommended for use in the prac-
tice of international examinations [133]. For practical-
ly all of the known OPCWAs, the physicochemical
constants are known, and therefore their[confirming]
identification involves no problems. However, the ex-
perience of chemical appraisals of the consequences
of emergencies involving OPCWAs shows that, in
most cases, the initial OPCWAs cannot be detected at
sites of their application. Decomposition products
of OPCWAs, formed in various media, cannot be pre-
dicteda priori, the more so as the type of the weapons
used may be unknown. Therefore, it is very important
to reveal long-lived[witness] compounds that would
be always present among products of OPCWA decom-
position and would retain information about the initial
compound.

Such [witnesses,] or markers, should also be re-
vealed for setting up analytical and sanitation-chemi-
cal monitoring of processes used for destruction of
chemical weapons. First, it is necessary to study the
composition of degradation products of war gases and
of intermediates released into the contact medium in
the process. This stage involves identification of
OPCWA conversion products and revealing of chem-
ical markers. The next stage should involve examina-
tion of the emission of markers to various media and
assessment of possible pathways of their further trans-
formation. These results can serve as a basis for en-
vironmental monitoring of potentially hazardous sites.

At present, a two-stage flowsheet is being put into
operation in Russia for destruction of OPCWAs, with
chemical decomposition and subsequent bituminous
grouting of the resulting solid wastes to obtain so-
called bitumen3salt compounds (BSCs) [4, 5].

It has been shown previously that among the prod-
ucts of yperite decomposition, including its decom-
position within BSCs, a versatilemarker is 1,4-di-
thiane [6]. In this work, with the aim to reveal chem-
ical markers, we studied by GC3MS the composition
of BSCs containing the products of sarin, soman,
and VX breakdown, and also that of gases released
from, and aqueous extracts of BSCs. Withrespect to
their origin, BSC components can be subdivided in
three groups: products of OPCWA breakdown, deacti-
vating agents, and bitumen components. The chemical
markers should belong to the first group; in individual
determinations, they should correspond to specific
types of OPCWAs. They should also be stable in the
matrix and selectively detectable against the back-
ground signals.

After disposal ofBSCs,emergency seal failure of
containers is possible, accompanied by washout of
soluble BSC components by groundwater. To esti-
mate the extent of marker emission into an aqueous-
salt system simulating the chemical composition of
groundwater at the site of a repository to be con-
structed, it was necessary to develop procedures for
recovery of the markers from aqueous solutions and
for their quantitative chemical analysis. For this pur-
pose, we used gas chromatography (GC).

To reveal chemical markers, we initially identified
components always present in gases released from,
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Table 1. Procedures of sample preparation for analysis
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Procedure³ Analysis object ³ Analysis procedure
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

A ³ BSCs ³ Static head-space analysis
B ³ Aqueous extracts of BSCs ³ Extraction with dichloromethane (pH 7)
C ³ Aqueous extract after procedure B³ Evaporation to dryness, redissolution in dichloromethane3

³ ³ acetonitrile (1 : 1), silylation
D ³ " ³ Saturation with NaCl, extraction with acetonitrile (pH 2),

³ ³ drying, redissolution, silylation
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

and aqueous extracts of, BSCs. The sampleprepara-
tion procedures are summarized in Table 1. Such a
fourstep scheme allowed us to expand to the maximum
possible extent the group of BSC components deter-
minable by GC analysis: from the most volatile (head-
space analysis) to non-volatile (derivatives of aqueous
extracts).

In the systems BSC3sarin and BSC3soman, the
main decomposition products of sarin and soman are,
respectively, isopropyl and pinacolyl alcohols, diiso-
propyl and dipinacolyl methylphosphonates, isopropyl
and pinacolyl hydrogen methylphosphonates, and also
methylphosphonic acid itself. The system BSC3VX is
considerably more complex and includes several tens
of volatile organic compounds; the major components
are mono- and disulfides containing diethylamino-
ethyl group but lacking the phosphorus atom. The
mass spectra of these compounds are difficultly dis-
cernible and in most cases contain only a single strong
peak corresponding to the (Et2N=CH2)

+ ion. The major
phosphorus-containing products are methylphosphonic
acid and its mono- and dibutyl esters [by VX we mean
O-isobutyl S-(2-diethylaminoethyl) methylphosphono-
thioate, whereas in the United States and some other
countries its isomer,O-ethyl S-(2-diisopropylamino-
ethyl) methylphosphonothioate, is more widespread].

Thus, among products of sarin, soman, and VX
decomposition by the two-stage process, we can dis-
tinguish homologous series of alkyl hydrogen and
dialkyl methylphosphonates. Specifically these com-
pounds, together with their hydrolysis product, meth-
ylphosphonic acid, seem to be the most suitable
chemical markers for assessing the possible environ-
mental pollution. Additional advantages of these com-
pounds are the possibility of their selective detec-
tion and low probability of false positive results, be-
cause compounds with a P3C bond are very rare in
nature.

Table 2 gives mass spectra of phosphorus-contain-
ing compounds that originate from the breakdown
of OPCWAs and are present in BSCs. Among the

compounds given in Table 2, only methylphosphonic
acid diesters MeP(O)(OR)2 can be determined by di-
rect gas-chromatographic analysis. As compared with
methylphosphonic acid and alkyl hydrogen methyl-
phosphonates, dialkyl methylphosphonates are consid-
erably more seldom mentioned in the literature as
OPCWA decomposition products, although they are
included in the lists of compounds to be monitored
according to the Convention on the Prohibition of
the Development, Production, Stockpiling, and Use
of Chemical Weapons and on Their Destruction [7].
Under conditions of the existing process for OPCWA
destruction, they can form by reaction of the mono-
ester MeP(O)(OH)(OR) with the alcohol ROH (R =
i-Pr, pinacolyl, or i-Bu for sarin, soman, and VX,
respectively). Also, diesters of methylphosphonic acid
can be present as impurities in the initial OPCWAs,
especially after their prolonged storage. A scheme for
classification of these compounds according to their
mass spectra was proposed in [8]. Comparison of the
intensity of the peak atm/z = 47, corresponding to
the [P=O]+ fragment, with the preset threshold is
the first step of the algorithm. If the threshold is not
exceeded, this fact is regarded, according to [8], as
the absence of the compounds under consideration in
a sample. However, according to our experience, the
intensity of this signal in the mass spectra of alkyl
methylphosphonates is so low that at their low con-
centrations (especially in such matrices as soil) it can
hardly be detected.

Under the experimental conditions, the content of
diisopropyl and diisobutyl methylphosphonates in
BSCs was determined with sufficient reproducibility
by static head-space analysis. Dipinacolyl methyl-
phosphonate present in BSCs can be quantitatively
determined only in extracts. Table 2 shows that the
strongest peak in the mass spectra of all these three
diesters is that atm/z = 97. Group analysis of di-
alkyl methylphosphonates in groundwater and soil by
GC3MS is possible in the selective ion monitoring
mode. Samples were prepared for analysis by proce-
dure B. The sensitivity of the analysis is high: the de-
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Table 2. Alkylphosphonates recovered from BSCs containing products of OPCWA destruction*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³

Mass spectrum,m/z (Irel, %)
³OPCWA being³ Sample preparation

³ ³ destroyed ³procedure (Table 1)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Methylphosphonates:³ ³ ³

diisopropyl ³165(4.1), 139(7.2), 137(3.1), 123(65.1), 121(9.0),³ Sarin ³ A, B**

³97(100.0)
ÄÄÄÄÄÄÄ

, 80(7.2), 79(20.9), 65(3.6), 47(4.5), ³ ³
³45(7.3), 43(9.1) ³ ³³ ³ ³

diisobutyl ³165(1.6), 153(4.5), 137(8.6), 135(3.1), 111(4.7), ³ VX ³ A, B**

³110(8.7), 97(100.0)
ÄÄÄÄÄÄÄ

, 80(7.8), 79(10.6), 57(11.1), ³ ³
³43(3.5) ³ ³³ ³ ³

dipinacolyl ³208(4.0), 207(38.1), 181(1.7), 180(1.4), 165(11.5),³ Soman ³ B
³124(60.1), 123(99.5), 111(2.6), 97(100.0)

ÄÄÄÄÄÄÄ
, 85(35.9), ³ ³

³80(12.4), 69(11.1), 57(15.6) ³ ³³ ³ ³
isopropyl hydrogen³195(5.0), 169(14.9), 155(3.6), 154(8.3), 153(100.0)

ÄÄÄÄÄÄÄÄ
, ³ Sarin ³ C, D**

(converted to tri- ³152(5.1), 151(15.0), 137(4.4), 123(2.3), 121(4.4),³ ³
methylsilyl ester) ³77(7.2), 75(22.7), 73(7.9), 45(8.6) ³ ³³ ³ ³
isobutyl hydrogen³209(2.0), 170(2.5), 169(24.3), 167(3.9), 154(7.8),³ VX ³ C, D**

(converted to tri- ³75(20.2), 73(10.3), 153(100.0)
ÄÄÄÄÄÄÄÄ

, 151(14.5), 137(3.0),³ ³
methylsilyl ester) ³123(2.0), 77(6.7), 45(7.8) ³ ³³ ³ ³
pinacolyl hydrogen³237(1.2), 196(14.7), 195(27.1), 179(3.7), 169(32.5),³ Soman ³ C, D**

(converted to tri- ³153(100.0)
ÄÄÄÄÄÄÄÄ

, 152(9.8), 151(25.5), 137(6.4), 121(10.5),³ ³
methylsilyl ester) ³77(6.3), 75(19.8), 73(13.9), 45(6.7) ³ ³³ ³ ³

Methylphosphonic acid³240(7.6), 227(7.6), 226(17.8), 225(100.0)
ÄÄÄÄÄÄÄÄ

, 209(3.8), ³ Sarin, ³ C,** D
[converted to bis(tri-³195(3.4), 153(7.2), 147(10.3), 135(7.3), 133(9.3),³ Soman, ³
methylsilyl) ester] ³105(7.7), 75(11.4), 73(18.5), 45(11.6) ³ VX ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Underlined are them/z values for the strongest peaks.

** The best procedure for sample preparation.

tection limit in water is as low as 0.1mg l31. At
the same time, esters of dibasic carboxylic acids,
alkenes, alkylthiophenes, and some other compounds
often present in soils also give in mass spectra a strong
peak atm/z = 97. Therefore, if the concentration level
does not allow analysis of the total mass spectrum,
identification of dialkyl methylphosphonates, especial-
ly in soil, requires additional confirmation. Dialkyl
methylphosphonates fully meet the requirements to
BSC chemical markers. Their main advantages are
simple recovery from matrices and the possibility of
direct selective gas-chromatographic determination.
At the same time, it is known [9] that, in the presence
of water, dialkyl methylphosphonates are hydrolyzed
to give alkyl hydrogen methylphosphonates and then
methylphosphonic acid. Thus, just alkyl hydrogen
methylphosphonates and methylphosphonic acid, ini-
tially present in BSCs and formed by hydrolysis of
dialkyl methylphosphonates, can be considered[long-
lived] BSC markers. Alkyl hydrogen methylphos-
phonates in which the alkyl group is specific to a par-

ticular OPCWA can be regarded as individual chem-
ical markers, and methylphosphonic acid, as group
marker (Table 2):

Me3P3F 6 Me3P3OH 4 Me3P3SCH2CH2N
gggg

O

gg
OR

gggg
O

gg
OR

gggg
O

gg
OR

8 ROH

2 H2O

Me3P3OR
gggg

O

gg
OR

Me3P3OH
gggg

O

gg
OH

i

e

Et

Et

where R =i-Pr (sarin), pinacolyl (soman), ori-Bu (VX).

Methylphosphonic acid and alkyl hydrogen methyl-
phosphonates are readily soluble in water; therefore,
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Table 3. Comparative estimation of the efficiency and reproducibility of recovery of acidic methylphosphonates from
aqueous solutions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Compound
³

Method of sample preparation
³ Sav ³ Sx ³ R

³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
³ ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Hydrogen phosphonate: ³ ³ ³ ³

isopropyl ³ Calibration ³ 0.920 ³ 3 ³ 3
³ Evaporation ³ 0.031 ³ 48.9 ³ 3.3
³ Extraction* ³ 0.074 ³ 17.1 ³ 80.0³ ³ ³ ³

isobutyl ³ Calibration ³ 0.357 ³ 3 ³ 3
³ Evaporation* ³ 0.068 ³ 49.7 ³ 18.9
³ Extraction ³ 0.303 ³ 23.8 ³ 85.0³ ³ ³ ³

pinacolyl ³ Calibration ³ 0.590 ³ 3 ³ 3
³ Evaporation ³ 0.094 ³ 67.0 ³ 15.8
³ Extraction* ³ 0.581 ³ 21.6 ³ 98.6³ ³ ³ ³

Methylphosphonic acid ³ Calibration ³ 0.805 ³ 3 ³ 3
³ Evaporation ³ 0.610 ³ 23.6 ³ 75.8
³ Extraction* ³ 0.413 ³ 28.8 ³ 51.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* The best procedure is marked with an asterisk.

they will migrate into groundwater in thecase of a seal
failure of BSC containers. At the same time, being
polar and nonvolatile, these compounds are difficult
objects for chemical analysis. However, they can be
readily determined by HPLC. In this case, it is nec-
essary to ensure efficient detection, which can be pro-
vided by introducing groups imparting UV absorption
to a substance [10] or enhancing its electrical con-
ductivity [11]. The feasibility of direct analysis of
alkyl hydrogen alkylphosphonates by liquid chroma-
tography, combined with mass spectrometry in the
electrospray mode, was demonstrated in [12]. The main
limitations of the procedures involving HPLC separa-
tion are problems with obtaining narrow peaks [10, 11]
and the high cost of the equipment [12].

The majority of the methods developed for analysis
of alkyl hydrogen alkylphosphonates are based on GC
with various modification procedures for increasing
the volatility of the compounds being analyzed. To
prepare a sample for GC analysis, it is necessary to
quantitatively recover it from aqueous solution and
convert to a volatile form. These tasks are solved suc-
cessively, since extractive alkylation procedures are
inapplicable to these compounds. To recover alkyl hy-
drogen alkylphosphonates, Soderstromet al. [9] evap-
orated aqueous solutions and biological fluids to dry-
ness; Minamiet al. proposed an alternative approach:
extraction with acetonitrile [13].

In this study, we used both the procedures. To find
the best conditions for recovery and modification of
methylphosphonic acid and isopropyl, isobutyl, and
pinacolyl hydrogen methylphosphonates, we used GC

with a flame-ionization detector. The areas of the
chromatographic peaks of the trimethylsilyl esters
were measured, and their ratios to the area of the peak
of tetradecane, used as internal reference, (relative
peak areas) were determined.

The average relative peak areasSav for each com-
ponent in calibration solutions and in samples after
evaporation and extraction are given in Table 3. The
reproducibility of the analysis was characterized by
the root-mean-square deviationSx, and the efficiency
of sample preparation, by the degree of recovery R.
Data in Table 3 were obtained for the analyte concen-
tration range 13100 mg l31.

Table 3 shows that, in analysis of alkyl hydrogen
methylphosphonates, satisfactory results are obtained
only in extraction with acetonitrile (method D). We
found that methylene chloride (method B) does not
recover methylphosphonic acid and its acidic esters
from both neutral and acidic (pH 136) aqueous solu-
tions to a noticeable extent (R < 1%). Thus, there is
practically no loss of methylphosphonic acid and
its acidic esters in stage B of sample preparation
(Table 1).

Methylphosphonic acid is recovered from aqueous
solutions most difficultly. At the same time, with
methylphosphonic acid, satisfactory analytical param-
eters are achieved by evaporation of the aqueous sam-
ple. Thus, the best procedures for analysis of methyl-
phosphonic acid and its acidic esters are C and D, re-
spectively (Table 1). However, in analysis of large
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volumes of natural waters expected to contain methyl-
phosphonic acid in low concentrations, procedure C
is very power-consuming. In this case, procedure D
becomes more appropriate, with correction made for
the actual degree of recovery.

To choose a procedure for conversion of methyl-
phosphonic acid and its acidic esters to volatile deriv-
atives, we compared, using solutions of the corre-
sponding reference samples in dichloromethane, the
efficiencies of methylation (with diazomethane and
methyl iodide) and silylation [withN,O-bis(trimethyl-
silyl)acetamide (BSA) and bis(trimethylsilyl)trifluoro-
acetamide (BSTFA)]. The highest relative yields, at
a minimum of false positive results, were achieved
with silylation (irrespective of the silylating agent
used). The effect of trimethylchlorosilane (TMS) ad-
dition on the yield of silylation with BSTFA was
studied in [13]; the highest yield was achieved at the
ratio BSTFA : TMS = 1 : 9. Under our conditions,
addition of TMS had no significant influence on
the silylation efficiency and resulted only in sam-
ple contamination. As already noted, when choosing
the optimal conditions for recovery from aqueous
solutions and modification of alkyl hydrogen methyl-
phosphonates, we used as recording device a gas
chromatograph equipped with a flame-ionization de-
tector, which was very convenient asapplied to model,
relatively concentrated (0.13100 mg l31) solutions.
However, for actual water samples, the sensitivity and
selectivity of this procedure were insufficient. In this
case, we used in GC analysis a thermoionic detector,
with the same recovery and modification procedures.
The detection limit of methylphosphonic acid and
its esters was as low as 0.131 mg l31, approaching the
sensitivity level of GC3MS with selective ion moni-
toring (m/z = 153 for alkyl hydrogen methylphospho-
nates and 225 for methylphosphonic acid).

EXPERIMENTAL

Head-space analysis (method A) was performed in
the static mode: 1 g of a BSCsample was kept for
40 min in temperature-controlled 10-ml vessels with
a Teflon membrane at 70oC, and 1-ml samples of the
equilibrium vapor were taken for analysis.

Aqueous BSC samples were prepared as follows.1

A bitumen3salt compound was poured into molds
ÄÄÄÄÄÄÄÄÄÄ
1 The procedure was developed at the State Research Institute

of Organic Chemistry and Technology (GosNIIOKhT); refer-
ence samples of methylphosphonic acid and its isopropyl, iso-
butyl, and pinacolyl esters were prepared and submitted by
GosNIIOKhT staff members.

made of a chemically inert material and kept for 24 h,
after which an aqueous-salt solution simulating the
composition of natural waters at the site of intended
BSC disposal was added, and the system was kept for
4 days at 25oC.

Neutral extracts from BSC aqueous extracts (meth-
od B) were prepared by treatment of 10 ml of an
aqueous sample with methylene chloride (30 2 ml)
at pH 7. The combined extract was dried, concen-
trated, and analyzed.

The aqueous residue was divided in two portions.
An aliquot of the first portion was evaporated to dry-
ness and dissolved in 10ml of methylene chloride3
acetonitrile (1 : 1), 20ml of a methanolic solution of
BSA or BSTFA was added, and the mixture was kept
for 20 min at 60oC; after that it was diluted (if neces-
sary) and analyzed (method C). The second portion
was used for preparing acidic extracts from aqueous
extracts. It was acidified to pH 1 with dilute sulfuric
acid, saturated with sodium chloride, and extracted
with acetonitrile (30 2 ml). The combined extract was
dried, concentrated, again dried, and redissolved in
10 ml of methylene chloride3acetonitrile (1 : 1); 20ml
of a methanolic solution of BSA or BSTFA was
added, and the mixture was kept for 20 min at 60oC
(method D).

The solvents (methylene chloride and acetonitrile)
were purified by standard procedures and distilled in
a column; pure-grade anhydrous sodium sulfate was
calcined in a muffle furnace at 400oC before use.
BSA, BSTFA, and methyl iodide were purchased
from Merck (Germany); diazomethane was prepared
by decomposition of N-nitrosomethylurea.

The GC3MS analysis was performed on a Shima-
dzu device comprising a GC-17A gas chromatograph,
a QP 5000 mass spectrometer equipped with a quadru-
pole analyzer, and a data processing system. The
ionization was performed by electron impact at an
ionizing electron energy of 70 eV. The ion source
temperature was 280oC. The device was calibrated
in the automated mode against perfluorotributylamine
reference. A DB-5 250000 0.2-mm capillary column
of fused quartz was used; the thickness of the sta-
tionary phase film was 0.33mm. The flow rate of
the carrier gas (He) was 1 ml min31. Liquid samples
(0.531 ml) were injected in the splitless mode (0.3min),
and gas samples (1 ml), in the split mode. The injector
temperature was 250oC. The column was heated from
40 to 270oC at a rate of 5 deg min31 and kept at
the final temperature for 15 min.

Compounds were separated on a Kristall-2000 gas
chromatograph equipped with a flame-ionization de-
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tector or a thermionic detector and a quartz capil-
lary column (250000 0.2 mm). The thickness of the
stationary phase film (SE-54) was 0.2mm. The flow
rate of the carrier gas (nitrogen) was 1 ml min31; hy-
drogen and air were fed into the detector at rates of
15 and 250 ml min31, respectively. The temperature
schedule was the same as in the GC3MS analysis.

Quantitative GLC analysis was performed with
external reference.

CONCLUSIONS

(1) Methylphosphonic acid and its mono- and di-
alkyl esters present in bitumen3salt compounds as de-
composition products of organophosphorus chemical
warfare agents can be considered chemical markers.

(2) Dialkyl methylphosphonates can be quantita-
tively determined by gas chromatography. For deter-
mination of methylphosphonic acid and its acidic
esters, they should be preliminarily extracted with
acetonitrile from acidic solutions and silylated.
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Abstract-Emulsifier-free emulsion copolymerization of acrolein with styrene and methyl methacrylate
in the presence of potassium persulfate was developed to prepare microspheres with surface aldehyde groups.
The kinetics of monomer copolymerization was studied and the conditions for preparing monodisperse
microspheres 37031000 nm in diameter were determined.

Monodisperse polymer microspheres are widely
used in immunology as supports of biologically ac-
tive compounds (BACs) [1]. These BACs are either
simply sorbed on the support surface or bound to it by
various chemical reactions with reactive groups on
the microsphere surface. For example, surface alde-
hyde groups react with BAC amino groups yielding
Schiff bases under mild conditions. As a rule, polymer
microspheres with aldehyde groups are prepared by
homopolymerization of unsaturated aldehydes (e.g.,
acrolein, formylstyrene) [1]. The monodisperse poly-
acrolein particles are often prepared by the anionic or
radiation-induced radical polymerization in aqueous
solutions [235]. However, these procedures give sig-
nificant amounts of oligomeric products, which, in
the course of storage of the latexes and preparations
on their base, migrate to the particle surface, making
its surface structure unstable. At the same time, only
in few works, microspheres were prepared by rad-
ical copolymerization of acrolein and styrene [638],
though such a procedure allows control over the frac-
tion of acrolein units in the surface layer and, prob-
ably, over the degree of polymer cross-linking via
aldehyde groups. Therefore, we studied in this work
the copolymerization of acrolein with more hydro-
phobic monomers, such as styrene and methyl meth-
acrylate (MMA), to prepare monodisperse micro-
spheres containing surface aldehyde groups. Data on
the synthesis of poly(styrene/acrolein) (PSAC) and po-
ly(MMA/acrolein) (PMMAAC) latexes by emulsifier-
free emulsion copolymerization are of particular in-
terest for revealing the effect of water-soluble acrolein
on the course and mechanism of particle formation.

EXPERIMENTAL

Preliminarily, styrene, MMA, acrolein, dimethyl-
formamide (DMF), methyl ethyl ketone (MEK), and
methylene chloride were purified by distillation ac-
cording to standard procedures. Double-distilled water
served as dispersion medium. Sodium chloride NaCl,
sodium tertaborate Na4B2O7, potassium dihydrogen-
phosphate NH2PO4, analytically pure hydroxylamine
hydrochloride, and HCl and NaOH standard solutions
were used without additional purification.

The emulsion radical emulsifier-free copolymeriza-
tion of the monomer mixtures was carried out in the
presence of potassium persulfate [9]. In order to ob-
tain monodisperse microspheres of widely varying
size, the molar ratio of the initial monomers, concen-
tration of the monomer mixture in water,w (wt %),
temperature, and concentrations of the initiating agent
and buffer salt were varied (Table 1). The residual
monomers were separated from the resulting latexes
by distillation with steam. The monomer conversion
was determined by gas chromatography with internal
reference (butanol).

The measurement error was 5%. The particle size of
the resulting latexes was measured with a JEM 100 S
electron microscope (JEOL, Japan). Water-soluble
admixtures were removed from the latex by three
cycles of centrifugation and dispersion in double-
distilled water. Then the surface concentration of the
carboxy and aldehyde groups was determined by con-
ductometric titration [8]. The aldehyde groups were
analyzed after preliminary treatment of the latex with
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hydroxylamine hydrochloride [9]. The content of the
sol fraction in the copolymers was determined by frac-
tional extraction with methylene chloride for 3 days.
The IR spectra of the sol fraction solutions were
registered in the 40034000 cm31 range. The thin-layer
chromatograms of the sol fraction of the resulting
polymers were studied on the silica support in com-
parison with the homopolymers: polystyrene (PS) and
polymethyl methacrylate (PMMA). Polyacrolein is in-
soluble in the solvents used because of the strong in-
termolecular cross-linking [1] and thus cannot be used
as reference. In the case of PS andPSAC, the mobile
phase was toluene, whereas for PMMA and PMMAAC
the mixture of toluene and MEK (5 : 7 volume ratio)
was used. The chromatograms were developed using
a mixture of sulfuric acid and potassium per-
manganate.

The procedure of the microsphere surface modifica-
tion with protein is presented elsewhere [10]. As ad-
sorbate protein we used the native bovine serum
albumin (BSA); this protein is widely used in im-
munoassay as a carrier of small antigens and as a
blocking agent, which fills the hydrophobic surface
and thus hinders nonspecific interactions. The proc-
edures for purification and analysis of serum albumin
were given in [10].

The solutions of BSA before and after their inter-
action with the polymer particles were studied by
both the traditional Lowry procedure and modern high-
performance monolithic chromatography (HPMC) [11]
on a CIM® Disk DEAE anion-exchange membrane
(BIA Separations, Ljubljana, Slovenia). The gradient
elution was performed using solution containing tris-
(hydroxymethyl)aminomethane hydrochloride (0.02 M)
and sodium chloride (0.5 M), pH 8.0 at a rate of
3 ml min31. Albumin was detected atl = 229 nm.

Monodisperse latexes with particle size of 3703
670 nm were prepared by radical copolymerization of
acrolein and styrene (Table 1). It was found that at
equimolar monomer ratio the reaction proceeded most
completely, whereas at a styrene : acrolein molar ratio
of 2 : 1 the conversion was only 75 and 57% (Table 1,
run nos. 2 and 11). These data agree with published
results [8]. With the preparation temperature decreas-
ing from 60 to 55oC, the diameter of the resulting
monodisperse microspheres increases (Table 1, run
nos. 1 and 3), which is due to the decrease in the de-
composition rate of the initiating agent. However,
upon additional decrease in the initiating agent con-
centration (Table 1, run no. 4), the size of the result-
ing microspheres did not increase further because of
the significant decrease in the monomer conversion.

Table 1. Synthesis conditions, monomer conversionK, and
diameterD of microspheres prepared by copolymerization
of styrene and acrolein*

ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄ

Run
³ Synthesis conditions ³

K, %

³

D, nm
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´ ³

no. ³ w, ³ T, ³ Csalt0 1032,³ ³
³ wt % ³ oC ³ M ³ ³

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄ
1 ³ 10 ³ 60 ³ 3 ³ 90 ³ 370
2 ³ 10 ³ 60 ³ 3 ³ 75 ³ 370
3 ³ 10 ³ 55 ³ 3 ³ 90 ³ 520
4 ³ 10 ³ 55 ³ 3 ³ 57 ³ 370
5 ³ 15 ³ 55 ³ 3 ³ 90 ³ 610
6 ³ 10 ³ 60 ³NaCl, 2 ³ 90 ³ 420
7 ³ 10 ³ 60 ³NaCl, 4 ³ 90 ³ <700**

8 ³ 15 ³ 60 ³ KH2PO4, 1 ³ 90 ³ 670
9 ³ 15 ³ 55 ³ KH2PO4, 1 ³ 80 ³ <700**

10 ³ 15 ³ 55 ³ KH2PO4, 2 ³ 80 ³ <800**

11 ³ 15 ³ 55 ³ KH2PO4, 1 ³ 57 ³ 520
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Styrene : acrolein molar ratio 1 : 1, in run nos. 2 and 11 2 : 1;

concentration of K2S2O8 with respect to monomers was
1 wt %, and 0.5 wt % in run no. 4.

** The resulting latexes along with the main fraction of coarse
particles contain finer particles.

In contrast, with increasing monomer concentration in
the reaction mixture, their conversion reached90%; in
this case, coarser monodisperse microspheres 610 nm
in diameter were formed (Table 1, run no. 5).

To make larger the resulting microspheres, we also
raised the ionic strength of the reaction mixture. It
was found, that with the NaCl concentration increas-
ing to 0.02 M, the particle size grows somewhat
(Table 1, run nos. 1 and 6), whereas in a more saline
solution the resulting latex becomes polydisperse (run
no. 7). It is well known that, during emulsion poly-
merization, the persulfate initiating agent reacts with
water to form hydroxy radicals, and the reaction mix-
ture becomes more acidic [12]. In our case, the pH of
the resulting polymer dispersions was 2.5 after the re-
action termination. The aggregation stability of the
polymer3 monomer particles (PMPs) in the dispersion
medium with low pH and high ionic strength was
insufficient owing to a decrease in the ionization
of the surface sulfate and carboxy groups which can
be formed during oxidation of the surface aldehyde
groups in the acrolein units with persulfate.

To enhance the aggregation stability in the syn-
thesis of coarse particles at high ionic strength of
the dispersion phase, we used potassium dihydro-
phosphate buffer salt, which ensures a weakly acidic
state of the reaction mixture. In the presence of this
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Fig. 1. (a) Acrolein conversionK and content of acrolein
units in the latexC1, (b) number of particlesN and their
diameterD, and (c) concentration of the surface aldehyde
[3CHO] and carboxy [3COOH] groups vs. theacrolein
mole fraction C in the mixture with MMA.

salt, a monodisperse latex with particle diameter of up
to 670 nm was prepared (Table 1, run nos. 8 and 11).
In this case, the size of the resulting microspheres also
increased with decreasing temperature (Table 1, run
nos. 9 and 10), but finer particles were detected along
with a coarse fraction.

Table 2. Sol fraction in copolymers
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³ Content, mole fraction ³ Sol
ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ´³ ³ fraction

Run ³ acrolein ³ number of acro-³ in
no. ³ in the reaction³ lein units ³ copolymer,

³ mixture ³ in copolymer ³ %
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Methyl methacrylate/acrolein

12 ³ 0.33 ³ 0.33 ³ 100
13 ³ 0.40 ³ 0.35 ³ 72
14 ³ 0.50 ³ 0.43 ³ 50

Methyl methacrylate/styrene

8 ³ 0.50 ³ 0.53 ³ 30
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Copolymerization of acrolein with a less hydro-
phobic MMA was carried out under the conditions
providing, in the case of acrolein and styrene, poly-
merization formation of coarse monodisperse particles
and the most complete monomer conversion (Table 1,
run no. 8). Since data on the emulsion copolymeriza-
tion of acrolein with MMA are lacking, the effect of
the monomer ratio on their conversion and the prop-
erties of the resulting latexes were studied in more
detail. It was found that the acrolein conversion de-
creases with its increasing concentration in the re-
action mixture (Fig. 1a), whereas the MMA conver-
sion remains at a level of about 90%.

With increasing acrolein content in the initial mix-
ture, the number of the polymer particles decreases
and thus their size increases (Fig. 1b). With increasing
acrolein content, the content of the surface aldehyde
groups grows in parallel (Fig. 1c) with the number
of acrolein units in the latex structure (Fig. 1a). How-
ever, there is no clear correlation between the concen-
tration of the surface carboxy groups and the content
of acrolein (Fig. 1c).

We found that the resulting microspheres are par-
tially cross-linked systems and the content of the sol
fraction increases with decreasing content of acrolein
in the initial mixture (Table 2). These data confirm
that the radical polymerization is accompanied by in-
termolecular cross-linking via the C=C and C=O
groups of acrolein [1]. Thin-layer chromatograms
(silica) of the sol fractions of the polymers prepared
at equimolar MMA : acrolein or styrene : acrolein ratio
show that these samples differ from, respectively,
MMA and styrene homopolymers. For example, in
the chromatograms with toluene eluent, PS moved
in the front, whereas PSAC remained at the start.
In the toluene/MEK mixture, PMMA advanced with
the b-front and PMMAAC remained at the start. At
the same time, in the case of MEK eluent, thePSAC
and PMMAAC samples moved at the front. IR spec-
tra of the PSAC and PMMAAC samples are shown in
Fig. 2 in comparison with those of MMA and styrene
homopolymers. The IR spectrum of the PSAC sample
contains a strong absorption band at 1725 cm31

(C=O vibrations) and a weak band at 2740 cm31

(CÄH asymmetric vibrations of the aldehyde group),
which are absent in the IR spectrum of the PS sample.
The IR spectrum of the PMMAAC sample contains
a strong band at 1730 cm31, which can be attributed
to vibrations of the carbonyl bond in both acrolein
and MMA. A weak absorption at 2740 cm31 confirms
the presence of the aldehyde groups in this polymer.
Hence, the PSAC and PMMAAC samples are co-
polymers of styrene or MMA with acrolein.
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The copolymerization kinetics of acrolein with
MMA and styrene at equimolar monomer mixtures is
illustrated in Fig. 3. The kinetics of MMA conversion
(Fig. 3a) shows that, at the start of polymerization,
the contribution of this monomer is significantly
smaller as compared with that of acrolein. Based on
the slope of the conversion curves, the polymeriza-
tion rates of MMA and acrolein during this induction
period are 0.30 1035 and 2.40 1035 mol l31 s31, re-
spectively. The copolymerization constants for the
MMA/acrolein system in dioxane are 10 and 0.2, re-
spectively [13]. Thus, at equal concentrations of the
required monomers in the reaction zone the rate of
MMA polymerization must be significantly higher.
The above result is probably due to the fact that the
solubility of acrolein in water exceeds that of MMA:
3.7 and 0.15 M, respectively [14]. Gas chromato-
graphic data show that, at the start of the process,
nearly 70% of acrolein is in the aqueous solution.
In the presence of water-soluble initiating agent,
various oligomers and oligomeric radicals enriched
with acrolein units are formed in solution; this pro-
vides their high solubility in water. Moreover, these
compounds must possess low surface activity be-
cause of the low content of the MMA units and insig-
nificant difference in polarity between the como-
nomer units. As a result, they form PMP later and
their stabilization effect is smaller. Hence, we obtain
coarser microspheres than in the case of acrolein
copolymerization with more hydrophobic styrene
(Fig. 4). Such a mechanism of PMP formation is
confirmed by the fact that, at increased content of
acrolein in the mixture with MMA, coarser particles
are formed (Fig. 1b). In the second stage of poly-
merization, the rate of MMA consumption increases
from 0.80 1035 to 2.10 1035 mol l31 s31, whereas the
rate of acrolein conversion remains constant. In this
stage, polymerization proceeds predominantly on the
PMP surface and thus the mole fraction of MMA in
PMP may increase in the course of the experiment and
acrolein consumption.

When the MMA conversion reaches nearly 35%,
a gradual increase in the rate of MMA polymerization
gives way to a pronounced gel effect: the rate of
MMA consumption increases from 2.10 1035 to 7.50
1035 mol l31 s31. Si-multaneously, the rate of acro-
lein consumption increases to 4.80 1035 mol l31 s31.
This confirms the formation of a copolymer of acro-
lein and MMA in PMP. It should be noted that in this
stage of polymerization the increase in the viscosity
of the polymer-monomer mixture in the particles,
which provides coexistence of several growing radicals
and causes the gel effect, may be enhanced by cross-

Fig. 2. IR spectra of sol fractions of (1) PS/AC and
(2) PMMA/AC in comparison with IR spectra of (3) PS
and (4) PMMA. (n) Wave number.

Fig. 3. Monomer conversionK vs. synthesis timet in co-
polymerization of equimolar mixtures of (a) (1) acrolein
with (2) MMA and (b) (1) acrolein with (2) styrene.

Fig. 4. Microspheres of (a) PMMA/AC and (b) PS/AC
prepared by copolymerization of equimolar monomer mix-
tures.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1732 MEN’SHIKOVA et al.

Fig. 5. HPMC curves of the albumin solutions in borate
buffer (pH 9.2) (1) before and (2, 3) after their interaction
with microspheres of acrolein copolymers with (2) styrene
and (3) MMA (a) without preliminary removal of oligomers
and (b) after their separation. (A) Absorption and (t) time.
Albumin concentration, mg ml31: (a) 1 and (b) 1.5.

linking of macromolecules via acrolein units (Ta-
ble 2). After the exhaustion of the monomers in
PMPs, the copolymerizationrate significantly de-
creases and plateaus are observed in the conversion
curves. The acrolein conversion is incomplete, prob-
ably because its certain fraction is retained in water.

In the course of polymerization with styrene,
acrolein is consumed at a constant rate of 2.70
1035 mol l31 s31 (Fig. 3b), which is higher than the
rate of its copolymerization with MMA before gela-
tion (2.40 1035 mol l31 s31). This is due to the fact
that copolymerization with styrene yields smaller par-
ticles, and, thus, the concentration of growing PMPs
is higher. In this case, the induction period in the con-
version curve of styrene is less pronounced than in the
case of MMA copolymerization with acrolein. This
suggests rapid formation of diphilic PMPs, which thus
involve the surface-active oligomers and oligomeric
radicals containing fragments of hydrophobic styrene
(3.70 1033 M solubility in water [14]) and hydro-
philic acrolein. At moderate conversion of monomers,
when copolymerization proceeds predominantly in
PMPs, the rate of styrene consumption (2.60
1032 mol l31 s31) is close to that of acrolein. It was
found [8] that, despite equal copolymerization con-
stants of styrene and acrolein in dioxane (0.25 [13]),

the number of acrolein fragments in the copolymer in
the course of emulsion copolymerization grows only
slightly with its increasing content in the reaction
mixture and does not exceed 30% at styrene/acro-
lein molar ratio of 1 : 2. By contrast, we prepared in
our casePSAC copolymer microspheres with acrolein
content of 53 mol % even at the equimolar monomer
ratio (Table 2). The similar reactivities of styrene and
acrolein in this case can be accounted for by the pres-
ence of potassium dihydrogenphosphate in the reac-
tion mixture, which decreases the acrolein solubility
in water and shifts the polymerization predominantly
into PMPs. As a result, the conversion of styrene in
the course of copolymerization is slightly smaller than
that of acrolein, which allows preparation of copo-
lymer microspheres with high content of aldehyde
groups.

To study the sorption of proteins by the surface
of PSAC and PMMAAC copolymer microspheres, we
performed binding of BSA with their surface aldehyde
groups in alkaline medium. The residual concentra-
tion of BSA after chemisorption was determined by
HPMC; the results suggestedthat, simultaneously with
the formation of the Schiff bases on the particle sur-
face, the polymeric chains enriched with carboxy and
aldehyde groups can be washed out of the particles
into solution, with their further binding with BSA in
solution. As a result, broad peaks of BSA conjugates
with the most soluble copolymer chains appear in
the chromatograms in analysis of the residual BSA in
the dispersion system after chemisorption (Fig. 5a).
Their retention time is longer than that of the initial
BSA, which is due to anincrease in the number of
anionic groups in this protein. This trend is the most
pronounced under the chemisorption conditions at
high concentration of the surface aldehyde groups and
protein solution (pH > 9.0). This effect was eliminated
when the microspheres were washed with borate buf-
fer solution (pH 10.0) before chemisorption (Fig. 5b).

The data on the BSA chemisorption in several
samples of copolymer microspheres with different
copolymer compositions and surface concentrations
of the functional groups are listed in Table 3. It was
found that the BSA chemisorption on PSAC copoly-
mer microspheres is somewhat stronger than that in
the case of PMMAAC. This is probably due to higher
surface hydrophobicity of the acrolein-styrene co-
polymer. The chemisorption efficiency depends on the
pH of the dispersion medium. It was found that, with
the pH of the albumin solution increasing in the
course of chemisorption, the amount of BSA bound to
the PMMAAC microspheres increases significantly,
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Table 3. Conditions of albumin chemisorption
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³
[3CHO]

³
[3COOH]

³
Buffer

³ Albumin concentration, ³
Albumin

Sample ³ ³ ³
solution pH

³ mg ml31 ³
chemisorption,ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´no.

³ mg-equiv m32 ³ ³ C0 ³ Cp ³
mg m32

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Poly(styrene/acrolein)

8 ³ 3.20 ³ 0.9 ³ 7.5 ³ 1.50 ³ 1.01 ³ 1.60
8 ³ 3.20 ³ 0.9 ³ 10.0 ³ 1.50 ³ 1.09 ³ 1.30
3 ³ 2.00 ³ 0.7 ³ 9.25 ³ 1.61 ³ 1.08 ³ 2.30*

3 ³ 2.00 ³ 0.7 ³ 10.2 ³ 1.64 ³ 1.10 ³ 2.08*

Poly(methacrylate/acrolein)

14 ³ 2.96 ³ 1.7 ³ 10.0 ³ 1.50 ³ 1.23 ³ 1.27
13 ³ 1.53 ³ 1.8 ³ 7.5 ³ 1.00 ³ 0.93 ³ 0.35
13 ³ 1.53 ³ 1.8 ³ 8.2 ³ 1.00 ³ 0.90 ³ 0.65
13 ³ 1.53 ³ 1.8 ³ 9.20 ³ 1.50 ³ 1.29 ³ 0.72
13 ³ 1.53 ³ 1.8 ³ 10.0 ³ 1.00 ³ 0.79 ³ 1.10
12 ³ 0.81 ³ 0.5 ³ 8.2 ³ 0.50 ³ 0.46 ³ 0.35

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The concentrations of albumin and other polymers were determined by Lowry and HPMC procedures,respectively.

whereas in the case ofPSAC microspheres the trend
is reverse. It is obvious that certain fraction of BSA
is physically sorbed on the surface ofPSAC micro-
spheres through the hydrophobic interactions. With
increasing pH, the microsphere surface and albumin
globules acquire a larger negative charge owing to
ionization of their carboxy groups, and the albumin
sorption must decrease because of the electrostatic re-
pulsion and decreasing hydrophobic interaction [15].
The contribution of this mechanism to the BSA inter-
action with the surface ofPSAC microspheres is con-
firmed by the fact that, with decreasing surface con-
centration of the carboxy groups, the albumin binding
becomes more efficient (Table 3, sample nos. 3, 8);
similar results were obtained in [16]. By contrast,
the formation of the Schiff base becomes facilitated
with increasing pH, which is observed in the course
of BSA binding with the less hydrophobic surface of
the PMMAAC microspheres. With increasing surface
concentration of the aldehyde groups in the PMMAAC
microspheres, the chemisorption efficiency also in-
creases.

CONCLUSIONS

(1) Emulsifier-free emulsion copolymerization of
acrolein with styrene and methyl methacrylate to
prepare microspheres with surface aldehyde groups
was developed. The copolymerization kinetics at the
equimolar monomer ratios was studied. The results
obtained allow control over the size of monodis-

perse microspheres (37031000 nm), hydrophobicity
of their surface, and content of the aldehyde groups
providing the covalent binding of biologically active
compounds.

(2) The albumin binding to the microsphere sur-
face becomes stronger with increasing hydrophobicity
of the polymer support, i.e., on passing from poly-
(methyl methacrylate/acrolein) to poly(styrene/acro-
lein). However, the contribution of chemisorption to
the binding of the native bovine serum albumin is
greater for poly(methyl metacrylate/acrolein) micro-
spheres, because the efficiency of the albumin binding
to the surface of this copolymer grows with increas-
ing surface concentration of the aldehyde groups and
the albumin solution pH.
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Abstract-The kinetics of radical copolymerization of magnesium and calcium 2-acrylamido-2-methylpro-
panesulfonates withN-vinylpyrrolidone in aqueous solutions at pH 9 and 50oC in the presence of an initiator,
potassium peroxodisulfate, were studied dilatometrically, and the molecular characteristics of the resulting
copolymers were determined.

The kinetics of radical (co)polymerization of unsa-
turated acid salts in ionizing media are largely af-
fected by the nature of the cation, as demonstrated for
polymerization of salts of acrylic, methacrylic [1, 2],
N-vinylamidosuccinic [3], p-styrenesulfonic [4, 5],
and 2-acrylamido-2-methylpropanesulfonic (H-AMS)
[6, 7] acids and copolymerization of salts of acrylic
acid [8, 9] and H-AMS with acrylamide [10, 11] and
of lithium, sodium, and potassium salts of H-AMS
with N-vinylpyrrolidone (N-VP) [12]. In this study,
we examined the influence of the cation on the co-
polymerization of magnesium and calcium salts of
H-AMS with N-VP. Such studies are stimulated not
only by unusual, from the viewpoint of the classical
theory, trends in copolymerization of ionic monomers,
but also by practical significance of the copolymers,
which are effective flocculants [13], antistatic agents,
adhesives [14], etc.

EXPERIMENTAL

H-AMS was purchased from Lubrizol (UK); mp
185oC. H-AMS salts of alkaline-earth metals were
prepared by neutralization of H-AMS in aqueous so-
lutions to pH 9 with suspensions of Mg(OH)2, CaO,
and Ba(OH)2 . 8H2O with stirring and cooling with
water; the insoluble residue was removed by filtration.
N-Vinylpyrrolidone (Merck, Germany) was purified
by double distillation in a vacuum in the presence of
0.1% KOH;nD

20 1.5119. Potassium peroxosulfate (PP)
was twice recrystallized from aqueous solutions; the
content of main substance, determined by the redox

procedure, was 97.8%. In all the experiments, we
used distilled water. The other chemicals were of
chemically pure grade.

The copolymerization kinetics was monitored di-
latometrically at low conversions (X < 3%). The pro-
cedures of copolymerization and dilatometric mea-
surements and the techniques used were similar to
those described in [15].

After copolymerization, the resulting copolymers
were precipitated from aqueous solutions into acetone,
washed with acetone, and vacuum-dried at 50oC to
constant weight.

The yield of the copolymers was determined gravi-
metrically, and the content of ionic units, by elemental
analysis for sulfur [16]. The molecular weightM of
the copolymers was evaluated by the Mark3Houwink
relationship [h] ~ M from the intrinsic viscosity [h],
which was measured using a VPZh-3 capillary vis-
cometer withdc = 0.56 mm in 0.5 M NaCl at 30oC.

Degradation of Mg-AMS3N-VP copolymers was
performed at 50oC under the action of PP in a glass
vessel equipped with a temperature-contol jacket, a
magnetic stirrer, and a VPZh-3 capillary viscometer,
dc = 0.56 mm. The viscometer was equipped with a
jacket to keep the same temperature as in the reactor.

Copolymerization of H-AMS salts (M1) with N-VP
(M2) was performed in water in the presence of PP
initiator ([PP] = 1.20 1033 M) at pH 9 and 50oC.
At this pH, the hydrolysis ofN-VP was prevented
[17], and the initiation rate was insensitive to changes
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Fig. 1. Variation of (133) conversionX and (1`, 2`) intrinsic
viscosity [h] of the copolymers with timet in the course
of copolymerization of (1, 1`) Mg-AMS, (2, 2`) Ca-AMS,
and (3) Ba-AMS with N-VP. [M1] + [M 2] = 14.7%; initial
molar ratio [M1] : [M 2] = 7 : 3.

Fig. 2. Variation of the reduced viscosityhsp/Cp of
Mg-AMS3N-VP copolymers in water with timet in the
course of degradation at 50oC (1) in the absence and (2, 3)
in the presence of PP.Cp = 0.1, [PP] = 0.04%. Polymer
samples: (2) C ([h] = 127 cm3 g31, 49.5 mol % ionic units)
and (3) D ([h] = 54 cm3 g31, 42.0 mol % ionic units).

in the ionic strength [18] due to variation of the
concentration of the ionic monomer in the course
of copolymerization. Changes in the ionic strength
had no effect on the reactivity ofN-VP and the corre-
sponding propagating radical [19]. Under the chosen
conditions, no spontaneous copolymerization was ob-
served in the absence of initiator.

Figure 1 shows the kinetic curves of copolymeriza-
tion of H-AMS salts withN-VP, obtained with gravi-
metric monitoring of the reaction, and the intrinsic
viscosities of the resulting copolymers. Copolymeri-
zation of Mg-AMS with N-VP and of Ca-AMS with
N-VP occurred under homogeneous conditions to
deep conversions, whereas copolymerization of Ba-
AMS with N-VP was a heterogeneous process even
at low conversions. Since phase separation consider-
ably complicates copolymerization, our subsequent
experiments were only concerned with homogeneous
copolymerization of Mg-AMS and Ca-AMS with
N-VP. Figure 1 shows that the initial rate of copoly-
merization with Mg-AMS is higher than that for
Ca-AMS (curves1, 2), and the molecular weight of
the resulting copolymer with Mg-AMS is higher too
(curves 1`, 2`). Figure 1 also shows that, with in-
creasing conversion, the intrinsic viscosities of the
Mg-AMS3N-VP (curve1`) and Ca-AMS3N-VP (curve
2`) copolymers pass through a maximum observed at
a reaction time of 3 h. The increase in conversion
had no noticeable effect on the composition of the
Mg-AMS3N-VP copolymer: the content of the ionic
units in the product was 50.8 mol %.

The decrease in [h] after the maximum of the func-
tion [h] = f (t) (Fig. 1) may be due to occurrence un-
der the experimental conditions of polymerization3
degradation processes (under the action of radicals
generated from PP), with the degradation becoming
prevalent as the molecular weight grows. This sug-
gestion is confirmed by monitoring of the variation
in time of hsp/Cp at Cp = const for Mg-AMS3N-VP
copolymers in water under the action of PP at 50oC
(Fig. 2). Figure 2 shows thathsp/Cp doesnot change
in the absence of PP (curve1) but decreases with time
under the action of PP (curves2, 3). These results
are due to degradation of the macromolecules with
cleavage of the C3C bonds in the backbone chain
under the action of radicals generated from PP. Fig-
ure 2 also shows that the degradation of the macro-
molecules becomes more pronounced with increasing
M (curves 2, 3).

The influence of the cation on the copolymerization
of Mg-AMS and Ca-AMS withN-VP was examined
in a wide range of compositions of the initial mono-
mer mixture at [M1] + [M 2] = 14.7% and fixed other
parameters. The process kinetics was monitored dila-
tometrically. The inital sections of the kinetic curves
were linear, and the initial copolymerization ratev0
was determined from their slopes at low conversions
(X < 3%). The ratev0 determined in these runs is
plotted in Fig. 3 as a function of the content of ionic
monomers M1 in the initial mixture. For both systems
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under consideration,v0 = f (M1) passes through a
maximum at the equimolar ratio of the monomers.
The dependences plotted in Fig. 3 are well consistent
with published data [12, 19] and suggest the donor3
acceptor interaction between the H-AMS andN-VP
salts. Figure 3 also shows thatv0 varies in the order
Mg2+ > Ca2+ (curves1, 2) in a wide range of compos-
itions of the initial monomer mixture. This sequence
is consistent with the data in Fig. 1 (curves1, 2).

Figure 4 shows how [h] and the conversion in co-
polymerization of Mg-AMS and Ca-AMS withN-VP
depend on the mole fraction of the ionic monomer
M1 in the initial monomer mixture. It is seen that, in
both systems, [h] and conversion drow with increas-
ing M1. Figure 4 also shows that, in a wide range
of monomer ratios in the initial mixture, the intrinsic
viscosity and conversion are higher for Mg-AMS,
compared with Ca-AMS, which is well consistent
with the data in Fig. 1 (curves1`, 2`).

To explain the influence of the cation onv0 in
copolymerization of H-AMS salts withN-VP, let us
consider the scheme of the equilibrium between the
ionic groups in aqueous solutions

A3X+
5 A3

||X+
5 A3 + X+, (1)

I II III

where A3 is the anion of the monomer and of the
macroradical; X+ is the cation;I , II , and III are, re-
spectively, the contact and solvent-separated ion pairs
and free ions.

It is known that the sulfonate groups in H-AMS
salts and their units in copolymers of H-AMS salts
with N-VP are totally ionized in aqueous solutions.
However, with decreasing ionic strength of solutions
(because of the varying concentration of the ionic
monomers in the initial mixture and in the course of
copolymerization) and with binding of cations with
the polysulfonate anions, the ionization equilibrium
(1) is shifted to the left. As a result, the intensity of
intra- and intermolecular electrostatic interactions in
the system decreases, and the reactivity of H-AMS
salts and their macroradicals in copolymerization
changes. Thus, the shift of the ionization equilibrium
(1) results in that various ionic species of the mono-
mers and radicals, differing in reactivity, are involved
in the copolymerization. Because the reaction system
is multicomponent and the conditions are not isoionic,
the copolymerization[constants] r1 = k11/k12 (for
H-AMS salts) andr2 = k22/k21 (for N-VP) change in
the course of the process, which makes description of
the reaction by classical equations [4] with fixedr1
and r2 impossible.

Fig. 3. Initial rate v0 of copolymerization of (1) Mg-AMS
and (2) Ca-AMS with N-VP in aqueous solution vs. the
mole fraction of H-AMS salts in theinitial monomer mix-
ture M1. [M1] + [M 2] = 14.7%; the same for Fig. 5.

Fig. 4. (1, 2) Intrinsic viscosity [h] at t = 2h and (1`, 2`)
conversion X in copolymerization of (1, 1`) Mg-AMS
and (2, 2`) Ca-AMS with N-VP vs. the mole fraction of
H-AMS salts in theinitial monomer mixture M1. [M1] +
[M2] = 14.7%.

The degree of the cation binding with polysulfo-
nate anions of the copolymers of H-AMS salts with
N-VP decreases in the order Mg2+ > Ca2+ [20]. The
higher the degree of metal cation binding with sulfo-
nate anions of the macroradical, the weaker the elec-
trostatic repulsion between the similarly charged
monomer and the macroradical with a terminal ionic
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Fig. 5. Copolymer composition vs. the mole fraction of
H-AMS salts in theinitial monomer mixture M1. Copoly-
merization of (1) Mg-AMS and (2) Ca-AMS with N-VP in
aqueous solutions. (m1) Mole fraction of ionic units in the
copolymer.

Fig. 6. (1) Initial copolymerization ratev0 and (2) intrinsic
viscosity [h] (reaction time 2 h) of Mg-AMS3N-VP copoly-
mers in aqueous solutions as functions of the concentration
of the initial monomer mixture [M1] + [M 2]. Initial molar
ratio [M1] : [M 2] = 1 : 1.

unit, i.e., the higher the elementary propagationrate
constantk11. Therefore,v0 (Fig. 3) and [h] (Fig. 4)
decrease in the order Mg2+ > Ca2+.

Figure 5 shows how the composition of the copoly-
mers of Mg-AMS and Ca-AMS withN-VP depends

on the composition of the initial monomer mixture
at [M1] + [M 2] = const. The dependences in Fig. 5
correspond to the relative activities of the monomers
r1 < 1 andr2 < 1. We did not determiner1 andr2 for
the systems in question, becauser1 and r2 are appar-
ent quantities for the copolymerization involving ionic
monomers. Figure 5 shows that, in a wide range of
compositions of the initial monomer mixture, the con-
tent of the ionic units in the copolymer increases in
going from Ca-AMS to Mg-AMS (curves1, 2). Obvi-
ously, the variation of the composition of the resulting
copolymers is due to an increase in only one of four
elementary propagation rate constants,k11, describing
the addition of the macroradical of H-AMS salts to
the sulfonate anions of the monomer (H-AMS salt).
This trend is due to a decrease in the degree of metal
cation binding with the polysulfonate anions of the
copolymers in the order Mg2+ > Ca2+.

Also, we examined the effect on copolymerization
of the concentration of the initial monomer mixture
[M1] + [M 2] in the range 5325%. Experiments were
done at a fixed molar ratio [M1] : [M 2] = 1 : 1 and
invariable other conditions. Thev0 and [h] values
obtained in this series of experiments are listed in
Fig. 6. As seen from Fig 6, bothv0 and [h] grow
with increasing concentration of the monomer mix-
ture, which is consistent with fundamental aspects
of radical copolymerization.

CONCLUSIONS

(1) The initial copolymerization ratev0, conver-
sion X, intrinsic viscosity [h] of copolymers, and
the content of ionic units in them increase in the order
Ca2+ < Mg2+.

(2) The initial copolymerization ratev0 grows
with increasing concentration of the initial monomer
mixture and, when considered as a function of the
[M1] : [M 2] ratio, passes through a maximum at the
equimolar monomer ratio.

(3) The intrinsic viscosity [h] drows with increas-
ing concentration of the initial monomer mixture and
content of the ionic monomer and passes through
a maximum with increasing conversion.
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Abstract-Low-temperature (773280 K) ozonolysis of perfluoro-4-methyl-2-pentene and perfluoro-2,4-di-
methyl-3-ethyl-2-pentene by direct contact with ozone in the absence of solvents and oxygen was studied. The
resulting perfluoro ozonides can be used as initiators of low-temperature polymerization and copolymerization.

Low-temperature ozonolysis of tetrafluoroethylene
(TFE) and hexafluoropropylene (HFP) by direct con-
tact of the reactants in the absence of solvents and
oxygen was studied in [133]. At equimolar ratio of
ozone and perfluoroolefin, the corresponding ozon-
ides are formed at low temperatures (1403230 K) in
quantitative yield by addition of ozone across the
double bond. The resulting perfluoro ozonides are
stable up to 2503290 K and decompose at higher
temperatures, with TFE ozonide being more stable
than HFP ozonide. The decomposition products of
TFE and HFP ozonidesin statu nascendiinitiate poly-
merization of TFE [1, 2] and some other monomers
[3, 4].

In this work, we studied the mechanism of cryo-
chemical ozonolysis of perfluoro-4-methyl-2-pentene
(HFP dimer, DHFP) and perfluoro-2,4-dimethyl-3-
ethyl-2-pentene (HFP trimer, THFP) and examined
the possibility of using the resulting ozonides as poly-
merization initiators. Our experimental procedure,
including sample preparation, excluded the uncontrol-
lable explosion mode of the reaction and allowed
ozonolysis of DHFP and THFP to be studied in the
absence of solvents and oxygen at direct contact of
ozone and perfluoroolefin.

EXPERIMENTAL

DHFP and THFP were purified by double distilla-
tion (bp 323.2 and 383 K, respectively). Ozone was
generated by passing an oxygen stream through an
electric-discharge glass ozonizer equipped with exter-
nal and internal electrodes. The resulting ozone3oxy-

gen mixture was condensed in a trap cooled with
liquid nitrogen. Then, we removed oxygen from the
solution of ozone in liquid oxygen by vacuum distilla-
tion at 77 K, and the remaining crystalline ozone was
additionally purified by sublimation.

The phase state of the systems and the kinetics of
low-temperature ozonolysis and polymerization were
studied calorimetrically [5]. Known amounts of a
fluoroolefin and ozone were condensed in a vacuum
at 77 K in special glass calorimetric cells and sealed.
The reaction was performed in a slowly warming-up
calorimeter, and the reaction course was monitored by
the heat release.

The IR spectra of the fluoroolefins and reaction
products were taken on a Specord IR-75 spectrometer
using standard cells.

On cooling to 77 K, DHFP passes into a glassy
state. In the course of heating of such a sample, we ob-
serve in the calorimetric curve a characteristic change
in the heat capacity due to a transition from the glassy
state to a supercooled liquid (Tg 110 K), crystalliza-
tion of the supercooled liquid (exothermic peak at
1203140 K), and melting at 160 K (Fig. 1, curve1).
The heat of melting of DHFP, determined calorimetri-
cally, is 11.8+0.5 kJ mol31.

On heating a sample containing equimolar amounts
of O3 and DHFP, an exothermic reaction is observed
starting from approximately 210 K (Fig. 1, curve2).
The rate of cryoozonation (heat release) increases
with temperature, reaching a maximum at 2403250 K.
The total activation energy of the reaction in the range
2103240 K is 90+5 kJ mol31. Upon further warming,
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the ozonation rate decreases because of the exhaustion
of the reactants. The thermal effect of DHFP ozona-
tion, determined from a series of calorimetric runs, is
505+5 kJ mol31.

In the IR spectrum of the ozonolysis products, com-
pared with the initial DHFP, new bands appear at
1850 (Rf 3FC=O bond [6]) and 1100 cm31 (five-mem-
bered ring [7]).

These results suggest that, at low temperatures,
ozonolysis of DHFP follows, similarly to that of TFE
and HFP [133], the well-known three-stage Criegee
mechanism [8], yielding the corresponding carbonyl
compounds and DHFP ozonide. The primary reaction
product is the so-called molozonide (I ). It is unstable
and rapidly decomposes to form a bipolar ion and a
carbonyl compound. These intermediates couple again
in another sequence, forming a more stable ozonideII :

CF3CF C=O
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CF3
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The theoretical calculation of the heat released in
these three stages (kJ mol31) [9] gave 240 for the for-
mation of molozonide, 32 for the formation of the bi-
polar ion and carbonyl compound, 214 for the forma-
tion of the final ozonide, and 486 for the overall re-
action. The last value is nicely consistent with that
determined calorimetrically, 505+5 kJ mol31, which
confirms the suggested mechanism of low-temperature
ozonolysis of DHFP.

The resulting ozonideII is in dynamic equilibrium
with the bipolar ion and carbonyl compound. At low
temperatures (<300 K) the equilibrium is shifted
toward formation of II , but at higher temperatures
(3253335 K) this ozonide irreversibly decomposes into
perfluoroacyl fluorides (CF3)2CFCF=O and CF3CF=O.
This conclusion was confirmed in studies of polymer-
ization effectively initiated by the obtained perfluoro
ozonides.

DHFP ozonide initiates, similarly to TFE and HFP
ozonides, polymerization of a number of monomers,
e.g., TFE. As shown previously [134], polymerization

Fig. 1. Calorimetric heating curve: (DH ) heat release,
(t) time, and (T) temperature; the same for Fig. 2.
(1) DHFP, (2) system DHFP3O3 (molar ratio 1 : 1),
(3) THFP, and (4) systemTHFP3O3 (molar ratio 1 : 1).

is initiated owing to the formation of a very reactive
bipolar ion in the course of ozonide decomposition.
Although ozonideII can be stored for a long time
at room temperature, it initiates polymerization in the
range 2403 300 K. If ozonideII formed by ozonolysis
of DHFP is heated to 330 K, it irreversibly decom-
poses into perfluoroacyl fluorides, and these stable
products do not initiate polymerization.

With increasing DHFP content in the initial sam-
ples (molar ratio DHFP : O3 > 1 : 1), the thermal
effect of ozonolysis in the temperature range 2103

270 K remains unchanged (about 505 kJ mol31). This
fact shows that, in the indicated temperature range,
ozone molecules add across the double bond of DHFP
in a 1 : 1 ratio only.

Also, we examined the possibility of cryoozonolysis
of THFP. On cooling to 77 K, THFP fully turns into
a glassy state. The calorimetric curve of heating of
this compound shows only a characteristic change in
the heat capacity due to transition from the glassy state
to the liquid (Tg = 145 K; Fig. 1,curve 3). No addi-
tion of ozone across the C=C bond is observed. No
changes, compared with the case of pure THFP, are
observed in the calorimetric curve recorded during
warming of the system THFP3ozone (Fig. 1, curve4).
Thus, THFP does not react with ozone in the range
773300 K. Apparently, additional (compared with
TFE, HFP, and DHFP) CF3 groups in the THFP mol-
ecule shield the double bond and prevent access of
ozone to this bond.

As already noted, ozonides of TFE, HFP, and
DHFP initiate polymerization of many monomers.
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Fig. 2. Calorimetric heating curves. System ozonideII 3
TFE: (1) initial and (2) after TFE polymerization.

Fig. 3. Kinetic curves of TFE polymerization at different
initial pressures of the monomer: (a) PTFE yield and
(t) time. p, mm Hg: (1) 250, (2) 500, and (3) 750 (295 K).

Fig. 4. Kinetic curves of MMA polymerization at different
concentrations of the initiator (ozonideII ): (a`) polymer
yield and (t) time. C, mol %: (1) 2, (2) 2, and (3) 3 (295 K).

The polymerization initiated by fluoroolefin ozonides
and the resulting products are of interest themselves;
here, we only briefly discuss some features of the
process.

As polymerization initiator, it is very convenient
to use ozonideII , which is liquid at room tempera-
ture, is not dangerously explosive, and can be stored
for a long time. Polymerization can be initiated in two
ways: in slow cooling of the monomer and initiator
in the range 773300 K and in mixing of the monomer
and initiator at constant temperature.

Figure 2 (curve1) shows a calorimetric curve of
TFE heating in the presence of ozonideII . Ozonide
II was prepared by warming the system DHFP3

O3 (molar ratio 2 : 1) from 77 K to room temperature.
Actually, ozonideII was taken as a mixture with un-
changed excess of DHFP. Then TFE was condensed
into the calorimetric cell at 77 K, and the sample was
slowly warmed. As seen from Fig. 2(curve 1), after
thawing of TFE and a mixture of ozonideII with un-
changed DHFP (endothermic peaks in the range 1403

200 K in the calorimetric heating curve), heat release
due to TFE polymerization is observed starting from
approximately 230 K. The polymerization rate reaches
a maximum at 275 K, and at 300 K the monomer is
completely converted (yield of the polymer 100%).

Polymerization of TFE can also be initiated under
similar conditions with ozonides of TFE and HFP
[133] and occurs in the range 2403300 K. In the case
when polymerization in the system TFE3HFP is in-
itiated with HFP ozonide, a copolymer is formed,
with the HFP content reaching 25 wt % [4].

Polymerization of TFE is initiated with ozonideII
not only in the condensed phase on warming the sys-
tem from 77 K to room temperature, but also in the
gas phase at 295 K. Figure 3 shows kinetic curves
of TFE polymerization at various initial pressures of
the monomer. Experiments were performed in sealed
ampules containing definite amounts of ozonideII
and monomer. It is seen that, depending on the initial
pressure of TFE, the conversion is 40380% in 5 h.

It should be noted that perfluoro ozonides as poly-
merization initiators for fluoromonomers have fun-
damentally important advantages over the previously
known initiators [10]. OzonideII is not dangerously
explosive and is safe in storage. The use of perfluoro
ozonides allows polymerization of TFE under atmo-
spheric pressure at room temperature with acceptable
rate. Perfluoro ozonides enable, in principle, poly-
merization of fluoromonomers in the gas phase in
the continuous mode. The use of gaseous TFE under
normal pressure allows the process equipment to be
significantly simplified, and abandoning the use of
emulsions and water reduces the environmental im-
pact of the process.
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We also examined the possibility of initiating poly-
merization of monomers containing no fluorine. Ozo-
nide II effectively initiates polymerization of liquid
methyl methacrylate (MMA) and acrylonitrile (AN)
at room temperature. Figure 4 shows kinetic curves
of MMA polymerization at room temperature and
various initial concentrations of ozonideII . The result-
ing polymer is insoluble in methyl ethyl ketone, which
is untypical of polymethyl methacrylate. A chemical
analysis showed incorporation of fluorine into the
macromolecule in amounts significantly exceeding the
content corresponding to addition of the initiator frag-
ment in the initiation stage. Presumably, in the course
of MMA polymerization, the decomposition products
of the initiator or perfluoro-4-methyl-2-pentene are
incorporated in the macromolecule. Preparation of
polymethyl methacrylate containing perfluoro groups
is also of practical interest.

Thus, ozonideII can be used as initiator for poly-
merization of various monomers; in contrast to usual
initiators, it does not require use of elevated tempera-
tures.

CONCLUSIONS

(1) Low-temperature ozonolysis of perfluoro-4-
methyl-2-pentene involves addition of ozone across
the double bond in equimolar ratio; cryoozonolysis
of perfluoro-2,4-dimethyl-3-ethyl-2-pentene does not
occur under these conditions.

(2) Perfluoro-4-methyl-2-pentene ozonide is stable
at room temperature and can effectively initiate poly-
merization of commercial perfluoroolefins, methyl
methacrylate, and acrylonitrile.

(3) Polymerization of methyl methacrylate initi-
ated with ozonide yields a polymer containing per-
fluoro groups.
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Abstract-The softening point, heat and fire resistance, oxygen index, flammability, and smokiness of epoxy
polymers modified with glycidyl esters of phosphorus acids were evaluated, and compression and bending
tests of these materials were performed.

Epoxy polymers exhibit a set of valuable properties
[1], but their major drawbacks are low fire and heat
resistance and relatively low softening point. One of
efficient ways to overcome these drawbacks, and also
to make these polymers environmentally safer, is
incorporation of phosphorus into their structure [235].
Among numerous organophosphorus compounds cap-
able of incorporation into the structure of epoxy poly-
mers, the most attractive are glycidyl esters of phos-
phorus acids (GEPs); their synthesis and properties are
described elsewhere [6]. These compounds can be
used as active diluents [7, 8]. However, studies of
epoxy polymer compounds modified with GEPs are
very limited and are reflected mainly in the patent
literature [9].

In this work, we studied the properties of GEP-
modified epoxy polymers.

EXPERIMENTAL

As investigation objects we chose epoxy34,4̀-iso-
propylidenediphenol oligomer ED-20 [GOST (State
Standard) 10587384); amine curing agent 4,4`-diami-
nodiphenylmethane [DADPM, TU (Technical Specifi-
cations) 6-14-415370]; glycidyl esters of phosphorus
acids of the general formula RP(O)(OCH23CH3CH2)2\O/

,

where R =3OCH23CH3CH2\O/
(triglycidyl phosphate,I ),

3OCH3 (diglycidyl methyl phosphate,II ), and 3CH3
(diglycidyl methylphosphonate,III ); and diglycidyl
butanediol ether (IV ).

The compounds were prepared as follows. ED-20
epoxy oligomer was mixed with various amounts of

GEP, a stoichiometric amount of the curing agent was
added, and the reaction was performed in a step mode.
The completion of curing was judged from the attain-
ment of a constant glass transition pointTg, from ex-
amination of the thermomechanical curves, and from
the content of the gel and sol fractions. Thermome-
chanical curves were taken on a PTB-1 installation at
a heating rate of 50 deg h31; a sample 8 mm in diam-
eter and 11 mm high was compressed under a constant
load in the rangeP = 9.8339.2 N. The heat resistance
of the compounds was evaluated with a Q-1500D
MOM derivatograph (Hungary). The polymers were
decomposed in air by heating at a rate of 5 deg min31

to 350oC. The standard physicomechanical tests were
performed on an FPZ tensile-testing machine follow-
ing the prescriptions of GOST 4651382 for compres-
sion tests and GOST 4648371 for static bending tests.

To study the fireproofing power of the organophos-
phorus modifiers, we tested the polymeric materials
for combustibility by evaluating the flammability
according to GOST 21207381 and determining the
oxygen index (OI) according to GOST 12.1.044389.
The oxygen index is defined as the minimal content
of oxygen in an oxygen3nitrogen flow moving at a
velocity of 4+1 cm s31, supporting the combustion
of a sample for 180+3 s or to a length of 50 mm,
depending on what condition is fulfilled earlier.

To determine the smokiness in a wide range
(2370 units), we used a filtration procedure [10] based
on deposition of the dispersed phase on the surface of
filter paper, followed by photometry of the result-
ing carbon black spot. After passing a definite gas
volume through a paper filter, we determined with
an FM-56 photometer the reflection coefficient of the
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carbon black spot on the filterRS. Knowing the initial
reflection coefficient of the clean paper filterRW,
we determined the smokiness numberD:

D = 7777
RW 3 RS

RW
.

Figure 1 shows how the glass transition point of
the compounds depends on the GEP content. It is seen
that all the esters markedly raise the glass transition
point of the epoxy3amine polymers. The modifier per-
formance depends not only on the functional compo-
sition, but also on the chemical structure of GEP. For
comparison, Fig. 1(curve 4) shows data for the ED-
203DADPM compound modified withIV .

Epoxy compounds modified with glycidyl esters of
phosphorus acids were subjected to thermal oxidative
degradation in air. Figure 2 shows the weight-loss
curves for ED-20-based polymers cured with DADPM.
Thermal degradation of the phosphorus-containing
compounds (Fig. 2, curves234) occurs at higher tem-
peratures as compared with the unmodified sample
(curve 1). For example, the temperature of 10%
weight loss is 254oC for the unmodified compound
and 281, 290, and 308oC for the compound modified
with 15 wt % of II , I , andIII , respectively. Introduc-
tion of the organophosphorus component somewhat
inhibits degradation, especially withIII ; in order of
increasing heat resistance the compounds can be ar-
ranged as follows: ED-20 < ED-203II < ED-203I <
ED-203III .

The modifier concentration also affects the resis-
tance of epoxy compounds to thermal oxidative degra-
dation. With increasing modifier content, the degrada-
tion temperature shifts to higher values, the process
decelerates, and the coke yield increases.

Microscopic examination of the carbonized resid-
ues obtained in thermal oxidative degradation shows
that the coke formed from the phosphorus-containing
compounds exhibits higher crystallinity than the coke
from the nonmodified compound. The coke residues
from the compounds modified with the phosphates are
looser and more foamed than those from the com-
pounds modified with the phosphonate.

Thus, addition of GEPs enhances the heat resis-
tance of epoxy compounds, and the effect depends on
the concentration and structure of the modifier.

The combustibility of the epoxy compounds was
evaluated by the combustion rateJc and oxygen index
OI. The plots ofJc and OI against the phosphorus
content in the samples (Fig. 3) show that the oxygen
index considerably increases on introduction of the or-

Fig. 1. Glass transition pointTg of ED-203GEP3DADPM
compounds vs. GEP concentrationcGEP. Modifier: (1) I ,
(2) II , (3) III , and (4) IV .

Fig. 2. Weight loss Dm on heating in air ED-20-based
epoxy polymers cured with DADPM. (T) Temperature.
Additive (15 wt %): (1) none, (2) II , (3) I , and (4) III .

Fig. 3. (133) Combustion rateJc and (436) oxygen in-
dex OI of epoxy compounds cured with DADPM, vs.
the content of the added GEPs interms of phosphorus.
Modifier: (1, 4) III , (2, 5) I , and (3, 6) II ; the same for
Fig. 4.

ganophosphorus component. The highest OI (up to
40%) is attained with the compounds modified with
III . The compounds modified withI andII are some-
what more combustible, as indicated by lower OI.
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Fig. 4. (133) Smokiness numberD and (436) coke yieldA
in combustion of epoxy compounds ED-203GEP3DADPM
vs. the phosphorus content P in the modified polymer.

Data on the combustion rate rather clearly correlate
with the results of the OI tests. As seen from Fig. 3,
phosphonateIII is the most effective combustion in-
hibitor. Samples of compounds modified with phos-
phates show highJc. On the whole, experimental data
allow the phosphorus-containing compositions to be
classed with self-extinguishing compounds. The modi-
fied compounds burn to give a larger coke residue as
compared with the initial formulation (Fig. 4); the
higher the phosphorus content, the smaller the burnt-
out fraction of the epoxy polymer. However, in this

Table 1. Efficiency factors a of glycidyl esters of
phosphorus acids, calculated by formula (1)*

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
GEP ³ c, wt % ³ DOI ³ a

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
I ³ 2.16 ³ 8.8 ³ 3.2
II ³ 1.80 ³ 8.0 ³ 3.3
III ³ 1.74 ³ 12.0 ³ 5.1

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* (c) Concentration of phosphorus in the modified epoxy poly-

mer; bP = 0.62.

Table 2. Breaking compression (sc) and bending (sb)
stress of ED-203DADPM3GEP compounds
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

cm,* ³ sb, MPa ³ sc, MPa
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄwt % ³ I ³ II ³ III ³ I ³ II ³ III

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
0 ³ 120 ³ 120 ³ 120 ³ 109 ³ 109 ³ 109
5 ³ 170 ³ 140 ³ 125 ³ 167 ³ 145 ³ 130

10 ³ 210 ³ 160 ³ 128 ³ 198 ³ 162 ³ 141
15 ³ 220 ³ 170 ³ 130 ³ 197 ³ 161 ³ 149
20 ³ 220 ³ 170 ³ 132 ³ 192 ³ 156 ³ 148
25 ³ 200 ³ 160 ³ 134 ³ 189 ³ 152 ³ 148
30 ³ 170 ³ 145 ³ 134 ³ 181 ³ 149 ³ 148

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* (cm) Modifier content.

case, too, the coke yields for are different added
phosphates and phosphonates at the same content of
phosphorus in the compound. For example, at a 1.5%
content of phosphorus the coke residue from samples
modified with III , I , and II is 42, 38, and 37%,
respectively (for the unmodified epoxy polymer it is
32%).

When studying the fireproofing properties of GEPs,
we noticed that addition of an organophosphorus com-
ponent alters the character of the polymer combus-
tion. The combustion of the unmodified samples is ac-
companied by the formation of carbon black, splash-
ing of the polymer melt, and evolution of abundant
smoke. By contrast, the phosphorus-containing poly-
mers form a melt with a viscous surface layer, which
is followed by carbonization. The combustion of phos-
phorus-containing epoxy polymers is accompanied by
coke formation, with the coke yield and structure
depending on the nature of GEP. The phosphate-
modified compounds show strong foaming and in-
tumescence. The phosphonate-modified compounds
burn to give a large amount of dense coke, without
intumescence. The coke yield grows with increasing
phosphorus content.

Figure 4 shows that introduction of organophos-
phorus compounds considerably reduces the smoki-
ness of epoxy compounds

The performance of fire retardants can be evaluated
by the formula [11]

a = DOI/(c + b), (1)

where a is the coefficient of fire retardant perform-
ance;DOI is the change in the oxygen index;c is the
concentration (wt %) of the element that diminishes
the combustibility; andb = 0.02A (A is the atomic
weight of the element).

The coefficientsa for the epoxy compoundsstudied
are listed in Table 1; it is seen that phosphonateIII
exhibits the best performance.

Our results show that GEPs are effective fire re-
tardants for epoxy polymers. Comparative analysis of
the fireproofing powers of phosphonate and phos-
phates shows that, with the former, the oxygen index
is higher and the combustion rate lower at the same
content of phosphorus (Fig. 3).

The compression and bending tests of the modified
polymers (Table 2) showed that the strength character-
istics of the compound as functions of the modifier
concentration pass through a maximum. The highest
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values ofsb and sc are observed at low GEP con-
tent, which is followed by a decrease in strength.
The highest strength is shown by the compounds
modified with trifunctional glycidyl phosphate; such
compounds exhibit the highest crosslinking density
and the highest glass transition point. Among the com-
pounds modified with the bifunctional agent, those
containing II are stronger. One of the major factors
causing an increase in the strength of the GEP-mod-
ified epoxy polymers is, apparently, the lower content
of structural defects, resulting from the lower vis-
cosity of the initial formulation.

CONCLUSION

Our results showed that epoxy polymers modified
with glycidyl esters of phosphorus acids exhibit, on
the one hand, high levels of heat and fire resistance
and high softening point and, on the other, increased
strength and rigidity. A combination of such prop-
erties makes these compounds promising as versatile
materials.
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Abstract-The relationship between the functional composition and mechanical characteristics of viscose
cord threads with various linear densities, on the one hand, and oxidation conditions in the system N2O43CCl4
on the other, was studied. The effects of the oxidant composition and treatment time on the tensile strength
of dry and wet threads, and those tied in a knot, and also on the stability in a phosphate buffer were analyzed.
The optimal conditions for making threads with preset content of carboxy groups, having sufficient mech-
anical strength and stability in the phosphate buffer (pH 7.5) at 310 K, are determined.

Among cellulose derivatives, monocarboxycellulose
(MCC), the product of cellulose oxidation with dini-
trogen tetroxide, occupies a special place. Owing to
its suitable biological and mechanical characteristics,
MCC is widely used in medicine as a polymer carrier
for drugs and also as a surgical suture material. How-
ever, large-scale employment of oxidized cellulose
fibers in surgery has been limited till now by their
insufficient mechanical strength and high biodegrada-
tion rate in living tissues.

It is known that the tensile strength of cellulose
threads is controlled to a considerable extent by the
preparation procedure, including chemical modifica-
tion with dinitrogen tetroxide. It was demonstrated in
[1, 2] that the loss of tensile strength on treatment
with gaseous N2O4 of cellulose threads with a carboxy
group content of 4.0312.5% is 27.6363.2%. In [2],
effort was made to reduce the loss of tensile strength
in cellulose threads by performing their oxidation in
organic solvents (tetrachloromethane, trichlorofluoro-
methane, etc.) for a short time (15330 min), with
subsequent keeping at elevated temperature and pres-
sure. In this case, the loss of strength in cotton
and viscose threads with carboxy group content of
3.039.8% decreased to 19.9328.9%. The threads thus
treated lose their strength in living tissues in 5+

1 days. However, no detailed information is given
in [2] on how the solution composition and oxidation
time in each system affect the mechanical strength of
the threads.

The purpose of this study was to optimize the proc-
ess of oxidative treatment of viscose threads in the sys-
tem N2O43CCl4 with respect to the mechanical strength
and biodegradation rate in living tissues. Therefore,
we studied the effects of the oxidant concentration,
oxidation time, twisting of the threads, and the con-
tent of carboxy groups in them on the tensile strength
of dry (Pd) and wet threads (Pw) and those tied
in a knot (Pk), and also on the elongationDl/l.

EXPERIMENTAL

In the study, we used twisted and untwisted viscose
cord threads with linear density of 439 and 184 tex,
respectively. The oxidative treatment was carried out
in CCl4 at 290+ 1 K for 1324 h with various concen-
trations of N2O4. Oxidation with gaseous N2O4 was
performed at 318+2 K and oxidant pressure of 2.50
105 Pa in the course of 15330 min. After the oxidized
samples were withdrawn from the reaction vessel,
sorbed nitrogen oxides and CCl4 were removed by
passing an air stream for 30345 min. Then the threads
were thoroughly washed with distilled water to neg-
ative reaction for NO32 and NO33. The carboxy group
content in oxidized viscose threads was determined
by the Ca-acetate method [3]. The tensile strength
of dry (Pd) and wet (Pw) threads was measured on
an RM-3-1 tensile-testing machine [4], and that of
a thread tied in a knot (Pk), as for a dry thread. The
thread was so arranged in clamps that the knot was at
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equal distances from the fixation points. The arithme-
tic mean of the results obtained and the coefficient of
variation of the tensile strength of threads were esti-
mated as in [4]. The relative tensile strengthPrel
(cN tex31) was estimated to be

Prel = Pa/T,

where Pa is the actual tensile strength (cN) andT is
the linear density of the thread (tex).

The elongation was measured in parallel with deter-
mining the tensile strength on the elongation scale of
the tensile-testing machine. The elongation of a thread
is expressed in percent of its initial length.

Hydrolytic degradation of oxidized threads in liv-
ing tissues was simulated using a phosphate buffer
solution (pH 7.5) at 310+ 1 K. After treatment for
a fixed time, the threads were dried, and their tensile
strength was measured.

Figure 1 demonstrates the effect of oxidation con-
ditions in the system N2O43CCl4 on the content of
carboxy groups in viscose threads. As seen, this pa-
rameter grows steadily with increasing oxidant con-
centration and oxidation time (within 12316 h). For
example, with the N2O4 concentration increasing from
5 to 30%, the carboxy group content in oxidized
threads grows, depending on the oxidation time, from
0.336.3% [degree of substitution (DS) 1.1323.0] to
1.6315.5% (DS 5.9358.5). In the oxidant concentration
range 5310%, the oxidation rate in the initial stage of
the reaction is the most sensitive to the oxidant con-
centration. Use of N2O4 solutions with a concentration
from this range allows fabrication of threads with
mCOOH > 3.0%, which well meets the medical and bio-
logical requirements to surgical suture materials. In
this case, the dependence ofmCOOH on t has a pro-
nounced S-shaped form, suggesting that, in the initial
stage of the reaction (t < 5 h), diffusion of dinitrogen
tetroxide to the bulk of the fiber is hindered, and car-
boxy groups are accumulated preferentially in the sur-
face layer. At a fixed N2O4 concentration in CCl4 and
fixed oxidation time, the carboxy group content in
twisted and untwisted viscose threads is virtually
the same, with the content of fixed nitrogen in all
the samples not exceeding 0.1% of the initial weight
of the threads.

Figure 2 demonstrates the influence exerted by the
content of carboxy groups on the tensile strength of
twisted and untwisted viscose threads oxidized in
CCl4 with various concentrations of N2O4. It should
be pointed out that here we used experimental data
corresponding to the initial stage of oxidation (rapid
rise in the degree of oxidation) (Fig. 1). This is the
optimal time interval for oxidation treatment, since,

Fig. 1. Content of carboxy groups content,mCOOH, in vis-
cose threads vs. the timet of oxidation with N2O4 in CCl4.
Linear density of threads (tex): (136) 184 and (1`, 2`) 439.
Dinitrogen tetroxide concentration (%): (1, 1`) 5, (2, 2`) 10,
(3) 15, (4) 20, (5) 25, and (6) 30.

Fig. 2. Relative tensile strength of viscose threads,Prel, vs.
the content of carboxy groups,mCOOH. Linear density of
threads (tex): (136) 184 and (7, 8) 439. Dinitrogen tetroxide
concentration (%): (1) 5, (2, 7) 10, (3) 15, (4) 20, (5) 25,
and (6, 8) 30.

with t growing further, the content of carboxy groups
no longer increases, andPw of the resulting threads
and their stability in phosphate buffer solutions de-
crease dramatically.

The results obtained show that the tensile strength
of oxidized viscose threads depends not only on the
content of carboxy groups and degree of twisting, but
also on the oxidant concentration. The decrease in
the tensile strength of oxidized threads is the most
significant with the content of carboxy group increas-
ing to 1.833.6%, which is attained in 137 h. Further
increasing degree of oxidation has practically no effect
on the tensile strength, being manifested essentially in
the changing stability of the threads in the phosphate
buffer (Table 1). Presumably, the maximum drop in
the strength in the initial stage of oxidation is as-
sociated with the higher rate of variation of the degree
of structural ordering and decrease in the degree of
polymerization.
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Table 1. Effect of the content of carboxy group and oxidation conditions on the stability of MCC threads in phosphate
buffer
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

N2O4 concentration ³ mCOOH, ³ Pd, cN tex31
³ Strength loss, %, after holding for indicated timet, day

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄin CCl4, % ³ % ³ ³ 3 ³ 7 ³ 10
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Untwisted threads

0 ³ 0 ³ 37.0+ 1.4 ³ 3 ³ 8.0 ³ 9.4
5 ³ 0.4 ³ 33.4+ 2.6 ³ 13.9 ³ 26.6 ³ 31.7

³ 1.7 ³ 32.6+ 0.9 ³ 15.5 ³ 28.0 ³ 30.7
³ 2.4 ³ 32.3+ 0.9 ³ 14.4 ³ 28.9 ³ 32.1
³ 3.1 ³ 32.6+ 1.9 ³ 18.9 ³ 31.2 ³ 42.6
³ 3.3 ³ 32.5+ 1.1 ³ 19.4 ³ 35.5 ³ 42.2
³ 5.1 ³ 31.9+ 0.7 ³ 35.2 ³ 3 ³ 83.1
³ 6.1 ³ 30.6+ 1.1 ³ 69.1 ³ 88.2 ³ 100

10 ³ 3.3 ³ 32.6+ 1.2 ³ 29.7 ³ 44.7 ³ 62.6
³ 4.2 ³ 32.4+ 2.4 ³ 54.2 ³ 100 ³ 100
³ 6.3 ³ 32.1+ 1.3 ³ 100 ³ 3 ³ 3

Twisted threads

5 ³ 2.8 ³ 21.8+ 0.9 ³ 8.7 ³ 11.5 ³ 3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

It follows from Fig. 2 that, with the N2O4 concen-
tration increasing from 5 to 15%, the decrease in the
tensile strength in untwisted threads with fixed content
of carboxy groups is within the experimental error.
At higher oxidant concentration the tensile strength
decreases steadily with increasing N2O4 concentration.
The supramolecular structure of the fibers degrades in
parallel, as demonstrated by X-ray scattering data for
the threads before and after treatment with N2O4 so-
lutions (Fig. 3).

In the diffraction pattern of the initial viscose fiber,
there is, instead of three distinct maxima typical of
cellulose II, only one strong peak at 2q = 21322o, sug-
gesting a relatively high degree of orientation in the
initial fiber structure. With the oxidant concentration

Fig. 3. X-ray diffraction patterns of (1) initial and
(2, 3) oxidized viscose cord threads (mCOOH = 3.3%).
(I ) X-ray scattering intensity and (q) scattering angle.
N2O4 concentration in CCl4 (%): (2) 5 and (3) 10.

increasing from 5 to 10%, the extent of structural
transformation in the oxidized threads with fixed
mCOOH grows somewhat (peak intensity decreases).
Therefore, the threads treated with a 10% N2O4 solu-
tion are characterized by a higher degree of disorienta-
tion and degradation of macromolecules, even despite
the fact that the treatment time in this case is half as
long as that for the 5% solution.

It can be seen from Fig. 4 that theincrease in the
elongation of oxidized threads with growing degree
of oxidation, i.e., theeffect of the oxidizing medium
on the mechanical characteristics of viscose threads is
similar to the effect of moisture. One may suggest that
partial decomposition of the crystallites and disorien-
tation of the macromolecules in amorphous regions in

Fig. 4. ElongationDl/l0 of viscose threads (184 tex) vs. the
content of carboxy groupmCOOH. Oxidant concentration
(%): (1) 5, (2) 10, (3) 15, (4) 20, (5) 25, and (6) 30.
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Table 2. Effect of oxidation conditions on mechanical characteristics of MCC-based threads*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ N2O4 concentration in CCl4, % ³ Treatment time in gas phase, min
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 0 ³ 5 ³ 10 ³ 30 ³ 45

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

Monothread with linear density of 184 tex (d = 0.67+ 0.03 mm)

mCOOH, % ³ 0 ³ 3.5 ³ 7.1 ³ 6.3 ³ 7.7
Pd, cN tex ³ 37.0+ 1.4 ³ 32.9+ 1.0 ³ 29.9+ 1.0 ³ 23.2+ 1.1 ³ 17.8+ 5.0
Pw, cN tex ³ 21.1+ 1.5 ³ 20.9+ 0.9 ³ 17.2+ 1.3 ³ 15.8+ 1.9 ³ 10.7+ 0.9
Pk, cN tex ³ 18.5+ 1.2 ³ 16.9+ 1.8 ³ 17.4+ 1.5 ³ 17.7+ 1.4 ³ 16.1+ 1.3
DP, % ³ ³ 11.1 ³ 19.2 ³ 37.3 ³ 51.9

Twisted thread, 439 tex (d = 1.1+ 0.1 mm)

mCOOH, % ³ 0 ³ 3.2 ³ 7.2 ³ 6.3 ³ 7.7
Pd, cN tex ³ 29.6+ 1.3 ³ 24.9+ 0.9 ³ 18.2+ 0.6 ³ 11.0+ 0.7 ³ 12.4+ 0.9
Pw, cN tex ³ 21.4+ 1.3 ³ 14.9+ 0.6 ³ 12.8+ 0.8 ³ ³ 9.0+ 1.2
Pk, cN tex ³ 14.2+ 1.4 ³ 13.1+ 0.7 ³ 11.9+ 1.1 ³ 7.4+ 0.9 ³
DP, % ³ ³ 15.9 ³ 38.5 ³ 62.8 ³ 58.1

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Oxidation time in CCl4 is 7 h. Conditions of oxidation in the gas phase:T = 318 K, p = 2.5 105 Pa.DP = P0

d 3 Pd
ox)/P0

d.

the course of oxidation and washing are accompanied
by a decrease in the intensity of interaction between
cellulose macromolecules.

Under the same oxidation conditions, the maximum
loss of strength was observed for twisted threads
(Fig. 2). In this case, the effect of the N2O4 concen-
tration on the tensile strength of oxidized twisted
threads is less pronounced as compared with untwisted
threads. Table 2 shows that at the optimal oxidation
conditions in CCl4 the loss of tensile strength ranges
for twisted thread from 15.9 to 38.5%, depending on
the content of carboxy groups, and for untwisted
thread, from 11.1 to 19.2%. The most probable ex-
planation of the observed effect is that, both in solids
and in polymers, simultaneous action of a mechanical
stress and an aggressive medium provides more sig-
nificant changes in strength [5]. Therefore, to reduce
the loss of tensile strength of a cellulose-based ma-
terial as a result of oxidation, it is necessary to use
threads with low twisting density.

Comparison of the mechanical characteristics of
cellulose threads having close degrees of substitution,
but obtained under different oxidation conditions,
shows that the loss of strength is more pronounced
when oxidation is performed in the gas phase (Ta-
ble 2). In this case, the tensile strength decreases by
37363%, which is consistent with published data.

According to the results of [2, 5], the rate of
strength loss in a phosphate buffer solution (pH 7.5)
at 310+ 1 K quite adequately reproduces that in living

tissues, where hydrolytic degradation proceeds at
a higher rate. It was demonstrated in [2] that the sta-
bility of the threads in the phosphate buffer depends
on the oxidation conditions. However, we found no
information on the effect of the content of carboxy
groups in oxidized cellulose on its stability.

The results obtained in studying the influence ex-
erted by the content of carboxy groups on the loss of
strength in oxidized viscose threads under the action
of the phosphate buffer are given in Table 1. After ox-
idation of the threads in 5% N2O4 to a carboxy group
content of 0.4%, i.e.,after introduction of one carboxy
group per 60370 glucoside residues, their stability
against the action of the phosphate buffer strongly
decreases. The strength loss in these threads after a
10-day storage in the phosphate buffer was found to
be 31.7%, and that for the initial (untreated) threads,
8.9%. The primary reason for the loss of strength in
the oxidized threads in a buffer solution at pH 7.5 is
the hydrolytic degradation of macromolecules [6, 7].
With the degree of oxidation increasing further (by
a factor of 738) to a carboxy group content of 3.3%,
the decrease in the stability of the threads in phos-
phate buffer becomes less pronounced, ranging from
5.5 to 10.5%, depending on the storage time. At a still
higher content of carboxy groups (4.2% and more) the
loss of strength progressively increases with time of
storage in the buffer solution. Comparison of the stab-
ility of threads with the same carboxy group content,
but treated in 5% or 10% N2O4 solutions, shows that
the hydrolytic stability is lower in the latter case,
while the tensile stress is virtually the same.
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CONCLUSIONS

(1) The optimal mechanical characteristics are
demonstrated by viscose threads oxidized with 5315%
dinitrogen tetroxide solutions; the loss of tensile
strength of the threads with a carboxy group content
of 3.039.9% is about 11342%.

(2) The stability of the oxidized threads in a phos-
phate buffer (pH 7.5) largely depends on the carboxy
group content and oxidation procedure. After oxida-
tion of viscose threads with 5% N2O4 to a carboxy
group content of 3.5%, the loss of strength was 42.2%
after 10 days of storage in the buffer solution. The ox-
idation in more concentrated N2O4 solutions, as well as
higher degree of oxidation strongly diminishes the sta-
bility of the threads in the phosphate buffer solution.

(3) Preparation of a surgical suture material by
oxidative treatment of viscose threads in the system
N2O43CCl4 is recommended to be performed at ox-
idant concentration of 5%, oxidation time 5310 h, and
temperature 290+1 K.
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Abstract-Solubility of lead(II) nitrate in the system H2O3Fe(NO3)33HNO3 was studied using the sim-
plex-lattice method of experiment design.

Use of solutions containing nitric acid and iron(III)
for oxidation and dissolution of various materials has
been studied in sufficient detail. However, the avail-
able data mainly refer to the characteristics necessary
for industry [1]. Published data on the solubility of
lead nitrate in nitric acid in the presence of iron(III)
nitrate are lacking.

In this work, the solubility of lead nitrate in the
system H2O3Fe(NO3)33HNO3 was studied by means
of the isothermal method.

EXPERIMENTAL

We used lead(II) nitrate, iron(III) nitrate, chemi-
cally pure grade nitric acid, and water. The equilibra-
tion time (40342 h) was established experimentally.
The tests were performed during 50 h at 25+ 0.1 and
55+ 0.1oC. After the tests were complete, the liquid
phase was sampled and the content of lead(II) was
determined by atomic absorption spectroscopy and
titrimetry [2, 3], and the concentration of nitric acid,
by titrimetry [3]. The solid phase was filtered off,
washed with water and ethanol to remove mother li-
quor, dried at 50360oC, and subjected to X-ray phase
analysis.

The obtained results were processed by the sim-
plex-lattice method of experiment design [4]. The
verticesX1, X2, andX3 of the concentration triangles
represented the components H2O (55.56 M), Fe(NO3)3
(1.8 M), and HNO3 (3.2 M), respectively. As func-
tions served lead nitrate concentrations in solution.
The simplex-lattice plan for incomplete cubic model
of the dependence of lead nitrate concentration on the
above solution parameters is presented in the table.

The obtained results were used to estimate the co-
efficients of the polynomials of incomplete third or-
der, having the following form:

Y25 = 1.50X1 + 0.15X2 + 0.28X3 3 1.84X1X2
30.04X2X3 3 1.31X1X3 + 3.04X1X2X3 (25oC),

Y55 = 2.00X1 + 0.25X2 + 0.38X3 3 2.30X1X2
3 0.06X2X3 3 0.95X1X3 3 0.17X1X2X3 (55oC).

The root-mean-square error in determiningY was
3%. Substitution of the data of tests nos. 8310 in the
equations showed that they adequately describe exper-
imental data with 97% probability.

The obtained equations were used to plot isocon-
centration curves for lead nitrate (seeFigs. 1a and 1b).

Pb(NO3)23HNO33H2O system. Various methods
for precipitation of lead nitrate by addition of nitric
acid are known [5]. However, the fundamental aspects
of this process and the Pb(NO3)2 solubility have not
been determined previously. The solubility data show
that, with increasing nitric acid concentration in the
system studied, the solubility of lead nitrate markedly
decreases to reach a minimum at the point with the
highest concentration of nitric acid (under the exper-
imental conditions). This is due to an increase in the
concentration of NO3

3 ions, which leads to salting-out
of lead nitrate.

Pb(NO3)23Fe(NO3)33H2O system.To our knowl-
edge, no data are available in the literature for the sol-
ubility of lead nitrate in iron(III) nitrate solutions.
The obtained data indicate that, in the system studied,
the concentration of lead nitrate is considerably lower
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The simplex3lattice plan for incomplete cubic model*

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Test no.³ X1 ³ X2 ³ X3 ³ Ye25 ³ Yc25 ³ Ye55 ³ Yc55
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

1 ³ 1 ³ 3 ³ 3 ³ 1.500 ³ 1.500 ³ 2.000 ³ 2.000
2 ³ 3 ³ 1 ³ 3 ³ 0.152 ³ 0.150 ³ 0.251 ³ 0.250
3 ³ 3 ³ 3 ³ 1 ³ 0.280 ³ 0.280 ³ 0.380 ³ 0.380
4 ³ 0.5 ³ 0.5 ³ 3 ³ 0.370 ³ 0.370 ³ 0.551 ³ 0.550
5 ³ 3 ³ 0.5 ³ 0.5 ³ 0.200 ³ 0.200 ³ 0.300 ³ 0.300
6 ³ 0.5 ³ 3 ³ 0.5 ³ 0.562 ³ 0.560 ³ 0.951 ³ 0.950
7 ³ 0.33 ³ 0.33 ³ 0.33 ³ 0.401 ³ 0.400 ³ 0.500 ³ 0.500
8 ³ 0.15 ³ 0.15 ³ 0.7 ³ 0.303 ³ 0.300 ³ 0.440 ³ 0.440
9 ³ 0.15 ³ 0.7 ³ 0.15 ³ 0.200 ³ 0.200 ³ 0.260 ³ 0.260

10 ³ 0.7 ³ 0.15 ³ 0.15 ³ 0.841 ³ 0.840 ³ 1.152 ³ 1.150
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Ye25, Yc25, Ye55, and Yc55 are experimental and calculated lead(II) sulfate concentrations in solution (M) at 25 and 55oC.

than that in the case of its salting-out with nitric acid.
The minimum concentration of lead nitrate is observed
at the points 1.55 M Fe(NO3) at 25oC and 1.57 M
at 55oC, with the lead salt concentration in solution
reaching 0.12 and 0.22 M, respectively. An X-ray
analysis of the deposits revealed no other compounds
except lead nitrate.

Pb(NO3)23Fe(NO3)33HNO3 system. A study of
the Pb(NO3)2 solubility in the given system showed
that the presence of iron(III) nitrate and nitric acid
also decreases the concentration of lead nitrate in so-
lution, and this effect becomes more pronounced with
increasing iron(III) nitrate concentration.

Pb(NO3)23H2O3Fe(NO3)33HNO3 system.The cal-
culated and experimental solubilities in the given
quaternary system are presented in the isoconcentra-
tion triangles. When iron(III) nitrate and nitric acid are

present in the solution simultaneously, the observed
behavior is apparently the same as that in the ternary
systems.

A comparison of the lead nitrate concentrations at
25 and 55oC showed that, with increasing tempera-
ture, the Pb(NO3)2 concentration grows and the gen-
eral tendencies are preserved.

It should be noted that an X-ray analysis performed
at all the points studied revealed only lead nitrate in
the precipitate.

CONCLUSIONS

(1) A study of the lead nitrate solubility in the sys-
tem H2O3Fe(NO3)33HNO3 showed that the concen-
tration of lead(II) ions decreases with increasing con-
tent of nitric acid and iron(III) nitrate in solution.

(a) (b)

?Isoconcentration curve of lead(II) nitrate at (a) 25 and (b) 55oC. (X1) distilled water, (X2) 1.8M Fe(NO3)3, (X3) 3.2 M HNO3,
and (Y) lead(II) nitrate concentration in solution (M).
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(2) Only a single salt, lead nitrate, is precipitated
in the system studied.

(3) Equations describing the lead nitrate solubility
at 25355oC were derived.
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Abstract-The influence exerted by components introducedinto the working solution and by the temperature of
sludge treatment on hydration of dispersed aluminum particlesformed in the course of spark erosion was studied.

The behavior of dispersed metal particles formed
in spark erosion has been insufficiently discussed in
the literature. The products formed in this process
frequently have composition different from that of the
employed electrodes. For example, metal carbides are
formed together with metal powder in spark erosion
of niobium in organic solvents (heptane, kerosene,
transformer oil), with niobium carbides with varied
carbon content formed depending on the process mode
[1, 2]. Spark-erosion dispersion of aluminum in water
gives aluminum hydroxide [3, 4]. Depending on the
conditions of the spark-erosion process, the forming
dispersed metal particles may partially or completely
react with the working solution. Therefore, studying
the influence exerted by the conditions of spark ero-
sion on the composition of its products is important.

This study is concerned with spark-erosion disper-
sion of aluminum and the influence exerted by addi-
tives introduced into the working solution (ammo-
nium nitrate, carbonate, or acetate) and by the tem-
perature of sludge treatment on the composition of
spark-erosion products.

The experiments were done in a cylindrical reactor
made of an insulating material (acrylic resin or poly-
vinyl chloride plastic) with aluminum electrodes sym-
metrically arranged at reactor edges. The reactor was
charged with aluminum grains 538 mm in size to 2/3
of its height. As working solution pumped through the
reactor was used distilled water. The grains between
the electrodes were stirred by shaking with the help
of a mechanical stirrer. Voltage pulses of amplitude
180 V and repetition frequency of 1000 Hz from a
1-kW generator were applied to the electrodes.

At points of grain-to-grain and grain-to-electrode
contacts there occurred spark discharges in water, and

aluminum was dispersed. The sludge (mixture of the
working solution and erosion products) was fed into
a tank to be subjected to thermal treatment there.

The sludge was filtered, the filtrate was recycled,
and the obtained precipitate was dried at 100oC. The
phase composition, specific surface area, and metallic
aluminum content of the obtained product were de-
termined. The phase composition of the precipitate
was performed with a DRON-2 X-ray diffractometer.

Some of the obtained diffraction patterns are shown
in Fig. 1. Interplanar spacings used to identify the
products (interplanar spacingd = 102 pm: bayerite:
1.33, 1.39, 1.44, 1.55, 1.60, 1.72, 2.23, 2.47, 2.72,
3.23, 4.40, and 4.80; pseudoboehmite: 1.42, 1.85,
2.34, 3.20, and 6.30; aluminum: 1.99) are indicated at
the lines. The specific surfacearea was determined by
the method of thermal desorption of argon on a special
installation with the use of Tsvet-200 instrument.

As an example, we present in more detail the re-
sults obtained in studying the effect of addition of
ammonium nitrate to the working solution. Figure 1
shows X-ray diffraction patterns of aluminum spark-
dispersion products obtained with working solutions
without additive and with ammonium nitrate additive
at different temperatures of sludge treatment. It can
be seen that, with distilled water used as working so-
lution and sludge treatment temperature of 25oC, the
erosion products are mainly composed of bayerite-
type aluminum hydroxide and a minor amount of
powdered aluminum whose content was not higher
than 3 wt % in all experiments (Fig. 1a). On elevating
the treatment temperature to 90oC, pseudoboehmite
appeared in the erosion products together with bayerite
(Fig. 1b). A similar behavior was observed at lower
temperature of about 25oC on introducing ammonium
nitrate into the working solution (Fig. 1c). The forma-
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Fig. 1. X-ray patterns of products obtained in spark dispersion of aluminum in working solution (a), (b) without additive and
(c)3(e) with addition of ammonium nitrate. (2q) Bragg angle. Sludge treatment temperature (oC): (a), (c), (e) 25 and (b), (d) 90.
Sludge treatmenttime (h): (a) 20, (b) 14, (c) 15, (d) 10, and (e) 6. NH4NO3 concentration (M): (c), (d) 0.017 and (e) 0.14.

tion of pseudoboehmite under these conditions is pre-
sumably not a consequence of bayerite dehydration,
since the latter process onsets at 200oC [5]. On ele-
vating the sludge treatment temperature to 90oC, dis-
persed metal is hydrated to give only pseudoboehmite
(Fig. 1d). Raising the concentration of ammonium ni-
trate in the working solution also favors formation of
boehmite, and, at concentrations exceeding 0.017M,
pseudoboehmite is already formed at 25oC (Fig. 1e).
Thus, a conclusion can be made that the hydration of
dispersed aluminum is strongly affected by two fac-
tors: working solution composition and sludge treat-
ment temperature.

The observed differences between the erosion prod-
ucts are presumably due to the fact that dispersed
aluminum is hydrated to give both boehmite and bay-
erite. Figure 2 shows the effect of temperature on the
specific surface area of aluminum oxides obtained
from pseudoboehmite (curve1) and bayerite (curve2)
formed in the course of spark erosion. The nature of
the S3T curves is about the same for the given alu-
minum oxides and those obtained chemically from the
corresponding aluminum hydroxide [5]. This also
indicates that dispersed aluminum particles formed
in spark erosion are hydrated to give bayerite and
boehmite.

The following scheme of hydration of dispersed
aluminum can be proposed on the basis of the ob-
tained data:

Al + H2O 6 AlOH + 1/2H2, (1)

AlOH + H2O 6 Al(O)OH + H2, (2)

Al(O)OH + H2O 6
4 Al(OH)3. (3)

With distilled water as working solution and low
treatment temperatures of sludge treatment, dispersed
aluminum particles are hydrated to give bayerite,

Fig. 2. Effect of temperatureT on the specific surface area
S of aluminum oxide obtained from (1) pseudoboehmite and
(2) bayerite. Time of keeping at each temperature 6 h.
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which is the final product of stage (3). Introducing
certain additives into the working solution and ele-
vating the sludge treatment temperature favor forma-
tion of boehmite.

CONCLUSIONS

(1) It is shown that, depending on the conditions
under which the spark-erosion process is performed,
the forming dispersed aluminum particles are hydrated
to give bayerite or boehmite modification of alumi-
num hydroxide.

(2) Raising the temperature of sludge treatment
and introducing ammonium nitrate, carbonate, or ace-

tate into the working solution favor formation of
boehmite-type aluminum hydroxide.
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Abstract-The effect of additives introduced into the working solution on the behavior of dispersed aluminum
particles formed in spark erosion was studied. The conditions under which products of a given composition
are formed were determined on the basis of thermodynamic and kinetic factors.

Depending on the conditions under which the spark-
erosion process is performed, the obtained dispersed
aluminum particles, interacting with the working solu-
tion, form a bayerite or boehmite modification of alu-
minum hydroxide[1]. Aluminum hydroxide isobtained
in those cases when the forming dispersed aluminum
is free of an oxide film and exhibits high reactivity. It
is of interest to enlarge the body of data on the influ-
ence exerted by various spark-erosion process condi-
tions on the composition of the products.

In this study, the influence of acids introduced into
the working solution (distilled water) on the composi-
tion of the spark-erosion process was analyzed. The
experiments were done on the installation, and using
the technique, described in [1]. The content of metal-
lic aluminum in the erosion products was determined
volumetrically [2].

Figure 1a shows an X-ray pattern of products ob-
tained in spark dispersion of aluminum, with nitric
acid introduced into the working solution. For com-
parison, Figs. 1b and 1c presentX-ray diffraction
patterns of erosion products obtained in the working
solution (distilled water) and a solution of ammonium
nitrate. It can be seen that addition of nitric acid re-
sults in that aluminum powder is the main product of
spark erosion. The content of aluminum in the erosion
products is about 97 wt %. In other cases, boehmite
and bayerite forms of aluminum hydroxide are pro-
duced, differing in the number of water molecules per
aluminum oxide molecule [1]. The differences in the
composition of the erosion products are presumably
due to the fact that introduction of ammonium nitrate
into the working solution hinders access of water

Fig. 1. X-ray patterns of products formed in spark disper-
sion of aluminum. Sludge treatment temperature 25oC. (I)
Intensity and (q) Bragg angle. Sludge treatment time (h):
(a) 4, (b) 6, and (c) 20. Additive to working solution (M):
(a) HNO3 0.016, (b) NH4NO3 0.14, and (c) distilled water.
Interplanar spacingd 0 102 (pm): aluminum: 1.22, 1.4,
1.99, 2.02, and 2.33; bayerite: 1.33, 1.39, 1.44, 1.55, 1.60,
1.72, 2.23, 2.47, 2.72, 3.23, 4.40, and 4.80; pseudoboehmite:
1.42, 1.85, 2.34, 3.20, and 6.30.
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molecules to dispersed aluminum particles. As a re-
sult, dispersed aluminum is hydrated to give boehm-
ite. On adding nitric acid to the working solution,
no hydration occurs. This is possibly due to forma-
tion of a protective oxide film on the surface of dis-
persed aluminum particles under the action of nitric
acid. It should be noted that, at nitric acid concentra-
tion in the working solution of less than 0.003 M,
aluminum hydroxide is formed in large amounts to-
gether with powdered metal. Raising the acid concen-
tration leads to an increase in the amount of forming
powdered metal, and, at solution concentrations ex-
ceeding 0.008 M, powdered metal becomes the main
erosion product. Formation of aluminum powder was
also observed upon introduction of other acids into the
working solution [3]. The limiting concentrations of
these acids, necessary for only powdered metal to be
formed as the main erosion product, depend on the
type of acid.

On the basis of [1], the scheme of hydration of
dispersed aluminum in a working solution with addi-
tion of nitric acid can be represented as follows:

Al + H2O 6 AlOH + 1/2H2, (1)

2Al + 6HNO3 6
t

Al2O3 + 6NO2 + 3H2O, (2)

AlOH + H2O 6 Al(O)OH + H2, (3)

Al(O)OH + H2O 6

4
Al(OH)3. (4)

It is known that strongly diluted or cold concen-
trated nitric acid does not dissolve aluminum because
of the formation of an oxide film [4]. Under the condi-
tions of an electric spark discharge, when the released
energy is, in principle, sufficient for atomization of
oxygen of oxygen-containing acid residues, it is also
not improbable that aluminum oxidation may proceed
in dilute acid solutions [reaction (2)]. For this reason,
other acids (phosphoric, chromic) can passivate alu-
minum in the course of spark erosion to give mainly
powdered metal as a product [3].

Thus, at low temperatures of sludge treatment in
distilled water, dispersed metal particles formed in
the course of erosion are hydrated to give bayerite,
which is the final product of stage (4). Introduction of
salts into the working solution and raising the sludge
treatment temperature [1] favor formation of boehmite,
which is the final product of stage (3) or of reverse
reaction in stage (4).

The change in the standard Gibbs energy,DG, cal-
culated using the data of [5] for reaction (4), is about
34 kJ. This points to a slim, but still existing ther-
modynamic possibility of occurrence of the process.
Calculation of the enthalpy and entropy factors of the
given process indicates that, for the given reaction,
the dependence of the change in Gibbs energy on
temperatureT (K) has the form

DG = 318.8 + 0.005T.

At 90oC, DG = 30.65 kJ. As a result, passing from
25 to 90oC results in only a slight shift of the equilib-
rium toward boehmite formation. However, at 90oC
the equilibrium of the system (4) may shift to the left
in accordance with the Le Chatelier principle, because
of the removal of water from the reaction sphere.

At the same time, it is not improbable that there
may exist different rates of boehmite formation and
consumption by reactions (2) and (4), respectively.
Experimental verification of this assumption is dif-
ficult under the conditions of the experiment. There-
fore, the relative reaction rates were evaluated on
the basis of theoretical considerations. Let us assume
that complexes between the substrate [i.e., Al, AlOH,
or Al(O)OH] and water molecule are preliminarily
formed near the transient states of the reactions in
question. Then, the higher the energy gain in such
a complexation, the lower must be the activation en-
ergy of the reaction and the higher its rate. Results of
quantum-chemical calculations of the structure of the
complexes by the PM3 method are presented below:
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The complexation energy is (kJ mol31) 104 for
complex no. 1, 185 for no. 2, and 96 for no. 3. The
stabilization energy of complex no. 2 is the highest,
which assumes fast conversion of aluminum mono-
hydroxide into aluminum oxohydroxide [reaction (3)].
At the same time, aluminum oxohydroxide is the least
stabilized in complexation with water, and, therefore,
it is anticipated that its further hydration to give alu-
minum trihydroxide [reaction (4)] will proceed at
lower rate than the rate of aluminum oxohydroxide
formation. Consequently, it would be expected that
boehmite is primarily accumulated in products via
reactions (1) and (3), rather than as a result of bayerite
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dehydration. This confirms the previous assumptions
concerning the mechanism of boehmite formation [1].

Thus, the process can be directed toward forma-
tion a required product by varying the conditions of
spark dispersion of aluminum.

CONCLUSION

Depending on the process conditions, different
products can be obtained in spark erosion of alumi-
num; in particular, introduction of nitric acid into
the working solution favors formation of metal pow-
der. Changes in the composition of spark-erosion
products with the process conditions may be governed
both by thermodynamic and by kinetic factors of the
process.
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Abstract-The influence exerted by the nature of organic components of the working solution on the com-
position of products formed in spark dispersion of aluminum was studied.

In spark erosion of aluminum, the interaction of
the forming dispersed metal particles with the work-
ing solution depends on the process conditions [1, 2].
The reaction products are bayerite, boehmite, and
aluminum powder. The fact that mainly aluminum
powder is obtained in the process is due to the for-
mation of an oxide film on the surface of dispersed
particles. The film formation may involve oxygen
produced together with other elements in the decom-
position of working solution components in the elec-
tric spark discharge zone. The possibility of occur-
rence of such a reaction is indicated by data obtained
in studying the spark erosion of a metal in a working
solution containing organic compounds (e.g., niobium
in the presence of heptane etc.), in which metal car-
bides are formed together with the metal powder [3].
The carbides are products of the reaction of dispersed
particles with carbon formed in destruction of organic
compounds in the course of spark erosion.

This study is concerned with the influence exerted
on spark erosion of aluminum by a number of organic
compounds added to the working solution (distilled
water). The experiments were carried out on an instal-
lation similar to that described in [1].

Figure 1 shows the results of a study of the effect
of sludge treatment temperature (a) and concentration
of introduced organic compounds (b) on the com-
position of the obtained products. It can be seen that
the content of boehmite in erosion products obtained
in the working solution and solutions containing or-
ganic components grows with increasing sludge treat-
ment temperature. The thermal treatment of the sludge
was carried out outside the spark-discharge zone (out-

side the reactor in the collector vessel) [1]. At the
same time, approximately constant sludge temperature
within the reactor (<40oC) was ensured by controlling

Fig. 1. Contentw of (133) boehmite and (1'33') bayerite
in products of spark dispersion of aluminum vs. (a) tem-
peratureT of sludge treatment and (b) concentrationC
of organic substance in the working solution. (a) Additive
concentration (M): (1, 1') 0, (2, 2') 0,05, and (3, 3') 0,039.
(b) Sludge treatment temperature 90oC. Additive: (a) (2, 2')
ethanol, (3, 3') ammonium acetate; (b) (1, 1') saccharose,
(2, 2') glycerol, and (3, 3') ethanol. Sludge treatment time
t (h): (a) (1, 1') 15, (2, 2') 12, (3, 3') 8; (b) (1, 1') 15,
(2, 2') 9, and (3, 3') 12.
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Effect of working solution components on the composition of products formed in spark dispersion of aluminum*

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run ³
Working solution

³ Additive, ³
t, h

³ Product composition, wt %
³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄno. ³ ³ M ³ ³ boehmite ³ bayerite ³ Al powder

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
1 ³ Distilled water ³ 3 ³ 15 ³ 35 ³ 65 ³ 0
2 ³ Ethanol ³ 0.05 ³ 12 ³ 75 ³ 25 ³ 0
3 ³ Ethyl acetate ³ 0.07 ³ 20 ³ 70 ³ 30 ³ 0
4 ³ Glycerol ³ 0.055 ³ 9 ³ 100 ³ 0 ³ 0
5 ³ Saccharose ³ 0.036 ³ 8 ³ 100 ³ 0 ³ 0
6 ³ Urea ³ 0.12 ³ 9 ³ 100 ³ 0 ³ 0
7 ³ Ammonium acetate ³ 0.039 ³ 8 ³ 100 ³ 0 ³ 0
8 ³ Acetic acid ³ 0.15 ³ 4 ³ 100 ³ 0 ³ 0

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Sludge treatment temperatureT (oC): (137) 90 and (8) 25.

the feed rate of the working solution. Since the ther-
mal treatment mode affects the composition of spark-
erosion products, the presented experimental data in-
dicate the occurrence of[secondary] reactions in the
sludge receiver. The difference in the compositions of
products obtained upon thermal treatment of sludge at
different temperatures are probably due to the varied,
temperature-dependent extent of metal hydration. In
particular, the extent of hydration of dispersed met-
al decreases with increasing temperature. This leads,
in the end, to a higher amount of boehmite in spark-
erosion products.

The fact that aluminum powder is obtained in the
final product may be due to the formation in the spark-
discharge zone of a uniform oxide film on the surface
of dispersed particles (primary process) protecting the
metal from further reaction with the working solution.
Probably, partial formation of the oxide film on the
surface of the dispersed metal may also occur in the
spark-discharge zone in those cases when no metal
powder is formed, e.g. with distilled water used as
working solution. This film may play important role
further, in secondary processes. The assumption made
is most clearly confirmed when solutions containing
various organic substances are used in the process
(Fig. 1b). It can be seen that, with increasing con-
centration of organic substances used in the spark-ero-
sion process, the content of boehmite in the product
first grows steeply (portionI) and then gradually ap-
proaches the limiting value (portionII ), which depends
on the nature of the organic component of a working
solution. The observed run of thew3C curves suggests
that the fraction of dispersed metal surface covered
with oxide film grows in the spark discharge zone with
increasing concentration of an organic substance in
the working solution. This oxide film may be formed
because of the appearance of atomic oxygen upon in-

troduction of components into the working solution.
In the spark-discharge zone, the temperature may be
as high as several thousand degrees, which is suffi-
cient for atomization of chemical elements. As a re-
sult, the fraction of aluminum surface occupied by
oxygen grows with increasing concentration of an or-
ganic substance (portionI) and, as a consequence, the
extent of hydration in the sludge receiver decreases.
In the end, this leads to an increase in the fraction
of the forming boehmite and a decrease in that of
bayerite.

Thus, the differences in the compositions of spark-
erosion products are associated with differences in
the processes occurring in aluminum oxidation. It is
known that oxidation of aluminum by water leads to
hydrated forms of aluminum hydroxide. At the same
time, no oxide phase is formed in this case. However,
the influence exerted by the electric energy released in
the spark discharge on the components of the medium
leads to the appearance of atomic oxygen consumed
for formation of the oxide phase of aluminum. As
follows from the table, no metal powder is formed
in electric spark dispersion in pure water. A quantum-
mechanical calculation by the PM3 method [4] of the
energy of formation of atomic oxygen from water

H2O 6 2H + O, DE = 910 kJ mol31; (1)

H2O + e 6 2H + O3, DE = 820 kJ mol31 (2)

points to a comparatively large energy expenditure,
with reaction (2) involving electrons in the spark-dis-
charge zone. However, in this case, too, the energy
necessary for atomic oxygen to be formed from wa-
ter remains high. Therefore, because of the deficiency
of oxygen oxidizing aluminum, the main products of
spark erosion in distilled water are various forms of
aluminum hydroxide, with the predominance of the
bayerite form.
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To reveal the reasons for the increase in the frac-
tion of boehmite in the reaction products formed
in working solutions with organic substances, the pos-
sibility of their thermal decomposition to give atomic
oxygen and organic radicals was considered
on the basis of the results obtained in quantum-chem-
ical calculations of the energy of formation of atom-
ic oxygen from the additives introduced into the
working solution. Account was only taken of the
energy required to rupture bonds of a single oxygen
atom with other atoms of a molecule. It was found
that the energies of oxygen atomization from all of
the used organic additives are less than that for atom-
ization from water. For example, the energy of oxy-
gen atomization from ethanol and ethyl acetate is
1403240 kJ mol31 lower, and that from saccharose,
urea, and ammonium acetate, 2603350 kJ mol31 lower
than that from water. A correlation between the frac-
tion of boehmite in the reaction products and the
energy of formation of atomic oxygen is observed.
The easier the formation of atomic oxygen, the larger
the fraction of boehmite. This may be a conse-
quence of the appearance of a certain fraction of the
oxide phase in metal dispersion, since boehmite
can be regarded as an intermediate phase between
aluminum oxide and the form hydrated to the maxi-
mum possible extent-bayerite. Thus, introduc-
tion of an organic additive into the working solution
favors an increase in the fraction of oxygen consumed
for aluminum oxidation to give boehmite.

The proposed scheme of hydration of dispersed
aluminum [1] assumed that, only dispersed metal is
formed in the spark-discharge zone and reacts with the
working solution to give various forms of aluminum
hydroxide. The analysis of experimental data, made
in this study, suggests that dispersed metal with partly
oxidized surface is also formed in the spark-discharge
zone. This oxide film favors formation of boehmite

in secondary processes occurring in solution. Thus,
the hydration of dispersed aluminum can be repres-
ented as follows:

Al 6 Ald,

Al 6 Ald[Al xOy],
�
�

� Processes occurring in the
spark-discharge zone

Ald + H2O 6 AlOH + 0.5H2,

AlOH + H 2O 6 Al(O)OH + H2,

Ald[Al xOy] + H 2O 6 Al(O)OH + H2,

Al(O)OH + H2O 6 Al(OH)3 + H2,

9

9

9

9

9

�

�

�

occurring
in solution

Processes

where Al is compact aluminum, Ald dispersed alumi-
num, Ald[Al xOy] partly oxidized dispersed aluminum,
Al(O)OH boehmite, and Al(OH)3 bayerite.

CONCLUSION

Introduction of organic oxygen-containing additives
into the working solution exerts strong influence on
the spark erosion of aluminum. A plausible mechanism
by which various forms of aluminum hydroxide are
produced in spark dispersion of the metal is proposed.

REFERENCES

1. Bairamov, R.K., Vedernikova, N.R., and Ermakov, A.I.,
Zh. Prikl. Khim., 2001, vol.74, no. 10, pp. 170331705.

2. Bairamov, R.K., Ermakov, A.I., and Vedernikova, N.R.,
Zh. Prikl. Khim., 2001, vol. 74, no. 10, pp. 170631708.

3. Asanov, U.A., Bazilova, O., and Sakavov, I.K.,Mekha-
noemissiya i mekhanokhimiya tverdykh tel(Mechano-
emission and Mechanochemistry of Solids), Frunze:
Ilim, 1974, pp. 1743178.

4. Dewar, M.J.S. and Steward, J.J.P.,J. Comp. Chem.,
1989, vol. 10, pp. 209, 221.



1070-4272/01/7410-1765 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 10,2001, pp. 176531767. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 10,2001,
pp. 171131713.
Original Russian Text CopyrightC 2001 by Kartel’, Gerasimenko, Tsyba, Nikolaichuk, Kovtun.

BRIEF
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

COMMUNICATIONS

Synthesis and Study of Carbon Sorbent Prepared
from Polyethylene Terephthalate

N. T. Kartel’, N. V. Gerasimenko, N. N. Tsyba, A. D. Nikolaichuk, and G. A. Kovtun

Institute of Sorption and Endoecological Problems, National Academy of Sciences of Ukraine, Kiev, Ukraine

Institute of Bioorganic and Petroleum Chemistry, National Academy of Sciences of Ukraine, Kiev, Ukraine

Received February 22, 2001

Abstract-The optimal conditions for preparing activated carbons from polyethylene terephthalate polymer
wastes were determined. The pore structure and sorption properties of the resulting product were studied.

Nonutilizable synthetic macromolecular man-made
pollutants give rise to serious environmental prob-
lems. The removal, disposal, or incineration of these
products as ways to diminish their environmental
impact are often ineffective. Various procedures of
their partial utilization [133] predominantly involve
production of consumer’s goods or intermediates for
other cheap products. An alternative procedure al-
lowing preparation of novel products is treatment
of these wastes to obtain relatively cheap carbon sor-
bents whose working properties are comparable with
the properties of common activated carbons prepared
from wood, lignin, and coal dust.

In this work, we studied the possibility of prepar-
ing activated carbon from polyethylene terephthalate
(PETP) plastic containers; accumulation of these con-
tainers only in the Ukraine reaches several million
tons a year.

The treatment of this polymeric material is based
on the thermal carbonization3activation in the pres-
ence of dehydrating agents [4, 5] improving the yield
of the carbonized product and leading to the develop-
ment of a microporous and transport pore system in
the resulting material. Further steam activation pro-
vides additional development of the microporous struc-
ture (i.e., increases the volume of sorption pores and
the specific surface area) and thus significantly im-
proves the sorption properties.

EXPERIMENTAL

In our study, we used the PETP crumb intended
for production of plastic containers and the polymer
crumb obtained in utilization of used containers.

As modifying agents we studied a 30% ZnCl2 so-
lution and also concentrated orthophosphoric and sul-
furic acids.

The preparation of a carbon sorbent by pyrolysis
of the polymer crumb involves several stages. First,
the samples were kept in solutions of the above mod-
ifying agents for 24 h. After impregnation, the crumb
was dried at 150oC for 2 h.

The carbonization and activation were performed
in a quartz reactor placed in a horizontal furnace. One
side of the reactor was sealed, so that the process
occurred almost without access of air, which in the
course of heating promotes autocatalytic burning-out
of the carbon-containing material. As a result, the
crumb was heated in our process in the atmosphere of
pyrolysis products. The heating rate was 20 deg min31;
the maximum activation temperature was 800oC. Then,
the carbon samples were additionally activated with
steam at the same temperature for 1 h.

To confirm the effect of chemical modification, we
performed simultaneously a pyrolysis of a sample
without impregnation with modifying agents.

In all the stages, the pore volume of the carbon
product was determined with respect to benzeneWs
and methanolW s̀ [6]. The size distribution of the
macro- and mesopores was studied by the mercury
porosimetry on a Pore-Sizer 9300 device (Cultronix,
France). The sorption properties of the carbon sor-
bents were determined by sorption of Methylene Blue
(A) and iodine (A`) [6, 7].

The physicochemical properties of activated car-
bons prepared by activation of PETP polymer crumb
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Table 1. Physicochemical properties of activated carbons
prepared by carbonization of PETP crumb*

ÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ
Mod- ³ Rw ³ Rv ³ ³ ³ ³

ÃÄÄÄÄÄÁÄÄÄÄÄ´ ³ ³ ³ifying ³ ³ ³ ³ ³
agent ³ % ³ ³ ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
ZnCl2 ³ 18.9 ³ 51.4 ³ 0.35³ 0.22 ³ 5.1 ³ 97
H3PO4 ³ 15.8 ³ 41.3 ³ 0.35³ 0.07 ³ 4.3 ³ 4
H2SO4 ³ 14.8 ³ 57.4 ³ 0.15³ 0.48 ³ 5.0 ³ 199

3 ³ 15.5 ³ 29.6 ³ 0.49³ 0.11 ³ 5.4 ³ 62
ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
* Rw is the weight yield,Rv the volume yield, andD the bulk

density.

Table 2. Pore characteristics of activated carbons in rela-
tion to time of sample keeping in sulfuric acidt and im-
pregnation coefficientK
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
t, h ³ K, % ³ Ws, cm3 g31 ³ Ssp, m2 g31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 28 ³ 0.12 ³ 142
5 ³ 28 ³ 0.22 ³ 258

18 ³ 28 ³ 0.31 ³ 362
24 ³ 28 ³ 0.36 ³ 420
48 ³ 28 ³ 0.37 ³ 427
24 ³ 23 ³ 0.27 ³ 318
24 ³ 33 ³ 0.36 ³ 424

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Pore characteristics of activated carbons prepared
from polyethylene crumb by chemical and additional phys-
ical activation with steam
ÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Activa-
³ Ws ³ W`s ³ ³ ³ Ssp with re-
ÃÄÄÄÄÁÄÄÄÄ´ ³ ³³ ³ ³ A`, % ³ spect to Ar,

tion ³ cm3 g31 ³ ³ ³ m2 g31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Chemical ³ 0.36³ 0.27³ 76 ³ 48 ³ 420
Chemical +³ 0.54³ 0.51³ 230 ³ 90 ³ 1230
steam ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

in the presence of chemical modifying agents and
without them are listed in Table 1. As seen, at a sim-
ilar combustion loss the modifying agent strongly af-
fects the sorption properties of the sorbents. The car-
bon sorbent modified with orthophosphoric acid ex-
hibits the smallest sorption capacity with respect to
Methylene Blue and benzene vapor; in this case, the
sorption capacity is even smaller than that for sor-
bents obtained without use of modifying agents.

The highest sorption capacity is exhibited by ac-
tivated carbons modified with concentrated sulfuric
acid. The sorption capacity of such a sorbent with re-
spect to benzene reaches 0.47 cm3 g31, the sorption of
Methylene Blue is 200 mg g31, which is comparable
with AR, AG, BAU, and OU activated carbons, etc.,
widely used in industrial sorption processes.

In our further tests, we used concentrated sulfuric
acid as a modifying agent.

The optimal conditions of PETP crumb pyrolysis
were determined by varying the time of sample keep-
ing in sulfuric acid and the impregnation coefficient
K (%) calculated using the expression given in [4]:

K = (Vimp/V
S

) 0 100,

whereVimp is the volume of the impregnation solution
(sulfuric acid) (ml) andV

S
is the total volume of

the impregnated crumb and modifying agent (sulfuric
acid) (ml).

The data characterizing the development of the
pore structure of the resulting activated carbons, as
influenced by variation of the above parameters, are
listed in Table 2. As seen, the best pore character-
istics are achieved at a time of keeping in sulfuric
acid of 24 h and an impregnation coefficient of 28%.

The pore characteristics of the activated carbons
prepared from utilized crumb by chemical and sub-
sequent physical activation with steam are listed in
Table 3. The results suggest that the additional activa-
tion with steam significantly improves the sorption
properties of the resulting carbons: the parameters
characterizing the pore structure (pore volume with
respect to benzene and methanol, and specific surface
area with respect to argon) increase appreciably.

The resulting carbon sorbent is a highly porous
carbon material with a developed system of macro-,
meso-, and micropores. For example, upon chemical
activation the pore volumes with respect to benzene
and methanol are 0.36 and 0.27 cm3 g31, whereas in
the case of additional steam activation they increase
to 0.54 and 0.51 cm3 g31, respectively. In this case,
the specific pore surface area increases by a factor
of 3, which suggests predominant formation of the
microporous structure.

The integral and differential curves of the meso-
pore and micropore volume distribution with respect
to radius, determined from the mercury porosimetry
data, are shown in the figure. As seen, the resulting
activated carbon has a significant fraction of meso-
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(1) Integral and (2) differential distribution curves of meso-
pore and macropore volumeV with respect to effective pore
radius r. (dV/d logr) Differential distribution of pore
volume with respect to radius.

pores with effective radius of 500A. The total pore
volume of activated carbons in question reaches
3.5 cm3 g31.

CONCLUSIONS

(1) The optimal conditions for preparing activated
carbons from polyethylene terephthalate polymer
wastes were determined.

(2) Concentrated sulfuric acid is the most efficient
chemical modifying agent for thermochemical car-

bonization3activation of polyethylene terephthalate
wastes.

(3) The possibility was demonstrated of preparing
activated carbons with developed structure, having
pores of various types providing high sorption activity
comparable with that of industrial activated carbons.
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Abstract-Effect of NaCl on ultrafiltration of micellar aqueous Sulfonol solutions through aUFM-50
membrane is studied, including its effect on the permeate flux, retention factor, and hydrodynamic resistance
of the membrane. Dependences of the hydrodynamic resistanse of dynamic membranes on the time of filtra-
tion are found.

Surfactants are widely used in everyday life and
various branches of industry. Electrolytes improve
surfactant performance characteristics, and, therefore,
surfactants are often employed as mixtures with inor-
ganic salts. Since ultrafiltration is an efficient method
for surfactant concentration, it was of interest to study
the effect of salts on this process. Previously, Yaro-
shenkoet al. [1] have studied ultrafiltration separation
of aqueous and aqueous-salt solutions of alkylpyri-
dinium chloride on acetyl cellulose membranes. It was
demonstrated that, at the same alkylpyridinium chlo-
ride concentration, the retention factor in 0.2 M NaCl
is considerably higher as compared with that in a
straight aqueous solution.

Recently, we have studied the ultrafiltration of
aqueous Sulfonol solutions [2]. In the present study,
we analyzed the effect of NaCl on the ultrafiltration of
micellar Sulfonol solutions.

EXPERIMENTAL

The anionic surfactant Sulfonol is a mixture of sodi-
um salts of alkylbenzenesulfonic acids RC6H4SO3Na,
where R = CnH2n+ 1, n = 12318. In our experiments,
the Sulfonol concentrationC1 was 10 g l31. The NaCl
concentrationC2 was varied from 0.02 to 0.2 M. At
these concentrations, the systems were homogeneous.
The Sulfonol concentration was determined as the dif-
ference between the total weight of the solid residue
and the amount of NaCl in it. In ultrafiltration exper-
iments, we used several samples of a UFM-50 aromatic
polyamide membrane with mean pore size of 30 nm.

The ultrafiltration was performed with a DKRI-021
nonflow-type module at 293 K without stirring. The
pressure was set by compressed air. The working area
of the membrane was 0.0117 m2. The data scatter was
5%, and the within-sample variance, 0.6%.

For Sulfonol the critical micelle concentration (CMC)
is 1.88 g l31 [3], and, therefore the Sulfonol solution
contained both micelles and surfactant molecules.

It is known that electrolytes make the CMC lower
and the aggregation number and micelle weight higher
[4], and also affect the adsorption of surfactants on the
surface and in the pores of the membrane. Previously,
it has been shown that the adsorption of cetylpyr-
idinium chloride and sodium alkylbenzenesulfonate
grows with increasing NaCl concentration [5]. Further-
more, electrolytes initiate compaction of the electric
double layer around micelles [6]. All these factors can
influence the ultrafiltration of surfactants.

In the course of ultrafiltration, Sulfonol molecules
and micelles are accumulated and agglomerated on
the ultrafilter surface, forming a dynamic membrane
and making higher the hydrodynamic resistance to the
permeate flow. The permeate flow velocity is given
by the formula [7]

7 = 777 + 777777 t,
1 (Rmh)2 2aCshR(1 3 K)

J2 (DP)2 DP
(1)

whereJ is the permeate flow velocity,Rm is the hydro-
dynamic resistance of the ultrafilter,DP is the trans-
membrane pressure difference,h is the ultrafilter vis-
cosity, a is the specific resistance to filtration,Cs is
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Fig. 1. (1, 3) Permeate flow velocityJ and (2, 4) the reten-
tion factor R vs. time t on a UFM-50 membrane. Pressure
0.05 MPa, Sulfonol concentration 10 g l31; the same for
Figs. 2 and 4. NaCl concentration (M): (1, 2) 0.02 and
(3, 4) 0.2.

Fig. 3. Hydrodynamic resistance of dynamic membranes,
Rd, vs. time t. Sulfonol concentration 10 g l31.

the substance concentration in the solution,R is
the retention factor,K is the fraction of the substance
transferred from the membrane surface to the bulk of
the solution by back diffusion, andt is time.

Let us introduce designation

q = 777777 .
2aCshR(1 3 K)

DP
(2)

The hydrodynamic resistance of a dynamic mem-
brane is written as

Rd = 777777 ,
aVCsR(1 3 K)

A
(3)

where V is the permeate volume andA is the mem-
brane area.

From Eqs. (2) and (3) follows that

Rd = 77 q.
VDP

2Ah
(4)

Comparison of Eqs. (1) and (2) shows that the pa-
rameterq represents the slope of the time dependence
of 1/J2. Since the retention factor decreases in the

Fig. 2. Plot of 1/J2 vs. t for a UFM-50 membrane.
NaCl concentration (M): (1) 0.02 and (2) 0.2; the same
for Fig. 3.

Fig. 4. Retention factorR vs. the NaCl concentrationC2
at a UFM-50 membrane.

initial stage of filtration, it was averaged over the
volume fractions in the filtrate. Sulfonol retained in
filtration is found in the concentrate and, as a precip-
itate, on the ultrafilter. The coefficientK was de-
termined as the ratio of the weight of Sulfonol in the
concentrate to the total weight of retained Sulfonol.
Knowing q, Cs, h, R, K, andDP, we could estimate
the specific resistancea by means of Eq. (2). The hy-
drodynamic resistance of the dynamic membranes was
estimated by Eq. (4) from data onq and the current
permeate volume.

Figure 1 shows the time dependences of the perme-
ate volume flux and retention factor of a UFM-50
membrane at an operating pressure of 0.05 MPa (Sul-
fonol concentration 10 g l31, NaCl concentration 0.02
and 0.2 M). The permeate flux is higher, and the re-
tention factor, smaller at lower salt concentration. In
the course of time, the permeate flux decreases, and
the retention factor initially decreases and then re-
mains unchanged.

Figure 2 shows the plots of 1/J2 vs. t. For 0.02 M
NaCl, the specific resistance of the dynamic mem-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001

1770 KOZLOV

brane a was determined using Eq. (2) to be 3.440
1014 m kg31 from the slope of curve1 at h = 1.0050
1031 N s m31, DP = 5 0 104 N m32, R = 0.179, and
K = 0.17. For 0.2 M NaCl (curve2, R = 0.644,K =
0.33), we estimateda = 1.970 1015 m kg31.

The time dependences of the hydrodynamic resis-
tance of the dynamic membranes are presented in
Fig. 3. The results show thatRd is much greater at
high NaCl concentration.

Figure 4 demonstrates the effect of the NaCl con-
centration on the retention factor of Sulfonol (C1 =
10 g l31, working pressure 0.05 MPa,t = 300 s). The
retention factor initially decreases with increasing salt
concentration, passes through a minimum atC2 =
0.05 M, and then grows in theC2 range 0.0530.2 M.
The increasing salt concentration initiates growth of
micelles and simultaneous compaction of the electric
double layer around Sulfonol particles [6]. The first
circumstance makes the retention factor larger as a res-
ult of the screening effect. The second circumstance,
conversely, causes a decrease in the retention factor
by virtue of the decreasing electrostatic repulsion of
the Sulfonol species from the membrane surface.
Therefore, the shape of curve2 in Fig. 4 is a result
of the combined action of these two circumstance.

Let us examine the reliability of the results ob-
tained. The membrane samples may have different
permeabilities and selectivities. The hydrodynamic re-
sistance of the dynamic membrane is proportional to
the thickness of the Sulfonol layer on the ultrafilter.
Therefore, somewhat different permeabilities of par-
ticular membrane samples are insignificant for deter-
mining the hydrodynamic resistance. The NaCl con-
centration has a strong effect on the Sulfonol retention
factor, with changes in the retention factor under
the action of sodium chloride much exceeding those
caused by differences in the membrane selectivity.

The size of micelles is larger and their adsorption
on the walls of pores of the ultrafilter is stronger at
high salt concentrations. Therefore, the cross section
of the membrane pores at an NaCl concentration of

0.2 M is lower than that atC2 = 0.02 M. This circum-
stance accounts for the fact that the permeate volume
flux at high NaCl concentrations is lower than that at
low concentrations.

CONCLUSIONS

(1) Sodium chloride makes lower the Sulfonol re-
tention factor on a UFM-50 membrane.

(2) With increasing salt concentration, the Sul-
fonol retention factor passes through a minimum.

(3) The specific resistance of dynamic membranes
at a working pressure of 0.05 MPa, Sulfonol con-
centration of 10 g l31, and NaCl concentration of
0.02 and 0.2 M was found to be 3.440 1014 and
1.970 1015 m kg31, respectively.
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Abstract-A mathematical description of the membrane-chromatographic process and its experimental
verification are presented.

The membrane-chromatographic process is one of
the new, advanced processes for separation of sub-
stances, in particular, proteins [1]. However, methods
for simulation and engineering calculations of the sep-
arating modules have been insufficiently worked out,
which hinders further development of this process in
both theoretical and practical aspects.

Based on the physical concepts of the membrane-
chromatographic process [2], we developed a math-
ematical model which, following the geometry and
shape of the membrane element, includes the system
of equations in cylindrical coordinates
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and the corresponding initial and boundary conditions:

C1(0, r) = 0, C2(0, r) = 0, C3(0, r) = 0,

C1(t, 0) = d(t), C2(z = S1, t, r) = C1(t, r), (2)

C3(t, r0) = C2, ÄÄ (t, r0) = 0, ÄÄ (t, 0) = 0.
§C1

§r
§C3

§r

Here, index 1 refers to the pressure channel; 2, to
the membrane; and 3, to the filtration channel;C is the
concentration, mg ml32, W is the flow velocity, m s31,
D* is the effective coefficient of longitudinal diffu-

sion, m2 s31; t is the time of the process, s;Hi is
the channel height (i = 1, 3), m; z is the coordinate
along the normal to the module surface;S is the flow
cross section, m2; and K is the Langmuir constant.

The first equation in the system (1) describes the
concentration field in the pressure channel of the mem-
brane-chromatographic element. The second equation
describes the process of selective absorption of the
substance in the membrane. This equation was derived
with account of the fact that sorption in the chroma-
tographic membrane is characterized by the Langmuir
isotherm. The third equation in the system (1) de-
scribes the concentration field in the filtration channel.
By

-

Wri
is understood the velocity averaged over the

coordinatez.

To solve the mathematical model proposed, we
need to know how the axial velocity varies with the
element radius. To this end, we separately considered
the patterns of velocity distributions in the pressure
and filtration channels.

The flow continuity equation in the cylindrical co-
ordinates

Ä ÄÄÄÄÄ + ÄÄ = 0
§(Wr r) §Wz

§r §zr
1
Ä ÄÄÄÄÄ + ÄÄ = 0
§(Wr r) §Wz

§r §zr
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after averaging the velocity overz
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acquires the form
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³
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0

-

(5)

where H1 is the channel height, m.
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Fig. 1. Variation of the average radial velocityWr along the
radial coordinater in (a) pressure and (b) filtration channels.

Fig. 2. Schematic of the flow movement in the membrane-
chromatographic element: (a) Longitudinal cross section
and (b) top view. (1) Pressure channel, (2) membrane, and
(3) filtration channel.

Analytically, using the boundary conditions

z = 0, Wz1
= 0,

(6)
z = H1, Wz1

= Vw,

where Vw is the filtration velocity, we obtained an
ordinary linear inhomogeneous differential equation.
The solution to this equation will be the dependence
of velocity on radius, having the form

Wr1
= 3ÄÄÄ r + ÄÄÄÄ Ä ,

2H1 2pH1 r
1Vw V-

Wr1
= 3ÄÄÄ r + ÄÄÄÄ Ä ,

2H1 2pH1 r
1Vw V-

(7)

where V is the flow rate of the solution to be sep-
arated.

Similarly, we obtained the dependence for the fil-
tration channel, by solving Eq. (8) with the boundary
conditions (9):

Ä ÄÄÄÄÄ + ÄÄ³ = 0,
§r H3r
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³

³
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³
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0
(8)

z = 0, Wz3
= Vw,

(9)
z = H3, Wz3

= 0.

Here, H3 is the filtration channel height, m.

As a result, we obtained the dependence

Wr3
= ÄÄÄr 3 ÄÄÄ r0 Ä ,

-

2H3

Vw

2H3

Vw

r
12Wr3

= ÄÄÄr 3 ÄÄÄ r0 Ä ,
-

2H3

Vw

2H3

Vw

r
12 (10)

where r0 is the module radius, m.

The obtained functions, describing the dependence
of the axial velocity on radius were analyzed and
graphically represented in Fig. 1. The plots in Fig. 1.
suggest that the solution flow velocity in the pressure
channel tends to vary monotonically along the channel
from the initial value to zero andvice versain the
filtration channel. This will necessarily be manifested
in nonuniformity of the velocity profile and a decrease
in the substance separation efficiency owing to the
blurring of the concentration field.

The system of Eqs. (1), (2), with account of the ve-
locity distribution (7)3(10), describes the process of
membrane-chromatographic separation.

The mathematical description developed in this
study was tested experimentally for the case of protein
separation in a cylindrical element (see flowsheet
in Fig. 2 [3]). The flow distributors are represented
by a series of concentric slits crossed by radial
1-mm-wide and 1-mm-deep slits in a metallic plate
closely adjacent to the membrane. This design ensures
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the most uniform and complete distribution of the
substance being applied to the membrane surface.1

The proteins used in this work included lysozyme,
ovalbumin, a-chymotrypsinogen, immunoglobulin,
and hemoglobin; as components of the eluting sys-
tems served Na2HPO4, NaH2PO4, and NaCl (all of
analytically pure grade, Russia). We used a JASCO
(Japan) liquid chromatograph.

In this study, we developed on the basis of the phys-
ical model a mathematical description of the mem-

ÄÄÄÄÄÄÄÄÄÄ

1 Chromatographic membranes were manufactured by the Sor-
bopolimer Joint-Stock Company (Krasnodar); all the exper-
iments were carried out at the Institute of Analytical In-
strumentation, Russian Academy of Sciences.

brane-chromatographic process, including both the
hydrodynamic and diffusion components. The theoret-
ical and experimental data obtained by us show that
the mathematical model makes it possible to calculate
the concentration distribution in the separation module,
estimate the separation efficiency, and determine the
main geometric parameters of the module.
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Abstract-A new nitrogen-containing fertilizer was obtained by oxidative ammonolyis from wood waste.
The chemical composition of the fertilizer was studied by functional chemical analysis. The fertilizer was
tested in field conditions.

Recently, researchers’ attention has been focused
on methods for preparing new types of inexpensive or-
ganic fertilizers. Among raw materials suitable for this
purpose are industrial lignin [1, 2] and lingo-carbo-
hydrate materials, including wood-waste-based com-
posts [3, 4].

As known, slow microbiological degradation of
lignin from plant residues yields organic products
exerting a physiological effect on plants [5]. Kodina
and Aleksandrova showed [5] that, when considering
decay in soil of organic substances from wood, lignin
can be regarded as a starting material for production
of humic acids forming the base of soil humus.

Soil-microflora-induced humification of lignin in-
volves oxidation (demethoxylation), which yields
polyphenol compounds, followed by condensation and
oxidation processes giving humic (biologically active)
substances responsible for soil fertility [5].

However, the natural microbiological degradation
of lignin, yielding physiologically active humic sub-
stances, is a rather protracted process taking several
years. It can be accelerated by oxidative degradation
of lignin to produce physiologically active groups
in its structure. Such functional groups include, in
the first place, those containing nitrogen in a bound,
slowly assimilable form, produced in oxidative am-
monolysis of lignin molecules.

The authors of [638] developed various procedures
for preparing slowly assimilable nitrogen-containing
fertilizers by oxidative ammonolysis of lignins under
the action of oxygen in an ammonia medium in severe
conditions (1203180oC, 5350 atm). The main draw-
backs of the oxoammonolysis methods proposed are

low yields of products and the complexity and long
duration of the technological process. Zakiset al. [9]
proposed that, for oxidative fixation of nitrogen, lig-
nin should be oxidized with an ammonia solution of
ammonium peroxodisulfate at 20oC [9]. However, this
method also has major disadvantages, namely, dura-
tion of over 100 h and large amount of nitrogen-con-
taining reactants consumed.

The aim of this study was to prepare new nitrogen-
containing fertilizers by oxidation of lingo-carbohy-
drate materials (LCM, aspen wood) with an ammonia
solution of ammonium peroxodisulfate and to analyze
their properties. With LCM as the starting material for
preparing the fertilizers, it is possible to significantly
expand the range of raw materials and to make the
process less expensive [10].

EXPERIMENTAL

The LCM-based nitrogen-containing fertilizers were
prepared as follows. Air-dry chips (1.031.5-cm frac-
tion) with weight of 1.5 kg were treated with a so-
lution of ammonium peroxodisulfate (0.1 kg per kg of
wood) in a 25% aqueous ammonia solution (liquid-to-
solid ratio 10) at 1203130oC for 1 h in an autoclave
under pressure of 2.5 atm. The resulting product was
washed with water until negative reaction for the sul-
fate ion and dried in air to constant weight.

The nitrogen content was determined by the Kjel-
dahl semimicromethod [11], and the amount ofCOOH
groups, by conductometric titration [12]. Oxidation
of LCM with oxygen (0.05 g per g of wood) for 1 h
in the presence of NH3 (10.0 g per g of wood) yielded
an ammonized product containing 10.9% organical-
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Action of hydrolyzing agents on the product of oxidative ammonolysis of LCM (hydrolysis time 3 h, hydrolysis tem-
perature 100oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

³
Yield of solid

³ Nitrogen ³ ³ Content ³ Increase in

Hydrolyzing
³

residue
³ content in ³

Nitrogen eliminated,
³ of COOH ³ the content of

agent, 1 g-equiv l31 ³ ³ treated product³
% of initial content

³ groups ³ COOH groups
ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
³ % ³ ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 3 ³ 10.9 ³ 3 ³ 8.92 ³ 3

NaOH ³ 71.6 ³ 7.08 ³ 35.1 ³ 11.6 ³ 30.1
H2SO4 ³ 83.4 ³ 9.25 ³ 15.2 ³ 10.1 ³ 13.2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

ly bound nitrogen, 8.92% carboxy groups, and 4.13%
methoxy groups. The product was obtained in 81.5%
yield.

To elucidate how strongly nitrogen is bound to
lignin, a sample of oxidized wood was boiled with
1 N solutions of NaOH and H2SO4 for 3 h. In the res-
ulting solid residue, we determined the content of
nitrogen and COOH groups (see table).

The table shows that hydrolysis of the product of
oxidative ammonolysis of LCM involves elimination
of 15335% of the bound nitrogen. This isaccompanied
by the corresponding increase in the content of COOH
groups in the hydrolyzed samples.

Zakis et al. [9] showed that, under the actual
conditions, hydrolysis of R-COONH4 and R-CONH2
yields free carboxylic acids (acid hydrolysis) or their
salts (base hydrolysis) and free NH3.

Therefore, if the ammonia liberation is due to the
presence of the functional groups mentioned, the con-
tent of carboxy groups in the samples after hydrolysis
must increase (see table).

Thus, the resulting nitrogen-containing derivative
of LCM contains 15335% (25% on the average) of
readily eliminated nitrogen in the ammonium and
amide forms, which are readily available for plants.
The remaining nitrogen (75%) is strongly bound
chemically to LCM and is slowly assimilable (see
table).

This state of LCM facilitates its further degradation
in soil to humic substances, and, as the ammonized
wood degrades in soil, the chemically bound nitrogen
turns to forms accessible for plants.

The previous vegetation experiments [13] demon-
strated the ability of the products of oxidative am-
monolysis of LCM to stimulate the growth of cereals
and leguminous plants. The effect of the product of

oxidative ammonolysis of wood on the wheat prod-
uctivity was studied in the year of 2000 on a testing
field [14].

The field experiment demonstrated the accessibility
of nitrogen from ammonized LCM to plants. Introduc-
tion of a nitrogen-containing derivative of LCM into
soil in amounts of 60390 kg N/ha enhances the wheat
growth by 5.338.5% and favors increase in the bio-
mass of plants by 19347% relative to the reference.
Eventually, the cereal productivity increases by 4.83

7.0 centner per ha, or by 26347% relative to the ref-
erence. Similar results were obtained with ammonium
sulfate taken in appropriate amounts.

CONCLUSIONS

(1) Oxidation of aspen wood chips with ammonia
solution of ammonium peroxodisulfate yields a high-
molecular-weight product containing 10.9% organical-
ly bound nitrogen, 8.92% carboxy, and 4.13% meth-
oxy groups.

(2) The resulting nitrogen-containing product con-
tains 15335% nitrogen which is readily eliminated
by acid and base hydrolysis and is readily available
for plants.

(3) The new nitrogen-containing derivative of
wood is suitable as effective organomineral fertilizer
for cereals, which increases their productivity by
26347%.
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Abstract-The possibility of preparing 4-nitrobenzoic acid in a closed process cycle by oxidation of 4-nitro-
toluene with an ozone3air mixture was examined. The optimal conditions of oxidation with multiple use of
mother liquors were found, and the conditions for crystallization of 4-nitrobenzoic acid from the reaction mix-
ture were determined. The effects of water, acetic anhydride, and catalyst on the oxidation performed in
mother liquors after filtration of the target product were examined.

4-Nitrobenzoic acid is widely used in production
of organic intermediates, dyes, and drugs [1]. In in-
dustry, it is produced by oxidation of 4-nitrotoluene
with potassium dichromate in sulfuric acid [2], with
dilute nitric acid [3], and with atmospheric oxygen
in the presence of catalysts (metals of variable oxida-
tion state and bromine compounds) [4]. Oxidation by
mineral oxidants occurs under mild conditions but
yields large amounts of toxic and difficult-to-utilize
wastes. Oxidation by atmospheric oxygen occurs
under rigorous conditions and, therefore, requires
sophisticated equipment. In this context, low-tem-
perature reaction of ozone with 4-nitrotoluene in
acetic acid shows promise. In the presence of cobalt
bromide catalyst, oxidation of 4-nitrotoluene by
ozone3air mixture occurs under mild conditions (at-
mospheric pressure, 95oC), and the yield of 4-nitro-
benzoic acid reaches 96% [5].

In this study, we developed a closed process cycle
for production of 4-nitrobenzoic acid by oxidation of
4-nitrotoluene.

EXPERIMENTAL

Oxidation of 4-nitrotoluene was performed in a
vertical cylindrical reactor equipped with a blade
stirrer (7.5313.3 rps) and a bubbler. The reactor was
charged with 40 ml of glacial acetic acid, 4-nitrotolu-
ene (0.5 M), cobalt(II) acetate (0.195 M), and potas-
sium bromide (0.084 M). The stirring was switched
on, and the mixture was heated to 95oC. After dis-
solution of the catalyst, an ozone3air mixture con-

taining 4.70 1034 M ozone was fed at a rate of
8.30 1033 l s31. Oxidation was performed until com-
plete exhaustion of 4-nitrotoluene and was monitored
by GLC [6].

After oxidation, the reaction mixture was cooled
to 13314oC, and the precipitated carboxylic acid was
filtered off, washed on the filter with hydrochloric
acid, and recrystallized from water; yield 96%. The
filtrate was returned to the oxidation stage. The wash

Fig. 1. Oxidation of 4-nitrotoluene by ozone3oxygen mix-
ture in mother liquor. [ArH] = 0.5, [O3] = 4.70 1034,
[CoAc2] = 0.0195, [KBr] = 0.084 M;T = 95oC; the same
for Fig. 2. (C) Water concentration and (t) time. Concen-
tration of (134) 4-nitrotoluene and (1`34`) 4-nitrobenzoic
acid. Runs in the cycle: (1, 1`) first; (2, 2`) second with full
catalyst loading; (3, 3`) third with full catalyst loading;
and (4, 4`) second with addition of 0.495 M (CH3CO)2O,
0.01 M CoAc2, and 0.063 M KBr.
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Fig. 2. Effect of water on (1) accumulation rate and
(2) yield of 4-nitrobenzoic acid. (v) Accumulation rate,
(h) yield, and (C) water concentration.

waters containing cobalt(II) chloride were evaporated,
and the cobalt(II) salt was used as the reaction catalyst.

To optimize the crystallization conditions, we pre-
pared standard mixtures consisting of 4-nitrobenzoic
acid, cobalt(II) acetate, potassium bromide, and acetic
acid taken in the same amounts as in the experiment
on 4-nitrotoluene oxidation. The reaction solution
obtained at 95oC was cooled with slow stirring.
We found that the optimal conditions of quantitative
isolation of 4-nitrobenzoic acid are cooling from 95
to 35oC at a rate of 1 deg min31 and from 30 to 14oC
at a rate of 0.5 deg min31. With this schedule, 303
60-mm crystals of the acid are formed.

Oxidation of 4-nitrotoluene by an ozone3oxygen mixture
in a closed process cycle (95oC)*

ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³ Degree ³ 4-Nitrobenzoic acid
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ³ of ozone ³

no.³utilization, %³ yield, %³ mp, oC ³content, %
ÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³ 90.2 ³ 78.0 ³ 242.0 ³ 99.2
2 ³ 89.6 ³ 92.9 ³ 241.5 ³ 99.4
3 ³ 89.3 ³ 93.0 ³ 241.0 ³ 99.1
4 ³ 91.0 ³ 93.1 ³ 241.5 ³ 99.3
5 ³ 90.1 ³ 92.9 ³ 242.5 ³ 99.2
6 ³ 89.9 ³ 93.1 ³ 242.0 ³ 99.3
7 ³ 89.0 ³ 92.9 ³ 241.5 ³ 99.3
8 ³ 89.3 ³ 93.0 ³ 242.5 ³ 99.1
9 ³ 90.4 ³ 93.2 ³ 242.0 ³ 99.4

10 ³ 90.1 ³ 93.1 ³ 241.5 ³ 99.3
ÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Charged, M: 4-nitrotoluene 1.01, KBr 0.095 (in run no. 1,

0.126), Co(II) acetate or chloride 0.014 (in run no. 1, 0.023),
acetic anhydride 3.7 (in run no. 1, 0); in run no. 1, CH3COOH
(40 ml); in run nos. 2310, filtrate after filtering off 4-nitro-
benzoic acid (36.3 ml) containing cobalt(II) and bromine com-
pounds.

Then we studied the effect of the crystallization
time at 14oC. Below are given the crystallization time
(min) and acid yields (%): 0, 52; 3, 60; 6, 70; 10, 78;
15, 78; and 20, 78. Thus, it is appropriate to perform
crystallization for 10 min.

After keeping for 10 min, 4-nitrobenzoic acid was
washed with concentrated HCl to remove the absorbed
cobalt(II) acetate. After fivefold use in the washing
stage, hydrochloric acid was distilled off, and cobalt
chloride was used in the oxidation stage without addi-
tional treatment.

When we used the filtrate from crystallization of
the target product as the solvent, we noticed a pro-
gressing decrease in the accumulation rate and yield
of the aromatic acid with increasing number of re-
cycles (Fig. 1). This might be due to partial loss of
the catalyst. However, even addition of a full portion
of the catalyst in experiments with the filtrate had no
noticeable effect on the oxidation results (Fig. 1, sec-
ond and third runs of the cycle).

The oxidation deceleration may also be due to for-
mation of oxidation inhibitors: phenols, nitrobenzene,
and water. The effect of inhibitors on the oxidation
was studied after compensating for the partial loss of
the catalyst in the previous run. We found that the rate
of 4-nitrotoluene oxidation in the presence of phenol
and nitrobenzene does not change noticeably, whereas
addition of water appreciably decreases the oxidation
rate and the process selectivity (Fig. 2). Therefore,
under conditions of multiple use of the filtrate, when
the content of water formed by the reaction increases
from run to run, the oxidation selectivity will de-
crease.

To bind the water formed by the reaction, we per-
formed experiments with addition of acetic anhydride.
We found that at a concentration of acetic anhydride
in the primary filtrate of 0.495 M (provided that the
catalyst loss is compensated for, see table), the oxida-
tion rate becomes equal to the rate of 4-nitrotoluene
oxidation in glacial acetic acid, and the yield of the
aromatic acid reaches 93%. Further increase in the
concentration of acetic anhydride decreases the oxida-
tion rate and selectivity, because, when the water
formed by the reaction is completely bound, excess
acetic anhydride starts to react with intermediate 4-ni-
trobenzaldehyde to form 4-nitrobenzylidene diacetate,
which is more resistant to ozone [7].

The amount of the catalyst lost in the cycle was
determined in the presence of acetic anhydride
(0.495 M). We found that, on adding potassium bro-
mide (0.063 M, 75%) and cobalt diacetate (0.012 M,
61.5%) to the recycling filtrate, the selectivity of 4-ni-
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trotoluene oxidation fluctuates about 93%, i.e., the
amount of the added components corresponds to the
catalyst loss.

To check the possibility of multiple use of mother
liquors, we performed seven cycles, with ten runs in
each, with addition of the catalyst, to compensate for
its loss in the previous run, and acetic anhydride.
The yield of 4-nitrobenzoic acid in oxidation of 4-ni-
trotoluene in the mother liquor was obtained at a level
of 93% (see table).

CONCLUSION

It is feasible to prepare 4-nitrobenzoic acid by
oxidation of 4-nitrotoluene in a closed process cycle
with multiple use of mother liquors.

REFERENCES

1. Gray, T.C. and Geddes, I.C.,J. Pharmacy Pharmacol.,
1954, vol. 6, no. 2, p. 89.

2. Lisitsyn, V.N., Khimiya i tekhnologiya promezhutoch-
nykh produktov(Chemistry and Technology of Inter-
mediates), Moscow: Khimiya, 1987.

3. USSR Inventor’sCertificate, no. 421 733.

4. JPN Patent 52-91 837.

5. Galstyan, G.A., Matsegora, L.A., and Popova, I.A.,
Zh. Prikl. Khim., 1982, vol. 49, no. 1, pp. 1383142.

6. Galstyan, G.A., Galstyan, T.M., and Sokolova, S.M.,
Kinet. Katal., 1993, vol. 33, no. 4, pp. 7793787.

7. Potapenko, E.V. and Galstyan, G.A.,Zh. Prikl. Khim.,
2000, vol. 73, no. 7, pp. 121831220.



1070-4272/01/7410-1780 $25.00C 2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 10, 2001, p. 1780. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 10,2001,
p. 1724.
Original Russian Text CopyrightC 2001 by Morachevskii, Beloglazov.

BOOK REVIEWSÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

Habashi, F., Extractive Metallurgy Today: Progress
and Problems, Quebec City: Laval University, 2000, 312 pp.

Professor F. Habashi is aknownCanadian scientist,
a specialist in nonferrous metallurgy, and the author
of a great number of books, part of which have been
translated in Russia. His new review book makes
an attempt to reflect, primarily for the example of
Canada, the advance in metallurgy, made from 1960
till 2000, and to formulate the most currently pressing
problems. During this period, new research centers
concerned with various metallurgical processes ap-
peared, the number of scientific conferences increased,
and the dataware was improved. All these factors fa-
vored the development of energy-saving technologies,
ensured a decrease in pollution, and promoted auto-
mation of both the technological processes themselves
and methods for their control.

The book is excellently illustrated and contains nu-
merous high-quality photographs and visual schemes.
In the given case, this is an important constituent of
the book, largely affecting the manner of presentation,
since 21% of the entire book’s volume is occupied by
photographs, mainly colored, and further 14%, by var-
ious schemes. The information value of the book is
even more increased by referencelists given at the end
of each chapter.

The book comprises a brief introduction and 18
small chapters grouped into five parts. The first part,
[General] (chapters 1, 2; pp. 3314), contains most
general evidence. In particular, the relationship be-
tween the most important sections of metallurgy-

hydrometallurgy, pyrometallurgy, electrometallurgy-

and their relations to other fields of science are dis-
cussed. The most important problems of metallurgy
are indicated.

[Progress and Problems] (chapters 3310; pp. 153
148) is the second, main part. The author considers
a wide variety of issues, including processing of lean
ores, recovery of metals from ores with complex
composition (sulfide, oxide, oxide-sulfide), and man-

ufacture of high-purity metals (modern analytical
monitoring methods, electrolytic refining, chemical
transport processes, physical methods). The entire ma-
terial is illustrated by concrete examples. The same
part of the book discusses the rise in production and
consumption of a great number of metals during a long
period from 1860 till 2000, the use of the metallur-
gical wastes and secondary raw materials, recovery of
gaseous products and gas purification, and advances
in application of new technologies.

The third part of the book,[Extractive Metallurgy
at Laval University] (chapters 11315; pp. 1493211)
is concerned with investigations in metallurgy, per-
formed at Laval University in Quebec (Canada). Af-
ter a brief description of the history of the Univer-
sity and the Department of Mining and Metallurgy,
the book considers the processes and systems studied
there. As particular examples are discussed the reac-
tion of chalcopyrite with hydrogen and chlorine and
reduction of sulfates of a number of metals with hy-
drogen.

The fourth part of the book,[Industrial Minerals
at Laval University] (chapters 16, 17; pp. 2153271),
discusses the processing of phosphate ores containing
compounds of rare earths and a number of silicate
rocks.

The fifth part,[Literature Guide] (ch. 18; pp. 2753
305), contains valuable evidence concerning the or-
ganizing and holding of metallurgical conferences of
various levels and the relevant publications.

It should be noted once more that the book is ex-
cellently published, is written in a well-understandable
manner, and contains a vast body of interesting and
valuable information about processes of mainly non-
ferrous metallurgy.

A.G. Morachevskii and I.N. Beloglazov
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Abstract-The composition of solid phases in the Na+K+Ca2+||CO3
23OH33H2O system at 95oC was studied.

Triple carbonates of alkali metals and calcium, different from the known synthetic and natural compounds,
were found in the system.

Complex carbonates of alkali metals and calcium
in the Na+K+Ca2+||CO3

23OH33H2O system can be
formed in several processes involving treatment of
carbonate solutions or calcium-containing wastes and
intermediate products and separation of metals. Com-
pounds of the M2CO3 .CaCO3 .H2O type (M is an
alkali metal) are formed by reactions of calcium-
containing materials with solutions of alkali metal
carbonates if their concentration exceeds the equi-
librium concentration with respect to the correspond-
ing carbonates. This process can be schematically
represented by the reaction

Ca(OH)2 + 2M2CO3 + nH2O = CaCO3 .M2CO3 .nH2O

+ 2MOH.

Gaylussite M2CO3 .CaCO3 .5H2O is the solid
phase stable in the Na2CO33CaCO33H2O system at
temperatures lower than 40oC, and at higher tempera-
tures pirssonite M2CO3 .CaCO3 .2H2O is stable. Na-
trofairchildite Na2CO3 .CaCO3 and shortite Na2CO3 .
2CaCO3 are also known as natural minerals. In the
K2CO33CaCO33H2O system buetschliite K2CO3 .
CaCO3 can be obtained, which is converted by heat-
ing over 500oC to fairchildite differing from buetschli-
ite by its crystal structure. In the Na2CO33K2CO33
H2O system the so-called[double salt] Na2CO3 .
K2CO3 .nH2O (n = 036) is formed. Its isolation as
an intermediate product is used in production of soda
products by sintering of alkali aluminosilicate raw
materials [134].

Relatively recent studies of plutonic and volcanic
formations [537] revealed the presence in them of
triple carbonates of calcium and alkali metals along

with the double carbonates. To date at least three
mineral kinds of triple carbonates of sodium, potassi-
um, and calcium, named natrocarbonatites, have been
found in the nature, namely, nyerereite, gregoryite,
and zemkorite. Nyerereite (Na,K)2CO3 .CaCO3, close
in its structure to natrofairchildite, and gregoryite
(Na2, K2, Ca)CO3 were first found in essentially sodi-
um carbonate lavas and ashes of Oldoinyo Lengai ac-
tive volcano [5, 6]. Specific features of this volcano,
located not far from Kilimanjaro at the Kenya and
Tanzania border, are the low temperature of lava erup-
tion (5403593oC) and also the leading role of alkali
and volatile components and complete absence of alu-
minum and silicon compounds in the eruption prod-
ucts. Zemkorite (Na,K)2CO3 .CaCO3, differing from
nyerereite by its hexagonal crystal system, was found
in Yakut kimberlites at a depth of 4003450 m [5].
Up to now, there is no general opinion on the mech-
anism of natrocarbonatite formation. Two versions are
suggested: plutonic action of carbon dioxide on alka-
line massifs of alkaline nature and secondary reactions
of the eruption products with atmospheric factors.

The range of conditions for the formation of triple
carbonates of alkali metals and calcium seems to be
rather wide, which suggests the formation of these
compounds during processing of various alkali min-
eral raw materials as a result of homogeneous and
heterogeneous reactions. The elucidation of such a
possibility is important for both the technology of
separation of alkali metal salts and for the explanation
of the mechanism of natrocarbonatite formation in the
nature.

The aim of this work was to study the effect of the
ratio of alkali metals on the composition of solid
phases in the Na+K+Ca2+||CO3

23OH33H2O system.
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Table 1. Solubility in the Na+K+Ca2+||CO3
23OH33H2O system at 95oC

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run

³ Liquid phase* ³ Solid phase
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

no.
³ Na2O ³ K2O ³ 2OH3 ³ Na2O ³ Na2O ³

main compounds**ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ ³ ³³ ³ (Na2O + K2O),³ (Na2O + K2O),³
³ wt % ³ mol % ³ mol % ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 3 ³ 25.22 ³ 1.59 ³ 0 ³ 0 ³CaCO3 + K2CO3 .CaCO3
2 ³ 3 ³ 25.81 ³ 2.32 ³ 0 ³ 0 ³K2CO3 .CaCO3 + CaCO3
3 ³ 3 ³ 27.52 ³ 2.97 ³ 0 ³ 0 ³"
4 ³ 3 ³ 36.97 ³ 2.97 ³ 0 ³ 0 ³"
5 ³ 0.74 ³ 31.31 ³ 6.16 ³ 3.5 ³ 12.3 ³Phase Y + Ca(OH)2
6 ³ 1.15 ³ 24.46 ³ 2.85 ³ 6.7 ³ 12.1 ³Phase Y + CaCO3
7 ³ 1.85 ³ 32.85 ³ 2.77 ³ 7.9 ³ 4.5 ³K2CO3 .CaCO3 + phase Y + CaCO3
8 ³ 1.44 ³ 17.32 ³ 1.97 ³ 8.1 ³ 12.6 ³Phase Y + CaCO3
9 ³ 1.54 ³ 17.61 ³ 2.86 ³ 11.8 ³ 15.4 ³CaCO3 + phase Y

10 ³ 3.28 ³ 28.01 ³ 2.95 ³ 15.1 ³ 14.1 ³K2CO3 .CaCO3 + CaCO3 + phase Y
11 ³ 3.05 ³ 25.46 ³ 2.95 ³ 15.4 ³ 37.4 ³K2CO3 .CaCO3 + phases Y and X + CaCO3
12 ³ 2.32 ³ 18.82 ³ 3.31 ³ 15.8 ³ 12.8 ³CaCO3 + Ca(OH)2 + phases Y and X
13 ³ 3.52 ³ 23.40 ³ 2.30 ³ 18.6 ³ 29.1 ³CaCO3 + phases X and Y + K2CO3 .CaCO3
14 ³ 3.72 ³ 24.31 ³ 2.92 ³ 18.9 ³ 32.4 ³Phases Y and X + K2CO3 .CaCO3 + CaCO3
15 ³ 3.74 ³ 23.01 ³ 2.96 ³ 19.8 ³ 41.9 ³Phases X and Y + CaCO3
16 ³ 5.66 ³ 31.45 ³ 2.06 ³ 21.5 ³ 17.7 ³K2CO3 .CaCO3 + phases X and Y
17 ³ 4.45 ³ 24.66 ³ 2.54 ³ 21.5 ³ 35.8 ³Phases X and Y + CaCO3
18 ³ 4.46 ³ 24.33 ³ 2.24 ³ 21.8 ³ 30.2 ³Phases X and Y + CaCO3 + K2CO3 .CaCO3
19 ³ 4.34 ³ 22.57 ³ 3.08 ³ 22.6 ³ 40.2 ³CaCO3 + phases X and Y
20 ³ 4.30 ³ 22.43 ³ 3.69 ³ 22.7 ³ 45.0 ³CaCO3 + phase X + Ca(OH)2
21 ³ 7.23 ³ 34.94 ³ 1.97 ³ 23.9 ³ 41.1 ³K2CO3 .CaCO3 + phase X + CaCO3
22 ³ 6.06 ³ 5.98 ³ 2.63 ³ 60.3 ³ 62.2 ³CaCO3 + Na2CO3 .CaCO3 .2H2O + phase X
23 ³ 13.53 ³ 5.71 ³ 1.23 ³ 78.3 ³ 100 ³Na2CO3 .CaCO3 .2H2O + CaCO3
24 ³ 13.58 ³ 3 ³ 1.25 ³ 100 ³ 100 ³"

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* CaO is contained in minute amounts in the liquid phase.

** By the data of IR spectral and X-ray analyses.

EXPERIMENTAL

The initial mixtures for setting equilibria in the
system under study were prepared from solutions of
alkali metal carbonates and calcium oxide. We used
pure grade salts of the corresponding alkali metals to
prepare carbonate solutions. Calcium oxide was pre-
pared by calcination of calcium carbonate at 1150oC.
In most experiments the amount of calcined calcium
oxide for preparing the initial mixtures was limited by
the Ca(OH)2 solubility in the system under study. We
varied the concentration of carbonates and the ratio
between sodium and potassium ions in solution. To
reach equilibria, the mixtures were vigorously stirred
at 95oC for 330 h. The equilibrium solid phases were
separated from the liquid by filtration, washed with
alcohol, and analyzed by X-ray diffraction and IR
spectroscopy. The X-ray patterns were taken on a
Philips automatic powder diffractometer using CoKa

radiation and a graphite monochromator. The IR
spectra were recorded in KBr pellets on a Perkin3
Elmer spectrometer in the wave number range 4003
3800 cm31. The differential thermal analysis (DTA)
was carried out on a Q-1500D derivatograph (Hun-
gary) by heating samples to 1000oC at a rate of
7.5 deg min31. The content of cations in the solid and
liquid phases was determined by flame photometry.
The content of OH3 ions in the equilibrium liquid
phases was determined volumetrically after prelimi-
nary isolation of CO3

23 as BaCO3.

The data obtained are given in Tables 1 and 2 and
in Fig. 133. They show that the presence of sodium
carbonate in the liquid phase results in formation of
compounds containing sodium ions in the solid phase.
They appear at lower K2CO3 concentrations than it is
necessary for buetschliite formation from solutions
free from sodiumions. Furthermore, the presence of
Na+ ions in the solutions affects the ratio of equi-
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librium concentrations of K2CO3 and buetschliite:
buetschliite is formed at lower concentrations from
a mixed solution. The formation of sodium-containing
compounds from mixed sodium3potassium solutions
is preferable compared to buetschliite.

The formation of new sodium-containing phases is
proved by the X-ray and IR data.

The IR spectra of solid phases obtained in the reac-
tions of calcium oxide with carbonate solutions
(buetschliite, pirssonite, and a double salt) and also
of the phase obtained in run no. 14 (Table 1) are
shown in Fig. 1. It is seen that the IR spectrum of
the solid phase obtained in run no. 14 differs from
the spectra of all the double salts known to exist in the
Na+K+Ca2+||CO3

23OH33H2O system at temperatures
below 100oC. The absence of the stretching bands of
OH3 groups suggests that this phase is a mixture of
complex carbonates. Apart from the characteristic
stretching bands of calcite (880, 1430 cm31) and
buetschliite (865, 1090 cm31, stretching bands at 670,
710, 870, 1008, 1050, 1075, 1400, 1465, 1760, and
3150 cm31 are observed in the IR spectra of these
solid phases. Splitting of the stretching band of the
carbonate groups (1400 and 1465 cm31) and also oc-
currence of the so-called forbidden bands at 1050 and
1090 cm31 indicate that the CO3

23 group is distorted
owing to the formation of a triple salt or of its mixture
with another complex.

The X-ray diffraction patterns reveal two triple
carbonates X and Y in the solid phase. The X-ray
diffraction characteristics of the X and Y carbonates
and also of the known natural triple carbonates of
alkali metals and calcium are given in Table 2.

If the mole fraction of sodium oxide exceeds 3% of
the sum of alkali metal oxides, the Y phase is formed
in the solid phase (Table 1, run nos. 5310). The
X phase is in equilibrium with solutions in which the
mole fraction of sodium oxide exceeds 15% of the
sum of alkali metal oxides (run nos. 11319). To ob-
tain the X phase free from the Y phase, the fraction
of sodium oxide must be greater than 23% (run
nos. 20322). If the mole fraction of sodium oxide
exceeds 60%, pirssonite prevails in the solid phase
(run nos. 23, 24). Calcite-free X and Y phases were
not obtained under the experimental conditions. As
the concentration of OH3 ions in the equilibrium
liquid phase increases, the solubility of complexcar-
bonates increases in the order X < Y < K2CO3 .
CaCO3.

The IR spectrum of the solid phase in run no. 14
is indicative of a mixture of the X and Y phases

Table 2. Diffraction patterns of the phases formed in
the system
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

d, A ³ I /I0, rel. units º d, A ³ I /I0, rel. units
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Gregoryite (Na2,K2,Ca)CO3 [4] º Phase Xº

3.29 ³ 40 º 6.4 ³ 20
2.66 ³ 100 º 4.40 ³ 40
2.61 ³ 75 º 3.20 ³ 25

Zemkorite (Na,K)2,CaCO3 [7]
º 3.07 ³ 100
º 2.54 ³ 90

6.36 ³ 90 º 2.20 ³ 20
4.36 ³ 100 º 2.08 ³ 55
4.13 ³ 40 º 1.94 ³ 20
3.95 ³ 10 º 1.815³ 15
3.80 ³ 30 º 1.805³ 15
3.59 ³ 30 º Phase Y
3.26 ³ 10 º 7.9 ³ 60
3.04 ³ 100 º 3.98 ³ 10
2.98 ³ 20 º 3.55 ³ 30
2.92 ³ 10 º 3.48 ³ 70

Nyerereite (Na,K)2,CaCO3 º 3.01 ³ 60
[4, 5] º 2.97 ³ 100

6.38 ³ 90 º 2.67 ³ 80
4.39 ³ 90 º 2.64 ³ 95
3.05 ³ 100 º 2.62 ³ 50
2.53 ³ º 2.415³ 13
2.07 ³ º 2.21 ³ 75

³ º 2.01 ³ 10
³ º 1.985³ 40
³ º 1.955³ 5
³ º 1.94 ³ 7
³ º 1.84 ³ 8
³ º 1.815³ 9

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

I

n, cm31

Fig. 1. IR spectra of (133) double carbonates of alkali
metals and calcium formed at temperatures lower than 95oC
and (4) of the phase obtained in the experiment. (T) trans-
mission and (n) wave number; the same for Fig. 2. Phase:
(1) buetschliite K2CO3 .CaCO3, (2) pirssonite Na2CO3 .
CaCO3 .2H2O, (3) double salt Na2CO3 .K2CO3, (4) solid
phase from run no. 14.
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I

n, cm31

Fig. 2. IR spectra ofCaCO3 mixtures with phases Y (1) and
X (2).

Dm, %
(a)

DTA

TG

DTA

(b)Dm, %

TG

T, oC
Fig. 3. Thermal characteristics ofCaCO3 mixtures with
phases (a) Y and (b) X. (m) Weight loss and (T) tem-
perature.

(Fig. 1). The solid phase in run no. 6 consists of the
complex carbonate Y in a mixture with calcite with-
out an impurity of the X phase. Its IR spectrum
(Fig. 2) contains characteristic adsorption bands of
the Y phase (630, 670, 710, 1080, 1460, 1500, 2950,
and 3150 cm31). The presence of several bands of
stretching vibrations of water molecules (2950 and
3150 cm31) suggests that these molecules enter the
Y salt structure. It is most likely that the Y phase is
a layered structure in which charged layers of CO3

23

ions are kept together by alkali metal cations. Water
molecules in this structure are inserted between the
layers to form hydrogen bonds with oxygen atoms of
the anion layer, the structure of the carbonate com-
pound being not affected.

The solid phase from run no. 6 consists mainly of
the Y phase, and its DTA curve (Fig. 3a) has a deep
endothermic peak of dehydration in the range 1603
220oC, weak endothermic peaks of a polymorphous
transition at 4203460oC, and also peaks of the ma-
terial melting above 685oC. The solid phase from
run no. 20 consists of the complex carbonate X in a
mixture with calcite without an impurity of the
Y phase. Its IR spectrum (Fig. 2) has absorption bands
at 700, 730, 840, 1075, 1450, and 3470 cm31. The
DTA curve of the solid phase from run no. 20, in
which the X phase prevails (Fig. 3b), differs from that
of the solid phase from run no. 6. It involves a small
thermal effect of removal of unbound water at about
160oC, a number of polymorphous transitions in the
range from 330 to 730oC, an endothermic effect of the
X phase dissociation to Na2CO3 .K2CO3 and CaCO3
in the range from 730 to 830oC, and an effect of the
CaCO3 dissociation to CaO and CO2 above 1000oC.
The retention of double sodium potassium carbonate
in the product of the X phase calcination at 1000oC,
confirmed by the IR spectra, suggests that the struc-
ture of this phase is close to the structure of dolomite
CaCO3 .MgCO3, which dissociates to CaCO3, MgO,
and CO2 at 6803800oC.

Therefore, structures of the X and Y phases belong
to different types, i.e., the mechanisms of their forma-
tion in the carbonate solutions are different. Correla-
tion of the chemical analysis and DTA data suggests
that the Y phase has a composition close to Na2CO3 .
7K2CO3 .mCaCO3 .nH2O (m, n > 1). The X phase
is a triple carbonate of the composition Na2CO3 .
K2CO3 .pCaCO3 (p > 1). These phases have no
known natural analogs and have been found in the
system under study for the first time.

Processing of alkali aluminosilicate by sintering
involves operations associated with the reactions of
calcium-containing compounds with mixed solutions
of alkali metal carbonates. These operations include
the regeneration of the belite slime after leaching of
the cake and of the white slime after desilication with
a solution of Na2CO3 and K2CO3, and also the
causticization of carbonate solutions [1].

Our experiments revealed the presence of a triple
carbonate of sodium, potassium, and calcium in the
solid phases after treating the white slime of alumina
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2q, deg

Fig. 4. X-ray patterns of (I) starting white slime of alumina
production and the slime after treatment with K2CO3 solu-
tion at (II ) 25 and (III ) 90oC. (2q) Bragg’s angle. (1) Hy-
droaluminosilicates of alkali metals Na2O.Al2O3 .
mSiO2 .nH2O (m = 1.732.5, n = 133); (2) calcite CaCO3;
(3) calcium hydrogarnets 3CaCO3 .Al2O3 .mSiO2 . (63
2m)H2O (m = 0.130.8); (4) Y phase Na2CO3 .7K2CO3 .
mCaCO3 .nH2O (m,n > 1); and (5) buetschliite K2CO3 .
CaCO3.

production with carbonate solutions. The slime of
the composition (wt %) Na2O 2.70, K2O 1.20, CaO
40.66, Al2O3 12.49, and SiO2 6.69 was treated with a
carbonate solution containing (g dm33) Na2O 19.6
and K2O 570. The treatment was carried out for 2 h
with stirring at 25390oC. After separating the phases
the solid phase was washed with ethanol and analyzed
by X-ray diffraction.

The X-ray patterns of the starting and resulting
solid phases (Fig. 4) point to the presence of the
Y phase in the resulting products along with calcite,
calcium hydrogarnets, and alkali metal hydroalumino-
silicates. When the treatment temperature was in-
creased from 25 to 90oC, buetschliite was also ob-
served in the solid phase.

CONCLUSION

(1) Previously unknown triple carbonates of
sodium, potassium, and calcium were found in the
Na+K+Ca2+||CO3

23OH33H2O system, and their main
properties were described. The Y phase has a com-
position close to Na2CO3 .7K2CO3 .mCaCO3 .nH2O
(m,n > 1), and the X phase is the triple carbonate
Na2CO3 .K2CO3 .pCaCO3 (p > 1).

(2) The structure of the revealed compounds is
different, which was confirmed by the IR spectral,
X-ray phase, and thermal analyses.

(3) The possible formation of triple carbonates of
sodium, potassium, and calcium in the intermediate
products of processing mineral resources can sig-
nificantly affect the distribution of alkali metal ions
between the products. Therefore, the need in special
process operations arises.
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Abstract-The composition of titanium phosphates precipitated in the course of the hydrothermal sulfuric
acid decomposition of sphene concentrate in the presence of phosphoric acid was studied.

Titanium phosphate compounds, or, more exactly,
titanium(IV) hydrophosphates, are known as effective
inorganic ion exchangers (sorbents) removing from
wastewater the ions of cobalt, nickel, cadmium, and
radioactive elements [1, 2]. Production of such sor-
bents from solutions of titanium intermediate products
and the influence of solution acidity [3, 4], tempera-
ture [5], and conditions of washing and heat treatment
of hydrated synthesis products [3] on their properties
were actively studied in Russia.

Titanium(IV) phosphates are also used as fillers of
paper and rubber and in compositions of weatherproof
paint-and-varnish materials [638]. In this case the
requirements to titanium phosphate products are dif-
ferent from those for the sorbents. In particular, they
should have pigmentary properties, and also high
weather resistance [9].

The aim of this work was to synthesize such com-
pounds and to study their composition and properties.

EXPERIMENTAL

Titanium(IV) solutions obtained upon the sulfuric
acid decomposition of sphene CaSiTiO5 were used as
titanium intermediate products. Such solutions contain
(g l31) TiO2 803120, H2SO4 4003500, and also
impurities of iron, silicon, and calcium compounds.
The filtrate obtained from the apatite decomposition
with sulfuric acid (P2O5 content 30%) was used as
a phosphorus-containing component.

Experimental technique consists in the following.
Phosphoric acid was added into titanium(IV) sulfuric
acid solution in the ratio TiO2 : P2O5 = 1 : (1310).
The process was carried out with stirring under hy-

drothermal conditions (~100oC) for 1.532 h, and
the resulting suspension was kept without stirring
for 10 h. Then the precipitate was separated from
the liquid phase and washed with water at the
solid : liquid ratio of 1 : 10. The precipitation condi-
tions and precipitate compositions are given in
Table 1.

The degree of titanium(IV) precipitation from solu-
tions increases with increasing consumption of phos-
phoric acid; the filtration rate of the resulting suspen-
sion also increases, which is indicative of the forma-
tion of agglomerates with the surface low-active to-
ward the liquid phase.

The freshly precipitated substances are X-ray
amorphous. Their thermal treatment (~750oC) yields
products consisting mainly of a single phase (TiO)2 .
P2O7. The endothermic effects at 1703350oC are
due to dehydration and to the loss of adsorbed water
and water of crystallization. The exothermic effect at
7303750oC is not accompanied by a change in weight
and is due to crystallization of the amorphous sub-
stance (Fig. 1).

We have studied in more detail the production of
titanium phosphate precipitates from titanium(IV)
sulfuric acid solutions, when phosphoric acid was
taken not in excess but in the amount corresponding
to the weight ratio TiO2 : P2O5 = 1 : 0.5. The acid
was added not before heating the initial titanium(IV)
solution, but after boiling it for 2, 7, and 14 h. The
initial sulfuric acid solution of titanium(IV) contained
110 g l31 of TiO2 and 500 g l31 of H2SO4. Such[ti-
tanic] system is very stable, and without external
actions (dilution with water and addition of seeds) the
titanic phase is not formed, though the speciation of
the dissolved titanium(IV) changes. Thus, whereas in
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Table 1. Composition of titanium phosphate precipitates
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

TiO2 : P2O5

³Degree of titanium(IV)³ Rate of sus-³ Calcina-³Content in calcined product, %³ Composition of air-
³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³

precipitation from
³

pension filtra-
³

tion loss,
³ TiO2 ³ P2O5 ³

dry titanium phos-
³ solution, % TiO2 ³tion, g m32 h31³ % ³ ³ ³ phate precipitates

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 : 0.5 ³ 80.3 ³ 75 ³ 40.0 ³ 60.5 ³ 36.4 ³3TiO2 .P2O5 .7H2O
1 : 1 ³ 95.0 ³ 100 ³ 31.6 ³ 52.2 ³ 42.4 ³2TiO2 .P2O5 .8H2O
1 : 3 ³ 98.8 ³ 300 ³ 27.1 ³ 50.5 ³ 45.1 ³2TiO2 .P2O5 .6H2O
1 : 5 ³ 99.0 ³ 400 ³ 26.2 ³ 51.8 ³ 46.5 ³2TiO2 .P2O5 .5.5H2O
1 : 10 ³ 99.3 ³ 550 ³ 23.0 ³ 51.6 ³ 46.1 ³2TiO2 .P2O5 .4H2O

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

the initial solution almost all titanium(IV) was in
the reactive state, during heating the complexes form
polymeric chains3Ti3O3, with the content of poly-
meric titanium(IV) increasing as the heating time in-
creases. Such species seem to be a matrix for the
formation of a solid phase under the action of external
factors. In this case the system stability is disturbed
owing to the addition of phosphoric acid to the solu-
tion. On the one hand, this addition gives rise to a de-
crease in acidity, and on the other hand, the presence
of phosphate ions initiates the formation of an almost
insoluble compound (titanium phosphate phase). It
should be noted that the same amount of phosphoric
acid added to the boiling suspension in different time
after the start of boiling causes unequal decrease in
the titanium(IV) concentration in solution. The longer
the time of preliminary heating of the initial solution,
the smaller the residual titanium(IV) content in the
solution. This seems to be due to the fact that the
mechanisms of the formation of titanium phosphate
phases are different; therefore, the compositions of
the resulting precipitates are also different. As fresh
precipitates are X-ray amorphous, we determined their
phase compositions after heat treatment at 750oC.
The X-ray patterns of the precipitates under study
are shown in Fig. 3. The most poorly crystallized is
sample no. 3, in which the main phase is anatase and
the impurity phase is oxotitanium diphosphate. The
amount of anatase decreases, and sample nos. 1 and 2
consist mainly of titanium phosphate phases of the
formulas Ti4P6O23 and (TiO)2P2O7. According to
the chemical analysis of freshly precipitated samples,
titanium phosphates precipitated under the above
conditions correspond to the empirical formula (33

3.5)TiO2 .P2O5 .xH2O (x = 135). The degree of hydra-
tion of the precipitates increases with increasing time
of heat treatment of titanium(IV) sulfuric acid solu-
tions before adding phosphoric acid.

We obtained white readily disaggregated products
by thermal treatment of the precipitates under study

oC

Fig. 1. Thermogram of a titanium phosphate precipitate
isolated at the molar ratio TiO2 : P2O5 = 1 : 5.

C, g l31 TiO2

t, h
Fig. 2. Titanium(IV) content in a solutionC as a function
of the boiling time t. H3PO4 was added to titanium(IV)
sulfuric acid solution after boiling for (1) 2, (2) 7, and
(3) 14 h; the same for Fig. 3.
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Table 2. Pigmentary properties of titanium phosphate products
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample ³ Refractive ³ Whiteness, ³ Oil number, ³ Covering power, ³ Contents of water-soluble
³ ³ ³ ³ ³no. ³ index ³ arb. units ³ g/100 g of powder³ g m32 ³ salts, %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1* ³ 2.50 ³ 96.0 ³ 30.0 ³ 42.5 ³ 1.0
2 ³ 2.08 ³ 96.5 ³ 42.8 ³ 69.3 ³ 0.8
3 ³ 2.12 ³ 96.4 ³ 41.4 ³ 60.4 ³ 0.7
4 ³ 2.42 ³ 96.0 ³ 39.4 ³ 51.3 ³ 0.75

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Pure titanium dioxide (anatase), A-1 grade pigment,GOST (State Standard) 9808384.

(7003750oC) and determined their pigmentary proper-
ties (Table 2).

The results obtained were used to develop a proc-
ess for the synthesis of a lightfast titanium phosphate
pigmentary composition from sphene concentrate
[10].

Fig. 3. X-ray diffraction patterns of titanium phosphate
precipitates.

CONCLUSION

The titanium phosphate products synthesized have
fairly good pigmentary quality and can be used for
pigmenting filling of white paper, plastic, and rubbers.
Taking into account high lightfastness of titanium
phosphate, we can predict prolonged whiteness of
materials filled with it.
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Abstract-Phase formation on the calcination of sulfated clinkers with the use of ironstone concentration
rejects and the effect of the raw mixture composition on the formation of magnesium calcium aluminosilicate
were studied.

Cements based on sulfated clinkers are effective
sort of special binders characterized by a power-
saving production process, intense setting, expansive-
ness, and high construction parameters. Because of the
shortage of natural raw materials, substandard rocks
and industrial wastes characterized by diverse chemi-
cal and mineral compositions find growing use. The
performance of a new raw material is determined by
its effect on processes of the clinker formation and
structure.

In this work we studied the sequence of phase for-
mation in the synthesis of sulfated clinkers from in-
dustrial waste products, namely, from a mixture of
limestone, lignite-bauxite, and ironstone concentration
rejects. Substandard lignite-bauxite, which is enriched
with carbonized wood residues, contains (%) Al2O3
31350, SiO2 10317, and Fe2O3 235. Ironstone concen-
tration rejects contain silicates and aluminosilicates
of various structures (diopside, grossularite, epidote,
scapolite, chlorites, and feldspars). Their dominating
chemical components are (%) SiO2 40342, Al2O3
10312, Fe2O3 15317, CaO 12313, and MgO 537. The
presence of pyrite FeS2 in the rejects predetermines
a possibility for their use as a sulfur-containing com-
ponent of a charge. The charge composition was taken
to ensure the following composition of the clinker
(%): SiO2 16, Al2O3 20, Fe2O3 6, CaO 50, MgO 4,
and SO4 4.

Samples of the raw mixture were burnt at 8003

1300oC and studied by X-ray diffraction. Examination
of the diffraction patterns allowed us to suggest the
following pattern of the phase formation in the mix-
ture under study (Fig. 1). Burning at 800oC trans-
forms all the raw components. The active character of

the low-temperature transformations results from the
catalytic effect of the products of pyrite and lignite
oxidation formed at 4503600oC. The pyrite decom-
position yields anhydrite CaSO4. The acceleration of
the reactions yielding aluminum-containing com-
pounds is promoted by a high dispersity of aluminum-
containing minerals of lignite-bauxite and a rather low
temperature of their decomposition. The oxide Al2O3
arising from the dehydration of hydrargillite Al(OH)3
reacts with CaSO4 and CaO even at 7003800oC [1].
The first portions of belite Ca2SiO4 formed from the
silicates of the rejects react with CaSO4 to give cal-

CaAl2O4

12CaO. 7Al2O3

2CaO. Al2O3 . SiO2

2Ca2SiO4 . CaSO4

3CaO. 3Al2O3 . CaSO4

Ca2SiO4

6CaO. 4Al2O3 . MgO . SiO2

T, oC

Fig. 1. Variation of the contents of phases during burning
a sulfated mixture (by the intensity of diffraction reflec-
tions). (T) Temperature; the same for Fig. 4.
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2q, deg

Fig. 2. Diffraction pattern of sulfated clinker. (q) Bragg’s
angle; the same for Fig. 3. Phase: (1) 3CaO.3Al2O3 .
CaSO4, (2) 2CaO.Al2O3 .SiO2, (3) Ca2SiO4, (4) 4CaO.
Al2O3 .Fe2O3, and (5) 6CaO.4Al2O3 .MgO .SiO2.

2q, deg

(e)

(d)

(c)

(b)

(a)

Fig. 3. Diffraction pattern of clinkers from alumina mix-
tures: (a) without additions and with additions of (b) 5%
CaSO4, (c) 10% CaSO4, (d) 10% Fe2O3, (e) 5% CaSO4,
and (f) 10% Fe2O3. Phase: (1) 6CaO.4Al2O3 .MgO .SiO2,
(2) CaO.Al2O3, (3) 12CaO.7Al2O3, (4) 3CaO.3Al2O3 .
CaSO4, and (5) 4CaO.Al2O3 .Fe2O3.

cium sulfate silicate 2Ca2SiO4 .CaSO4. This phase
starts to decompose shortly after heating above 900oC
to give the phases Ca2SiO4 and CaSO4. The released
CaSO4 takes part in the formation of the main clinker
phase calcium aluminate sulfate 3CaAl2O4 .CaSO4.

Helenite 2CaO.Al2O3 .SiO2 is formed in the mix-
ture under study from SiO2, Al2O3, CaO, Ca2SiO4,
and also from grossularite 3CaO.Al2O3 .3SiO2,
which is untroduced with ironstone concentration
rejects according to the scheme

3CaO.Al2O3 .3SiO2 + 3CaO 6 2Ca2SiO4

+ 2CaO.Al2O3 .SiO2. (1)

In the presence of CaSO4 helenite is unstable [1];
its content decreases at temperatures higher than
1100oC. A smooth decrease in the amount of 2CaO.

Al2O3 .SiO2 and its retention in the clinker are due to
the restricted contents of CaO and CaSO4 and the
preferable reaction of CaSO4 with CaO.Al2O3 and
12CaO. 7Al2O3. The iron-containing part of the mix-
ture forms calcium aluminate ferrites 4CaO.Al2O3 .

Fe2O3 in the clinker (Fig. 2).

The feature of the burnt mixture is the presence of
magnesium calcium aluminosilicate 6CaO.4Al2O3 .

MgO.SiO2, which is also known as magnesia pleo-
chroite or phase Q [2]. Its appearance is preceded by
various reactions [3] including (2) and (3).

2CaO.Al2O3 .SiO2 + CaO6 Ca2SiO4 + CaO.Al2O3, (2)

4CaO.Al2O3 + Ca2SiO4 + MgO

6 6CaO.4Al2O3 .MgO .SiO2. (3)

Magnesium oxide is formed in the burnt mixture by
the decomposition of dolomite, which is introduced
with chalkstone, and of magnesium silicates in iron-
stone concentration rejects.

Some authors [1, 2] consider the presence of 6CaO.

4Al2O3 .MgO.SiO2 in cements as undesirable, refer-
ring to weak hydraulic properties of this phase. How-
ever, the data [335] on the formation and hydration of
6CaO.4Al2O3 .MgO.SiO2 point to its pronounced
binding activity and high strength parameters of
cements based on it. Therefore, it seems appropriate to
convert inert helenite to a phase capable of active
hydration [reactions (2) and (3)]. Furthermore, the
origination of 6CaO.4Al2O3 .MgO.SiO2 is accom-
panied by a decrease in the fraction of free MgO, the
content of which in cements is strictly regulated.

Sulfated clinkers are diverse in qualitative and
quantitative composition [1]. It is necessary to eluci-
date whether the aluminate phase 6CaO.4Al2O3 .

MgO.SiO2 can be formed in sulfate aluminate clin-
kers of various compositions. Such determinations
in a multicomponent system are rather difficult. For
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Composition of alumina mixtures and clinkers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Mixture composition, % ³ Calculated contents of oxides in clinker, %
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

calcite ³ technical alumina³ chlorite³ diopside³ SiO2 ³ Al2O3 ³ Fe2O3 ³ CaO ³ MgO
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

56 ³ 35 ³ 9 ³ 3 ³ 3.5 ³ 47.9 ³ 1.1 ³ 42.3 ³ 4.2
53 ³ 35 ³ 3 ³ 12 ³ 8.7 ³ 44.7 ³ 0.5 ³ 40.4 ³ 4.1

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

such a study we chose a mixture of dolomitized chalk-
stone and lignite-bauxite in amounts corresponding to
formation of the aluminate clinker containing 6CaO.

4Al2O3 .MgO.SiO2. Also we added CaSO4 and
Fe2O3, which are present in sulfated clinkers. The
mixtures were burnt at 120031300oC to complete as-
similation of calcium oxide. According to the diffrac-
tion patterns, the clinker made from the mixture with-
out additions mainly contained 6CaO.4Al2O3 .MgO.

SiO2, 12CaO.7Al2O3, and CaO.Al2O3 (Fig. 3).
Stepwise addition of CaSO4 results in a proportional
reduction of the 6CaO.4Al2O3 .MgO.SiO2 content
at the expense of the 3CaO.3Al2O3 .CaSO4 forma-
tion. An addition of 10% Fe2O3 reduces the 6CaO.
4Al2O3 .MgO.SiO2 content in the clinker and causes
formation of calcium aluminate ferrites. This conclu-
sion agrees with data of [3, 6].

When 5% of CaSO4 and 10% of Fe2O3 are added
into the mixture, the intensity of the diffraction peaks
of 6CaO.4Al2O3 .MgO.SiO2 is higher than that for
a clinker with the addition of only 5% of CaSO4. It
suggests that the presence of Fe2O3 in an aluminate
sulfate clinker creates preferential conditions for the
formation of 6CaO.4Al2O3 .MgO.SiO2, as compared
to 3CaO.3Al2O3 .CaSO4. Apparently, a decrease in
the temperature of the appearance of a liquid phase in
the iron-containing mixture accelerates the formation
of 6CaO.4Al2O3 .MgO.SiO2.

The presence of MgO in the initial mixture favors
the formation of 6CaO.4Al2O3 .MgO.SiO2. In in-
dustrial waste products magnesium silicates often
serve as a source of MgO. Of magnesium-containing
minerals, diopside CaMg[Si2O6] and chlorite Mg5Al .
[AlSi3O10](OH)8 are present in ironstone concentra-
tion rejects. The formation of 6CaO.4Al2O3 .MgO.

SiO2 with the participation of natural magnesium
silicates deserves attention. It is rather difficult to
monitor transformations in a polymineral mixture.
Therefore, to obtain clinkers with equal content of
magnesium and with calcium aluminates present, we
prepared alumina mixtures with various mineral com-
positions (see table).

The X-ray diffraction analysis reveals the effect of

magnesium minerals on the phase composition of
burnt mixtures (Fig. 4). The thermal transformations
in a chlorite-containing mixture start with the chlorite
decomposition. The dissociation of the mineral is
multistage [7]: the removal of chemically bound water
at 5503800oC and the decomposition of the chlorite
structure followed by the formation of forsterite
Mg2SiO4 from amorphous decomposition products
(MgO and SiO2) at 8203840oC. The reaction of for-
sterite with calcite yields diopside CaO.MgO.2SiO2
and MgO [8]. The enhanced activity of the resulting
CaO.MgO . 2SiO2 provides its saturation with cal-
cium oxide up to the formation of mervinite 3CaO.
MgO.2SiO2 (Fig. 4). The release offree CaO in
decarbonation of calcite promotes formation of low-
basic calcium aluminates. At higher calcination tem-
peratures the number and content of aluminate phases

CaAl2O4 CaAl2O4

7Al2O3

12CaO.
7Al2O3

12CaO.

2CaO.
Al2O3 . SiO2

6CaO. 4Al2O3 . 6CaO.
4Al2O3 .
MgO . SiO2SiO2

MgO .

3CaO. MgO .

2SiO2
3CaO. MgO .

2SiO2

CaO. MgO .

2SiO2

Al2O3

3CaO.

T, oC

T, oC
(a)

(b)

Fig. 4. Variation in the content of phases during calcination
of mixtures: (a) chlorite-containing and (b) diopside-con-
taining (by the intensity of diffraction reflections).
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increase. The compound 6CaO.4Al2O3 .MgO.SiO2
is formed by the reaction

3CaO.MgO .2SiO2 + 4CaO.Al2O3 + CaO

6 6CaO.4Al2O3 .MgO .SiO2 + Ca2SiO4. (4)

This reaction is followed by reaction (3). An increased
basicity of the chlorite-containing mixture is respons-
ible for the formation of calcium-rich aluminate 3CO.
Al2O3 and the retention of free CaO in the clinker.

The mineral CaO.MgO.2SiO2 in a diopside-con-
taining mixture is gradually saturated with CaO up to
the formation of 3CaO.MgO.2SiO2 (Fig. 4). The
other transformations in many respects are similar to
those described above. However, an increased fraction
of silica in the diopside-containing mixture predeter-
mines the appearance of 2CaO.Al2O3 .SiO2 and the
formation of a greater, compared to a chlorite-contain-
ing mixture, amount of 6CaO.4Al2O3 .MgO.SiO2
completely binding MgO. The lack of free CaO is
responsible for the stability of 2CaO.Al2O3 .SiO2 and
3CaO.MgO.2SiO2 in the clinker.

Therefore, the presence of magnesium silicates in
a raw material provides the formation of 6CaO.

4Al2O3 .MgO.SiO2 in aluminate clinkers. The natural
minerals diopside and chlorite supply non-carbonate
CaO and the additional amount of Al2O3. As a result,
the raw materials that are in a short supply are saved,
and the power consumption for the clinker formation
is decreased.

The data obtained suggest that the appearance of
the phase 6CaO.4Al2O3 .MgO.SiO2 and its amount
in clinkers depend on the chemical composition of the
initial mixture. The appearance of 6CaO.4Al2O3 .

MgO.SiO2 noticeably changes the ratio of phases
in the clinker. However, the majority of known tech-
niques for the calculation of the composition of
charges do not take into account the presence of
MgO in raw materials and the possibility of formation
of 6CaO.4Al2O3 .MgO.SiO2. The calculation equa-
tions should be corrected to take into account complex
compositions of clinkers and the variety of raw ma-
terials.

CONCLUSIONS

(1) The use of industrial waste products compli-
cates the phase composition of sulfated clinkers at the
expense of the formation of 6CaO. 4Al2O3 .MgO.

SiO2.

(2) The compound 4CaO.6Al2O3 .MgO.SiO2 can
form in sulfated clinkers when the conditions for the
formation of 3CaO.3Al2O3 .CaSO4 are limited. The
formation of 6CaO.4Al2O3 .MgO.SiO2 is preceded
by transformations involving aluminosilicates and
calcium and magnesium silicates.

(3) Appropriate choice of the chemical composi-
tion of the charge with the aim to obtain 6CaO.

4Al2O3 .MgO.SiO2 will make it possible to convert
undesirable 2CaO.Al2O3 .SiO2 and MgO phases to
a hydraulically active compound.
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Abstract- The thermodynamic properties of K3In liquid alloys were compared and discussed. The alternat-
ing positive and negative deviations from the ideal behavior were observed in the system.

Markedly different data are presented in the litera-
ture on the phase diagram of the potassium3indium
system [1]. According to Thummel and Klemm [2],
potassium and indium form the congruently melting
compound K5In8 (mp 745 K) and incongruently melt-
ing compound KIn4, with the peritectic horizontal
lying at 698 K. In the composition range 503
90 mol % potassium the liquidus line is nearly hori-
zontal, i.e., a tendency to separation is probable. Ac-
cording to Yatsenkoet al. [3], the system has the
phase separation region, and the compound K5In8
melts congruently at 753 K and has a very narrow
homogeneity region. The composition KIn3 was re-
ported in that work for the incongruently melting
compound. The presence of the homogeneity region
in the system was confirmed by differential thermal
[4] and magnetochemical [5] analyses and by elec-
trical resistance measurements [6]. However, data on
the upper critical temperature differ essentially. Bush-
manov [4] reported 731 K, whereas Melekhov [5],
818 K. In Yatsenko’s monograph [7], the immiscibil-
ity region is presented according to [5]. According to
the later data [8, 9], the incongruently melting com-
pound has the composition K22In39 (K7In13?), its
melting point is 751+6 K, and the upper critical tem-
perature of separation does not exceed this value.

Thermodynamic properties of liquid K3In alloys
were studied for the first time by the emf method
using potassium glass (3.8 wt % K2O) as solid cation-
conducting electrolyte (0.016< xK < 0.815, 15 com-
positions, 7203810 K) [10]. It was found that the
activity isotherm of potassium at 750 K has alternat-
ing deviations from the ideal behavior, and the corre-
sponding curve for indium is located in the region
of negative deviations from Raoult’s law (Fig. 1).
The integral molar excess Gibbs energyDGex is nega-
tive over the entire composition range (Fig. 2), with

the curve extremum lying in the region of formation
of intermetallic compounds.

More recently, Dergachevaet al. [11314] studied,
also by the emf method, the thermodynamic properties

Fig. 1. Potassium activityaK in K3In liquid alloys. (xK) Po-
tassium mole fraction; the same for Figs. 234. Reference,
T (K): (1) [10], 750; (2) [11], 753; and (3) [15], 773; the
same for Fig. 2.

DGex, kJ mol31

Fig. 2. Integral molar excess Gibbs energyDGex vs. com-
position in the K3In system.
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DH, kJ mol31

Fig. 3. Integral molar enthalpy of mixingDH vs. composi-
tion in the K3In system. Reference,T (K): (1) [16], 773;
(2) [11], 753; and (3) [15], 773.

DS, J mol31 K31

Fig. 4. Integral molar entropy of mixingDSvs. composition
in the K3In system. Reference,T (K): (1) [11], 753;
(2) [15], 773; and (3) the recommended values.

of the K3In liquid alloys (0.10< xK < 0.90, 11 com-
positions, 7333833 K). As seen from Fig. 1, the ac-
tivity isotherms of potassium obtained in these studies
reasonably agree with the data of [10]. The curves
of the integral molar Gibbs energy are also close
(Fig. 2). In these studies, the separation region at
750 K was not observed.

Takenakaet al. [15] used potassiumb-alumina as
solid electrolyte and the K3Bi alloy (xK = 0.08) as
reference in emf measurements. The alloy potential
relative to pure potassium was known and was moni-
tored at regular intervals in the course of the tests. The
alloy composition was determined coulometrically
with a potassium3lead liquid alloy (xK = 0.02) as
potassium source. The majority of tests were started
with pure indium, and potassium was added in the
course of the test. This made it possible to study the
potassium-poor region of compositions (41 com-

positions, 0.030< xK < 0.520, from the liquidus line
to 823 K).

Takenakaet al. [15] noted that at very low potassi-
um contents in the alloy (xK < 0.001) and atxK > 0.35
the equilibrium is attained difficultly. As seen from
Figs. 1 and 2, there are discrepancis between the data
of [15] and the results of the previous studies. It is
notable that the discrepancis are essential specifically
at xK > 0.35, i.e., in the compositionrange in which
the equilibrium is attained difficultly.

The liquidus line of the K3In system (xK < 0.42),
determined from the breaks in theE = f (T) curves for
the compositions studied [15], lies at somewhat higher
temperatures than it was reported in [3, 6].

In [4, 16], a Calvet calorimeter was used to deter-
mine the enthalpy of mixing of liquid K3In alloys.
The obtained values are in a reasonably good agree-
ment with those calculated from the emf measure-
ments [14, 15] (Fig. 3). At the same time, essentially
different data were reported in [14, 15] on the integral
molar entropies of mixing (Fig. 4).

Despite existing discrepancis, all the data on the
thermodynamic properties of the K3In liquid alloys
show that interaction between components is fairly
strong. Even if a phase separation region does exist
in the system, the upper critical temperature lies
below 750 K.

The peak of the excess stability in the K3In system
is close toxK = 0.35 (55 kJ mol31) [15]. At the same
time, the excess stability in the K3Pb and K3Bi
systems at equiatomic compositions is 250 and
350 kJ mol31, respectively, [1], with the peak of the
excess stability in the K3Bi system being even larger
at the composition of the compound K3Bi. The excess
heat capacity was calculated from the emf measure-
ments in [15], but the results are given without neces-
sary clearness and are difficult to discuss.

Data on the electrical resistivity of liquid K3In
alloys are available for the entire range of composi-
tions at temperatures exceeding by 100 K the liquidus
temperature of the system [6]. The resistivity reaches
a maximum (480+10 mW cm) at equimolar composi-
tion (723 K), with the temperature coefficient dr/dT
being minimal (31.25 mW cm K31). The resistivity of
liquid K3In alloys is considerably higher than that of
the alloys with lithium or sodium, with the resistivity
peak in the series Li3In, Na3In, and K3In shifting
from the alkali-metal-rich region to the equimolar
composition. In this case, the peak in ther = f (xK)
curve should be ascribed to the corresponding groups
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Thermodynamic properties of the potassium3indium liquid alloys at 750 K
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

xK

³
aK

³
gK

³
aIn

³
gIn

³ DG ³ DGex ³ DH ³
DS,

³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´
³ ³ ³ ³ ³ kJ mol31 ³

J mol31 K31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
0.05 ³ 0.007 ³ 0.145 ³ 0.953 ³ 1.003 ³ 31.82 ³ 30.59 ³ 31.7 ³ 0.17
0.10 ³ 0.016 ³ 0.160 ³ 0.895 ³ 0.994 ³ 33.20 ³ 31.17 ³ 33.1 ³ 0.13
0.15 ³ 0.029 ³ 0.193 ³ 0.823 ³ 0.968 ³ 34.35 ³ 31.71 ³ 34.4 ³ 30.07
0.20 ³ 0.049 ³ 0.245 ³ 0.736 ³ 0.920 ³ 35.29 ³ 32.17 ³ 35.4 ³ 30.15
0.25 ³ 0.081 ³ 0.325 ³ 0.636 ³ 0.848 ³ 36.03 ³ 32.53 ³ 36.3 ³ 30.36
0.30 ³ 0.131 ³ 0.435 ³ 0.531 ³ 0.759 ³ 36.57 ³ 32.76 ³ 37.1 ³ 30.70
0.35 ³ 0.250 ³ 0.713 ³ 0.390 ³ 0.600 ³ 36.85 ³ 32.81 ³ 37.7 ³ 31.14
0.40 ³ 0.400 ³ 1.000 ³ 0.295 ³ 0.491 ³ 36.84 ³ 32.66 ³ 37.9 ³ 31.42
0.45 ³ 0.493 ³ 1.095 ³ 0.252 ³ 0.459 ³ 36.71 ³ 32.41 ³ 37.8 ³ 31.46
0.50 ³ 0.570 ³ 1.139 ³ 0.222 ³ 0.443 ³ 36.46 ³ 32.13 ³ 37.4 ³ 31.26
0.55 ³ 0.636 ³ 1.157 ³ 0.196 ³ 0.435 ³ 36.13 ³ 31.84 ³ 36.8 ³ 30.90
0.60 ³ 0.691 ³ 1.151 ³ 0.175 ³ 0.438 ³ 35.73 ³ 31.53 ³ 36.2 ³ 30.63
0.65 ³ 0.736 ³ 1.133 ³ 0.158 ³ 0.450 ³ 35.28 ³ 31.24 ³ 35.5 ³ 30.30
0.70 ³ 0.777 ³ 1.110 ³ 0.141 ³ 0.469 ³ 34.77 ³ 30.96 ³ 34.6 ³ 0.22
0.75 ³ 0.814 ³ 1.085 ³ 0.125 ³ 0.499 ³ 34.21 ³ 30.70 ³ 33.7 ³ 0.68
0.80 ³ 0.846 ³ 1.058 ³ 0.109 ³ 0.543 ³ 33.60 ³ 30.48 ³ 32.8 ³ 1.07
0.85 ³ 0.881 ³ 1.037 ³ 0.090 ³ 0.598 ³ 32.93 ³ 30.29 ³ 32.0 ³ 1.24
0.90 ³ 0.915 ³ 1.017 ³ 0.069 ³ 0.686 ³ 32.17 ³ 30.14 ³ 31.3 ³ 1.16
0.95 ³ 0.954 ³ 1.004 ³ 0.040 ³ 0.797 ³ 31.28 ³ 30.05 ³ 30.6 ³ 0.91

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

in potassium3indium liquid alloys. Their presence
indirectly confirms the validity of the ideal associated
solution model [17] for the given system.

The recommended values of the thermodynamic
functions, obtained from treatment of the results of all
studies on the liquid K3In alloys [10316], are given
in the table. In the potassium-rich part of the system
our dependence of the entropy of mixing on the com-
position (Fig. 4) appreciably differs from the data of
[11314], but is similar to the analogous dependence
for the Na3In system [1, 18]. Such a curve of the
integral entropy of mixing is typical of systems with
a fairly strong interaction between the components
[19]. This result is confirmed by the thermodynamic
characteristics [14, 20] of the solid phases formed in
the K3In system: K5In8 (xK = 0.385) and KIn3 (xK =
0.25). The saturated vapor pressure over K3In alloys
in the solid state was measured by the molecular beam
method. For the phase region K5In8 + KIn3 the vapor
pressure was measured in the temperature range 4413
544 K, and for the phase region KIn3 + In, in the
4733660 K range. For the phase region K + K5In8
the measured quantity is similar to the saturated vapor
pressure of pure potassium. The integral thermo-
dynamic characteristics of formation of the com-
pounds from the pure liquid components at 540 K

were estimated from the data obtained:

Com- DG, DH, DS,
pound kJ mol31 kJ mol31 J mol31 K31

1/4 KIn3 3(9.37+0.55) 3(15.02+1.76) 3(10.5+2.9)
1/13 K5In8 3(11.18+1.42) 3(18.41+1.63) 3(13.4+2.9)

Assuming that the difference between the heat
capacities of the compounds and initial components
DCd is negligible, we calculated the standard thermo-
dynamic characteristics of formation of the com-
pounds from the solid components. For 1/4 KIn3
DH0

298= 3(12.01+2.76) kJ mol31 andDS0
298 = 3(2.85+

4.00) J mol31 K31; for 1/13 K5In8 DH0
298 = 3(15.48+

2.64) kJ mol31 andDS0
298 = 3(6.2+4.2) J mol31 K31.

The difference between theDH values at 540 and
298 K is caused solely by the changed aggregation
state of the pure initial components (potassium and
indium).

As noted above, more recent studies of the K3In
system revealed the compounds of somewhat different
composition: K22In39 (xK = 0.361) or K7In13 (xK =
0.350), and KIn4 (xK = 0.20). The correction of calcu-
lations taking into account the new boundaries of the
phase regions does not alter significantly the integral
thermodynamic characteristics, especially for the
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congruently melting phase. It should be noted that
the compounds are formed with considerable exo-
thermic effects, and the entropies of their formation
are negative. However, according to [15], in formation
of potassium3indium liquid alloys from pure com-
ponents, the change in the heat capacityDCd is ob-
served, reaching 12314 J mol31 in the composition
range 0.35< xK < 0.42 [15]. This suggests a deviation
from the Neumann3Kopp rule for the solid phases,
which affects the estimate of the standard parameters
at 298 K.

Probably, the values obtained from calorimetric
measurements in [21] for the enthalpy of formation of
the potassium3indium compounds under the standard
conditions are underestimated:DH0

298 = 3(7.32+
0.59) kJ mol31 for 1/4 KIn3 and DH0

298 = 3(9.14+
0.71) kJ mol31 for 1/13 K5In8. In Yatsenko’s mono-
graph [7] the results of this study are given with no
comments. The enthalpy of melting of 1/13 K5In8,
determined calorimetrically, is 7.87+0.54 kJ mol31.
Presently available data on the thermodynamic proper-
ties of solid phases in the K3In system are insufficient
for their optimization.
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Abstract-The thermodynamic characteristics of the interaction of hafnium(II) and hafnium(IV) chlorides
with magnesium, aluminum, and lead in molten alkali metal chlorides were calculated.

In electrolytic preparation and refining of hafnium,
dilute solutions of its chlorides in molten alkali metal
chlorides and their mixtures attract a great attention.
In this context, it was interesting to examine the
possibility of interaction of HfCl2- and HfCl4-con-
taining solutions with magnesium, aluminum, and
lead at temperatures above their melting points
(Tm 650, 660.2, and 327.4oC, respectively) and to
calculate the apparent equilibrium constants of some
reactions in the 3LiCl32KCl, NaCl3KCl, KCl, and
CsCl melts in the range 95031250 K.

In a chloride melt, metallic hafnium is in equilibri-
um with its double- and quadruple-charged ions [133].
Relatively volatile (Tsub = 315oC) hafnium tetra-
chloride is the intermediate product of preparation of
metal itself and its compounds. Hafnium in an electro-
lyte is present in the form of complex ions (HfCl4

23,
HfCl5

33, HfCl6
23, HfCl5

3, etc.), differing in the con-
figuration, energy of the Hf(II)3Cl3 and Hf(IV)3Cl3

bonds, and characteristic vibration frequencies.

The goal of the calculations was to show that,
along with electrochemical recovery of metal from the
electrolyte, magnesium-assisted thermal reduction of
its chlorides can also occur, by analogy with produc-
tion of metallic titanium. For this purpose, we used
the data of [136] on the temperature dependences of
the apparent standard electrode potentials and on the
formal redox potentials for those concentration in-
tervals in which the activity coefficientf * is constant
to within probable errors of the emf measurements
(Table 1).

The equilibrium potentials of hafnium were deter-
mined by taking the isotherms and subsequently treat-
ing the results by a rather complex coulometric proce-

dure [133], in which, however, direct analytical deter-
mination of the concentration is not necessary.

The calculation formulas and the obtained tempera-
ture dependences of the apparent equilibrium constants

Table 1. Equations for the temperature dependence of
E*

Mn+/M and E*
Mn+/Mm+ (n > m) in molten alkali metal

chlorides vs. chlorine reference electrode
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
Salt system³ E*

Mn+/M andE*
Mn+/Mm+, V ³ References

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
³ E*Hf(II)/Hf ³ [133]
³ ³3LiCl32KCl ³32.60 + 7.00 1034T+0.01 ³

NaCl3KCl ³32.65 + 7.00 1034T+0.01 ³
KCl ³32.77 + 7.90 1034T+0.01 ³
CsCl ³32.84 + 8.00 1034T+0.01 ³

³ ³³ E*Hf(IV)/Hf ³ [133]
³ ³3LiCl32KCl ³32.72 + 7.50 1034T+0.01 ³

NaCl3KCl ³32.80 + 7.80 1034T+0.02 ³
KCl ³32.90 + 8.10 1034T+0.02 ³
CsCl ³32.99 + 8.30 1034T+0.02 ³

³ ³³ E*Hf(IV)/Hf(II) ³ [133]
³ ³3LiCl32KCl ³32.84 + 8.00 1034T+0.02 ³

NaCl3KCl ³32.94 + 8.50 1034T+0.02 ³
KCl ³33.04 + 8.30 1034T+0.02 ³
CsCl ³33.16 + 8.80 1034T+0.02 ³

³ ³³ E*Mg(II)/Mg ³ [4]
³ ³3LiCl32KCl ³33.16 + 5.050 1034T ³

NaCl3KCl ³33.26 + 5.630 1034T ³
KCl ³33.32 + 5.70 1034T ³
CsCl ³33.412 + 6.070 1034T ³

³ ³³ E*Al(III)/Al ³ [5]
³ ³NaCl ³32.81 + 9.10 1034T ³

KCl ³32.92 + 9.10 1034T ³
³ ³³ E*Pb(II)/Pb ³ [6]
³ ³NaCl3KCl ³31.792 + 5.620 1034T ³

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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Table 2. Equations for the temperature dependence of the apparent equilibrium constants logK*n for reactions (1)3(8)
in molten alkali metal chlorides
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction ³ Salt medium; T, K ³ logK*n
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
HfCl2(melt) + Mg(liq) = Hf(sol) + MgCl2(melt) (1)³3LiCl32KCl; 96031120 ³ 1.966 + 5645/T
logK*1 = (2 0 104/1.984T)(E*Hf2+/Hf 3 E*Mg2+/Mg) ³NaCl3KCl; 100031200 ³ 1.381 + 6149/T

³KCl; 110031250 ³ 2.218 + 5544/T
³CsCl; 100031200 ³ 1.946 + 5766/T
³ ³HfCl4(melt) + 2Mg(liq) = Hf(sol) + 2MgCl2(melt) (2)³3LiCl32KCl; 96031120 ³ 4.940 + 8871/T

logK*2 = (4 0 104/1.984T)(E*Hf4+/Hf 3 E*Mg2+/Mg) ³NaCl3KCl; 100031200 ³ 4.375 + 9274/T
³KCl; 110031250 ³ 4.839 + 8468/T
³CsCl; 100031200 ³ 4.496 + 8508/T
³ ³HfCl4(melt) + Mg(liq) = HfCl2(melt) + MgCl2(melt) (3)³3LiCl32KCl; 96031120 ³ 2.974 + 3226/T

logK*3 = (2 0 104/1.984T)(E*Hf4+/Hf2+
3 E*Mg2+/Mg) ³NaCl3KCl; 100031200 ³ 2.893 + 3226/T

³KCl; 110031250 ³ 2.621 + 2823/T
³CsCl; 100031200 ³ 2.752 + 2540/T
³ ³3HfCl2(melt) + 2Al(liq) = 3Hf(sol) + 2AlCl3(melt) (4)³NaCl; 110031250 ³ 37.561 + 7863/T

logK*4 = (6 0 104/1.984T)(E*Hf2+/Hf 3 E*Al 3+/Al) ³KCl; 110031250 ³ 33.629 + 4536/T
³ ³

3HfCl4(melt) + 4Al(liq) = 3Hf(sol) + 4AlCl3(melt) (5)³NaCl; 110031250 ³310.887 + 8468/T
logK*5 = (120 104/1.984T)(E*Hf4+/Hf 3 E*Al3+/Al) ³KCl; 110031250 ³ 36.048 + 1210/T

³ ³
HfCl2(melt) + Pb(liq) = Hf(sol) + PbCl2(melt) (6)³NaCl3KCl; 100031200 ³ 1.3913 8649/T
logK*6 = (2 0 104/1.984T)(E*Hf2+/Hf 3 E*Pb2+/Pb) ³ ³

³ ³
HfCl4(melt) + 2Pb(liq) = Hf(sol) + 2PbCl2(melt) (7)³NaCl3KCl; 100031200 ³ 4.3953 20 323/T
logK*7 = (4 0 104/1.984T)(E*Hf4+/Hf 3 E*Pb2+/Pb) ³ ³

³ ³
HfCl2(melt) + PbCl2(melt) = HfCl4(melt) + Pb(liq) (8)³NaCl3KCl; 100031200 ³ 32.903 + 11 573/T
logK*8 = (2 0 104/1.984T)(E*Pb2+/Pb 3 E*Hf 4+/Hf2+) ³ ³

³ ³ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

of reactions (1)3(8) are given in Table 2. The most
practically significant reactions are (1)3(3). The K*n
values and the change in the Gibbs energy for these
reactions as functions of temperature are presented
in Table 3 (DG*r = 34.57604.184T logK*n, J mol31).
The calculation error is 10312%. Hafnium tetra-
chloride interacts with magnesium more actively than
hafnium dichloride.

With growing temperatureK*n somewhat decreases
in each salt system. At a fixed temperature (1100 K),
the apparent equilibrium constant, e.g.,K*2, also de-
creases in the series (3LiCl32KCl)3(NaCl3KCl)3KCl3
CsCl [1.010 1013, 6.400 1013, 3.440 1012, and
1.70 1012, respectively (Table 3)].

According to the autocomplexation model of the
structure of alkali metal chlorides, in chloride solu-
tions the bond U of the alkali metal cation M with
chloride anion Cl3 (M+

3Cl3) decreases in going from
a salt system with a smaller cation to a system with a

larger cation. Introduction into the melt of complexing
component, the quadruple-charged hafnium ion in
our case, should increase the difference between the
energies of the Hf4+

3Cl3 and M+
3Cl3 bonds. When

such a replacement of the outer cationic surrounding
takes place, a large number of M+

3Cl3 bonds will
transform into stronger Hf4+

3Cl3 bonds. The latter
bonds will become stronger in melts with alkali metal
ions of larger radius. An example is the redox poten-
tial of the system Hf4+/Hf2+, given for different tem-
peratures and different molten salts in Table 1. With
the cationic radius of the electrolyte increasing at
the constant temperature, the potential acquires the
more negative values. This is due to a more pro-
nounced increase in the stability of Hf4+ complexes
compared to Hf2+ complexes. Thus, reduction of
Hf(IV) to Hf(II) becomes more difficult in the series
LiCl3CsCl. The same phenomenon (Table 3) was also
observed for reaction (3). At 1100 K the apparent
equilibrium constantK*

3 decreases from 8.070 105
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Table 3. Reactions (1) and (2) in salt melts and reaction (3) in molten alkali metal chlorides
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ K*

1 ³ 3DG*r, kJ mol31 ³ K*
2 ³ 3DG*r, kJ mol31 ³ K*3 ³ 3DG*r, kJ mol31

ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ reaction (1) ³ reaction (2) ³ reaction (3)

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Eutectic mixture 3LiCl32KCl

960 ³ 7.020 107 ³ 144.2 ³ 1.520 1014 ³ 260.6 ³ 2.160 106 ³ 116.4
1000 ³ 4.080 107 ³ 145.7 ³ 6.470 1013 ³ 264.4 ³ 1.580 106 ³ 118.7
1050 ³ 2.200 107 ³ 147.6 ³ 2.450 1013 ³ 269.15 ³ 1.110 106 ³ 121.6
1100 ³ 1.250 107 ³ 149.5 ³ 1.010 1013 ³ 273.9 ³ 8.070 105 ³ 124.4
1120 ³ 1.010 107 ³ 150.2 ³ 7.250 1012 ³ 275.8 ³ 7.150 105 ³ 125.5

Equimolar mixture NaCl3KCl

1000 ³ 3.390 107 ³ 144.17 ³ 4.460 1013 ³ 261.3 ³ 1.320 106 ³ 117.2
1050 ³ 1.730 107 ³ 145.5 ³ 1.610 1013 ³ 265.5 ³ 9.230 105 ³ 119.9
1100 ³ 9.350 106 ³ 146.8 ³ 6.400 1012 ³ 269.7 ³ 6.690 105 ³ 122.7
1150 ³ 5.350 106 ³ 148.1 ³ 2.750 1012 ³ 273.9 ³ 5.00 105 ³ 125.5
1200 ³ 3.200 106 ³ 149.5 ³ 1.270 1012 ³ 278.1 ³ 3.810 105 ³ 128.2

KCl

1100 ³ 1.810 107 ³ 152.9 ³ 3.440 1012 ³ 264.0 ³ 1.540 105 ³ 109.3
1150 ³ 1.090 107 ³ 155.0 ³ 1.600 1012 ³ 268.7 ³ 1.190 105 ³ 111.8
1200 ³ 6.890 106 ³ 157.1 ³ 7.860 1011 ³ 273.3 ³ 9.410 104 ³ 114.3
1250 ³ 4.500 106 ³ 159.2 ³ 4.110 1011 ³ 278.0 ³ 7.580 104 ³ 116.8

CsCl

1000 ³ 5.150 107 ³ 147.65 ³ 1.010 1013 ³ 249.0 ³ 1.960 105 ³ 101.3
1050 ³ 2.740 107 ³ 149.50 ³ 3.970 1012 ³ 253.3 ³ 1.480 105 ³ 104.0
1100 ³ 1.540 107 ³ 151.4 ³ 1.700 1012 ³ 257.6 ³ 1.150 105 ³ 106.6
1150 ³ 9.120 106 ³ 153.24 ³ 7.840 1011 ³ 261.9 ³ 9.130 104 ³ 109.2
1200 ³ 5.640 106 ³ 155.1 ³ 3.850 1011 ³ 266.2 ³ 7.390 104 ³ 111.9

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

to 1.150 105 in the series (3LiCl32KCl)3CsCl. At
the same time,K*

2 is higher by 637 orders of magni-
tude thanK*

1 and K*
3. This relationship is not valid

for the decrease inK*
1 of reaction (1) in the 3LiCl3

2KCl and NaCl3KCl melts at the same temperature
(Table 3).

Reactions (4) and (5) with molten aluminum occur
to a negligible extent; therefore, Al cannot be used as
reductant for preparing the metal.

A great deal of attention was given in Russia to
electrolytic refining of heavy nonferrous metals,
among which metallurgy and reprocessing of lead and
lead compounds [739] and electrochemical behavior
in molten ionic electrolytes, e.g., in NaCl3KCl3PbCl2
[7312], occupy the prominent place. Therefore, it was
of interest to calculate the reactions of hafnium di-
and tetrachlorides with molten lead and PbCl2 in
equimolar NaCl3KCl mixture (Table 2).

Reactions (6) and (7) do not occur to a noticeable

extent: K*
6 at 1100 K is 3.370 1037 and K*

7, 8.30
10315. Reaction (8) occurs practically quantitatively.
The apparent equilibrium constant at 1100 K is equal
to 4.150 107.

Compared to similar reactions of titanium tetra-
chloride in the NaCl3KCl melt [13], the reactions
of HfCl4 with magnesium occur less intensely. At
1100 K the constantK*

2 and K*
3 of the reaction of

TiCl4 with magnesium are 7.60 1017 and 9.60 1012,
respectively, and those for the reaction of HfCl4 with
Mg are 6.40 1012 and 6.690 105, i.e., they differ
by 537 orders of magnitude.

CONCLUSIONS

(1) The temperature dependences of the apparent
equilibrium constants are calculated for eight reactions
of hafnium di- and tetrachloride with magnesium,
aluminum, and lead in various molten salt solvents.
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(2) Reactions (2) and (3) occur to a lesser extent
than the analogous reactions of titanium tetrachloride
with magnesium in the NaCl3KCl melt.

(3) The reaction of HfCl2 and HfCl4 with liquid
aluminum and lead does not occur, and that with
PbCl2 is rather intense.
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Abstract-Published data on the main physicochemical constants of methyl- and ethylhalosilanes were
summarized. The lacking parameters were calculated by the methods whose reliability was checked by cal-
culating parameters for which the experimental values are available.

Organometallic compounds find growing use in
organic synthesis, preparation of metallic films and
semiconducting materials, etc. [1, 2]. At the same
time, physicochemical properties of organometallic
compounds are studied insufficiently.

In this work, we summarized available data on
the physicochemical constants of alkylhalosilanes and
calculated the lacking parameters. The reliability of
our calculations was confirmed by calculating param-
eters for which the experimental values are available.

We studied the compounds formed by substitution
of the hydrogen atoms in the silane molecule by
methyl and ethyl radicals and halogen atoms. Such
substitution generates the homologous series of the
SiR43SiR3Hal3SiR2Hal23SiRHal33SiHal4 type, where
R is methyl radical CH3 or ethyl radical C2H5
and Hal is halogen (F, Cl, Br, I). Such molecules can
also contain hydrogen atoms.

Methods for approximate calculation of the boiling
point are few, applicable to a limited range of sub-
stances, and low-accurate [3]. We found that for the
above compounds the boiling point can be fairly reli-
able estimated by Kinney’s method [4]. In this meth-
od, a definite characteristic quantitynb connected
with the boiling point is assigned to atoms and atomic
groups of the molecule. The characteristic of the
molecule as a wholeNb is the sum ofnb parameters
of atoms and groups with regard to the molecular
stoichiometry.

The stoichiometric formula of a compound can be
presented as

SiRaHbHal̀gHal"d, a + b + g + d = 4, (1)

where R is an organic radical (CH3 or C2H5), H is
the hydrogen atom, and Hal is a halogen.

In terms of this concept,

Nb = nb(Si) + anb(R) + bnb(H) + gnb(Hal̀ ) + dnb(Hal").

The boiling point is calculated by the equation

Tb = 230Nb
1/3 3 270. (2)

In [5, 6], thenb values are presented for Si (4.20),
Cl (3.40), and Br (5.88). All these values are related
to tetrahedral coordination. We determinednb from
the known boiling points of the above compounds for
the following atoms and radicals: H 1.20, F 0.65,
I 8.35, CH3 3.65, and C2H5 6.80.

The average (in absolute value) error of the boiling
point calculation by Eq. (2) with the abovenb values
for 53 substances was 2.0% (Table 1).

The enthalpy of vaporization at the boiling point
DHb (J mol31) for our compounds can be estimated
by Trouton’s rule [9]

DHb = 88Tb. (3)

For 30 compounds with knownDHb [10313], the
average (in absolute value) error of theDHb calcula-
tion by Eq. (3) was 3.0%.

To determine the critical temperatureTc, we used
the two-stage iteration procedure [14]. Initially, using
Guldberg’s rule, we found the first approximation:

Tc,0 = 1.5Tb. (4)

Then, the enthalpy of vaporization was calculated
by Eq. (3) at the boiling point, and the refined value
of the critical temperature was determined

Tc = Tb[1 + f ln (10.255Tc,0/b)], (5)
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Table 1. Error of calculation of the normal boiling point
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Substance ³ Tb, K [7, 8] ³ D, % º Substance ³ Tb, K [7, 8] ³ D, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

SiMe3F ³ 290.0 ³ 5.9 º SiMeHCl2 ³ 314.7 ³ 32.3
SiMe2F2 ³ 275.7 ³ 32.8 º SiEt2HCl ³ 372.7 ³ 1.5
SiMeF3 ³ 243.2 ³ 38.6 º SiEtH2Cl ³ 316.0 ³ 0.9
SiEt3F ³ 383.2 ³ 5.7 º SiEtHCl2 ³ 348.7 ³ 31.5
SiEt2F2 ³ 335.2 ³ 2.9 º SiMeH2Br ³ 307.0 ³ 1.3
SiEtF3 ³ 268.9 ³ 0.5 º SiEtHBr2 ³ 393.2 ³ 30.1
SiMe3Cl ³ 333.2 ³ 1.7 º SiEt2HBr ³ 394.5 ³ 1.8
SiMe2Cl2 ³ 343.5 ³ 32.2 º SiMe2HI ³ 365.2 ³ 30.1
SiMeCl3 ³ 338.8 ³ 31.7 º SiMeH2I ³ 345.0 ³ 31.6
SiEt3Cl ³ 416.7 ³ 2.8 º SiMeHI2 ³ 432.2 ³ 35.3
SiEt2Cl2 ³ 403.6 ³ 31.2 º SiEt2HI ³ 422.7 ³ 0.1
SiEtCl3 ³ 371.4 ³ 31.4 º SiMe2ClF ³ 309.5 ³ 31.8
SiMe3Br ³ 350.5 ³ 3.2 º SiMeCl2F ³ 302.7 ³ 30.6
SiMe2Br2 ³ 384.0 ³ 30.8 º SiMeClF2 ³ 272.7 ³ 33.1
SiMeBr3 ³ 406.7 ³ 31.9 º SiEtCl2F ³ 335.4 ³ 0.6
SiEt3Br ³ 437.2 ³ 2.6 º SiEtClF2 ³ 298.2 ³ 1.1
SiEt2Br2 ³ 440.0 ³ 0.3 º SiMe2BrCl ³ 363.2 ³ 30.3
SiEtBr3 ³ 433.4 ³ 0.1 º SiMeBr2Cl ³ 380.7 ³ 0.9
SiMe3I ³ 380.7 ³ 2.1 º SiMeBrCl2 ³ 359.7 ³ 0.9
SiEt3I ³ 463.3 ³ 0.9 º SiEtBr2Cl ³ 412.7 ³ 0.1
SiEt2I2 ³ 494.3 ³ 33.1 º SiEtBrCl2 ³ 392.2 ³ 30.5
SiEtI3 ³ 524.0 ³ 36.5 º SiMe2ICl ³ 391.6 ³ 31.2
SiMe2HF ³ 264.0 ³ 4.4 º SiMeI2Cl ³ 446.2 ³ 34.0
SiMeHF2 ³ 237.5 ³ 32.4 º SiMeICl2 ³ 389.6 ³ 31.3
SiMeH2F ³ 229.2 ³ 4.7 º SiEt2ICl ³ 449.6 ³ 31.9
SiMe2HCl ³ 308.5 ³ 0.7 º SiMeHClF ³ 274.3 ³ 30.6
SiMeH2Cl ³ 280.0 ³ 30.2 º ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

f = RTc,0/DHb,

b = 1.27Vb 3 6.

It was found that the critical volume well correlates
with the parachor (the calculation of the latter for alkyl
compounds is considered in detail in [6]). This cor-
relation is linear (correlation coefficient 0.9961, root-
mean-square error+2.8%). As a result, the equation

Vc = 80P 3 11 (6)

can be used to calculate the critical volume.

The critical pressure can be found by the equation
[10]

Pc = 1.039b/Tc. (7)

Since experimental data on the critical parameters
of halogen derivatives are very limited, we included
in the data base the compounds that begin and com-
plete each homologous series (SiR4 and SiHal4),
and also alkyl compounds of the other Group IV

elements (GeR4, SnR4, and PbR4), whose thermo-
dynamic similarity with the compounds discussed is
doubtless. This improves the statistics and reliability
of the calculation methods used. The errors of the
calculation of the critical parameters are listed in
Table 2.

Published data on the density of the compounds
under consideration in the liquid state are extremely
scarce. Experimental data on the temperature depen-
dence of the density are available only for trichloro-
methylsilane [23]. For the other compounds, the
density data are available only for separate tempera-
tures (usually for room temperature). Initially, we
consider prediction of the density (or molar volume)
of a liquid at the boiling point.

When the density of a liquid is known at tempera-
ture T1, its recalculation to the boiling point can be
performed most precisely using the critical tempera-
ture of the substance by the equation [10]

rb = r1(2 3 Tb/T)/(2 3 T1/Tc). (8)
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Table 2. Error D of calculation of the critical parameters*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Substance
³

Tc, K
³

Vc, cm3 mol31
³

Pc, MPa
³

References
³ DTc ³ DVc ³ DPc

³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
³ ³ ³ ³ ³ %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
SiMe4 ³ 448.6 ³ 361.0 ³ 2.82 ³ [16] ³ 30.2 ³ 1.1 ³ 32.8
SiMe3Cl ³ 497.8 ³ 365.6 ³ 3.20 ³ [17] ³ 0.9 ³ 32.5 ³ 30.6
SiMe2Cl2 ³ 520.4 ³ 349.9 ³ 3.48 ³ [17] ³ 30.1 ³ 30.3 ³ 32.0
SiMeCl3 ³ 517.8 ³ 339.8 ³ 3.51 ³ [18] ³ 30.8 ³ 0.3 ³ 1.5
SiCl4 ³ 507.0 ³ 326 ³ 3.73 ³ [19] ³ 31.3 ³ 2.1 ³ 35.7
SiEt4 ³ 603.7 ³ 585 ³ 2.60 ³ [20] ³ 4.0 ³ 0.1 ³ 36.3
SiEt3Cl ³ 600.0 ³ 520 ³ 2.84 ³ [20] ³ 3.2 ³ 0.5 ³ 33.0
SiEt2Cl2 ³ 595.8 ³ 455 ³ 3.06 ³ [20] ³ 1.7 ³ 1.1 ³ 2.4
SiEtCl3 ³ 560.8 ³ 402.7 ³ 3.33 ³ [17] ³ 0.1 ³ 31.7 ³ 30.1
GeMe4 ³ 476.0 ³ 380 ³ 2.81 ³ [11] ³ 30.9 ³ 0.1 ³ 30.3
GeEt4 ³ 615.0 ³ 596.2 ³ 2.18 ³ [11] ³ 2.7 ³ 0.8 ³ 9.8
SnMe4 ³ 521.8 ³ 400 ³ 2.98 ³ [21] ³ 0.4 ³ 0.4 ³ 0.2
PbMe4 ³ 569.0 ³ 398.5 ³ 3.12 ³ [22] ³ 0.8 ³ 5.8 ³ 3.0

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* The necessary data onTb and Vb were taken from [15] and from Tables 1 and 3.

The critical parameters are known for only six
alkylhalosilanes (Table 2). For these compounds, the
volume properties at the boiling point can be calcu-
lated by Eq. (8). The densities and molar volumes of
liquids at the boiling point, calculated by Eq. (8) from
the density atT1 = 293 K, are listed in Table 3.
Si(CH3)Cl3, for which the experimental value is
known [23], is the exception. For molecular inorganic
compounds, the rms error of the calculation ofrb by
Eq. (8) is +0.7% [7]. Let us ascertain that for com-
pounds considered this equation keeps the high ac-
curacy. For this purpose, we should use the molar
volume of a liquid at the boiling point for three sub-
stances that open and complete the homologous series:
tetrachlorosilane, tetramethylsilane, and tetraethyl-
silane. TheVb values of these substances (cm3 mol31)
are equal to 121.1, 138.4, and 215.5, respectively [15,
19].

Using the listed set of nine substances, we can
assess the reliability of data obtained by Eq. (8) by the
method of comparative calculation. Variation of the
molar volume of a liquid at the boiling point in the
series of methyl- and ethylchlorosilanes is well de-
scribed by the linear dependence (correlation coeffi-
cient 0.9993, rms error+0.8%), which demonstrates
high reliability of the data obtained. Thus, for sub-
stances with known critical parameters, recalculation
of r at 293 K toTb gives results close to the experi-
mental data.

When the critical temperature of a substance is
unknown, the recalculation of the density at a known
temperature to that at the boiling point can be per-

formed by the simpler equation [10]

rb = r1/[1 + 0.46(1 3 T1/Tb)]. (9)

The high reliability of Eq. (9) as applied to alkyl
compounds of Group II3VI elements was proved with
a large data set [15]. Indeed, for the considered silicon
compounds with known experimentalrb, such recal-
culation (from T = 293 to Tb) gives the error (%):
+0.2 for Si(CH3)4, 30.1 for Si(C2H5)4, 30.3 for SiCl4,
and +0.5 for Si(CH3)Cl3.

Thus, Eq. (9) also provides for recalculation of the
density at arbitrary temperatureT1 to density atTb
with the error close to the experimental error. The
results of calculation of the molar volume of a liquid
at the boiling point by Eq. (9) for substances with
known densities at room temperature are listed in
Table 3.

When any data on densities of liquids are lacking,
the molar volume at the boiling pointVb = M /rb can
be calculated by two more methods. Earlier, we have
found the following correlation for alkyl compounds
of Group II3VI elements [6]:

Vb = 31P 3 15. (10)

In addition, it was found that the molar volume of
liquid methyl- and ethylhalosilanes at the boiling
point is well described by the additivity scheme. We
determined the fractions ofVb for CH3 and C2H5
radicals using the atomic fractions ofVb for silicon
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Table 3. Volume properties of liquid methyl- and ethyl-
halosilanes
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Substance
³ r293, g cm33 ³

Tb, K
³ Vb,

³ [8, 15, 23, 24]³ ³ cm3 mol31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
SiMe4 ³ 0.646 ³ 300.1 ³ 138.4*
SiMe3Cl ³ 0.860 ³ 333.2 ³ 133.9**
SiMe2Cl2 ³ 1.070 ³ 343.5 ³ 129.4**
SiMeCl3 ³ 1.282 ³ 338.8 ³ 125.3*
SiMe3Br ³ 1.189 ³ 350.5 ³ 138.5
SiMe2Br2 ³ 1.727 ³ 384.0 ³ 140.0
SiMeBr3 ³ 2.253 ³ 406.7 ³ 141.7
SiMeBr2Cl ³ 1.892 ³ 380.7 ³ 139.4
SiMeBrCl2 ³ 1.576 ³ 359.7 ³ 133.6
SiMeH2I ³ 1.768 ³ 345.0 ³ 104.0
SiEt4 ³ 0.766 ³ 426.6 ³ 215.5*
SiEt3Cl ³ 0.925 ³ 416.7 ³ 188.6**
SiEt2Cl2 ³ 1.100 ³ 403.6 ³ 162.9**
SiEtCl3 ³ 1.267 ³ 371.6 ³ 142.6**
SiEt3F ³ 0.838 ³ 383.2 ³ 177.6
SiEt2Br2 ³ 1.564 ³ 440.0 ³ 181.5
SiEtBr3 ³ 2.079 ³ 433.4 ³ 164.1
SiEtBr2Cl ³ 1.777 ³ 412.7 ³ 161.0
SiEtBrCl2 ³ 1.546 ³ 392.2 ³ 150.2
SiEHCl2 ³ 1.089 ³ 348.7 ³ 127.3
SiEtH2Cl ³ 0.901 ³ 316.0 ³ 108.5
SiEtHBr2 ³ 1.728 ³ 393.2 ³ 140.9

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Experimental values.

** Calculated by Eq.(8); the other values ofVb are calculated
by Eq. (9).

Table 4. Atomic fractionsVb of CH3 and C2H5 radicals
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Com- ³ Vb, CH3, ³ Com- ³ Vb, C2H5,
³ ³ ³pound ³ cm3 mol31 ³ pound ³ cm3 mol31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
SiMe4 ³ 25.7 ³ SiEt4 ³ 45.0
SiMe3Cl ³ 22.6 ³ SiEt3Cl ³ 43.8
SiMe2Cl2 ³ 25.3 ³ SiEt2Cl2 ³ 42.1
SiMeCl3 ³ 25.0 ³ SiEtCl3 ³ 42.3
SiMe3Br ³ 25.3 ³ SiEt2Br2 ³ 46.0
SiMe2Br2 ³ 25.2 ³ SiEtBr3 ³ 47.6
SiMe2Br3 ³ 25.2 ³ SiEtBr2Cl ³ 49.9
SiMeBr2Cl ³ 28.3 ³ SiEtBrCl2 ³ 44.5
SiMeBrCl2 ³ 27.9 ³ SiEtHCl2 ³ 45.8
SiMeH2I ³ 25.9 ³ SiEtH2Cl ³ 45.8

³ ³ SiEtHBr2 ³ 48.6
³ ³ SiEt3F ³ 44.2

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Average ³ 26.0 ³ ³ 45.0

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

(35.5), hydrogen (2.8), fluorine (9.5), chlorine (21.6),
bromine (27), and iodine (35) [10].

As seen from Table 4, the atomic fractions ofVb
for CH3 and C2H5 radicals found from data for vari-

ous compounds vary within fairly narrow limits and
amount to 26 and 45, respectively. This shows that
the additive scheme can be used to calculateVb of
alkylhalosilanes:

Vb(SiRaHalb) = Vb(Si) + aVb(R) + bVb(Hal). (11)

The average (in absolute value) error of determin-
ing of Vb of halogen derivatives by Eqs. (1) and (11),
calculated from data of Table 3, was 2.1 and 0.9%,
respectively.

Another characteristic value of the density, es-
pecially important in applied chemistry, is the density
at room temperature (293 K is considered as a stan-
dard temperature).

For alkyl compounds of Group II3VI elements, we
proposed the equations [15]

r293 = [M/(31.5P 3 15)](1.46 3 134.8/Tb), (12)

r293 = M/(24.5P + 3.5). (13)

To check the accuracy of Eqs. (12) and (13), we
used data of Table 3 and found that the average (in
absolute value) error is 2.1 and 3.0%, respectively.

CONCLUSION

Physicochemical properties of methyl- and ethyl-
halosilanes, not available from the literature, can be
predicted fairly reliably by methods of approximate
calculation.

REFERENCES

1. Razuvaev, G.A., Gribov, B.G., and Domrachev, G.A.,
Metalloorganicheskie soedineniya v elektronike
(Organometallic Compounds in Electronics), Moscow:
Nauka, 1972.

2. Efremov, A.A., Fedorov, V.A., and Grinberg, E.E.,
Vysokochist. Veshch., 1988, no. 3, pp. 5343.

3. Reid, R.G., Prausnitz, J.M., and Sherwood, T.K.,
The Properties of Gases and Liquids, New York:
McGraw-Hill, 1977.

4. Kinney, C.R., J. Am. Chem. Soc., 1938, vol. 60,
no. 12, pp. 303233035.

5. Lewis, R.N. and Newkirk, A.T.,J. Am. Chem. Soc.,
1947, vol. 69, no. 3, pp. 7013703.

6. Sladkov, I.B.,Zh. Prikl. Khim., 1999, vol. 72, no. 8,
pp. 126631272.

7. Kaufman, H.C.,Handbook of Organometallic Com-
pounds, New York: IFL, 1961.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

PHYSICOCHEMICAL PROPERTIES OF METHYL- AND ETHYLHALOSILANES 1805

8. Termicheskie konstanty veshchestv(Thermal Con-
stants of Substances), Glushko, V.P., Ed., Moscow:
VINITI, 1970, issue 4.

9. Sladkov, I.B.,Zh. Prikl. Khim., 1998, vol. 71, no. 6,
pp. 9033907.

10. Morachevskii, A.G. and Sladkov, I.B.,Fiziko-khimi-
cheskie svoistva molekulyarnykh neorganicheskikh
soedinenii (Physicochemical Properties of Molecular
Inorganic Compounds), Leningrad: Khimiya, 1996.

11. Gmelins Handbuch der anorganischen Chemie Silici-
um, Weinheim: Chemie, 1958, part 1C.

12. Kut’in, A.M., Zorin, A.D., and Kuznetsova, T.V., in
Vysokochistye veshchestva(High-Purity Subatances),
Nizhni Novgorod: Nizhegorod. Gos. Univ., 1990,
pp. 338.

13. Gmelins Handbuch der anorganischen Chemie.
Germanium. Organogermanium Compounds, Wein-
heim: Chemie, 1988, part 1.

14. Sladkov, I.B.,Zh. Prikl. Khim., 1993, vol. 66, no. 6,
pp. 120631209.

15. Sladkov, I.B.,Zh. Prikl. Khim., 2000, vol. 73, no. 56,
pp. 7273732.

16. McGlashan, M.L. and McKinnon, I.R.,J. Chem.
Thermodyn., 1977, vol. 9, no. 12, pp. 120531212.

17. Stepanov, N.G. and Nozdrev, V.F.,Zh. Fiz. Khim.,
1968, vol. 42, no. 10, pp. 245632461.

18. Stepanov, N.G.,Zh. Fiz. Khim., 1972, vol. 46, no. 3,
pp. 8013802.

19. Lapidus, I.I. and Nisel’son, L.A.,Tetrakhlorsilan i
trikhlorsilan (Tetrachlorosilane and Trichlorosilane),
Moscow: Khimiya, 1970.

20. Myers, K.H. and Danner, R.P.,J. Chem. Eng. Data,
1993, vol. 38, no. 2, pp. 1753200.

21. Hugill, J.A., and McGlashan, M.L.,J. Chem. Thermo-
dyn., 1978, vol. 10, no. 1, pp. 85393.

22. Gmelins Handbuch der anorganischen Chemie. Lead.
Organolead Compounds, Berlin: Springer, 1987,
part 1C.

23. Sokolova, T.D., Prokof’ev, N.K., and Nisel’son, L.A.,
Zh. Fiz. Khim., 1973, vol. 47, no. 1, pp. 2683269.

24. Rochow, E.G., Hurd, D.T., and Lewis, R.N.,The
Chemistry of Organometallic Compounds, New York:
Wiley, 1957.



1070-4272/01/7411-1806$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 11,2001, pp. 180631808. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 11,
2001, pp. 175331755.
Original Russian Text CopyrightC 2001 by Makurin, Yuminov, Berezyuk.

SORPTION
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND ION-EXCHANGE PROCESSES

Sorption of Water-Soluble Copper(II) Compounds
on Clinoptilolite

Yu. N. Makurin, A. V. Yuminov, and V. G. Berezyuk

Ural State Engineering University, Yekaterinburg, Russia

Received August 9, 2000; in final form, June 2001

Abstract-Copper(II) sorption on clinoptilolite from aqueous solutions with different pH was studied.
The results were analyzed using the calculated distribution of water-soluble copper(II) species at different pH.
The best conditions of copper(II) sorption on clinoptilolite from aqueous solutions were determined.

Over a 334-thousand-year period copper is used for
production of implements, dishware, decorations, and
dyes. At present heat exchangers, vacuum apparatus,
pipes, and electric wires are produced from copper.
Copper alloys are applied as structural materials.
Copper compounds are used in production of glass
and enamels and in electroplating and ore enrichment.
They are also used as wood preservatives, catalysts,
etc.

The scale of application of copper and its com-
pounds gives rise to environmental problems. Copper,
like other heavy metals, plays a dual role in bio-
chemistry of plants and animals. On the one hand,
copper is involved in the metabolism, and on the other
hand, it is a toxic metal. The biological functions of
copper in cells are determined by its coordination
properties, possibility of reaction with oxygen, and
reversible reduction of copper compounds. Copper(II)
in a cell exists in the form of complexes with bio-
logically active compounds such as amino acids,
nucleic acids, biogenic amines, and hormones. The
average human consumption of copper with food is
235 mg daily. In the case of hard physical activity this
value increases to 7 mg daily. When the consumption
exceeds the daily demand, the organism is poisoned.
The toxicity is due to coordination of the S3H groups
of proteins and especially enzymes to copper(II) ions.
Copper compounds increase the permeability of mito-
chondrial membranes. Acute intoxication with copper
compounds is accompanied by hemolysis of erythro-
cytes and disorder of monoamine metabolism. As
a rule, a human being is poisoned with copper under
industrial conditions. However, poisoning with pot-
able water containing 444 mg l31 of copper(II) cations
which are probably washed out from copper water
pipes has been described [1].

When the copper concentration in natural water
exceeds the productivity of the natural regeneration,
its concentration in potable water should be reduced
by special procedures. To decrease excess copper
content in tap water, natural sorbents including clino-
ptilolite are used. Clinoptilolite is a cheap and readily
available sorbent with a high capacity for copper [2].

We used clinoptilolite from the Kholin deposit
(Buryatiya). Its average composition is described by
the formula (K2Na2Ca)3Al6Si30O72.22H2O. The sili-
con/aluminum ratio ranges from 4.2 to 5.2. The cross
section of clinoptilolite openings is 0.400 0.55 nm;
the free pore volume is0.34. The soprtion capacity
and stability of clinoptilolite in various media are
described in [3].

To determine the best sorption conditions, we
studied copper(II) sorption from aqueous solutions
with different pH, since the distribution of water-
soluble copper species exhibiting different sorption
properties strongly depends on pH. Copper(II) cations
are hydrolyzed in aqueous solution to form the fol-
lowing hydroxo complexes: [Cu(OH)]+, [Cu(OH)2],
[Cu(OH)3]3, and [Cu(OH)4]23. The concentrations of
these species are denoted asC1, C2, C3, andC4. Their
instability constants are as follows [4, 5]:

pK1 = 7.0, pK132 = 13.7, pK133 = 17.0, pK134 = 18.5.

The fractions of copper species being in equilibri-
um in an aqueous solution are related to the instability
constant and pH by the following equations [6, 7]:

a0 = C0 /C
S

= 1/b, (1)

a1 = C1 /C
S

= Kw /(K1[H3O+]b), (2)
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Speciation of copper(II) in aqueous solution as influenced by pH
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ pH
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 1.00 ³ 2.00 ³ 3.00 ³ 4.00 ³ 5.00

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
b ³ 1.000 ³ 1.000 ³ 1.000 ³ 1.001 ³ 1.010
a0 ³ 1.000 ³ 1.000 ³ 1.000 ³ 0.999 ³ 0.999
a1 ³ 1036 ³ 1035 ³ 1034 ³ 1033 ³ 9.901033

a2 ³ 5.0010313 ³ 5.0010311 ³ 5.001039 ³ 5.001037 ³ 5.001035

a3 ³ 10322 ³ 10319 ³ 10316 ³ 10313 ³ 10310

a4 ³ 3.0010334 ³ 3.0010330 ³ 3.0010326 ³ 3.0010322 ³ 3.0010318

C0, M ³ 3.901034 ³ 3.901034 ³ 3.901034 ³ 3.901034 ³ 3.901034

C
S
, M ³ 3.901034 ³ 3.901034 ³ 3.901034 ³ 3.901034 ³ 3.9401034

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ pH
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ 6.00 ³ 7.00 ³ 8.00 ³ 9.00 ³ 10.00

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
b ³ 1.105 ³ 2.480 ³ 59.11 ³ 5.00103 ³ 5.80105

a0 ³ 0.905 ³ 0.403 ³ 0.017 ³ 2.001034 ³ 2.001036

a1 ³ 0.090 ³ 0.403 ³ 0.169 ³ 0.020 ³ 0.002
a2 ³ 0.004 ³ 0.194 ³ 0.812 ³ 0.960 ³ 0.826
a3 ³ 9.001038 ³ 4.001035 ³ 0.002 ³ 0.020 ³ 0.172
a4 ³ 3.0010314 ³ 10310 ³ 5.001038 ³ 6.001036 ³ 5.001034

C0, M ³ 3.501034 ³ 5.601036 ³ 5.601038 ³ 5.6010310 ³ 5.6010312

C
S
, M ³ 3.8701034 ³ 1.401035 ³ 3.301036 ³ 2.8501036 ³ 3.201036

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

a2 = C2/C
S

= K2
w /(K132[H3O+]2b), (3)

a3 = C3/C
S

= K3
w /(K133[H3O+]3b), (4)

a4 = C4/C
S

= K4
w /(K134[H3O+]4b), (5)

b = 1 + Kw /(K1[H3O+]) + K2
w /(K132[H3O+]2)

+ K3
w /(K133[H3O+]3) + K4

w /(K134[H3O+]4), (6)

whereKw is the ionic product of water;CS is the total
concentration of water-soluble copper(II) species,
C
S = C0 + C1 + C2 + C3, C4, C0 = [Cu2+].

The equilibrium compositions of aqueous cop-
per(II) solutions with various pH, calculated by
Eqs. (1)3(6), are presented in the table.

The stability of the copper(II) solution with respect
to precipitation of copper hydroxide is of great prac-
tical interest, since this process can strongly decrease
CS. The equilibrium aqueous solution3Cu(OH)2(s) is
described by the equation:

[Cu2+][OH3]2 = SP, (7)

where SP is the solubility product of copper(II) hy-
droxide, equal to 5.6010320 [4].

Substitution of this value in Eq. (7) gives the fol-
lowing equation

pCt
0 = 2pH 3 8.75, (8)

where pCt
0 is the threshold concentration ofC0.

At copper concentration higher than the threshold
value Cu(OH)2 starts to precipitate.

The diagram of stability of an aqueous Cu(II) solu-
tion with respect to Cu(OH)2 precipitation is shown in
Fig. 1. Thedependence of the threshold concentration
Ct

0 described by Eq. (8) is represented by straight
line 1. Curve 2 determines the actualC0 at CS =
3.901034 M. As seen from Fig. 1. copper hydroxide
precipitates at pH > 6. These results will be used in
interpretation of experimental data on copper(II) sorp-
tion form the tested solutions on clinoptilolite.

Copper(II) sorption on clinoptilolite from aqueous
solutions with various pH was studied as follows.
A weighed portion of clinoptilolite (10.0+0.1 g) was
placed in a round-bottomed flask. A buffer solution
(10.0 ml) with pH ranging from 3 to 10 was added.
Acidification to pH 1 and 2 was performed with 0.1
and 0.01 M hydrochloric acid solution prepared from
standard samples. To adjust pH in the range 3310,
ammonia3acetate buffer was used [8].
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pC [M]

Fig. 1. Diagram of stability of a Cu(II) aqueous solution
with respect to Cu(OH)2 precipitation. (C) Copper(II) con-
centration. (1) pCt

0 and (2) pC0.

mCu 0 104, g

t, min
Fig. 2. Diagrams of Cu(II) accumulation on clinoptilolite
mCu at pH (1) 1.10, (2) 1.85, (3) 3.0, (4) 4.05, (5) 5.0,
(6) 6.0, (7) 7.10, (8) 8.0, (9) 9.06, and (10) 9.85. (t) Time.

A 3.901034 M standard copper(II) solution (10 ml)
was added to the reaction mixture. The total volume
of the system was 50 ml. The reaction mixture was
shaken with a mechanical stirrer. Samples of the solu-
tion in contact with clinoptilolite were taken at
30-min intervals and analyzed for copper(II) by the
procedure in [9]. The results are shown inFig. 2. The
copper(II) sorption was determined as the difference
between the total copper(II) content and the copper(II)
content in the solution.

As seen from the table, copper(II) in acidic solu-
tions exists in the form of Cu2+ cations which can be
rapidly sorbed both on the surface and in pores of
clinoptilolite.

At higher pH copper(II) hydroxide precipitates. The
copper(II) concentration in the solution sharply de-

creases (Fig. 1) and the sorption decelerates. In the
first stages (t < 60 min) the sorption occurs by the
globular mechanism and does not reach saturation
(Fig. 2). As the sorption time increases (t > 60 min),
zeolite pores are clogged with Cu(OH)2

s particles,
internal diffusion is blocked, and the sorption sharply
decreases. Globules of Cu(OH)2 are weakly sorbed on
the clinoptilolite surface and are readily washed off.

In alkaline solutions the soprtion is accelerated
owing to intense nucleation of Cu(OH)2

s to form finely
divided Cu(OH)2

s precipitate. The globular mechanism
becomes more efficient.

CONCLUSIONS

(1) Speciation of water-soluble copper(II) forms at
various pH was calculated. The stability of a Cu(II)
solution with respect to precipitation of Cu(OH)2 was
analyzed.

(2) The kinetics of copper(II) sorption on clino-
ptilolite was studied as influenced by pH of the solu-
tion. The inflection point in the kinetic curves was
assumed to be due to a change in the sorption mech-
anism depending on the copper(II) species present in
the solution.

(3) At pH 133 copper(II) is efficiently sorbed by
clinoptilolite for no less than 150 min. At pH 4310
the sorption mechanism changes and the soprtion
becomes efficient within the first 60 min.
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Abstract-The adsorption of oligomers from their dilute solutions on the surfaces of dispersed barium and
strontium oxide ferrites and of neodymium3iron3boron alloy was studied. The main thermodynamic functions
of the system components were evaluated. The features of their variation were established.

The adsorption processes on the surface of fillers in
solutions of oligomers and polymers govern the fea-
tures of production of composite materials. The inter-
action of polymeric components of solutions with the
filler surface is the initial event in formation of the in-
terphase contact in composites based on these compo-
nents [1]. Therefore, the study of adsorption of poly-
mers and oligomers from dilute solutions is of theoret-
ical and practical importance. These data give insight
into the features of the adsorption equilibria of poly-
mer and oligomer molecules with the surface of solids.

As a rule, the results of studying adsorption equi-
libria are presented in the form of dependences of
the oligomer or polymer excess in the adsorption layer
relative to its content in the equilibrium solution on
the concentration of the polymer or oligomer in the
solution (Gibbs adsorption isotherm) [2, 3]. In the
range of moderate and high concentrations of polymer
solutions, these dependences are complicated. There-
fore, there is no common interpretation of the results
[4]. As shown in a series of papers [5, 6], the study of
adsorption of polymers from dilute solutions allows
rather simple determination of the adsorption iso-
therm, which allows evaluation of the parameters of
the adsorption equilibrium.

The aim of this work was to study the adsorption
equilibria of phenol3formaldehyde oligomer (PFO) in
its adsorption from dilute solution in alcohol3acetone
mixture on the surface of magnetic fillers.

EXPERIMENTAL

We studied model systems including the following
substances: barium and strontium oxide ferrites,

BaO.6Fe2O3 and SrO.6Fe2O3, and also neodymium3
iron3boron alloy Nd3Fe3B, used as sorbents; PFO
used in rubber ferrites as a matrix; and oligooxypro-
pylene glycol (OOPG), and epoxy-4,4`-isopropylidene-
diphenol resin (ED-20) used as modifiers for PFO.
The physicochemical characteristics of the fillers are
listed in Table 1.

Adsorption was carried out in hermetically sealed
pycnometers at 25+1oC and the weight ratio of the
liquid and solid phases of 10 : 1. The equilibrium
solution of the oligomer was separated from the adsor-
bent by centrifuging; the concentrations of the equi-
librium solutions were determined refractometrically.
The adsorptionG (mmol g31) according to Gibbs
is an excess of the number of moles of the second
component in the volume of adsorption layer over the
number of moles in the same volume in the bulk of
the equilibrium solution. The difference of concentra-
tions of the second component in the initial solution
C0 and in the solution equilibrated with the adsorbent

Table 1. Physicochemical characteristics of the fillers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sorbent
³ Composi- ³ Specific surface area,
³ tion, % ³ S01033, m2 kg31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Barium ferrite ³BaO, 15, ³ 0.28

³Fe2O3, 85 ³
³ ³Strontium ferrite ³SrO, 15, ³ 0.36
³Fe2O3, 85 ³
³ ³Neodymium3iron3³Nd, 20325, ³ 0.15

boron alloy ³B, 1.031.6, ³
³Fe, 67.4375.0 ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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X1 0 102

Gi 0 107, mg m32

Fig. 1. Isotherm of PFO adsorption from its solutions in
alcohol3acetone mixture on the surface of ferrite oxides and
Nd3Fe3B alloy. (Gi) Excess adsorption and (X1) PFO mole
fraction in the mixture. PFO: (133) nonmodified and (43
6) modified with OOPG. (1, 4) Nd3Fe3B, (2, 5) barium
ferrite, and (3, 6) strontium ferrite.

Ce is measured under static conditions. The excess
adsorption was evaluated by the equation

(C0 3 Ce)V
G = ÄÄÄÄÄÄÄÄÄ,

m

whereC0 andCe are the initial and equilibrium (after
contact of the solution with the filler) concentrations
of the oligomer (mM), respectively;m is the filler
weight (g); andV is the solution volume (ml).

By recalculating on 1 m2 of the sorbent surface,

Table 2. Adsorption characteristics of the systems
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

System
³ Gmax0107, ³

t,* A
³

Ke³ mg m32 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
PFO + solvent: ³ ³ ³

Nd3Fe3B ³ 1.5 ³ 1.1 ³ 2.18
BaO.6Fe2O3 ³ 2.5 ³ 1.9 ³ 2.00
SrO.6Fe2O3 ³ 3.1 ³ 2.3 ³ 2.14

+ OOPG: ³ ³ ³
Nd3Fe3B ³ 2.5 ³ 1.9 ³ 2.3
BaO.6Fe2O3 ³ 4.1 ³ 3.1 ³ 1.6
SrO.6Fe2O3 ³ 4.1 ³ 3.8 ³ 2.5

+ ED-20: ³ ³ ³
BaO.6Fe2O3 ³ 3.9 ³ 2.9 ³ 2.1
SrO.6Fe2O3 ³ 4.2 ³ 3.2 ³ 3.6

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* Thickness of the adsorption layer.

we obtain the absolute value of adsorption (mg m32)

(C0 3 Ce)V
G = ÄÄÄÄÄÄÄÄÄ,

mS

where S is the specific surface area (m2 kg31).

The experimental isotherms of the excess adsorp-
tion of PFO from its dilute alcohol3acetone solutions
on the surface of various sorbents is presented in
Fig. 1. This shape of the isotherms of adsorption from
dilute solutions is characteristic of specific interaction
of oligomer molecules with the sorbent surface. In
adsorption of macromolecules from dilute solutions,
when all components of the mixture are sorbed con-
currently, determination of the limiting adsorption of
the oligomerGmax presents some problems. Various
approaches to determination of the limiting adsorption
are considered in the literature, but they mainly con-
cern adsorption of simple molecules [7, 8].

In adsorption from solutions of components that
separate into layers in saturation, an S-shaped iso-
therm similar to isotherms of adsorption of vapors is
obtained.

The limiting adsorptionGmax was evaluated from
the position of pointB [8] in the isotherms of adsorp-
tion of the oligomer from dilute solution (Table 2).
As seen, the highestGmax is observed with strontium
ferrite, which is caused by its more developed surface
and the charge effect of the double-charged strontium
cation.

On adding OOPG into solution, the limiting ad-
sorption increases by 60%, which is explained by im-
provement of solvent characteristics. The development
of view on sorption from solutions is based on the
concepts of excess and absolute adsorption (the total
content). Based on these data, thermodynamic func-
tions of adsorption solution can be evaluated using
two procedures of thermodynamic consideration of
adsorption systems: Gibbs method of excess quantities
and the method of total content.

Isotherms of Gibbs adsorption do not carry infor-
mation on the true parameters of adsorption layers
formed on the filler surface. Adsorption of macro-
molecules from solutions is commonly accompanied
by displacement of solvent molecules from the sor-
bent surface. Therefore, macromolecules of the oligo-
mer always compete with the solvent for adsorption
centers. It was shown [8] that, when the competition
of solvent molecules is weak, adsorption can proceed
to form an adsorption layer of oligomer macromole-
cules extended along the surface. Thermodynamic
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parameters evaluated by the method of total content
depend on the particular model of the adsorption solu-
tion (pore volume and limiting values of adsorption).
These values reflect the real characteristics of the
adsorption solution provided that the selected model is
correct. As adsorption solution model, we can use
a model considering sorption as mutual displacement
of components, provided that

S = S ni
Swi,

where S is the specific surface area of the sorbent
(m2 g31), ni

S is the number of moles ofith component
in the surface layer, andwi is the landing surface area
of the adsorbent.

To check the reability of the selected parameters
of the adsorption layer model (values of the limiting
adsorption), we estimated variations of the Gibbs
energyDG evaluated by the method of excess quanti-
ties and the method of total contentDGmod [9].
DG and DGmod were evaluated by the equations

DG = 3DF + n0RTS Xi0 ln (Xi gi /Xi0gi0),

DGmod= 3DF + n0RTSXi0ln (Xi /X i0) + n0[gE(X) 3 gE(X0)]

+ nS[gES(XS) 3 gE(X)],

gE = RTSXi ln gi,

gES = RTSXi
Sln gi

S,

whereDF is variation in the chemical potential of the
sorbent in its wetting with binary solution (J g31);
gE andgES are the excess energies of mixing of com-
ponents in the solution and in the adsorption layer;
gi and gi

S are activity coefficients of components in
the solution and adsorption layer; andXi and Xi

S are
compositions of the solution and adsorption layer
(mole fraction), respectively.

The activity coefficients of components in the solu-
tion were determined from the saturated vapor pres-
sure. The activity coefficients of components in the
adsorption layers were evaluated by the equation [9]

ln gi
S = ln (Xi /Xi

S) + DF/(GmaxRT),

where Gmax is the limiting adsorption (mmol g31).

Sufficiently good agreement betweenDG and
DGmod (Fig. 2) serves as a criterion of the validity of
the selected model of adsorption layer and reliability
of the proposed parameters of the adsorption phase.

X1 0 103

(a)

3DG 0 104, J g31

X1 0 103

(b)

3DG 0 104, J g31

Fig. 2. Concentration dependences of variation of the
system energyDG in adsorption of PFO modified with
(a) ED-20 and (b) OOPG on thesurface of Nd3Fe3B alloy,
evaluated by the methods of (1) excess Gibbs parameters
and (2) total content. (Xi) Mole fraction of PFO in the
mixture.

The parameters of the adsorption phaseGmax were
used for evaluating the thickness of the adsorption
layer and the equilibrium constant [10]. To estimate
the thickness of the adsorption layer, we started from
the assumption that the oligomer density in the ad-
sorption state is identical to that in the samples. The
thickness of the adsorption layer was evaluated by
the equation

t =
-

MGmax/r,

whereM is the reduced molecular weight of the oligo-
mer,Gmax is the limiting adsorption (mg m32), andr
is the oligomer density (g cm33).

The thickness of the adsorption layer varied from 1
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to 4 A, which suggests parallel orientation of the
adsorbed molecules extended along the surface.

In terms of the model of adsorption layer we eval-
uated the adsorption equilibrium constants (Table 2)

1
Ke = ÄÄÄÄÄÄ,

1 3 X1
S

were X1
S is mole fraction of the component in the

adsorption layer.

The resulting equilibrium constants suggest rela-
tively weak interaction of oligomer macromolecules
with the filler surface.

CONCLUSIONS

(1) Thermodynamic characteristics of adsorption
systems were evaluated by the Gibbs method and the
method of the total content. The features of their
variation were established.

(2) The choice of the model of adsorption layer
considering sorption as mutual displacement of com-
ponents was substantiated.
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Abstract-Quaternization of 1,1-dimethylhydrazine with chloromethylated polystyrene is studied to optimize
the procedure of preparation of new anion-exchange resins. Sorption characteristics of the resulting resins and
their applicability to wastewater treatment to remove uranium are studied.

Cross-linked chloromethylated polystyrene (CMPS)
is the basic intermediate for fabrication of anion-
exchange resins. With primary and secondary amines,
weakly basic anion exchangers are formed, and with
tertiary amines, strongly basic anion exchangers [1].
1,1-Dimethylhydrazine (DMH) shows promise as an
aminating agent, since it can react withCMPS via
both the primary and secondary amino groups to form
anion-exchange resins with specific performance char-
acteristics. Such resins are of particular interest in
view of the fact that, being one of the basic compo-
nents of propellants, DMH is accumulated in vast
amounts in a number of countries. In context of the
existing disarmament agreements this work is also
of a social significance.

EXPERIMENTAL

Commercial CMPS(purchased from the OMIS
Joint-Stock Company, Omsk) was washed withace-
tone and dried to constant weight. The chlorine con-
tent in the copolymer was found to be 16.1%. 1,1-Di-
methylhydrazine was distilled at 63oC.

Quaternization of DMH with chloromethylated
polystyrene was carried out as follows. The polymer
(10 g) containing 0.43 mol of fixed chlorine was al-
lowed to swell in 24 ml of dioxane for 15 or 60 min
at room temperature. Then DMH in 50 ml of water
was added. The amount of the aminating agent in
the system is given in Table 1. The process was per-
formed at 35392oC. The resulting product was washed
with distilled water and dried to constant weight.

The resulting resin was tested for the thermal and
chemical resistance and anion-exchange performance
according the standard procedures [2, 3]. The polymer
samples in the H form (nitrogen content 8.4%) were
placed in vials with distilled water and allowed to
stand for 24 h at 80, 100, and 150oC. In studying
the chemical resistance, 1 g of the air-dry resin was
treated with 100 ml of 5 N NaOH, HNO3, H2SO4, or
10% H2O2 at 20oC for 24 h or at 100oC for 1 to 90 h.
Then the samples were washed, dried, and analyzed
for the weight loss, nitrogen content, and exchange
capacity. Sorption of the salts listed in Table 2 was
studied with the resin in the corresponding salt and
OH forms. A 1-g sample of the dry resin was stirred
in 100 ml of 0.1 N salt solution until the equilibrium
was reached (constant pH). The concentrations of
Cu2+ and Mn2+ in the equilibrium solution were
determined chelatometrically with Na2EDTA and
Murexide as an indicator, and that of Fe2+, by titration
with 0.1 N KMnO4. The amount of absorbed metal
was estimated from the difference between the metal
concentration in the initial and equilibrium solutions.
Sulfate was determined by titration with Ba(NO3)2
in the presence of the chelatometric indicator chloro-
phosphonazo III. The residual concentrations of
MnO3

4, Cr2O7
23, Fe(CN)6

33, and AsO3
3 were determined

by titration with 0.1 N Na2S2O3 and KMnO4. The
amount of absorbed anions was determined from the
difference between their concentrations in the initial
and equilibrium solutions. The resin was tested as
a sorbent for wastewater treatment to remove uranium.
For comparison, several commercial sorbents were
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Table 1. Modification of chloromethylated polystyrene with 1,1-dimethylhydrazine*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run no.** ³ ts, min ³ t, h ³ T, oC ³ N, % ³ a, % ³ SEC, mg-equiv g31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Solvent H2O

1 ³ 3 ³ 1.0 ³ 92 ³ 1.56 ³ 12.2 ³ 1.0
2 ³ 3 ³ 2.5 ³ 92 ³ 4.61 ³ 36.0 ³ 2.1
3 ³ 3 ³ 1.0 ³ 92 ³ 2.02 ³ 15.8 ³ 1.2
4 ³ 3 ³ 2.5 ³ 92 ³ 7.45 ³ 58.1 ³ 3.0

Solvent dioxane3H2O

5 ³ 15 ³ 1.0 ³ 92 ³ 7.36 ³ 57.4 ³ 2.5
6 ³ 15 ³ 2.5 ³ 92 ³ 8.55 ³ 66.7 ³ 3.0
7 ³ 15 ³ 1.0 ³ 92 ³ 8.47 ³ 66.1 ³ 2.3
8 ³ 15 ³ 2.5 ³ 92 ³ 7.90 ³ 61.6 ³ 3.1
9 ³ 15 ³ 2.5 ³ 55 ³ 4.99 ³ 38.8 ³ 2.3

10 ³ 15 ³ 4.0 ³ 55 ³ 9.04 ³ 70.5 ³ 3.2
11 ³ 60 ³ 2.5 ³ 55 ³ 7.63 ³ 59.5 ³ 3.1
12 ³ 60 ³ 4.0 ³ 55 ³ 9.13 ³ 71.2 ³ 3.4
13 ³ 60 ³ 4.0 ³ 35 ³ None ³ 0 ³ 3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (ts, t) Swelling and reaction times, respectively; (a) degree of amination; and (SEC) static exchange capacity.

** CMPS/DMH = 1 : 3 except for run nos. 1, 2, 5, and 6 (1 : 2).

Table 2. Sorption of salts on modified chloromethylated polystyrene
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Salt

³ Sorption efficiency, % ³ Sorption, mg-equiv g31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ resin in anionic form³ resin in OH form ³ resin in anionic form ³ resin in OH form
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ cation ³ anion ³ cation ³ anion ³ cation ³ anion ³ cation ³ anion

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
FeSO4 ³ 2.8 ³ 26.8 ³ 3.4 ³ 5.6 ³ 0.15 ³ 1.36 ³ 0.18 ³ 0.71
CuSO4 ³ 1.9 ³ 45.0 ³ 4.0 ³ 12.1 ³ 0.08 ³ 2.01 ³ 0.25 ³ 0.82
MnSO4 ³ 0.5 ³ 24.1 ³ 5.6 ³ 4.2 ³ 0.04 ³ 1.66 ³ 0.35 ³ 0.25
KMnO4 ³ 3 ³ 98.8 ³ 3 ³ 97.6 ³ 3 ³ 2.85 ³ 3 ³ 3.20
K2Cr2O7 ³ 3 ³ 99.2 ³ 3 ³ 95.6 ³ 3 ³ 5.46 ³ 3 ³ 4.60
K3[Fe(CN)6]³ 3 ³ 98.9 ³ 3 ³ 97.8 ³ 3 ³ 3.50 ³ 3 ³ 3.27
NaAsO3 ³ 3 ³ 96.6 ³ 3 ³ 92.3 ³ 3 ³ 2.86 ³ 3 ³ 2.75
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

tested under the same conditions (Table 3).1 The
wastewater composition was as follows (mg l31):
U 0.09, surfactants 3.72, sulfate <40, and phosphate
82.4 (pH 9.2). The sorption capacity was determined
by the static method with intermittent stirring (sample
weight 2.5 g, liquid phase volume 0.25 l, contact time
4 days). The sorption power was estimated from the
distribution coefficientG (ml g31):

G = A 0 103/C,

where A is the equilibrium sorption capacity for U
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Tests were carried out at the Novosibirsk Chemical Concen-

trates Plant, Joint Stock Company, Novosibirsk, Russia.

(mg g31) and C is the U concentration in the equi-
librium solution (mg l31).

The reaction of CMPS with hydrazine and some of
its derivatives, including DMH, was reported previ-
ously [436]. However, we found no data on properties
of the resulting products. Therefore, we studied the
reaction of CMPS with DMH and characteristics of
the resulting polymeric anion exchangers. The reac-
tion was carried out in water or 32% aqueous dioxane.
We studied the effects of the temperature, reagent
ratio, and swelling time of CMPS in dioxane. We
found (Table 1) that the reaction betweenCMPS and
DMH proceeds at a noticeable rate at a temperature
above 35oC and is completed in 134 h, the degree of
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amination being dependent on the reaction time and
DMH concentration, maximally approaching 71%. The
static exchange capacity of modifiedCMPS (MCMPS)
in 0.1 N HCl ranges from 1 to 3.4 mg-equiv g31

(Table 1), indicating that it is a strongly basic anion
exchanger whose macromolecules bear ionic groups
formed via quaternization of DMH withCMPS. With
increasing temperature to 92oC or DMH concentration
the reaction accelerates, and the degree of amination
approaches 8.5% in an hour. However, as the reaction
time is further increased to 2.5 h the nitrogen content
decreases to 7.9%. In this case we visually observed
the decomposition of the initial CMPS granules at
elevated temperatures.

It should be noted that the heterogeneous reaction
of DMH with CMPS depends to a considerable extent
on the swellability of the initial polymer in the reac-
tion mixture. For example, the reaction in water at
92oC initially (in the first hour) is rather slow; the
degree of amination in this case is as low as 12%,
while after CPMS was preliminarily swollen for
15 min in an aqueous dioxane solution, all otherreac-
tion conditions being equal, the degree of amination
increased by a factor of 4.7, whereas with increasing
reaction time to 2.5 h it increased by a factor of
only 1.8.

To reduce the effect of side reactions on the com-
position and properties of the anion exchangers,
quaternization of 1,1-dimethylhydrazine with CMPS
was performed at 55oC. However, in this case the
degree of amination ofCMPS gained in 2.5 h (38.8%)
appeared to be lower by a factor of 1.7 as compared
to the high-temperature reaction. With increasing reac-
tion time to 4 h it increased to 70371%, regardless
of the swelling time of the initial CMPS.

Therefore, the optimal conditions for quaternization
of DMH with CMPS are as follows: preliminary swel-
ling of the initial polymer, aqueous dioxane as a reac-
tion medium, temperature of 50355oC, and reaction
time of up to 4 h. All the data given below are related
to MCMPS obtained under the indicated conditions.

The thermal and chemical resistance of anion ex-
changers is among the most significant criteria
of their practical use. The test results showed that
treatment of MCMPS withwater at 80oC for 24 h
causes only a slight weight loss (0.4%), the exchange
capacity remaining practically unchanged (SEC
2.9 mg-equiv g31). Furthermore, these parameters re-
main unchanged even after treatment of the polymers
with concentrated acids, alkalis, and hydrogen
peroxide for 24 h at 20330oC. However, at higher
treatment temperatures (150oC for water or 100oC for

Table 3. Characteristics of various sorbents in uranium
sorption from wastewater
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Sorbent
³ C,* ³ P,** ³ G,
³ mg l31 ³ mg g31 ³ ml g31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
MCMPS ³ 0.0010³ 0.0089³ 8900.0
Amberjet 4400 Cl (strongly³ 0.0055³ 0.0084³ 1536.4
(basic anion exchanger)³ ³ ³
Purolite S 920 (chelating³ 0.0025³ 0.0087³ 3500.0
resin) ³ ³ ³
AN-2F ³ 0.0085³ 0.0081³ 958.8
AV-17-8 ³ 0.0023³ 0.0088³ 3813.0
AVZ-NT-3.0 (activated ³ 0.0880³ 0.0002³ 2.3
carbon) ³ ³ ³
K63-NT-3.0 (carbonized ³ 0.0700³ 0.0020³ 28.6
coal) ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* (C) Concentration of U-containing pollutants in the solution.

** ( P) Equilibrium concentration of U-containing pollutants
in the sorbent phase.

the corrosive medium,t 6 h) the exchange capacity
decreases by 20347% (in this case the nitrogen con-
tent decreases to 435%).

A 90-h treatment of MCMPS with 5 N HNO3 or
NaOH provides a 20346% weight loss, which is ac-
companied by total degradation of the polymer. There-
fore, the operation temperature of the investigated
anion exchanger should not exceed 80oC, and in the
presence of strong acids or alkalis the temperature
should be below 30oC.

The ion-exchange characteristics of the resin were
studied by the static method. In the experiments we
used the chloride and OH forms. The sorption was
performed from metal sulfate solutions and also from
solutions containing alkali metal salts with complex
anions (Table 2). The results demonstrate that, de-
pending on the metal, the sorption of sulfate with the
resin in the chloride form is 24345%, which is con-
siderably higher than that with the OH form (4312%)
(Table 2). Simultaneously we observed that the resin
sorbs cations from the metal sulfate solutions. The OH
form sorbs more strongly the cations than the Cl form
(by a factor of 2310) (Table 2). It was demonstrated
that the sorption of cations is pH-dependent to a con-
siderable extent: the cations are not sorbed from
strongly acidic sulfate solutions (pH 233).

In the case of alkali metal salts with complex
anions it was demonstrated that the cations, being
strongly hydrated, are less efficiently sorbed, whereas
the anion-exchange efficiency reaches 97399%
(Table 2).
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To conclude, ion exchange in the static mode
with MCMPS appeared to be quite efficient method
for concentration of metals contained in complex
anions, since these anions are readily desorbed in
regeneration.

This method, requiring no sophisticated equipment,
proved efficient in U recovery and concentration from
wastewater (Table 3). Comparative analysis of data
obtained with various sorbents shows that MCMPS
has the best sorption capacity for uranium (U distribu-
tion coefficient 8900 ml g31).

CONCLUSIONS

(1) A method for utilization of 1,1-dimethylhy-
drazine is proposed, based on its quaternization
with cross-linked chloromethylated polystyrene.
As a result, strongly basic anion exchangers are ob-
tained. The static exchange capacity for chloride of
the resulting resins, measured in 0.1 N HCl, is 13

3.4 mg-equiv g31.

(2) Results on the thermal and chemical resistance
of the anion exchangers reveal that their operation
temperature should be below 80oC, and in the pres-

ence of strong acids or alkalis, 20330oC.

(3) Ion exchange in the static mode withMCMPS
is a quite efficient method for recovery and concentra-
tion of metals, particularly, uranium.
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Abstract-The process of microdistribution in deposition of a tin3antimony alloy from sulfate electrolytes
with organic additives (Syntanol, formalin, butynediol, coumarin, and benzyl alcohol) was studied.

The electrodeposition of the Sn3Sb alloy from sul-
fate electrolytes with organic additives was studied
in [135]. It was shown that lustrous alloy coatings
are formed at current densities in the range 0.53
12 A dm32 from electrolytes containing simultaneous-
ly Syntanol, formalin, and butynediol; or Syntanol,
formalin, and coumarin; or Syntanol, formalin, and
benzyl alcohol. The content of antimony in the alloy
varies between 0.6 and 32.5 wt %, depending on the
electrolyte composition. With increasing cathodic
current density, the content of antimony in the alloy
decreases. It was of interest to study the leveling
power of the given electrolytes.

Sulfate electrolytes for electrodeposition of the
tin3antimony alloy were prepared from SnSO4 and
H2SO4 (both of chemically pure grade). Antimony
was introduced into the electrolyte as follows. Anti-
mony was preliminarily ground to obtain a finely
dispersed powder which was then dissolved in concen-
trated H2SO4 with heating. The obtained Sb2(SO4)3
solution was added to the electrolyte. The following
organic additives were used: Syntanol DS-10 [TU
(Technical Specifications) 6-14-577377], formalin
[37% solution, GOST (State Standard) 1625375],
1,4-butynediol 35% solution, TU 6-45-52379), cou-
marin, and benzyl alcohol (the last two of chemically
pure grade). The composition of the main electrolyte
used in the study was as follows (g l31): SnSO4, 10
and 30; Sb2(SO4)3, 0.8; H2SO4, 100; Syntanol, 2;
and also formalin, 6 ml l31. Additionally, the follow-
ing organic agents were introduced into the electro-
lyte: butynediol, 40 ml l31 (electrolyte no. 1); couma-
rin, 2 g l31 (no. 2); and benzyl alcohol, 5 ml l31

(no. 3). The study was carried out at 20322oC. Polari-
zation curves were measured on a rotating disk elec-

trode with a P-5827 potentiostat in the potentio-
dynamic mode. Before measuring a polarization curve,
a 10-mm-thick layer of the tin3antimony alloy was
deposited onto the disk electrode surface. The leveling
power (P) of the electrolytes was determined directly
by profiling of the sample surface with a sinusoidal
microprofile. P was calculated by the formula [6]

2.3a
P = ÄÄÄÄÄ log (H0/H

t
),

2phav

wherea is the wavelength of the sinusoidal micropro-
file (mm); hav is the average coating thickness (mm);
and H0 and Ht are, respectively, the initial and final
amplitudes of the sinusoidal microprofile (mm).

The electrodeposition was performed under stirring
with a blade stirrer at a speed of rotation of 300 rpm.
The deposit thickness was 10mm.

To reveal the influence exerted by separate organic
substances on the microdistribution process, the de-
pendenceP3ic was studied in electrolytes with various
organic substances. The presence of only Syntanol
in the electrolyte leads to minor leveling (P = 0.253
0.15) only atic = 0.531.0 A dm32. With ic increasing
beyond these limits, antileveling is observed. Addition
of formalin to an electrolyte with Syntanol enhances
the antileveling at ic = 0.534.0 A dm32 (Fig. 1,
curve 2). With the current density increasing to 53

7 A dm32, the antileveling effect becomes weaker, and
at ic = 8 A dm32 P = 0. In electrolyte nos. 133, sur-
face leveling occurs(Fig. 1, curves338). Thus, the
last three substances among the mentioned organic
compounds (Syntanol, formalin, butynediol, couma-
rin, and benzyl alcohol) are leveling additives.
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ic, A dm32

Fig. 1. Leveling powerP of sulfate electrolytes in electro-
deposition of Sn3Sb alloy vs. current densityic. Electrolyte
composition (g l31): SnSO4 30, Sb2(SO4)3 0.8, and
H2SO4 100; the same for Fig. 2. (1) Electrolyte + Synta-
nol, 2 g l31; (2) 1 + formalin, 6 ml l31; (335) 2 + butyne-
diol (40 ml l31), or coumarin (2 g l31), or benzyl alcohol
(5 ml l31), respectively; (638) 335 with SnSO4 (10 g l31).

C1, ml l31

C2, ml l31

C3, g l31

Fig. 2. Leveling powerP of sulfate electrolytes for electro-
deposition of Sn3Sb alloy vs. additive concentrationsC1,
C2, and C3 at ic = 4 A dm32. Additive: (1) butynediol,
(2) benzyl alcohol, and (3) coumarin. Electrolyte +
Syntanol (2 g l31) + formalin (6 ml l31); the same for
Fig. 3.

Figure 1 shows that the dependenceP3ic is deter-
mined in electrolyte nos. 133 by the nature of a level-
ing additive and SnSO4 concentration in the electro-
lyte. At SnSO4 concentration of 30 g l31 in electrolyte
nos. 1 and 3 the dependenceP3ic passes through a
maximum (curves3, 5), and in electrolyte no. 2P
decreases with increasingic (curve 4). In electrolyte

nos. 1 and 3, containing 10 g l31 of SnSO4, the level-
ing power decreases with increasingic (curves6, 8).
In electrolyte no. 2, the dependence passes through
a maximum, with the highest leveling power (P = 0.9)
observed in the presence of butynediol (curve3).

The influence exerted by the concentrations of the
leveling additives onP is illustrated in Fig. 2. It can
be seen that, with increasing concentrationsC1 andC2
of, respectively, butynediol (curve1) and benzyl al-
cohol (curve2), the P value passes through a maxi-
mum. For butynediol the highest leveling power (P =
0.9) is observed at concentrationC1 = 40, and for
benzyl alcohol (P = 0.6), atC2 = 6 ml l31. In electro-
lyte no. 2, the highest leveling power (P = 0.31) is
achieved atC3 = 0.1 g l31 (curve3). Further increase
in the coumarin concentration results in a dramatic
decrease inP. At C3 = 0.531.5 g l31, even antileveling
of the surface is observed (P 30.1 to 30.18). At cou-
marin concentrations exceeding 1.5 g l31 the degree of
antileveling decreases, and at 2 g l31 a weak leveling
is again observed (Fig. 2, curve3).

Figure 3 presents cathodic polarization curves for
alloy deposition from electrolytes with organic addi-
tives in relation to the speed of electrode rotation.
It can be seen in Fig. 3a that raising the speed of
rotation in electrolyte no. 3 to 200 rpm makes the
cathodic polarization of the alloy deposition lower
(curve2). However, with the speed of rotation increas-
ing further, to 2000 rpm, the cathodic polarization
grows somewhat (curve3). In electrolyte nos. 1 and 2
(Figs. 3b, 3c), a limiting-current plateau (Ilim) is
observed in the cathodic polarization curves. With
increasing speed of rotation, thei lim value grows
steeply and the cathodic polarization becomes lower
(Figs. 3b, 3c, curves136). The i lim value in these
electrolytes is determined by adsorption of organic
substances and formation on the electrode surface
of polymolecular adsorption layers (Loshkarev ef-
fect) [7].

The mechanism of surface leveling is commonly
explained in terms of the adsorption3diffusion theory
[6] whose basic concepts are the following. All level-
ing additives inhibit electrodeposition of metals (al-
loys), with the extent of inhibition controlled by dif-
fusion. Polarization curves measured with a rotating
disk electrode at different speeds of rotation can quali-
tatively model the cathodic process at microprojec-
tions (high speeds of rotation) and in microdepres-
sions (low speeds) [6]. The varied accessibility of
the microprofile is the reason for nonuniform distribu-
tion of the rate of supply of organic substances to
different parts of the microprofile. Since the inhibit-
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ing influence exerted by leveling additives on metal
(alloy) electrodeposition becomes stronger with in-
creasing rate of diffusion of an additive toward the
cathode (high speed of rotation), this influence is
more pronounced at microprojections, and less so at
microdepressions. This results in a nonuniform distri-
bution of the metal electrodeposition rate. In view of
the aforesaid, it was proposed to use for evaluating the
influence of various additives the changes in cathodic
polarization in going from one stirring mode to the
other. If polarization grows with increasing speed of
electrode rotation, then it would be expected that the
additive should exert leveling influence under the
given conditions.

Analysis of the polarization curves measured in
electrolytes with organic additives shows that, in con-
trast to the cathodic polarization curves measured in
electrolyte no. 3 (Fig. 3a), the polarization curves
taken in electrolyte nos. 1 and 2 (Figs. 3b and 3c) in
different stirring modes do not model the distribution
of the alloy electrodeposition rate over the micropro-
file. The possible reason is that polymolecular adsorp-
tion layers are formed in this case. The hydrodynamic
mode intensification affects the processes of formation
and disintegration of such layers, with the rate of
deposition of the alloy components changing in such a
way that it outwardly looks like a manifestation of
the antileveling effect. In view of this fact, the depen-
dencesP3ic and P3C in electrolyte no. 3 can be ac-
counted for as follows. With increasingic, first an
increase in the leveling power is favored and then, at
relatively high current densities, the high rate of sur-
face renewal results in that the surface concentration
of the additive and its inhibiting influence decrease
even at microprojections, which must make the level-
ing effect weaker. At a too low content of an additive
in the electrolyte, when the process of alloy electro-
deposition is inhibited only slightly, it is unlikely that
the leveling effect will be pronounced. At the same
time, at too high additive concentrations the leveling
power decreases, because the rate of supply of the ad-
ditive and its inhibiting action are no longer diffusion-
controlled.

It should be noted that the lower and upper limits
of the concentration range with the maximum leveling
power depend on (i) the electrolysis conditions (and
current density, in particular) and (ii) the nature of
leveling additives and presence of other organic sub-
stances in the electrolyte [6].

Electrodeposition from electrolytes in which poly-
molecular layers of organic substances are formed on
the electrode surface has its specific features,e.g., the

ic, A dm32 (a)

3Ec, V

ic, A dm32 (b)

3Ec, V

ic, A dm32 (c)

3Ec, V

Fig. 3. Cathodic polarization curves of Sn3Sb alloy electro-
deposition, measured in electrolyte nos. 133 at different
speeds of electrode rotation. (ic) Current density and
(E) potential vs. standard hydrogen electrode. Electrolyte:
(a) no. 3, (b) no. 1, and (c) no. 2. Speed of rotation (rpm):
(1) 0, (2) 200, (3) 500, (4) 900, (5) 1500, and (6) 2000.

appearance of the adsorption-related limiting current.
As seen from Fig. 3, this current markedly grows with
increasing speed of rotation of the cathode. This is an
indisputable proof of the influence exerted by the hy-
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drodynamic mode on the properties of polymolecular
layers. Their partial disintegration with increasing
speed of rotation of the disk electrode leads to higher
limiting current and lower cathodic polarization. At
the same time, as indicated by direct measurements of
the microdistribution of metal, the difference between
the rates of supply of organic substances to micro-
projections and microdepressions, leading to the cor-
responding difference in their inhibiting influence,
i.e., to positive leveling, is preserved at any particular
hydrodynamic mode.

The change in the leveling powers of sulfate elec-
trolytes with organic additives at SnSO4 concentra-
tions of 10 and 30 g l31 (Fig. 1) shows that the ad-
sorption3diffusion processes depend not only on the
hydrodynamic conditions, but also on the metal ion
concentration.

Thus, leveling of the surface microprofile is ob-
served in electrodeposition of the Sn3Sb alloy from
sulfate electrolytes with organic additives. Depending
on the nature of organic substances, the cathodic
polarization may either increase or decrease with in-
creasing speed of rotation of the disk electrode. A de-
crease in the cathodic polarization with increasing
speed of electrode rotation is observed in those cases
when polymolecular adsorption layers are formed on
the electrode surface. In systems of this kind, cathodic
polarization curves obtained at different speeds of
electrode rotation cannot model the distribution of the
alloy electrodeposition rate over the microprofile
because of the sensitivity of the adsorption layer,
inhibiting the electrodeposition, to the hydrodynamic
conditions. Apparently, measurements of cathodic
polarization curves on a disk electrode at different
speeds of rotation cannot be taken in this case as
a basis for distinguishing between the leveling and
nonleveling additives, as follows from the adsorption3
diffusion theory of leveling [6].

CONCLUSIONS

(1) The microdistribution in electrodeposition of
the tin3antimony alloy from sulfate electrolytes with
organic additives (Syntanol, formalin, butynediol,

coumarin, and benzyl alcohol) was studied. It is
shown that, in electrolytes simultaneously containing
Syntanol, formalin, and butynediol; or Syntanol,
formalin, and coumarin; or Syntanol, formalin, and
benzyl alcohol, the effect of leveling of the surface
microprofile is observed.

(2) Depending on the nature of organic substances,
the cathode polarization in alloy deposition may either
increase or decrease with increasing speed of rotation
of the disk electrode. The latter is observed in elec-
trolytes in which polymolecular adsorption layers
of organic substances are formed on the electrode
surface.

(3) In the electrolytes in which polymolecular ad-
sorption layers of organic substances are formed on
the electrode surface, cathodic polarization curves
obtained at different speeds of electrode rotation
cannot model the distribution of the alloy electro-
deposition rate over the microprofile and cannot serve
as a basis for distinguishing between leveling and
nonleveling additives.
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Abstract-Specific features of formation of a[pyramidal] surface relief and [110] texture in[raw] elec-
trolytic copper foil obtained in industrial electrolyzers with rotating titanium drum cathode at varied current
density and electrolyte composition and temperature were studied. The effect of how the drum cathode is
treated prior to deposition on the crystal structure and surface topography of the raw foil was analyzed.

Presently, electrolytic copper foil (ECF) is most
widely used for fabricating printed-circuit boards for
radioelectronics. The foil is produced from[raw]
ECF, thin (183100 mm) solid electrolytic deposit of
copper, commonly obtained in the form of a ribbon
[continuously] coming out of an electrolyzer with
rotating drum cathode. The deposition is performed at
very high current densities and electrolyte circulation
rates. It suffices to mention that deposition under the
same current densities from unstirred electrolytes of
the same composition must give powders [133].

Studies of thin solid electrolytic deposits of copper
have been largely stimulated by the problem of ob-
taining raw ECF with a prescribed set of physical and
technological properties, such as, e.g., roughness of
the inner ([glossy]) and outer ([rough]) sides (relative
to the cathode), continuity, plasticity, strength, etc.
Nevertheless, published data on the structure, surface
topography, and physical and technological properties
of deposits formed on cathodes moving in a high-rate
electrolyte flow are scarce [1, 2]. In this work we
studied the structure and surface topography of copper
deposits formed directly in industrial electrolyzers
with rotating titanium drum cathode. The data are of
interest not only from the technological standpoint,
but also for revealing the specific features of copper
electrocrystallization under such specific conditions.

EXPERIMENTAL

The foil was obtained in commercial KFE 1200/320
(henceforth KFE) and BEL-12M (BEL) electrolyzers

and AIST 1600 M (AIST) pilot installation differing
from BEL only in cathode diameter. The diameters of
drum cathodes made of VT-1.0 forge titanium were,
respectively, 320, 900, and 1600 mm. The foil width
was 1200 mm. Detailed schematics of electrolyzers of
this kind and their operation conditions were reported
in [1, 2]. It is noteworthy that an additional insoluble
anode made of an alloy of lead with silver was
mounted at the bath exit of the KFE electrolyzer. In
addition, prior to deposition, the surface of the drum
cathode was subjected to mechanical polishing and
anodizing in the case of KFE and only to mechanical
polishing for BEL and AIST. The thickness of the raw
foil was 32+2.5 mm in all experiments, which was
ensured by adjusting the speed of rotation of the drum
cathode.

The electrodeposition conditions are presented in
the table, with average[geometric] current densities
Dc given. Figure 1b shows[local] current densities
D(L) in different parts of the drum cathode, situated
near its section, circle, at a distanceL from the en-
trance into the electrolyzer bath. For convenience of
comparison,D andL are normalized to the maximum
current density in the distribution,Dmax, and the total
lengthS of that part of the circumference of the drum
cathode which is submerged in the electrolyte. These
dependences are individual characteristics of elec-
trolyzers, and their shape is close to that reported
in [12]. The absoluteD(L) values can be readily found
using the data in the table (Dc) and Dc/Dmax values
presented in Fig. 1b.
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Preparation conditions and topographic and structural characteristics of raw ECF.* Content of chloride ions in the
electrolyte 30+5 mg l31; rate of electrolyte circulation, m3 h31: 100 for KEF and 25 for AIST and BEL
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sam-
³ Electrodeposition conditions ³

Shape of projec-
³ ³ ³ Phkl

ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄ´ ³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
ple ³ CC2+ ³CH2SO4

³ Cb.g.,
³

Dc,
³

T,
³ tions on rough³ d, ³ Dd/d, ³ ³ ³ ³

ÃÄÄÄÄÄÁÄÄÄÄÄ´ ³ ³ ³ ³ ³ ³ ³ ³ ³no.
³ M ³ mg l31

³ A dm32
³ oC ³

side of ECF
³

mm

³

%

³
111

³
200

³
220

³
311

ÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
KFE apparatus

1 ³ 1.1 ³ 0.9 ³ 1.0 ³ 46 ³ 40 ³Pyramid, ³ 7.3 ³ 25 ³0.1/0.7³0.1/0.8³3.4/1.5³0.4/1.0
³ ³ ³ ³ ³ ³hemisphere ³ ³ ³ ³ ³ ³

2 ³ 0.8 ³ 1.0 ³ 1.0 ³ 49 ³ 40 ³Pyramid, ³ 4.1 ³ 37 ³0.6/0.8³0.3/1.0³2.4/1.2³0.7/1.0
³ ³ ³ ³ ³ ³hemisphere ³ ³ ³ ³ ³ ³

3 ³ 0.8 ³ 0.9 ³ 1.0 ³ 39 ³ 40 ³Pyramid, ³ 5.5 ³ 29 ³0.2/0.6³0.2/0.8³3.2/1.3³0.5/1.2
³ ³ ³ ³ ³ ³hemisphere ³ ³ ³ ³ ³ ³

4 ³ 0.8 ³ 0.9 ³ 2.5 ³ 39 ³ 40 ³Pyramid, hemi- ³ 4.5 ³ 26 ³0.4/0.9³0.3/0.8³2.8/1.2³0.5/1.1
³ ³ ³ ³ ³ ³sphere, globule ³ ³ ³ ³ ³ ³

5 ³ 0.8 ³ 0.9 ³ 7.5 ³ 39 ³ 40 ³Pyramid, hemi- ³ 2.0 ³ 37 ³1.0/1.1³0.8/0.9³1.2/1.1³1.0/0.9
³ ³ ³ ³ ³ ³sphere, globule ³ ³ ³ ³ ³ ³

AIST apparatus

6 ³ 1.1 ³ 0.8 ³ 1.0 ³ 27 ³ 40 ³Pyramid ³ 7.4 ³ 31 ³0.1/0.8³0.1/0.9³3.7/1.7³0.1/0.6
7 ³ 1.1 ³ 0.8 ³ 1.0 ³ 27 ³ 52 ³Pyramid, ³ 8.2 ³ 35 ³0.2/1.0³0.4/1.1³3.1/1.0³0.3/0.9
³ ³ ³ ³ ³ ³polyhedron ³ ³ ³ ³ ³ ³

8 ³ 1.1 ³ 0.8 ³ 1.0 ³ 40 ³ 40 ³Pyramid ³ 6.9 ³ 30 ³0.0/0.7³0.0/0.7³3.9/2.0³0.1/0.6
9 ³ 1.1 ³ 0.8 ³ 1.0 ³ 40 ³ 52 ³" ³ 7.8 ³ 34 ³0.2/0.9³0.1/1.0³3.5/1.3³0.2/0.8

10 ³ 1.1 ³ 0.8 ³ 1.0 ³ 50 ³ 40 ³" ³ 6.5 ³ 30 ³0.0/0.7³0.0/0.6³3.9/2.2³0.1/1.5
11 ³ 1.1 ³ 0.8 ³ 1.0 ³ 50 ³ 52 ³" ³ 7.3 ³ 36 ³0.1/0.9³0.0/0.9³3.8/1.6³0.1/0.6
12 ³ 1.1 ³ 0.8 ³ 1.0 ³ 56 ³ 40 ³" ³ 5.5 ³ 29 ³0.1/0.9³0.1/0.8³3.6/1.6³0.2/0.7
13 ³ 1.1 ³ 0.8 ³ 1.0 ³ 56 ³ 52 ³" ³ 6.3 ³ 35 ³0.0/0.8³0.0/0.7³3.8/1.7³0.2/0.2
14 ³ 1.1 ³ 0.8 ³ 1.0 ³ 56 ³ 60 ³" ³ 8.5 ³ 36 ³0.1/1.0³0.1/0.9³3.7/1.4³0.1/0.7

BEL apparatus

15 ³ 1.1 ³ 0.8 ³ 1.0 ³ 47 ³ 52 ³Pyramid ³ 6.1 ³ 26 ³0.1/0.7³0.0/0.8³3.8/1.6³0.1/0.8
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* CCu2+, CH2SO4

, and Cb.g. are the concentrations of copper(II) ions, sulfuric acid, and bone glue, respectively, in the electrolyte;
Dc is the ratio of the current load to the surface area of the cathode through which current is passed;T is the averaged electrolyte
temperature at its entrance into, and exit from the interelectrode space (+1.5oC); Phkl: data for the rough and glossy sides of ECF
are given in the numerator and denominator, respectively.

The surface topography was studied using YCXA-
733 and REM-100 U scanning electron microscopes at
inclinations of the sample plane with respect to the
horizontal plane of the microscopes equal to 0 and
30o. Outlines of projections (at base) were clearly seen
in SEM surface images of the rough side of the foil,
obtained without sample tilt (Fig. 2b). The conven-
tional metallographic method of determining the
average length of a segment intersecting a contour [4]
was used to evaluate the average size of projection
bases in the focal plane,d, and the averaged relative
deviation of this value,Dd/d (see table). The images
obtained with inclined samples (Fig. 1) suggest that

the projection height must not exceed substantially
half their transverse size at base.

The surface topography was also studied using
carbon3chromium replicas on an EMMA-4 transmis-
sion electron microscope (TEM) with a considerably
higher resolution (Fig. 3). The results obtained in
studying the surface topography were compared with
TEM images of microstructure, obtained on the same
microscope. For this purpose, ECF samples were
thinned on both sides with a 66% aqueous solution
of orthophosphoric acid.

The microstructure of ECF cross sections was
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(a)

x/h, %

(b)

L/S, %

P*220, % D/Dmax, %

Fig. 1. (a) Variation of the texturing coefficientP*220 with depth x/h and (b) current densityD /Dmax in different parts of
the cross section of the drum cathode at a distanceL /S from the entrance into the electrolyte. Sample no.: (1) 15, (2) 16, (3) 13,
(4) 9, (5) 1, (6) 3, (7) 4, (8) 2, and (9) 5. Apparatus: (10, 11) KFE with and without additional anode, respectively; (12) BEL.
(10*, 12*) Dc/Dmax (Dc values from table) for BEL and KFE, respectively.

(a) (b) (c)

(d) (e) (f)

Fig. 2. SEM images of the ECF surface on the rough side. Sample no. and its inclination angle (deg) in the microscope, respec-
tively: (a) 1, 30; (b) 3, 0; (c) 4, 30; (d) 5, 0; (e) 7, 30; and (f) 15, 30. Magnification: (a) 950, (b3d) 1300, (e) 1100, and (f) 700.

studied on an Ynavert optical microscope (Fig. 4). To
reveal the microstructure, the cross sections were
thoroughly polished and then etched for several sec-
onds in a mixture of aqueous solutions of ammonia
(25%, 50 ml) and hydrogen peroxide (3%, 50 ml).
It is noteworthy that the finishing polishing was
always done along the foil surface.

The texture was studied using a DRON-2.0 X-ray

diffractometer with CoKa radiation and iron filter.
The texturing coefficientPhkl was found in the ex-
periment [3, 5]

Phkl = n(Ihkl /Ir, hkl)[S (Ihkl /Ir, hkl)]
31, (1)

whereIhkl andIr, hkl are the intensities of X-ray reflec-
tions in the sample being analyzed and texture-free
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(a) (b) (c)

(d) (e) (f)

Fig. 3. TEM images of (a3c) surface and (d3f) microstructure of raw ECF (sample no. 2). Magnification: (a) 11000, (b) 6500,
(c) 5500, (d) 20000, (e) 25000, and (f) 15000.

(a) (b) (c)

(d) (e) (f)

Fig. 4. (a, b, d, e) Optical images of cros sections and (c, f) SEM images of the glossy side. Sample no.: (a) 3, (b) 5, (c) 135,
(d) 6, (e) 15, and (f) 6316. Magnification: (a, b, d, e) 1100, (c) 2500, and (f) 1900.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

SPECIFIC FEATURES OF CRYSTAL STRUCTURE 1825

(isotropic) sample, respectively; andn is the number
of samples being analyzed.

For the texture-free sample,Phkl = 1, whereas at
full orientation of grains in a direction toward one of
the (hkl) planesPhkl = n. An analysis ofPhkl was
made for the four strongest copper reflections (see
table).

The thickness of the layer of 50375% attenuation
of the CoKa X-ray radiation by copper in the con-
sidered range of Bragg reflection angles is 408mm
[6]. This makes it possible to trace changes inPhkl
across the foil thickness by successively removing
from the foil surface layers 5310 mm thick. To per-
form a layer-by-layer analysis, a foil sample was
glued onto the surface of a diffractometer holder, and
then polished mechanically on a Metapolan installa-
tion with controllable load on the ground section and
time of polishing. The automated mode was used,
ensuring chaotic motions of a sample in a suspension
of GOI abrasive paste. The object thickness was
determined with a micrometer with an accuracy of
+2.5mm. For clarity, the reduced texturing coefficient
was used (%) (Fig. 1a)

P*220 = 100(P220 3 1)/3, (2)

for the relative distance from the foil surface (depth)
x/h, where h is the foil thickness. The valuex = 0
corresponds to the glossy side.

It is known [5] that mechanical polishing of metals
(including copper) gives rise to strains in the surface
layer of thickness (0.531 mm) (Bilby layer), which
lead to a profound change in its structure: grain be-
comes finer, deformation texture appears, etc. If the
thickness of the object being analyzed is comparable
with the Bilby layer thickness, the latter will make
a noticeable contribution to the diffraction pattern,
which is commonly the case in electron diffraction
studies of mechanically polished samples. No notice-
able broadening of X-ray reflections was observed in
the present study on going from the initial glossy to
a polished surface, which is the primary indication
of the influence exerted by the fact that the grains
become finer on the results of X-ray diffraction analy-
sis. Even if thesurface layer texturing does exist,
the corresponding contribution toPhkl at different
analysis depth must be approximately the same in
view of the identical polishing conditions.

For a foil from the KFE apparatus, the micro-
projections on the rough side have the form of pyra-
mids or hemispheres (see table,Fig. 2). In more detail
the structure of these surface units (growth forms) can

be seen in TEM images of carbon3chromium replicas
of the rough side of sample no. 2 (Fig. 3).

Two types of pyramids are clearly distinguished:
pointed and truncated, with the former occurring more
frequently than the latter (Figs. 3b and 3c). The pyra-
mids have complex multifaceted relief of the lateral
surface, characterized by the presence of a great num-
ber of reentering angles, which are presumably as-
sociated with the emergence of twinning planes to the
lateral surface (Figs. 3a33c). As a rule, the pyramids
are much larger than hemispheres (Fig. 3b). Projec-
tions, represented by a single growth form, occur
rarely. Elements of faceting are present on the lateral
surface of the hemispheres (Fig. 3c). Presumably, with
increasing size of separate projections, hemispheres
turn into pyramids.

The size and relative content of projections of
various shapes on the surface of ECF produced in the
KFE apparatus strongly depend on the deposition
conditions (see table). With decreasing current density
or increasing volume content of copper ions in the
electrolyte with prescribed content of additives,
pyramids with rather close sizes and orientations rela-
tive to the normal to the surface occur as the main
growth form on the surface (Figs. 2a, 2b, sample
nos. 1, 3). Contrariwise, at higher current densities
and low content of copper(II) in the electrolyte, the
fraction of small hemispheres increases dramatically
on the ECF surface, with larger pyramids also present
(Fig. 3, sample no. 2). Correspondingly decreases the
average size of projections and increases the averaged
deviation Dd/d. It is noteworthy that increasing
current density, decreasing concentration of discharg-
ing ions in the electrolyte bulk, and decreasing tem-
perature of the electrolyte correspond to higher degree
of concentration limitations on the course of the
cathodic reaction (to a decrease down to zero of the
concentration of ions discharging at the cathode sur-
face) [7].

The texturing of the rough side of ECF strongly
depends on its surface topography. The texturing
coefficient P220 grows with increasing number of
pyramids on the surface of the rough side, and falls
with increasing number of hemispheres (see table).
Lowering the content of bone glue in the electrolyte
leads to a substantial decrease in projection sizes.
The corresponding decrease inP220 may be due both
to an increase in the fraction of hemispheres and to
mutual misorientation of small pyramids, which make
up large globular formations together with hemi-
spheres (Figs. 2c, 2d).

According to [8], there exists a direct relationship
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between the growth form on the surface and TEM
images of the microstructure in the bulk of thin
deposits of nickel, which is close to copper in crystal
structure and electrochemical parameters. No clear-cut
relationship of this kind was observed in the case of
ECF. The electron-microscopic contrast in grains is
a typical [twinning] contrast formed by a set of lines
intersecting at multiple twinning sites or parallel to
one another. It is only possible to distinguish elements
of intragrain microstructure, corresponding to the
established [8] twinned pentahedral pyramids with
growth direction [110] (Fig. 3e). To the hemispheres
presumably correspond microstructural elements
shown in Fig. 3d. To truncated pyramids (with growth
direction [211] [8]) must correspond grain microstruc-
ture with a set of equally spaced parallel twinning
lines. Such elements can also be found in TEM
images (Fig. 3f). Commonly, the intragrain structure
is exceedingly complex and indicates the presence in
a growing projection of several multiple-twinning axes
(Fig. 3f). It is noteworthy that the TEM images of
the microstructure of different ECF samples analyzed
in this study are very similar. With increasing textur-
ing of the rough side, only the number of twinning
lines and nodes grows in the foil bulk.

The highly textured electrolytic deposits of copper
must be characterized by[columnar] grain micro-
structure on cross sections [3]. It is of interest to
correlate the data on the microstructure of cross sec-
tions of ECF obtained in the KFE apparatus (Figs. 4a,
4b) with changes in the texturing coefficient across
the foil thickness (Fig. 1a). The pyramid growth pre-
sumably occurs only at a certain deposit height, nearer
to the rough side of ECF. It is in this region that the
columnar structural elements and the corresponding
drastic increase in the texturing coefficient are most
clearly observed (Figs. 4a, 1a, respectively). Sections
of the texture-free sample no. 5 (Fig. 4b) show no
elements of this kind. Fine randomly oriented pyra-
mids (Fig. 2d) have no continuation in the bulk and,
in all probability, are nuclei of this growth form on
the surface of the rough ECF side.

ECF is formed in the KFE electrolyzer under the
conditions when the spherulite and pyramidal growth
forms coexist. It is known that, when concentration
limitations are lifted, it is through the spherulites that
the transition to solid textured copper deposits occurs
[9, 10]. Spherulites [11] are three-dimensional (3D)
nuclei developing in the radial direction. A solid
deposit obtained under strong concentration limita-
tions may be entirely composed of very fine spheru-
lites [12].

The pyramid growth mainly occurs in the region
where the foil exits the KFE electrolyzer bath. The
appearance of the pyramidal growth form on the ECF
surface as the main topographic element may be large-
ly due to the presence of an additional anode at the
KFE electrolyzer exit. Its presence makes longer the
working path of the drum cathode with current flow-
ing, thereby improving the electrolyzer efficiency,
and, at the same time, ensures a delay in current
density drop at the foil exit from the electrolyzer, as
seen in Fig. 1. This presumablycreates conditions for
transition from the spherulite to the pyramidal growth
form. Without an additional anode, the ECF has the
same topographic characteristics as sample no. 4
(Fig. 2c). Concretions of fine pyramids and hemi-
spheres are always present on its surface. The surface
topography does not change significantly on varying
the deposition conditions within the same limits.

The pyramids are the main structural element on
the surface of the rough side of ECF obtained in BEL
and AIST apparatus under any deposition conditions
(see table). Lowering the current density (at fixed
temperature) and elevating the electrolyte temperature
(at fixed current density) equally lead to an increase
in the pyramid size (see table,Figs. 2e, 2f). At the
lowest current densities and elevated temperatures
(sample no. 7), rather large polyhedra without clearly
pronounced vertices appear together with the pyra-
mids (Fig. 2e).

The optical cross-sectional images of foils pro-
duced in AIST and BEL apparatus clearly show
[columnar] grains (Figs. 4d, 4e). Inside the grains,
sets of parallel lines are present, intersecting the
foil from both sides. Raising the current density and
lowering the temperature leads to a more clearly pro-
nounced microstructure of this kind over the entire
section surface. It may be assumed that the formation
of pyramids in the case of strongly textured foils
produced on AIST and BEL apparatus begins in the
immediate vicinity of the glossy side, and then the
mechanism of their growth remains unchanged until
the removal of the foil from the drum cathode. The
observed intragrain microstructure may result from the
presence within a pyramidal projection of several
multiple twinning axes parallel to the direction of its
growth and, correspondingly, from the intersection of
the twinning surfaces with the section surface. The
possible formation of such a kind of microstructure
was mentioned in [8].

These results are in agreement with data on varia-
tion of the texturing coefficient across the ECF thick-
ness (Fig. 1a). The most strongly textured foils are
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characterized by a steep rise inP*220 (x/h) already near
the glossy side. The higher the current density and the
lower the temperature, the higher the texturing coef-
ficient at any distance from the surface (of those
studied). Thus, in contrast to KFE, the deposition of
foils with higher texturing coefficient in the BEL
and AIST apparatus occurs under the conditions of
enhanced concentration limitations on the cathodic
reaction.

The variation tendencies displayed by the crystal
structure and topography of ECF obtained in different
apparatus under different deposition conditions are, on
the whole, in agreement with the existing concepts of
how various types of electrolytic copper deposits are
formed [13, 14]. With increasing extent of concentra-
tion limitations, the structural types of solid elec-
trolytic copper deposits must replace one another in
the following order: BR6 (Z 6 FT) 6 UD [14].

In experiments on AIST and BEL, the projection
size grows, and even large polyhedra appear on the
surface, with decreasing extent of concentration limi-
tations. This presumably reflects a transition to
layered deposits of the BR type, whose growth is
commonly attributed to development of 2D nuclei.

Under virtually any deposition conditions, a foil is
formed in AIST and BEL apparatus, whose cross-
sectional microstructure is characteristic of deposits
with twinning (Z) and fibrous (FT) types of texture.
The growth of deposits of this kind may be related to
development of "quasi-2D" layers whose growth rate
in directions perpendicular to the cathode surface
markedly exceeds the rate of their spreading along its
surface [13].

The formation of solid fine-grained unoriented UD
deposits is related to development of[3D] nuclei. In
the case of the KFE apparatus, the UD structural type
is the main constituent of the foil microstructure. With
increasing extent of concentration limitations, the
share of this component grows, whereas in the op-
posite case, with the concentration limitations becom-
ing weaker, the fraction of the texture component
grows. A transition to UD deposits must occur faster
if the content of a surfactant in the electrolyte is raised
[14]. This is well illustrated by the example of KFE
foils obtained at different amounts of additives.

The shape of the pyramidal projections on the sur-
face of deposits with [110] texture, studied in [3,
15317], is in close agreement with that reported here.
It should be emphasized that the problem of relation-
ship between the shape of the pyramidal projection
and the mechanism of its growth in the case of the

[110] texture remains unsolved. Formation of pyra-
mids with multifaceted relief of the lateral surface
cannot be described in terms of a simple model of
nucleation and growth of 2D layers [3, 14].

In the experiments, pyramids were formed under
conditions close to (AIST, BEL), or exactly coincid-
ing with (KFE) the conditions when the 2D nucleation
is replaced by 3D nucleation. According to the ob-
tained results, twinning may occur in the growth of
a pyramidal projection not only on lateral (111) faces
[3, 14, 18], but also with formation within the projec-
tion of multiple twinning axes in the direction of its
vertical growth. It is the emergence of the twinning
planes on the lateral face thatpossibly gives rise to its
complex topography. In this study, the direction of
preferred orientation was determined to be [110].
Nevertheless, a pyramidal projection may also be
formed as a result of development of a multiply
twinned quasi-2D nucleus of specific shape, e.g., with
a [411]t twinning axis close to the [110] texture axis
[15]. This issue invites further, more detailed in-
vestigation of the ECF texture by special diffraction
techniques [5, 15].

The foil produced by the AIST and BEL apparatus
markedly differs from that formed in KFE both in the
surface topography of the rough side and in the micro-
structure and extent of its texturing, especially in the
initial stages of growth. The difference between the
growth mechanisms of deposits is clearly seen in
SEM images of their glossy sides. The surfaces of the
glossy sides of the AIST and BEL foils are identical
(Fig. 4f), being an exact replica of the mechanically
polished surface of the drum cathode. The presence of
a minor amount of[nonlinkability] micropores in-
dicates that atomic layers of the deposit spread over
the cathode surface to the point of projection merging.
The surface relief on the glossy side of the KFE ECF
is much more pronounced. The obtained SEM images
(Fig. 4c) indicate that a great number of 3D crystal-
lites with faces of several micrometers in size grow
in the immediate vicinity of the cathode. It should be
emphasized that this difference between the topog-
raphies of the glossy sides of ECF was preserved
under any deposition conditions, even in those cases
when these conditions were close for all the three
electrolyzers (sample nos. 1, 10, 15).

The observed difference in the ECF structure is
possibly due to anodic oxidation of the drum cathode,
which is an additional operation in surface treatment
of the drum cathode of the KFE electrolyzer. Similar
changes in the ECF surface topography and the textur-
ing coefficient have already been observed previously
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in studying the electrodeposition of copper onto sta-
tionary and submerged titanium cathodes with dif-
ferent types of surface treatment: mechanical polish-
ing and anodic oxidation [16, 17, 19]. In the initial
stage of deposit growth, anodizing the titanium cath-
ode leads to greater number and smaller size of nuclei.
Further effect of the layer formed in anodic oxidation
is in all probability due to the increasing content of
ions of titanium and its colloid particles, which are
formed in cathodic reduction of an oxohydride titani-
um film [20].

CONCLUSIONS

(1) Electrolytic copper foil is obtained in elec-
trolyzers with rotating titanium drum cathode under
conditions close to, or exactly coinciding with the
conditions of 3D deposit nucleation, which predeter-
mines the texture and topography of the foil surface.

(2) The growth of a foil with [110] texture is ac-
companied by formation of pyramidal projections on
its surface. The complex multifaceted relief of the
lateral surface of these projections is presumably due
not only to twinning at the crystallization front, but
also to formation within a projection of [110] multiple
twinning axes in the direction of the vertical growth
of the projection.

(3) The deposition conditions under which the foil
possesses the maximum extent of [110] texturing were
determined. Anodizing the titanium drum cathode
favors 3D nucleation and presumably accelerates the
transition to electrolytic copper foil with unoriented
microstructure and surface relief of fine hemispheres.
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Abstract-Anodic dissolution of VT1-0, VT6, and VT16 titanium alloys in hydrofluoric-sulfuric acid solu-
tions with addition of alkali metal fluorides, glycerol, hexamethylenetetramine, and remantadine was studied
in a wide range of potentials.

Commonly, the anodic behavior of[pure] metals,
both in the range of limiting currents [133] and in the
post-passive state [4], is accounted for in terms of
diffusion mass-transfer [4, 5] and formation of a thin
surface salt film on a metal [6]. The possibility that
an anodic oxide film (AOF) is formed on the metal
surface and is chemically dissolved in acid electro-
lytes for anodic treatment is not ruled out, either
[134]. Specific features of anodic dissolution of alloys
with varied extent of alloying are less understood. Of
practical interest is anodic treatment of titanium alloys
as a preliminary operation before depositing a titani-
um nitride layer on articles for aircraft, natural gas,
and other industries [739]. As shown previously
[8, 9], electrochemical treatment of the surface of
VT1-0, VT6, and VT8 titanium alloys in the devel-
oped electrolytes made it possible to obtain the re-
quired functional characteristics of the surface of
metalware: zero microstrain and relative leveling
K > 65%. Difficulties were encountered in anodic
treatment of the VT16 alloy: the voltage across the
electrolytic bath exceeded 10 V, samples were covered
with a matte film, and the stressed-strained state of
their surface was preserved [9].

Table 1. Content of alloying components and impurities in titanium alloys [according to GOST (State Standard)
19 807391]
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Alloy brand
³ Alloying component, wt % ³ Impurities, no more than, wt %
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ Al ³ Mo ³ V ³ C ³ Fe ³ Si ³ H2 ³ O2

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
VT1-0 ³ ³ ³ ³ 0.05 ³ 0.2 ³ 0.08 ³ 0.015 ³ 0.1
VT6 ³ 4.336.2 ³ 3 ³ 3.834.3 ³ 0.1 ³ 0.1 ³ 0.1 ³ 0.1 ³ 0.1
VT16 ³ 3.836.3 ³ 4.535.5 ³ 4.035.5 ³ 0.1 ³ 0.25 ³ 0.15 ³ ³ 0.15
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

In this work we analyzed the influence exerted by
the extent of alloying of titanium alloys on their
anodic behavior in electrochemical treatment in hy-
drofluoric-sulfuric acid solutions without additives
and with addition of alkali metal fluorides, glycerol,
hexamethylenetetramine, and remantadine at poten-
tials E = 239 V (vs. s.h.e.), and the properties of the
forming surface AOFs.

EXPERIMENTAL

The anodic treatment of VT1-0, VT-6, and VT16
titanium alloys containing various alloying compo-
nents (Table 1) was done in hydrofluoric-sulfuric acid
solutions of the following composition (M): H2SO4
11.2311.7 and HF 11.5, without additives and with
addition of potassium (or sodium) fluoride (0.53
0.52 M), glycerol (2 M), and hexamethyleneteramine
and remantadine [(2.034.0)0 1032 M] at 293 K. The
solutions were prepared using double-distilled water
from ultrapure and chemically pure grade chemicals.

Electrochemical measurements were carried out
with a PI-50-1 potentiostat, an LKD-4 self-recorder, a
three-electrode cell with separated electrode spaces,
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(a)ja, A dm32

E, V

ja, A dm32

E, V

(b)

Fig. 1. Anodic potentiometric curves obtained on titanium
alloys at 293 K. (ja) Anodic current density and (E) poten-
tial; the same for Fig. 2. Titanium alloy: (1, 4, 5) VT1-0,
(2) VT6, and (3, 6, 7) VT16. Solution (M): H2SO4 11.5,
HF 11.5; the same for Fig. 2. (a) Solution with no additive;
(b) additive, 0.52 M: (4, 7) NaF and (5, 6) KF.

and a saturated silver chloride reference electrode
(with potential given relative to s.h.e.). The working
electrodes, made of titanium alloys in the form of
disks with reaction surfacearea of1.256 cm2, were
mechanically cleaned and weighed prior to every
experiment. Voltammograms were obtained at poten-
tial sweep ratesVs (V s31) of 0.01, 0.02, 0.05, 0.1,
and 0.2.

Table 2. Current efficiency CETi of anodic oxidation of
VT titanium alloys in hydrofluoric-sulfuric acid solution
and fraction of current,QO2

, consumed for evolution of
gaseous O2
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ja,
³ CETi, % ³ QO2

, %
ÃÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

A dm32
³ VT1-0³ VT6 ³ VT16 ³ VT1-0³ VT6 ³ VT16

ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
6.5 ³ 96.3 ³ 90.8³ 89.5 ³ 0 ³ 0 ³
7.5 ³ 88.9 ³ 88.2³ 85.6 ³ 3.7 ³ 5.2 ³ 2.8
9.5 ³ 86.7 ³ 85.7³ 79.6 ³ 5.9 ³ 7.6 ³ 4.6
10.5 ³ 78.0 ³ 77.5³ 75.2 ³ 11.6 ³ 12.8 ³ 9.3

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

The current efficiencies of alloy component ioniza-
tion (methods for calculation of their electrochemical
equivalents were described in [9]) were determined
gravimetrically and by quantitative analysis of ano-
lytes in an electrolyzer with separated electrode
spaces. The content of ions of dissolving alloy com-
ponents in the anolyte was determined quantitatively
by atomic absorption analysis on an AAS-1 spectro-
photometer with the detection limit of 0.053
0.1 mg l31 [10] and by photocolorimetric analysis on a
KFK-3 photoelectric photometer with the detection
limit of 1.0 mg l31 [11]. The fraction of current con-
sumed for the partial process of oxygen evolution was
estimated volumetrically.

The phase composition of anodically treated alloys
was determined from X-ray diffraction patterns ob-
tained on a DRON-3M diffractometer in CuKa radia-
tion. The elemental composition of the forming sur-
face films was studied with a JXA-5A electronic
X-ray fluorescence analyzer.

The anodic potentiostatic curves (Fig. 1a) obtained
on VT1-0, VT6, and VT16 titanium electrodes in a
hydrofluoric-sulfuric acid solutions exhibited, after
a steep rise in current atE ; 2.0 V, a deceleration of
the anodic dissolution process in a wide range of
potentials 2.0 <E < 8.5 V. At E > 8.5 V, the VT1-0
and VT6 alloys passed into a transpassive state.

In the presence of alloying additions of aluminum
and vanadium in the VT6 titanium alloy (Table 1), the
run of the ja3E curve was qualitatively about the
same, but the currents in the oxide formation and
transpassivation regions decreased as compared with
technically pure titanium (Fig. 1a).

The presence of alloying additives (Al, V, and Mo)
in the VT16 titanium alloy (Table 1) led to a sig-
nificant change in the run of the potentiostatic curve
(Fig. 1a): the current rise portion started much earlier,
at E = 0.630.65 V, and did not reach the currents
of anodic dissolution of[pure] titanium, and then the
electrode passed into the passive state, up to potentials
of 9.039.5 V. The appearance of a violet film was
observed visually on the electrode surface.

The increase in the process overvoltage, exceeding
334-fold the overvoltage in, e.g., chromium steels
[12], is due to the considerable ohmic resistance of the
forming surface AOFs, which grows, as reported
previously [9], with increasing extent of alloying of
titanium alloys in the order VT1-0 < VT6 < VT16.

Experiments on determining the anodic current
efficiencies demonstrated that, with the current den-
sity maintained constant, the current efficiency of
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alloy component ionization decreases in the same
order of alloys VT1-0 > VT6 > VT16 (Table 2). Thus,
the film resistance presumably reflects in the given
case mainly the ionic conduction, since only this
mechanism assumes higher current efficiency of metal
ionization.

In addition to ionic conduction, the surface AOF
on titanium alloys exhibits electronic conduction, too,
which is indicated by measurements of the photo-
voltaic effect on the surface of an anodically pas-
sivated VT1-0 electrode [9, 13, 14]. This enables oxy-
gen evolution at the film3solution interface.

Monitoring of the evolution of oxygen formed on
the surface of anodically polarized titanium electrodes
(Table 2) suggests that the oxygen process involves
two constituents: evolution of gaseous O2 and con-
sumption of oxygen for final oxidation of anodic
products of alloy oxidation (subions migrating across
the AOF at strong polarizations and recorded in anod-
ic polishing of aluminum alloys [15]). The higher the
ionic conductivity of a film (VT1-0 > VT6 > VT16),
the larger fraction of oxygen must be consumed by
the second constituent of the oxygen process. Part of
ions in intermediate oxidation state do not have
enough time to react with O2, and they find their way
into solution. For the VT16 alloy, the fraction of
current consumed for evolution of gaseous oxygen
is somewhat lower than that for the other alloys
(Table 2).

Quantitative analysis of the anolyte in electro-
chemical dissolution of the VT1-0 alloy demonstrated
approximately the same content of Ti3+ and Ti4+ ions
in the supporting electrolyte, in agreement with the
scheme of anodic dissolution of titanium in the pres-
ence of hydrofluoric acid acting as a catalyst of titani-
um ionization by the complexation mechanism [13].

Replacement of a part of hydrofluoric acid with
equivalent amount of sodium or potassium fluoride,
with the concentration of fluoride ions in the hydro-
fluoric-sulfuric acid solution maintained constant,
led to significant changes in the run of the anodic
curves ja3E obtained on the VT1-0 and VT16 alloys
(Fig. 1b). The Na+ and K+ ions present in the hydro-
fluoric-sulfuric acid solution in amount of 0.503
0.52 M accelerated anodic dissolution of titanium
alloys. The most significant factors were the increase
in the anodic dissolution currents, as compared to the
electrolyte without added salts, and the appearance
of a transpassive range of the process for the VT16
alloy (Fig. 1b).

The shape of the anodic voltammetric curves ob-

ja, A dm32 (a)

E, V

ja, A dm32 (b)

E, V
Fig. 2. Voltammetric curves of anodic oxidation of
(a) VT1-0 and (b) VT16titanium alloys at 293 K. Potential
sweep rate (V s31): (1) 0.01, (2) 0.02, (3) 0.05, (4) 0.1, and
(5) 0.2.

tained on the VT1-0 and VT16 titanium alloys (Fig. 2)
was also largely determined by the presence of alloy-
ing additives, solution composition, and anodic polari-
zation ha.

The VT1-0 alloy in a hydrofluoric-sulfuric acid
solution was characterized by a steep rise in current
with increasingha up to the peak currentjp, whereas
the VT16 alloy exhibited several successive current
peaks (Fig. 2b. The appearance of these peaks in the
anodic voltammetric curves is possible [16] in two
cases: first, when there occurs step oxidation of reac-
tants at the electrode, and, second, in the case of oxi-
dation of several different substances.

Apparently, ionization of Ti in anodic dissolution
of the VT16 alloy occurs in stages and is accompanied
by preliminary anodic oxidation in stages of the alloy-
ing components contained in the alloy (Table 1) and
possessing a more negative ionization potential, com-
pared with the Ti base.

At potentialsE > 5.5 V, corresponding to the elec-
tropolishing range, the voltammetric curves show
characteristic inflections (Fig. 2) identified with peaks
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(a)

V1/2 [V s31]p

V1/2 [V s31]p

(b)

jp 0 102, A cm32

j lim 0 102, A cm32

Fig. 3. Current densities (a)jp and (b) j lim vs. potential
sweep rateVs for titanium alloys (1, 3) VT1-0 and
(2, 4) VT16. Solution (M): (1, 2) H2SO4 11.5, HF 11.0,
NaF 0.52; (3, 4) H2SO4 11.5, HF 11.5.

of [limiting] currentj lim at anodic overvoltages of the
process [17, 18]. Introduction of alkali metal cations
into the hydrofluoric-sulfuric acid solution favored
an increase injp and j lim on titanium alloys, and espe-
cially on VT16.

At Vs = 0.0130.05 V s31 the currentsjp and j lim
linearly depend on the square root of the potential
sweep rate (Fig. 3), which indicates diffusion control
of the anodic dissolution of titanium alloys [16]. With
the Vs values increasing further, to 0.130.2 V s31, the
process of anodic dissolution of alloys passed first
into the region of mixed diffusion3activation kinetics
and then into that of purely activation control. Ex-
perimental studies demonstrated that solution agitation
in measuring voltammetric dependences atVs = 0.13
0.2 V s31 has no effect on the curve shape, and, con-
sequently, the ion diffusion must be limited to the
solid-state oxide zone. Migration of ions of metals
constituting the alloys, under the action of electric
field in the surface oxide film, is the main driving
force of the process.

Thus, the observed features of the anodic dissolu-
tion of titanium alloys-significant increase in over-
voltage of transition of VT1-0 and VT6 titanium
alloys into transpassive state as compared with, e.g.,
steels [13];[deep] passivation of the VT16 alloy in
the hydrofluoric-sulfuric acid solution; and also ac-
tivation of anodic dissolution in the presence of alkali
metal cations in the supporting electrolyte, especially
pronounced for the VT16 alloy-cannot be related
only to diffusion limitations on the process, but are
also determined by properties of surface AOFs.

An analysis of the phase composition of a film
formed on a VT16 titanium anode in the hydrofluoric-
sulfuric acid electrolyte (Table 3) demonstrated the
presence, in addition to TiO2, of an amorphous phase
containing MoO3, d-V2O5, and, in part,g-Al2O3.

Partial substitution of Ti ions in the TiO2 crystal
lattice by Mo and V ions is possible if the atomic
radii of the host and substituting metal ions differ by
no more than 15%. This condition is satisfied for the
VT16 alloy: Ti ion radius (rTi = 1.45A) is close the
radii of the alloying components, Mo (rMo = 1.39A)
and V (rV = 1.34 A) [19].

This suggests that Mo6+ and V5+ ions migrating
through the oxide layer in anodic dissolution of the
alloy substitute part of Ti3+ and Ti4+ in the crystal
lattice of titanium oxide and thereby lead to lower rate
of anodic dissolution of the VT16 alloy in the hydro-
fluoric-sulfuric solution and to surface passivation,
with the thickness of the oxide film increasing; and
this was, indeed, observed experimentally.

The observed acceleration of the anodic dissolution
of titanium alloys on introducing alkali metal cations
into the supporting electrolytes is apparently due to
reduction of the diffusion resistance of the solid
phase, caused by the possible introduction of Na+ and
K+ ions into the film to form a substitutional solid
solution. This process is possible if the atomic radii
of the host and impurity ions are close, which is satis-
fied for Na+ ions (rNa = 1.90A). Introduction of Na+

cations into aluminum oxide in cathodic activation
and anodic dissolution of aluminum in chloride solu-
tions was demonstrated in [20].

The atomic radius of K+ ions (rK = 2.35 A) is
1.6 times that of Ti. An X-ray phase analysis of films
formed on the VT16 alloy in a solution containing
potassium fluoride revealed the presence of an amor-
phous phase of the type K2O3MoO33V2O5 (Table 3).
The fact that chemical compounds of elements con-
tained in the electrolyte are present on the surface
films formed on valve metals in the galvanostatic
mode was demonstrated in [21].
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Table 3. Elemental and phase composition of AOF on VT16 titanium alloy after electrochemical treatment at 5 A dm32

for 5 min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Electrolyte, M
³ Elemental composition of film, wt %³

Phase composition of filmÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ´
³ Ti ³ Al ³ Mo ³ V ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
H2SO4, 11.5; HF, 11.5 ³86.2387.0³ 2.833.0³ 5.235.4³ 3.733.9³TiO2-rutile, amorphous phase MoO33d-V2O5

³ ³ ³ ³ ³H2SO4, 11.5; HF, 11.0; KF, 0.52³85.8386.5³ 3.133.3³ 5.235.3³ 3.934.1³TiO2-rutile, amorphous phase K2O3MoO33
³ ³ ³ ³ ³d-V2O5
³ ³ ³ ³ ³H2SO4, 11.5; HF, 11.0; KF, 0.52;³ 86.5 ³ 3.333.5³ 5.035.2³ 3.934.0³TiO2-rutile, amorphous phase K2O3MoO33

C3H8O3, 2.0 ³ ³ ³ ³ ³d-V2O53g-Al2O3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

The introduction of alkali metal cations into the
hydrofluoric-sulfuric acid solution allowed intensifica-
tion of the anodic dissolution of titanium alloys; how-
ever, the required leveling of VT16 alloy sample sur-
face (K > 65%) and absence of surface microstrains
could only be achieved on replacing water in the
supporting electrolyte with another solvent, glycerol,
taken in amount of up to 2 M, and additional intro-
duction of hexamethylenetetramine additive [(2.03
4.0)0 1032 M].

CONCLUSIONS

(1) Ionization of metals contained in titanium
alloys subjected to anodic oxidation under strong
polarization occurs in stages, with solid-phase limita-
tions on the stage of ion migration through the form-
ing anodic film.

(2) The surface semiconducting anodic oxide films
may include components of dissolving titanium alloys
and solutions for anodic treatment, which affect the
process rate.

(3) It is recommended to use for electrochemical
treatment of the VT16 titanium alloy a solution of
the following composition (M): H2SO4 11.2311.7,
HF 11.0311.5, KF (NaF) 0.5030.52, C3H8O3 2.0, and
C6H12N4 (2.034.0)0 1032.
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Abstract-Stationary electrode potentials of oxidized synthetic coals of the SCN type are determined in
aqueous solutions. The contributions of redox reactions with participation of the surface oxygen-containing
functional groups and the potential of unoxidized areas of the coal surface to the total potential of oxidized
coals in aerated solutions are studied. The potentials of oxidized carbons in deoxygenated solutions are also
measured.

The potentials of activated carbon (AC) in aerated
aqueous solutions were studied in [139]. It was dem-
onstrated that formation of the stationary potential of
AC is associated with oxygen reduction. Measure-
ments of the potential of AC in deoxygenated solu-
tions allowed estimation of the zero-charge potential
(ZCP) [1]. At the same time, there is only limited data
on the potentials of oxidized AC, and the available
information is contradictory [4, 9]. Data on the poten-
tials of oxidized AC in deoxygenated solutions are
lacking at all.

In this work we determined the stationary poten-
tials Est of oxidized AC having various degrees of
surface oxidation and studied the pH dependences of
Est in aerated and deoxygenated electrolyte solutions.

EXPERIMENTAL

In the work we used synthetic spherical granulated
AC of the SCN type obtained by carbonization of
a copolymer of vinylpyridine resin and divinylbenzene
with subsequent activation with water vapor [10].

Oxidized SCN carbon (SCNo) was prepared by
treatment of SCN with concentrated nitric acid. The
degree of oxidation was estimated from the static ex-
change capacity (SEC) of the carbons with respect to
alkali, reflecting the amount of oxygen-containing
surface functional groups [11]. We measured the
potentials of the carbons with SEC of 0.31, 0.41,
0.54, 0.69, 0.86, 1.10, 1.25, 1.32, 1.63, 2.0, and
2.5 mg-equiv g31.

As the working solution we chose 0.1 N sodium
sulfate, because the specific adsorption of Na+ and

SO4
23 ions is low enough to have no effect on the

measured potentials [12]. The solution pH was varied
from 1 to 12 by adding sulfuric acid or NaOH and
controlled with an EV-74 pH meter.

The cell for measurement of the potential was a
250-ml round-bottomed flask with sealed-in ground-
glass joints. Through these joints to the cell were
introduced a Pt microprobe, an AgCl reference elec-
trode, a pH-metric glass electrode, and a dropping
funnel for feeding the acid or alkali.

Measurements were performed with a suspended
sample using a magnetic stirrer, which allowed sus-
pended carbon particles to strike against the Pt micro-
probe. In so doing we were able to measure just the
surface potential of the AC granules, but not the
potential of the Pt microprobe in the electrolyte solu-
tion [13]. The potentials were measured with a V7-35
high-resistance voltmeter and recalculated against the
standard hydrogen electrode. All experiments were
conducted at 20+2oC.

Preliminarily we measured the potential of the
Pt microprobe in the working solution. This potential
appeared to be considerably different from the poten-
tials of AC (Fig. 1). While measuring the potentials
of AC we introduced various concentrations of a
mediator, Fe2(SO4)3, in the solution. We found that
its presence has no effect on the AC potentials,
suggesting that the measurement procedure used is
adequate.

Deoxygenation of the solution in the measuring
cell was attained by a 24-h bubbling of Ar thoroughly
purified to remove oxygen. It was demonstrated in
special experiments that this time is sufficient for
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deoxygenation. To remove adsorbed oxygen, the AC
samples were heated at 120oC in an Ar flow for 2 h.

As an example, Fig. 1 demonstrates the kinet-
ics of formation of the stationary potential of the
oxidized carbons having SEC of 0.41, 2.0, and
2.5 mg-equiv g31, and, for comparison, of SCN ac-
tivated carbon in acidic (pH 1) and basic (pH 12)
aerated solutions. The time dependence of the AC
potential is represented by a curve slowly approaching
the stationary value (Figs. 1a, 1b, curves1), which is
consistent with the published data [5, 6].

The stationary potentials of AC and oxidized AC
are attained differently. For example, weakly oxidized
AC (SEC 0.41 mg-equiv g31) is characterized by a
considerable growth of the potential from the initial to
the stationary value, which, however, is lower as
compared to activated SCN (Figs. 1a, 1b, curves2).
For SCNo with a higher degree of oxidation (SEC
2.0 mg-equiv g31) the difference between the initial
and stationary potentials is small, being within 50 mV
(Figs. 1a, 1b, curves3). Finally, for strongly oxidized
carbon (SEC 2.5 mg-equiv g31) the potential decreases
with time, i.e., Est of this carbon is lower than the
initial potential (Figs. 1a, 1b, curves4), which is con-
sistent with data of [9]. Carbons with intermediate
degrees of oxidation show intermediate patterns.

The stationary potentials of oxidized carbons and
the initial SCN are also different. The correlations of
the stationary potentials of oxidized carbons with SEC
at pH 1 and 12 are presented in Fig. 2 together with
Est of SCN. Although the potentials in both acidic and
basic solutions vary in rather narrow ranges (6953775
and 2203305 mV, respectively), some trends are
nevertheless seen. Thus, with increasing SEC from
0.31 to 1.25 mg-equiv g31 the potential slightly de-
creases. With further increasing SEC from 1.25 to
2.0 mg-equiv g31 the stationary potentials of the
oxidized carbons drift toward more positive values,
approaching the potential of the initial SCN. The
reproducibility of Est in our experiments was within
2 mV.

Figure 3 shows the pH dependences ofEst for oxi-
dized carbons with SEC 0.41, 2.0, and 2.5mg-equiv g31

and also for the initial SCN in aerated solutions. Here
the specific feature is that for strongly oxidized car-
bons (SEC 2.0, 2.5 mg-equiv g31) Est is a linear func-
tion of pH over the entire pH range. For weakly oxi-
dized carbon and the initial SCN the pH dependences
are curves with two linear sections.

The pH dependences ofEst of SCN and oxidized
SCN (SEC 2.0 mg-equiv g31) in deoxygenated sys-

Est, mV (a)

(b)Est, mV

t, h

Fig. 1. Kinetics of establishment of the stationary potential
of (1) activated SCN and (234) oxidized SCNo in aerated
0.1 N NaSO4. (Est) Potential and (t) time. Static exchange
capacity of SCNo (mg-equiv g31): (2) 0.41, (3) 2.0, and
(4) 2.5; the same for Fig. 3. pH: (a) 1 and (b) 12.

AC

AC

SEC, mg-equiv g31

Est, mV

Fig. 2. Stationary potentialEst of oxidized carbons as
a function of their static exchange capacity SEC. pH: (1) 1
and (2) 12.

Est, mV

Fig. 3. Stationary potentialEst of (1) SCN and (234) SCNo
as a function of pH in aerated 0.1 N Na2SO4.
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Est, mV

Fig. 4. Stationary potentialEst of (1) SCN and (2) SCNo
(SEC 2.0 mg-equiv g31) as a function of pH in deoxy-
genated solutions.

tems are given in Fig. 4. It is seen that the depen-
dences are similar for the both types of carbons. Each
of the curves has three linear sections; over the pH
range from 4 to 9 the corresponding linear section
represents a plateau. The plateau potentials of these
samples are strongly different, being 350 and 50 mV
for SCNo and SCN, respectively. In the pH ranges
below 4 and above 9Est, respectively, decreases and
increases.

The observed considerable differences in the kinet-
ic curves of the potential of SCN and SCNo (Fig. 1)
can be interpreted taking into account the chemical
and energy heterogeneity of their surface [14]. The
measured potentials are formed under the effect of
several factors.

There are a wide spectrum of oxygen-containing
functional groups (phenolic, alcoholic, carbonyl, car-
boxy, quinoid, lactone, etc.) on the surface of SCNo,
which are bound to the carbon matrix, as demon-
strated by various physical (IR, NMR, ESR, etc.) and
chemical methods used for identification of individual
organic compounds [11, 15].

The surface of SCNo has also unoxidized areas
[8, 11] which can reduce chemisorbed oxygen.

Therefore, we can attribute the growth of the poten-
tials of weakly oxidized carbons in aerated electrolyte
solutions (Figs. 1a, 1b, curves2, 3) to reduction of
chemisorbed oxygen in unoxidized areas of the sur-
face. The decrease inEst of a strongly oxidized carbon
(SEC 2.5 mg-equiv g31) relative to the initial SCN
was assigned in [9] to dissociation of protonated
oxygen-containing groups (their amount is higher in
strongly oxidized carbons) and formation of a nega-
tive charge on the surface.

The effect of oxygen-containing groups on the sta-
tionary potentials of oxidized carbons is demonstrated
in Fig. 2. The amount of these groups in weakly oxi-
dized carbons is small, and in this caseEst is close to
that of unoxidized SCN. The contribution of the redox

potentials of these groups toEst increases with in-
creasing degree of oxidation of the carbons, being
dependent not only on the amount of oxygen-contain-
ing groups, but also on their spectrum. According to
the modern views [8, 16, 17], furan and phenol groups
dominate on the surface of weakly oxidized carbons,
which imparts a negative or weakly positive potential
to the carbon surface [18]. With increasing degree of
oxidation, in addition to the above-indicated groups,
carboxy and lactone groups and branched chains with
peripheral alcoholic groups are formed on the surface,
which are characterized by high positive redox poten-
tials [18, 19]. As a result, strongly oxidized carbons
have higher potentials, which regularly increase with
the degree of oxidation.

The pH dependences ofEst given in Fig. 3 for SCN
and variously oxidized SCNo confirm the common
view that the electron-donor power of oxidized car-
bons is less pronounced. For SCN this dependence
(Fig. 3, curve 1) has two linear sections with the
slopes of329 and358 mV per pH unit, whichcorre-
spond to oxygen reduction on the surface, respec-
tively, to hydrogen peroxide and to hydroxide ion in
acidic and alkaline solutions by Eqs. (1) and (2).

O2 + 2H+ + 2e = H2O2, (1)

O2 + 2H2O + 4e = 4OH3. (2)

For oxidized carbons with SEC of 2.0 and
2.5 mg-equiv g31 the pH dependences ofEst are
straight lines having a slope of342 and340 mV per
pH unit, which can be regarded as a resultant of the
processes of oxygen reduction on unoxidized areas
of the surface by Eqs. (1) and (2) and redox reactions
with participation of oxygen-containing functional
groups.

The pH dependence ofEst of SCNo (SEC
2.0 mg-equiv g31) in a deoxygenated solution (Fig. 4,
curve 2), given as an example, is similar to that for
SCN (curve1). With the lack of oxygen the potential
is unchanged over the pH range from 4 to 9 (plateaus
in Fig. 4). However, the plateau potential of SCNo is
above that of SCN by 300 mV, which is due to a
lower electron-donor power of the former [11]. The
observed growth ofEst of SCN at pH <4 can be attri-
buted to adsorption of hydrogen ions on the carbon
surface and also to partial charge transfer from the
carbon matrix, i.e., its oxidation, as was demonstrated
in [1]. In this case the surface acquires a positive
charge. The decrease in the potential at pH >9 is due
to adsorption of hydroxide ions [8].
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For SCNo the observed pH dependence ofEst at
pH <4 is evidently associated also with protonation of
the surface acidic groups, and at pH >9, with their
ionization with formation of negatively charged
moieties [20].

One may say that the plateau potential of SCNo
(+350 mV) is an averaged (compromise) redox poten-
tial of oxygen-containing functional groups on its
surface, which are lacking on the SCN surface. This
potential is controlled by Eq. (3)

C + H2O 6 C(O) + 2H+ + 2e, (3)

where C(O) designates an oxidized state of carbon.

The plateau potential corresponds toEst in the
absence of electrochemically active gases.

CONCLUSIONS

(1) Stationary potentials of oxidized coals corre-
spond to the averaged potentials of oxygen-containing
functional groups chemically bound to the coal sur-
face and of unoxidized areas. As the degree of oxida-
tion of the coals increases, the potential grows, which
is due to the transition from the furan and phenol
groups, having negative or slightly positive redox
potentials, to the carboxy and lactone groups with
higher redox potentials.

(2) It follows from the pH dependence of the sta-
tionary potential that oxidized coals demonstrate less
pronounced electron-donor power as compared to the
activated coals. In deoxygenated solutions the pH
dependences for both oxidized and activated coals
have plateaus at pH 439. The plateau potential of the
oxidized coal (SEC 2.0 mg-equiv g31) is +350 mV,
which corresponds to the potential of the coal surface
in the absence of electrochemically active gases in
the solution, i.e., without specific adsorption.
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Abstract-The kinetics of electrodeposition of Cr3Co alloys from sulfate electrolytes with monoethanolamine
was studied. The influence of the dc and pulsed current modes on the composition and physicochemical
properties of the Cr3Co coatings with cobalt content of 5310% was examined.

Chromium coatings electrodeposited from electro-
lytes containing triple-charged chromium ions and
iron-group metals have appreciably improved physico-
chemical properties: increased heat and oxidation
resistance [1], lower fracturing [2, 3], and enhanced
corrosion resistance. Sulfate [234] and chloride [135]
electrolytes have been recommended for preparing
electrolytic Cr3Co alloy. The previous studies have
shown that Cr3Co coatings can be prepared from sul-
fate electrolytes with monoethanolamine (MEA) or
hexamethylenetetramine in both static [3, 4] and
pulsed [6] current modes. In this work, we continued
the study of the electrodeposition of Cr3Co alloy from
sulfate electrolytes.

EXPERIMENTAL

The electrolyte contained (M) 0.5[modified] green
chromium(III) sulfate (spectral characteristics:l1 =
4153416 nm andl2 = 5823583 nm; e1 ; e2 = 37)
[7, 8], 0.5 sodium sulfate, and 0.032 MEA. To the
electrolyte, from 1 to 5 g l31 of cobalt sulfate was
added. For comparative studies on cobalt deposition
we prepared electrolyte containing 2 g l31 CoSO4 and
MEA.

The pulsed electrolysis was performed using a
transistor generator of rectangular pulses. The pulse
repetition frequency was varied from 0.1 to 10 Hz and
the pulse length, from 0.1 to 50 s. Copper cathodes
and platinum anodes were used.

The current efficiency (CE) by the alloy was deter-
mined gravimetrically using a copper coulometer with
account taken of the alloy composition. The cobalt
content of the alloy was determined spectrophotomet-
rically with nitroso-R salt and the chromium content,

by the persulfate3silver method. The cathodic polari-
zation was studied galvanodynamically (6 mA min31)
on a P-5827 M potentiostat with a KSP recording
potentiometer. All the potentials are given vs. silver
chloride reference electrode which served as reference;
platinum was used as an auxiliary electrode. The par-
tial polarization curves were obtained by resolution of
the overall curves on the basis of data on the current
efficiencies by hydrogen, chromium, and cobalt. The
quality of the deposits was judged from outward ap-
pearance of the coatings; their reflectivity was studied
with an FM-58 M photometer and the morphology,
with an MIM-7 microscope. The phase analysis was
done on the alloy films 50031000A thick (separated
from copper substrate) at a 100 kV voltage. The lat-
tice period was determined according to [9]. The hy-
drogen content in the cathode deposits was determined
by vacuum extraction [10].

Analysis of the partial polarization curves derived
from the overall curve of Cr3Co deposition from sul-
fate electrolyte with MEA (Fig. 1) shows that chromi-
um(III) is reduced to chromium(II) (E0

Cr3+/Cr2+ =
30.41 V) simultaneously with the formation of hydro-
gen (E0

H+/H0 = 0 V), cobalt (E0
Co2+/Co0 = 30.277 V),

and chromium (E0
Cr3+/Cr0 = 30.71 V). The previous

data show that, apart from hydrogen evolution, the
formation of cobalt is the most probable from the
thermodynamical standpoint. However, owing to the
increase in the chromium(II) ion concentration and
the shift of theECr3+/Cr2+ potential toward negative
region, chromium (curve1c) is deposited simultane-
ously with cobalt (curve1d), as revealed by analysis
of the cathode deposits and partial curves. Reduction
of chromium(III) ions during the alloy deposition
occurs with lower polarization than deposition of pure
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chromium (curve2c). From an electrolyte containing
no cobalt(II) ions, chromium is electrodeposited at
Dc = 25 A dm32 (pH 0.75). At simultaneous deposi-
tion with cobalt, the necessary current density de-
creases to 15 A dm32, because the free energy de-
creases owing to formtion of the crystal lattice of the
cathodic chromium3cobalt solid solution.

Electron-microscopic study of the chromium3cobalt
deposits containing 10% cobalt showed that the
simultaneous deposition of chromium and cobalt
results in the formation of a solid solution with a
lattice period of 2.87A. According to the phase dia-
gram, theb-phase with a centered cubic lattice, which
is a solid solution of cobalt in chromium [11], is
formed in the chromium3cobalt system at cobalt
content of up to 10%. The lattice period of chromium
deposited from chromium-plating sulfate electrolyte
with MEA under the similar conditions isa = 2.89A.
Apparently, a slight decrease in the lattice period of
Cr3Co alloy compared to chromium is explained by
the decreased hydrogenation. For example, with the
cobalt content of the alloy increased from 2.3 to 8.6%,
the hydrogen content is decreased approximately
2.7-fold (Fig. 2). The decrease in the alloy hydrogena-
tion with increasing cobalt content of the alloy can be
explained by the decrease in the current efficiency by
hydrogen in chromium-plating sulfate electrolyte with
added CoSO4. For example, with cobalt sulfate con-
centration increased from 1.0 to 5 g l31, the cobalt
content of the alloy is increased from 1.8 to 12% and
the CE by the alloy, from 6.2 to 10.3% (Dc =
20 A dm32, pH 0.75). Under these conditions the rate
of hydrogen formation decreases simultaneously (see
table), whereas that of cobalt formation increases
approximately 4-fold.

The self-discharge of cobalt(II) ions occurs at a
considerably higher rate (Fig. 1, curve3) than at
simultaneous electroplating with chromium (curve1d).
One of the reasons responsible for overpolarization of
Co2+ discharge is the adsorption of colloidal surface-
active Cr(OH)3 on active sites of the cathode. As a
result, the cobalt formation is hindered. This phe-
nomenon is characteristic of codeposition of chromi-
um with iron-group metals, for example, nickel [8]
from sulfate electrolytes.

The alloy deposits containing up to 10312% cobalt
are lustrous and acquire a shadow typical of cobalt
coatings at higher cobalt concentrations. With cobalt
sulfate concentration increased from to 5 g l31, the
Dc interval corresponding to deposition of lustrous
coatings is broadened essentially (to 80 A dm32,
pH 0.5).

3E, V

1b

2a

2b

1c
2c1d

Dc, A dm32

Fig. 1. Cathodic polarization curves of deposition of
(1) Cr3Co alloy, (2) chromium, and (3) cobalt from sulfate
electrolytes with MEA. (Dc) Current density and (E) po-
tential. Partial curves of formation of (1a, 2a) H2,
(1b, 2b) Cr2+, (1c, 2c) Cr0, and (1d) Co0.

VH2
, cm3/100 g

CCo, %

Fig. 2. HydrogenationVH2
of Cr3Co cathode deposits vs.

cobalt contentCCo of the alloy.Dc = 30 A dm32, thickness
5 mm, pH 0.75, andT = 25oC.

With increasing electrolyte pH the rate of the alloy
deposition increases. For example, with pH varied
from 0.5 to 1.0, the hydrogen discharge current is de-
creased nearly twofold (from 19 to 10 A dm32) and
the partial rate of the alloy deposition is increased
approximately 9.50-fold (E = 31.4 V). Such a change
in the electrolyte pH increases the current efficiency
by the alloy (from 5 to 26% atDc = 30 A dm32).
Comparison of the partial current densities of the
chromium(III) and cobalt(II) ion formation shows that
with pH increasing in the given range the partial
current density of the cobalt separation decreases from
6.2 to 1.8% (atDc = 30 A dm32), and the alloy is
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Partial current densities of hydrogen, chromium(II), cobalt, and chromium formation at 25oC
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Dc, A dm32

³ iH2
³ iCr2+ ³ iCo0 ³ iCr0

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ A dm32, at indicated concentration of CoSO4 in electrolyte, g l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ 2 ³ 5 ³ 2 ³ 5 ³ 2 ³ 5 ³ 2 ³ 5

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
20 ³ 14.00 ³ 13.44 ³ 5.24 ³ 5.33 ³ 0.15 ³ 0.39 ³ 0.61 ³ 0.84
30 ³ 18.46 ³ 16.38 ³ 10.43 ³ 12.00 ³ 0.10 ³ 0.26 ³ 1.01 ³ 1.36
40 ³ 21.83 ³ 18.65 ³ 16.62 ³ 18.87 ³ 0.09 ³ 0.20 ³ 1.46 ³ 2.28

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

enriched with chromium. It should be noted that with
decreasing electrolyte acidity the reflectivity of the
coatings decreases, and at pH > 1.5 they become dull.

Increasing cathodic current density decreases cobalt
content of the alloy. For example, asDc is decreased
from 10 to 60 A dm32, the cobalt content is decreased
from 6 to 0.5%. One of the reasons of the appreciable
dependence of alloy composition onDc is the stronger
polarization accompanying cobalt deposition into the
alloy (Fig. 1, curve1d), which is ascribed to the in-
creased pHs and prevention of the Co2+ discharge
by facilitated adsorption of Cr(OH)3 on the cathode.
To stabilize electrodeposition and make the depen-
dence of alloy composition onDc less appreciable, we
studied the influence of the transient electrolysis mode
using a rectangular pulsed current. It is seen from
Fig. 3 that with the pulse todead time ratioQ (Q =
tp + td/tp, wheretp is electrolysis time andtd is dead
time) increased from 1.03 to 1.5, the cobalt content
in the alloy is increased from 0.5 to 1.2% atDc =

CCo, %

Dc, A dm32

Fig. 3. Influence of the cathodic current densitydc on
the cobalt content of the alloyCCo. Electrolysis: (1) steady-
state and (235) pulsed. Pulse to dead time ratioQ: (2) 1.03,
(3) 1.1, (4) 1.2, and (5, 5̀) 1.5. Pulse repetition frequency
f (Hz): (235) 0.3 and (5`) 0.35.

60 A dm32. This suggests that at highDc the forma-
tion of chromium hydroxide film is hindered with
increasingQ, thus creating the more favorable condi-
tions for the Co2+ discharge compared to steady-state
regime. At low Dc, the pHs increase is slower, the
chromium(III) ion concentration in the near-cathode
space increases relative to cobalt(II) concentration,
and the alloy is enriched with chromium. For exam-
ple, atDc = 10 A dm32 the cobalt content in the alloy
decreases from 4.6% (curve2) to 2% (curve5). The
effect of the pulse repetition frequency on the alloy
component ratio is less marked than that of the pulse
to dead time ratio. For example, iff = 0.3 Hz, then
at Dc = 10 A dm32 the cobalt content in the alloy is
lower by 0.8% (curve5) than at Dc = 60 A dm32.
With f increasing to 0.35 Hz the cobalt content in
the alloy decreases by 0.5% (curve5`). At f > 0.35 Hz
and Q > 2 the current efficiency by the alloy is con-
siderably lower (by~ 12%), which can be explained
by the cathode passivation at higher pulse repetition
frequences typical of electrodeposition from sulfate
electrolytes [12].

CONCLUSIONS

(1) Chromium and cobalt can be codeposited from
electrolytes containing cobalt and chromium sulfates
[the latter in the form of modified green chromium(III)
sulfate] and luster-producing monoethanolamine.

(2) The method of partial curves has revealed that
the electrodeposition of Cr3Co alloys occurs with
depolarization, and that of cobalt, with enhanced
polarization.

(3) The sulfate electrolyte with momoethanol-
amine is developed, allowing preparation of mirror-
lustrous Cr3Co coatings (up to 10% Co) atDc =
10360 A dm32, T = 25oC, and pH 0.531.0. Thecur-
rent efficiency by the alloy is 15325%.

(4) For the stabilization of the alloy composition,
we recommend to perform electrolysis in the pulsed
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current mode using rectangular pulses with a 0.33
0.35 Hz repetition frequency and the pulse to dead
time ratio Q = 1.5.
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Abstract-Electrodeposition of tin from sulfate electrolytes containingSnSO4, H2SO4, Synthanol, formalin,
and benzyl alcohol was studied.

It was shown in [1, 2] that dihydric alcohols
(1,4-butynediol, 1,4-butenediol, and 1,4-butanediol),
present in sulfate tin-plating electrolyte simultaneous-
ly with Synthanol and formalin, favor formation of
lustrous tin coatings. Proceeding with these studies,
we considered in this work electrodeposition of tin
from a sulfate electrolyte in the presence of Synthanol,
formalin, and benzyl alcohol.

The study was carried out in the electrolyte of the
following composition (g l31); SnSO4 5350, H2SO4
903100. The organic substances were introduced in
the following amounts: Synthanol DS-10 134 g l31;
formalin (37% solution) 1310 and benzyl alcohol 13
10 ml l31.

Tin coatings 6324 mm thick were deposited onto
copper samples. Polarization curves were obtained po-
tentiodynamically with a P-5878 potentiostat. The
leveling power of the electrolyte was measured on a
flat sinusoidal microprofile. The leveling powerP was
calculated using the equation [3]

P = log [(H0 0 2.3a)/(H
t
0 2phav)],

where H0 and Ht are, respectively, the microprofile
amplitudes before and after deposition of tin;a is the
sinusoid wavelength, andhav is the coating thickness
(10 mm).

The coating luster was measured with an FB-2
photoelectric luster meter.

Our experiments showed that matte coatings with
coarsely crystalline structure are formed in tin-plating
electrolyte (SnSO4 30 and H2SO4 100 g l31) contain-
ing 134 g l31 of Synthanol. In the presence of forma-
lin and benzyl alcohol (in amount of 1310 ml l31

each), matte coatings with unsatisfactory quality are
obtained. Addition of benzyl alcohol to an electrolyte

with Synthanol does not lead to any significant change
in the coating quality. In an electrolyte with Synthanol
and formalin, silvery coatings are formed. The out-
ward appearance of the coatings is much improved if
benzyl alcohol (638 ml l31) is added to an electrolyte
with Synthanol (233 g l31) and formalin (638 ml l31).
In this case, lustrous tin coatings are obtained in the
current density rangeic = 4312 A dm32. When the
concentrations of formalin and benzyl alcohol are
beyond the above limits, semilustrous or silvery coat-
ings are obtained, depending onic. At Synthanol con-
centrations lower than 2 g l31, the working range of
current densities at which lustrous coatings are ob-
tained becomes much narrower. At Synthanol concen-
trations exceeding 3 g l31, the interval of current den-
sities in which lustrous coatings are obtained remains
unchanged, but electrolyte foaming is much enhanced,
which hinders the electrodeposition process. It should
be noted that lustrous coatings can only be obtained
with electrolyte stirring. We have examined the in-
fluence of the SnSO4 concentration on the range of
working current densities for preparing lustrous coat-
ings. We found that raising the SnSO4 concentra-
tion from 5 to 50 g l31 in an electrolyte containing
H2SO4 (903100 g l31), Synthanol (233 g l31), forma-
lin (638 ml l31, and benzyl alcohol (638 ml l31)
makes higher the current density necessary for obtain-
ing lustrous coatings. For example, lustrous coatings
are formed in the following ranges of current densities
(A dm32) at indicated SnSO4 concentrations in the
electrolyte: 137, 5 g l31; 138, 10320 g l31; and 4312,
30350 g l31.

Data on current efficiency (CE) in tin-plating elec-
trolyte with additives are presented in Fig. 1. It can be
seen that CE grows with increasing SnSO4 concentra-
tion in the electrolyte and decreases whenic becomes
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higher. The highest CE is observed in an electrolyte
containing 50 g l31 of SnSO4. Lustrous tin coatings
have finely crystalline structure and firmly adhere to
the base metal.

To reveal the influence of organic substances on
electrodeposition of tin, cathodic polarization curves
were measured with immobile and rotating disk elec-
trodes (Fig. 2). It can be seen that organic additives
(curves1 and2) make the deposition of tin slower and
the cathodic polarization stronger. With increasing
speed of electrode rotation, the overvoltage of tin
deposition also grows (curves234).

The inhibiting action of organic substances in a
tin-plating electrolyte is presumably due to their ad-
sorption onto the electrode surface. This assumption is
confirmed by measurements of the electrical double
layer capacitanceC. As seen from Fig. 2 (curves5, 6),
introduction of organic substances into the electrolyte
leads to a decrease in the double layer capacitance in
the potential range from30.3 to 30.4 V from 32 to
8 mF cm32. At higher potentials, organic substances
are desorbed from the electrode surface, which leads
to higher capacitance of the double layer.

To reveal the effect of organic substances on the
microdistribution of electrodeposited tin, we studied
the dependence of the leveling powerP of the electro-
lyte on the cathode current density upon addition of
organic substance to the electrolyte. As seen from
Fig. 3 (curve 1), introduction of Synthanol into the
tin-plating electrolyte leads to a certain leveling of the
surface (P = 0.1) only at ic = 1 A dm32. With the
current density increasing further, surface antileveling
is observed. On addition of formalin to an electrolyte
with Synthanol (curve2), the leveling (P = 0.143
0.05) occurs atic = 1310 A dm32. Introduction of
benzyl alcohol into the electrolyte leads to more pro-
nounced surface leveling (curve3). The leveling
power of the mixture reaches its maximum valueP =
0.83 at ic = 7 A dm32.

Thus, the leveling additives in a mixture of organic
substances are formalin and benzyl alcohol, with the
latter ensuring the strongest surface leveling. A study
of the influence exerted by the concentration of benzyl
alcohol on the extent of leveling demonstrated that,
with increasing concentration of benzyl alcohol
(Fig. 3, curve4), the P value grows to reach a maxi-
mum of 0.69 atC = 6 ml l31. According to the adsorp-
tion3diffusion theory of surface leveling [3], the level-
ing additives inhibit electrodeposition of metals, with
the extent of inhibition controlled by diffusion of an
additive in the course of electrodeposition. The polari-
zation curves measured on a rotating disk electrode at

CE, %

ic, A dm32

Fig. 1. Current efficiency CE vs. current densityic at dif-
ferent SnSO4 concentrations in the electrolyte. Mechanical
stirring; the same for Fig. 2. Electrolyte composition:
H2SO4 100, Synthanol 2 g l31; formalin 6, benzyl alcohol
6 ml l31. Electrolyte + SnSO4 (g l31): (1) 5, (2) 10, (3) 20,
(4) 30, and (5) 50.

ic, A dm32 C, mF cm32

3Ec, V

Fig. 2. (134) Cathodic polarization curves and (5, 6) de-
pendences of the capacitance of the electrical double layer,
C, on the electrode potentialEc (vs. s.h.e), obtained in tin-
plating electrolyte. Electrolyte composition (g l31): SnSO4
30, H2SO4 100; the same for Fig. 3. (ic) Current density.
(1, 5) Electrolyte; (234, 6) 1 + Synthanol, 2 g l31; formalin,
6 ml l31; and benzyl alcohol, 6 ml l31. Speed of electrode
rotation (rpm): (3) 200 and (4) 2000.

different speeds of rotation can qualitatively model the
cathodic process at microprojections (high speeds of
electrode rotation) and at microdepressions (low
speeds) [3]. The uneven accessibility of the micropro-
file is the reason for the nonuniform distribution of
the rates at which additive is delivered to different
parts of the microprofile. Since the inhibiting effect
exerted by the leveling additives on electrodeposition
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L, %

ic, A dm32

C, ml l31

Fig. 3. Leveling powerP vs. (133) current densityic and
(4) benzyl alcohol concentrationC, and (5) coating lusterL
vs. current density for tin-plating electrolyte. (1) Electro-
lyte + Synthanol, 2 g l31; (2) 1 + formalin, 6 ml l31;
(3, 5) 2 + benzyl alcohol, 6 ml l31.

of metals becomes stronger with increasing rate of ad-
ditive diffusion toward the cathode (high speed of
rotation), this effect is more pronounced at micro-
projections, and less so at microdepressions, which
leads to nonequilibrium distribution of the electro-
deposition rates.

Analysis of the polarization curves measured in
electrolytes with organic additives (Fig. 2, curves234)
shows that the cathodic polarization curves measured
at different speeds of rotation qualitatively model the
distribution of the tin electrodeposition rate over the
surface microprofile [3]. With increasingic, the level-
ing power first grows and then, at comparatively high
current densities, the surface concentration of the addi-
tive and its inhibiting action decrease even at micro-
projections, which makes the leveling effect weaker.
At too low content of additive in the electrolyte, when
there occurs weak inhibition of tin electrodeposition,
one cannot expect a pronounced leveling effect. At the
same time, at too high concentrations of additive, the
leveling power decreases because of the termination of
the diffusion control over the rate of consumption of
the additive and its inhibiting action. The phenome-
non of leveling is related to the luster of electroplated
coatings, since luster formation is also governed by
leveling of submicrometer surface irregularities. Ac-
cording to [4], large microirregularities, from 0.2 to
100 mm and more in size, are eliminated in leveling,
and very fine submicroirregularities of about 0.15mm
and less, in luster formation. Comparison of samples
differing in luster and extent of leveling (Fig. 3,

curves 3, 5) shows that these parameters are corre-
lated: the higher the extent of leveling, the stronger
the luster. Thus, leveling of submicro- and microir-
regularites on the cathode surface occurs in the course
of electrolysis in a tin-plating electrolyte containing
Synthanol, formalin, and benzyl alcohol.

On the basis of the performed investigations, a sul-
fate electrolyte of the following composition was
developed for obtaining lustrous tin coatings (g l31):
SnSO4 5350, H2SO4 903100, Synthanol DS-10 233;
formalin 37% solution 638, benzyl alcohol 638 ml l31;
deposition mode:ic = 1312 A dm32, CE = 65398%.
The process is carried out with mechanical stirring of
the electrolyte. To obtain high-quality lustrous coat-
ings, it is necessary to use anode made of pure tin. In
order to prevent electrolyte contamination with sludge,
the anodes are to be placed in sheaths made of poly-
propylene, before being submerged in the electrolyte.
The electrolyte temperature is 20325oC. At higher
temperatures, the electrolyte rapidly turns turbid, and
a large amount of precipitate is formed at the bath
bottom, which impairs the coating quality. Long-term
tests with the electrolyte demonstrated its high stabil-
ity in operation. However, it should be noted that, dur-
ing prolonged operation, a light yellow precipitate im-
pairing the coating quality is formed on the bath bot-
tom. The precipitate should be filtered off at regular
intervals. The adjustment of the SnSO4, H2SO4, and
formalin content relies upon the results of chemical
analysis [5]. The adjustment of the Synthanol content
of the electrolyte should be done after passing 100
A h l31 of electricity, by introducing 1 g l31 of the
additive into the bath. Since there is no technique for
determining the concentration of benzyl alcohol in a
tin-plating electrolyte, a spectrophotometric method
was developed for this purpose. A 50-ml sample of
a tin-plating electrolyte containing Synthanol, forma-
lin, and benzyl alcohol was extracted with octanol
(50 ml) under vigorous stirring in the course of
10 min. During this time, complete extraction was
achieved. Part of the obtained organic phase was
placed in a cell 10 mm thick, and spectra were re-
corded in the optical density3wavelength coordinates
with an SF-26 spectrophotometer in the range 2203

310 nm. As blank sample was used a solution ob-
tained by extraction with octanol of a tin-plating elec-
trolyte containing no benzyl alcohol. It was found that
for all of the solutions studied the peak of the absorp-
tion band is observed at 252 nm, with the peak grow-
ing in height with increasing concentration of benzyl
alcohol. It should be noted that the absorption is zero
or very low in the employed wavelength range for all
other components.
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The obtained spectra were used to plot the calibra-
tion curve describing the dependence of the concentra-
tion of benzyl alcohol on the optical density at the
maximum at 252 nm. This calibration curve can be
used to monitor the concentration of benzyl alcohol in
a tin-plating electrolyte. The scatter of measurement
results in separate series does not exceed 5%.

CONCLUSIONS

(1) A study of tin electrodeposition from a sulfate
electrolyte in the presence of organic substances dem-
onstrated that high-quality lustrous deposits of tin are
obtained in an electrolyte containing Synthanol, for-
malin, benzyl alcohol, SnSO4, and H2SO4.

(2) A sulfate electrolyte and a deposition mode

were developed for obtaining lustrous tin coatings
with leveled surface.
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Abstract-The acid and catalytic properties of Pentasil-type high-silica zeolites were studied as influenced
by conditions of high-temperature treatment in the course of conversion of straight-run naphthas.

Zeolite-containing catalysts based on Pentasils are
widely used in oil refining and petroleum chemistry.
It was found [134] that the activity and selectivity of
Pentasil-type high-silica zeolites (HSZs) in conversion
of various hydrocarbons are determined by their not
only acid, but also molecular-sieve properties. The
efficiency of given catalytic process in conversion
of hydrocarbon raw materials is determined by the
optimal concentration ratio of the Brønsted and Lewis
acid centers in the zeolite-containing catalysts. Along
with modification using various additives, preliminary
high-temperature treatment allows control of the
catalytic and molecular-sieve properties of zeolite-
containing catalysts.

In this work we studied the effect of high-tempera-
ture treatment on the acid and catalytic properties of
Pentasil-type HSZs in the course of conversion of
straight-run naphthas into lower olefins and arenes.

EXPERIMENTAL

High-silica zeolites of ZMS-5 type (silica ratio 30)
were prepared from aluminosilicates by a hydrother-
mal procedure [5]. To convert Na-HSZs into the
H form the samples were treated with 25% aqueous
NH4Cl at 90oC for 2 h, dried at 110oC, and calcined
at 550oC for 8 h (Na2O content<0.1%). The resulting
HSZs were analyzed by IR spectroscopy and X-ray
diffraction (XRD) (Mo anode, Ni filter). The effect of
high-temperature treatment on the zeolite crystallinity
was monitored by the comparing the interplanar spac-
ings d (A) and reflection intensitiesI (%) in the
XRD patterns of the zeolite in question and reference
compound.

The acid properties of HSZs were studied by ther-
mal desorption of ammonia [6], and their catalytic
properties were analyzed in the course of conversion
of straight-run naphthas (from Surgut Gas Processing
Plant) on a flow-type setup [7].

Data on the effect of high-temperature treatment on
the activity and selectivity of HSZs in conversion of
straight-run naphthas are listed in Table 1. With the
initial NaHSZ (0.6 wt % Na+), at 5503700oC and feed
space velocity of 3 h31, the naphtha conversion in-
creases from 85 to 88%. With increasing temperature
the yield of gaseous hydrocarbons increases from 44.3
to 63.4%, the yield of C23C4 olefins also increases
from 19.8 to 39.1%, whereas the yield of aromatic
hydrocarbons decreases from 47.9 to 31.1%.

After high-temperature treatment of an Na-HSZ
sample at 800oC for 15 min its catalytic activity re-
mains almost constant, and the yield of gaseous hy-
drocarbons and lower olefins increases in the tempera-
ture range studied. For example, at 650oC the yield of
olefins (based on passed feed) increases from 29.3
to 39.0% and the yield of arenes decreases from 36.9
to 29.9% (Table 1). With the time of thermal treat-
ment at 800oC increased to 30 min, high yield of
C23C4 olefins is retained. After treatment of an
Na-HSZ sample at 900oC for 15 min, the yield of
olefins at 5503600oC increases, but the catalytic
activity decreases by 5% as compared to the initial
sample. The selectivity of arene formation increases
from 34.3 to 37.5 with increasing temperature.

Thus, our experimental data show that with increas-
ing temperature of the catalyst thermal treatment from
750 to 900oC the yield of C23C4 olefins increases; the
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Table 1. Yield of conversion products of straight-run naphthas as influenced by the temperature of thermal treatment
of HSZ catalysts
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC

³
Conver-

³ Yield based on passed feed, wt % ³ Content, wt %
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ sion, ³

gas
³ C23C4 ³ C23C4 ³

ethylene
³

propylene
³

arenes
³ C23C4 ³ arenes

³ wt % ³ ³ alkanes ³ alkenes ³ ³ ³ ³alkenes in gas³in catalyzate
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

Initial sample, min

550 ³ 85 ³ 44.3 ³ 24.4 ³ 19.8 ³ 8.5 ³ 7.7 ³ 47.9 ³ 44.7 ³ 85.9
600 ³ 87 ³ 56.3 ³ 33.3 ³ 22.9 ³ 10.9 ³ 9.0 ³ 38.7 ³ 40.7 ³ 88.6
650 ³ 88 ³ 58.4 ³ 28.7 ³ 29.3 ³ 15.2 ³ 11.2 ³ 36.9 ³ 50.2 ³ 88.7
700 ³ 88 ³ 63.4 ³ 24.3 ³ 39.1 ³ 18.2 ³ 15.7 ³ 31.3 ³ 61.7 ³ 85.7

800oC, 5 min

550 ³ 84 ³ 53.2 ³ 32.6 ³ 20.4 ³ 7.6 ³ 9.4 ³ 37.0 ³ 38.3 ³ 79.1
600 ³ 87 ³ 62.0 ³ 31.9 ³ 29.9 ³ 14.3 ³ 11.8 ³ 30.4 ³ 48.2 ³ 80.0
650 ³ 88 ³ 62.4 ³ 26.0 ³ 36.2 ³ 16.9 ³ 14.3 ³ 29.9 ³ 58.0 ³ 79.5
700 ³ 86 ³ 62.1 ³ 22.0 ³ 39.9 ³ 18.0 ³ 16.5 ³ 30.6 ³ 64.3 ³ 80.1

800oC, 15 min

550 ³ 86 ³ 54.9 ³ 26.1 ³ 28.6 ³ 12.7 ³ 11.8 ³ 37.0 ³ 52.1 ³ 82.0
600 ³ 87 ³ 55.7 ³ 21.8 ³ 33.8 ³ 15.9 ³ 13.7 ³ 36.7 ³ 60.7 ³ 82.8
650 ³ 87 ³ 60.1 ³ 20.9 ³ 39.0 ³ 18.5 ³ 16.5 ³ 33.4 ³ 64.9 ³ 83.7
700 ³ 87 ³ 60.2 ³ 21.3 ³ 38.0 ³ 21.8 ³ 9.9 ³ 32.3 ³ 63.1 ³ 81.2

800oC, 30 min

550 ³ 79 ³ 53.9 ³ 28.7 ³ 25.1 ³ 10.0 ³ 10.6 ³ 30.9 ³ 46.6 ³ 67.0
600 ³ 83 ³ 54.4 ³ 24.2 ³ 30.1 ³ 14.0 ³ 11.8 ³ 34.1 ³ 55.3 ³ 74.8
650 ³ 83 ³ 54.1 ³ 20.1 ³ 33.7 ³ 15.3 ³ 13.9 ³ 35.3 ³ 62.3 ³ 76.9
700 ³ 85 ³ 54.1 ³ 18.1 ³ 35.5 ³ 15.4 ³ 15.3 ³ 36.9 ³ 65.6 ³ 80.4

900oC, 15 min

550 ³ 56 ³ 54.7 ³ 21.0 ³ 33.4 ³ 12.9 ³ 14.2 ³ 30.3 ³ 61.1 ³ 66.9
600 ³ 67 ³ 57.5 ³ 19.1 ³ 38.3 ³ 16.1 ³ 16.5 ³ 30.9 ³ 66.6 ³ 72.7
650 ³ 72 ³ 58.4 ³ 18.7 ³ 39.5 ³ 17.8 ³ 17.0 ³ 32.5 ³ 67.6 ³ 76.3
700 ³ 78 ³ 57.9 ³ 16.2 ³ 41.1 ³ 25.5 ³ 11.6 ³ 35.1 ³ 70.9 ³ 83.4

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 2. Acid properties of HSZ heat-treated at various temperatures
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Catalyst
³ Tmax, oC ³ Concentration of acid centers,mmol g31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ form I ³ form II ³ form I ³ form II

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
H-HSZ ³ 194 ³ 406 ³ 623 ³ 526
Na-HSZ ³ 198 ³ Shoulder ³ 927 ³ 0
Na-HSZ, 800oC ³ 189 ³ 3 ³ 880 ³ 0
Na-HSZ, 900oC ³ 174 ³ 3 ³ 836 ³ 0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

optimal time of thermal treatment is 15 min. The ef-
fect of thermal treatment on the catalyst performance
is the most pronounced at the temperature of the
straight-run naphtha conversion of 5503600oC; with
increasing conversion temperature the effect of the
catalyst thermal pretreatment on the selectivity of
formation of lower olefins and arenes decreases.

These trends in the conversion and selectivity of
formation of lower olefins and arenes are probably
due to variations in the acidity of the HSZ samples. It
is known that the Brønsted acid centers are zeolite
hydroxy groups, and their interaction with ammonia
yields NH4

+ ions [8]. In the case of zeolite containing
residual Na+ cations, ammonia sorption involves
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Table 3. XRD patterns of Na-HSZ sample treated at various temperatures
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

d, A ³ Irel, % ³ d, A ³ Irel, % ³ d, A ³ Irel, % ³ d, A ³ Irel, % ³ d, A ³ Irel, %
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

initial sample ³ 800oC, 5 min ³ 900oC, 5 min ³ 800oC, 30 min ³ 900oC, 30 min
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
11.13 ³ 48 ³ 11.13 ³ 40 ³ 11.13 ³ 44 ³ 11.13 ³ 21 ³ 11.16 ³ 25
10.04 ³ 39 ³ 10.04 ³ 34 ³ 10.04 ³ 34 ³ 10.04 ³ 19 ³ 10.06 ³ 23
6.65 ³ 5 ³ 6.35 ³ 7 ³ 6.35 ³ 8 ³ 3 ³ 3 ³ 6.35 ³ 7
6.35 ³ 14 ³ 5.98 ³ 13 ³ 5.98 ³ 15 ³ 6.03 ³ 10 ³ 5.94 ³ 10
5.55 ³ 15 ³ 5.69 ³ 12 ³ 5.60 ³ 12 ³ 5.68 ³ 10 ³ 5.64 ³ 13
4.99 ³ 10 ³ 5.02 ³ 10 ³ 4.98 ³ 8 ³ 5.01 ³ 7 ³ 5.06 ³ 10
4.27 ³ 18 ³ 4.25 ³ 19 ³ 4.27 ³ 20 ³ 4.3 ³ 16 ³ 4.27 ³ 22
3.82 ³ 100 ³ 3.81 ³ 100 ³ 3.83 ³ 100 ³ 3.84 ³ 100 ³ 3.84 ³ 100
3.75 ³ 72 ³ 3.71 ³ 71 ³ 3.72 ³ 73 ³ 3 ³ 78 ³ 3.75 ³ 61
3.47 ³ 32 ³ 3.44 ³ 32 ³ 3.53 ³ 33 ³ 3 ³ 3 ³ 3 ³ 3

3.36 ³ 35 ³ 3.35 ³ 35 ³ 3.37 ³ 33 ³ 3.37 ³ 36 ³ 3.36 ³ 38
3.01 ³ 24 ³ 3.02 ³ 26 ³ 3.04 ³ 25 ³ 3.02 ³ 20 ³ 3.07 ³ 22
3 ³ 3 ³ 2.98 ³ 27 ³ 2.99 ³ 26 ³ 3 ³ 3 ³ 2.98 ³ 20

2.56 ³ 10 ³ 3 ³ 3 ³ 3 ³ 3 ³ 2.59 ³ 10 ³ 2.6 ³ 11
2.49 ³ 11 ³ 2.49 ³ 10 ³ 2.50 ³ 12 ³ 2.51 ³ 10 ³ 2.51 ³ 9
2.41 ³ 8 ³ 2.42 ³ 10 ³ 2.41 ³ 9 ³ 2.42 ³ 6 ³ 2.42 ³ 7
3 ³ 3 ³ 2.22 ³ 5 ³ 3 ³ 3 ³ 2.22 ³ 3 ³ 2.16 ³ 4
3 ³ 3 ³ 2.08 ³ 6 ³ 3 ³ 3 ³ 2.11 ³ 5 ³ 2.11 ³ 4

1.99 ³ 16 ³ 1.99 ³ 16 ³ 2.00 ³ 16 ³ 2.00 ³ 12 ³ 2.00 ³ 13
3 ³ 3 ³ 1.92 ³ 7 ³ 3 ³ 3 ³ 1.83 ³ 4 ³ 1.87 ³ 6

1.66 ³ 6 ³ 1.67 ³ 7 ³ 1.67 ³ 6 ³ 1.67 ³ 3 ³ 1.67 ³ 5
1.45 ³ 7 ³ 1.45 ³ 3 ³ 1.45 ³ 7 ³ 3 ³ 3 ³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

formation of the coordination bond between the lone
electron pair of nitrogen and sodium cations [9].

Data on the acid properties of the HSZ samples
subjected to high-temperature treatment are shown in

I, mV

T, oC

Curves of temperature-programmed ammonia desorption
from HSZs. (I) intensity and (T) temperature. Sample:
(1) H-HSZ, (2) Na-HSZ, (3) Na-HSZ (800oC), and
(4) Na-HSZ (900oC).

the figure and listed in Table 2. The curve of tem-
perature-programmed NH3 desorption from the initial
Na-HSZ contains two peaks: low-temperature peak
(Tmax 198oC) and high-temperature shoulder (Tmax
380oC), which suggests the presence of acid centers
of two types. This is confirmed by the ammonia de-
sorption curve registered for the H-HSZ catalyst (fig-
ure, curve 1).

High-temperature treatment of Na-HSZ at tempera-
tures of up to 750oC does not affect its acid properties
(Table 2). On further heating to 800oC and higher
temperatures the strong acid centers almost complete-
ly disappear, and the content of more thermally stable
weak acid centers slightly decreases. Moreover, on
treatment at temperatures>900oC Tmax of the low-
temperature peak of ammonia desorption (form I)
shifts to lower temperatures, i.e., the strength of the
acid centers decreases. With increasing temperature of
HSZ treatment the high-temperature form of ammonia
desorption gradually disappears.

The XRD data on the initial HSZ and zeolite sub-
jected to high-temperature treatment are listed in
Table 3. The XRD patterns of the samples exhibit a
set of Pentasil reflections typical for ZSM-5 [10]. Our
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study of the thermal stability showed no changes in
the HSZ structure at annealing of the zeolite samples
for 15 min at 800 and 900oC. At more prolonged
treatment (30 min) the reflection intensities slightly
decrease.

Our experimental data on the acid and catalytic
properties of HSZs allow evaluation of the role of the
weak and strong acid centers in formation of C23C4
olefins and arenes from straight-run naphtha. The
activity of the zeolite catalyst is determined by the
presence of both strong and weak acid centers. At
high-temperature treatment the zeolite undergoes
dehydroxylation. First of all at 750oC the content of
strong acid centers sharply decreases, and at higher
temperatures these acid centers completely disappear.
Based on the IR data, it was supposed [1, 2] that high-
temperature treatment of the zeolites (>900oC) strong-
ly decreases the content of the Brønsted acid centers
(B-centers). At the same time, the Lewis centers
(L-centers) are more thermally stable and start to
degrade at higher temperatures. For example, in the
case of Zn-Pentasils their L-centers are retained even
after annealing at 1000oC. The L-centers of dehy-
drated zeolite [2] belong to two types: those of type I
are three-coordinate Al3+ cations in the zeolite lattice
with stronger acid properties, and those of type II are
exchangeable Na+ cations, coordination-unsaturated
Al3+ ions outside the zeolite skeleton [8, 11], or three-
coordinate Si4+. The quantum-chemical calculations
performed in [3] suggested the following scheme of
zeolite dehydroxylation:
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Thus, our experimental data show that, with the
temperature of thermal treatment increased to 900oC,
the strong acid centers completely disappear, the
strength and concentration of the weak Lewis acid

centers decrease, and the selectivity of formation of
lower olefins from straight-run naphthas increases.

CONCLUSION

High-temperature treatment (up to 900oC) of high-
silica zeolites of Pentasil type changes the ratio of the
strong and weak acid centers in the catalyst. As a
result, the weak Lewis acid centers become pre-
dominant, which increases the selectivity of formation
of lower olefins from straight-run naphthas.
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Abstract-Heterogeneous homophase hydration of camphene in the presence of H4SiW12O40, H3PW12O40,
or HClO4 was studied as a selective procedure for production of isoborneol.

Isoborneol, a bicyclic terpene alcohol, is widely
used as initial substance in syntheses of biologically
active substances for medicine, perfumery, cosmetics,
and other fields. In particular, isoborneol is an inter-
mediate in industrial synthesis of camphor, one of the
main wood-chemical products.

The isomerization procedure used previously for
producing camphor in Russia was multistage and
involved catalytic isomerization ofa- and b-pinene
(turpentine) to camphene, esterification of camphene,
saponification of the esters to isoborneol, and dehy-
drogenation of isoborneol to camphor [1]. The process
was resource-, labor-, and power-consuming and gave
rise to environmental problems; the quality of the
target product was relatively poor. As a result, in the
early 1990s the camphor production in Russia was
fully stopped.

At the same time, it is known that China succeeded
in improvement of the isomerization procedure and
expanded the camphor production, so that at present
it is practically the only producer and supplier
of synthetic camphor to the world’s market. Available
publications suggest that the improved procedure for
camphor production is based on the direct acid-
catalyzed hydration of camphene to isoborneol, which
allows not only reduction of the number of process
stages but also improvement of the camphor quality.
In the process, ion-exchange resins [234] or synthetic
zeolites [5, 6] are used as catalysts.

Previous studies of homogeneous acid-catalyzed
hydration of camphene in aqueous-organic media
showed that effective catalysts are H4SiW12O40 and
H3PW12O40 [7], and also HClO4 [8]. Taking into
account these results, we examined the behavior of
these catalysts under conditions of heterogeneous
homophase hydration.

Camphene hydration was performed in the pres-
ence of organic solvents immiscible with water (tolu-
ene or hexane), and also in the presence of dioxane
and methyl ethyl ketone (MEK) added in amounts at
which dissolution of the initial reactants was incom-
plete. In some cases, an emulsifier was used to im-
prove the phase contact. In these experiments the
organic phase was camphene or a solution of cam-
phene in an organic solvent, and the aqueous phase
was a solution of a catalyst in water.

The results of heterogeneous acid-catalyzed hydra-
tion of camphene in the absence of organic solvent
are listed in Table 1. It is seen that the catalyst and
reaction conditions strongly affect the composition
and yield of the products.

With concentrated aqueous HClO4 (40360 wt %)
as catalyst, the reaction yields exclusively camphene
polymers (mainly a mixture of dimers). As the HClO4
concentration is increased from 40 to 60%, the yield
of the polymeric products at 65oC increases from 50
to 98%. As the reaction temperature is decreased to
50oC, with 40% HClO4, the yield of the polymeric
products appreciably decreases, becoming as low as
12%. No isoborneol or other alcohol is formed. Addi-
tion of ZnO to the catalyst (40% aqueous HClO4,
run no. 4) significantly increases the yield of the poly-
meric products, which reaches the level of 98% ob-
tained with 60% HClO4.

With less concentrated aqueous HClO4 solutions,
the camphene conversion considerably decreases, but
isoborneol is detected in reaction products. As the
HClO4 concentration is decreased, the yield of the
polymeric products regularly decreases, becoming
zero with <11.6% HClO4, whereas the content of
isoborneol in the products remains constant down to
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Table 1. Composition of reaction mixtures in heterogeneous homophase acid-catalyzed hydration of camphene in the
absence of organic solvent*
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³

Catalyst
³

cc, wt %
³

T, oC
³

Emlusifier
³

t, h
³

Vcam: Vaq.s

³ Mixture composition, wt %
³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

no. ³ ³ ³ ³ ³ ³ ³camphene³ isoborneol³ polymers
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

1 ³HClO4 ³ 59.4 ³ 65 ³ 3 ³ 6 ³ 1 : 1 ³ 2.0 ³ ³ 98.0
2 ³HClO4 ³ 40.0 ³ 65 ³ 3 ³ 6 ³ 1 : 1 ³ 50.0 ³ ³ 50.0
3 ³HClO4 ³ 40.0 ³ 50 ³ 3 ³ 6 ³ 1 : 1 ³ 88.0 ³ ³ 12.0
4 ³HClO4 + ZnO ³ 40.0 ³ 65 ³ 3 ³ 6 ³ 1 : 1 ³ 2.0 ³ ³ 98.0
5 ³HClO4 ³ 26.4 ³ 65 ³ 3 ³ 12 ³ 1 : 1 ³ 81.7 ³ 6.3 ³ 12.0
6 ³HClO4 ³ 20.4 ³ 65 ³ 3 ³ 12 ³ 1 : 1 ³ 88.3 ³ 9.7 ³ 2.0
7 ³HClO4 ³ 20.4 ³ 65 ³ + ³ 12 ³ 1 : 1 ³ 87.0 ³ 9.0 ³ 4.0
8 ³HClO4 ³ 14.2 ³ 65 ³ 3 ³ 12 ³ 1 : 1 ³ 90.0 ³ 9.0 ³ 1.0
9 ³HClO4 ³ 14.2 ³ 80 ³ 3 ³ 12 ³ 1 : 1 ³ 89.0 ³ 8.5 ³ 2.5

10 ³HClO4 ³ 11.6 ³ 65 ³ 3 ³ 12 ³ 1 : 1 ³ 92.0 ³ 8.0 ³
11 ³HClO4 ³ 6.3 ³ 65 ³ + ³ 12 ³ 1 : 3 ³ 92.3 ³ 7.7 ³
12 ³HClO4 ³ 4.2 ³ 65 ³ + ³ 12 ³ 1 : 3 ³ 91.6 ³ 8.4 ³
13 ³HClO4 ³ 2.1 ³ 65 ³ + ³ 12 ³ 1 : 3 ³ 96.2 ³ 3.8 ³
14** ³H4SiW12O40 ³ 16.7 ³ 65 ³ 3 ³ 6 ³ 1 : 3 ³ 93.3 ³ 6.3 ³
15** ³H3PW12O40 ³ 23.1 ³ 65 ³ + ³ 12 ³ 1 : 1 ³ 92.3 ³ 7.0 ³

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* (cc) Catalyst concentration in H2O; (Vcam, Vaq.s) volumes of camphor and aqueous solution, respectively.

** Other alcohols, wt %: run no. 14, 0.4; run no. 15, 0.7.

the HClO4 concentration of 4.2%. The increase in the
reaction temperature to 80oC, variation of the volume
ratio of camphor to aqueous acid solution, and addi-
tion of an emulsifier have no significant effect on the
reaction selectivity and product composition.

With H3PW12O40 and H4SiW12O40 as catalysts of
heterogeneous homophase hydration of camphene, we
obtained the same results as with dilute aqueous solu-
tions of perchloric acid: the yield of isoborneol, which
was virtually the only reaction product, did not exceed
637% (Table 1).

The results of heterogeneous acid-catalyzed hydra-
tion of camphene in the presence of various solvents
are given in Table 2. It is seen that addition of sol-
vents immiscible with water (toluene or hexane) in-
creases the content of undesirable impurities in the
reaction products: camphene hydrate, pseudoborneol,
and minor amounts of fenchol and isofenchol (all
products were identified by GLC using reference com-
pounds). The yield of isoborneol, with both hetero-
poly acids and perchloric acid as catalysts, does not
change as compared to the process performed without
a solvent.

The yield of the target product and the process
selectivity appeared to be considerably higher when
the process was performed with dioxane or methyl

ethyl ketone (MEK) as solvent. These solvents were
added in amounts that were insufficient to fully dis-
solve the initial compounds; therefore, the reaction
conditions were also heterogeneous homophase.

Table 2 shows that even at a water : dioxane ratio
of 2 : 1 (by volume; run no. 14) the yield of isoborne-
ol increases to 15.6%. At the content of dioxane or
MEK increased further, the content of isoborneol in
the reaction mixture increases, reaching 25328 wt %
at the reaction selectivity of 98399%. The nature of
the catalyst has practically no effect on the yield of
isoborneol and the process selectivity.

The perchloric acid concentration (3.4 wt %) en-
suring the same yield of isoborneol is by a factor of
almost 7 lower than the required concentration of
heteropoly acids (23%), which is very important,
taking into account high cost of heteropoly acids.

The heterogeneous hydration of camphene in MEK
in the presence of perchloric acid was chosen as a
procedure for preparative synthesis of isoborneol.
The reaction product, isolated in 25% yield, after
recrystallization from ethanol had mp 210.8oC (the
reference value [9] for pure isoborneol is 212oC) and
a 98.5% purity (GLC data). Such a product fully
meets the requirements imposed upon isoborneol to
be used for commercial production of synthetic cam-
phor [1].
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Table 2. Composition of reaction mixtures in heterogeneous homophase acid-catalyzed hydration of camphene in the
presence of organic solvents*
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³

Solvent
³

Vcam: Vaq.s

³
VH2O : Vo

³
Vcam: Vaq-o

³
cc,

³
t, h

³ Mixture composition, wt %
³ ³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

no. ³ ³ ³ ³ ³ wt % ³ ³camphene³ isoborneol³ other alcohols
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

Catalyst H4SiW12O40

1 ³Toluene ³ 1 : 3 ³ 1.5 : 1 ³ 3 ³ 33.3 ³ 22 ³ 86.2 ³ 10.5 ³ 3.3
2 ³" ³ 1 : 3 ³ 1.5 : 1 ³ 3 ³ 33.3 ³ 9 ³ 88.0 ³ 10.0 ³ 2.0
3 ³Toluene** ³ 1 : 3 ³ 1.5 : 1 ³ 3 ³ 33.3 ³ 9 ³ 84.3 ³ 10.7 ³ 5.8
4 ³Dioxane ³ 1.5 : 1 ³ 1 : 4 ³ 1 : 4 ³ 23.0 ³ 9 ³ 74.0 ³ 25.0 ³ 1.0

Catalyst HClO4

5 ³Hexane ³ 1 : 2 ³ 3 : 1 ³ 3 ³ 11.6 ³ 9 ³ 91.0 ³ 7.5 ³ 1.5
6 ³Toluene ³ 1 : 2 ³ 3 : 1 ³ 3 ³ 14.2 ³ 9 ³ 90.0 ³ 8.8 ³ 1.2
7 ³Toluene** ³ 1 : 2 ³ 3 : 1 ³ 3 ³ 14.2 ³ 9 ³ 80.1 ³ 10.9 ³ 9.0
8 ³Toluene ³ 1 : 3 ³ 6 : 1 ³ 3 ³ 14.2 ³ 9 ³ 85.1 ³ 11.6 ³ 3.3
9 ³MEK ³ 1 : 1 ³ 1 : 2 ³ 1 : 3 ³ 1.7 ³ 9 ³ 77.6 ³ 20.9 ³ 1.5

10 ³" ³ 1 : 1 ³ 1 : 2 ³ 1 : 3 ³ 3.4 ³ 9 ³ 72.6 ³ 25.4 ³ 2.0
11 ³Dioxane ³ 1 : 1 ³ 1 : 2 ³ 1 : 3 ³ 6.7 ³ 9 ³ 69.6 ³ 28.4 ³ 2.0
12 ³" ³ 1 : 1 ³ 1 : 4 ³ 1 : 4 ³ 4 ³ 9 ³ 73.5 ³ 24.5 ³ 2.0
13 ³" ³ 1 : 2 ³ 2 : 1 ³ 1 : 3 ³ 3.4 ³ 9 ³ 76.0 ³ 22.0 ³ 2.0
14 ³" ³ 1 : 1 ³ 2 : 1 ³ 1 : 1.5 ³ 6.7 ³ 9 ³ 83.4 ³ 15.6 ³ 1.0
ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (Vo, Vaq-o) Volumes of the organic and aqueous-organic solvents, respectively.

** An emulsifier was used.

The spent perchloric acid can be used repeatedly;
neither the yield of isoborneol, nor the selectivity of
hydration are deteriorated.

EXPERIMENTAL

Hydration of camphene was performed in a temper-
ature-controlled reactor equipped with a heated jacket,
a stirrer, and a reflux condenser. The reactor tempera-
ture was maintained to within+0.5oC. The stirring
rate was controlled with a tachometer. To improve the
contact of aqueous and organic phases, Pektanoks
emulsifier [OE-15 brand, TU (Technical Specifica-
tions) 2453-006-25588394399] was added in some
experiments. At certain time intervals after the start
of the reaction, the mixture was quickly cooled, the
reaction products were extracted with hexane, and the
extract was neutralized with 10% aqueous Na2CO3,
washed with water to pH 7, and dried over MgSO4.
After removing excess solvent, the reaction products
were analyzed by GLC with a Chrom-5 chromato-
graph (flame-ionization detector, 3-m stainless steel
column, stationary phase 15% PFMS-5 silicone oil on
Chromaton N-AW-DMSC, 0.2030.25 mm; column

and vaporizer temperatures 1103180 and 250oC, re-
spectively; carrier gas N2, flow rate 60 ml min31).
The content of the components was determined using
tridecane as internal reference. The relative error of
single analysis at a confidence level of 0.95 was
within +2%. The results of five parallel runs were
averaged.

The melting point of isoborneol was determined in
a capillary according to [10] with a PTP-2 device for
melting point determination.

A solution of perchloric acid in aqueous MEK,
after isolation of hydration products from the reaction
mixture, was adjusted to the required concentration
and reused.
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Abstract-The effect of ionic diffusion on parameters of redox electrical conductivity in poly-
[M(5-Cl-phen)3]2+ (M = Fe, Ru, Os) was studied.

Supramolecular chemistry studying ordered asso-
ciations of coordination-saturated species is an urgent
branch of the modern basic science showing promise
for high technologies [133]. Electroconducting supra-
molecular structures that are formed from polymers
based on organometallic and coordination compounds
of transition metals are of special interest. As a rule,
these are intensely colored substances with a series of
practically important properties such as redox elec-
trical conductivity of polymeric complexes, photosen-
sitivity, photo- and electroactivity, electrocatalytic and
electrochromic properties.

From the viewpont of the practical use, polymeric
structures with a high rate of charge transfer in the
bulk of the solid phase, stable to action of chemical
and physical factors, are of the most interest. Such
complexes can be promising materials for production
of sensors, chemotronic, photo- and electrocatalytic
devices, and solid converters of the light energy [1].

In this work, we studied the electrochemical prop-
erties of polymers based on Fe(II), Ru(II), and Os(II)
complexes with 5-chloro-1,10-phenanthroline with the
aim to reveal factors determining the rate of charge
transfer in the polymer bulk.

EXPERIMENTAL

Complexes [M(5-Cl-phen)3](ClO4)2 (M = Fe, Ru,
Os; 5-Cl-phen = 5-chloro-1,10-phenanthroline) were
synthesized by methods described in [4] and indenti-
fied by elemental analysis and electronic absorption
spectra [5, 6].

(4,7-Diphenyl-1,10-phenanthroline)bis(5-chloro-
1,10-phenanthroline)iron(II) perchlorate [Fe(4,7-ph2-

phen)(5-Cl-phen)2](ClO4)2 was prepared by suc-
cessively mixing the initial reagents 5-Cl-phen
(0.466 mmol), FeSO4 .7H2O (0.233 mmol), and
4,7-ph2-phen (0.233 mmol) in 50 ml of hot ethanol.
The resulting dark red solution was vigorously agi-
tated at moderate heating for 2 h. The claret-colored
complex (perchlorate form) was filtered off, washed
with water, hot benzene, and diethyl ether, and dried
in a vacuum over phosphorus(V) oxide. Yield 85%.
Analytical data:

Found (%): C 61.89, H 2.74, N 7.45.
Calculated (%): C 62.06, H 2.58, N 7.24.

The electrochemical synthesis of polymeric
[M(5-Cl-phen)3]2+ was performed in the potentiostatic
mode. The optimal conditions of growth of polymeric
layers were as follows [7]: polarization potential of
the working electrode in 20 103 M acetonitrile solu-
tions of monomeric complexesEp = 31.6 V, polariza-
tion time 7 min.

The electrochemical properties of the polymeric
complexes were studied by cyclic voltammetry.
A PI-50-1 pulse potentiostat with incorporatedIR-
compensation system set the potential of the working
electrode. The potential of the working electrode was
scanned in the cyclic mode at a rate of 10, 20, 50,
100, 200, and 500 mV s31. Voltammograms were
recorded on a 307 two-coordinate potentiometric
recorder.

Voltammetric measurements were performed in
a hermetically sealed three-electrode Pyrex cell with
separated compartments of the working, auxiliary, and
reference electrodes.
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A 1-mm platinum wire (99.99% Pt) with the
0.21 cm2 surface area sealedinto Pyrex glass was the
working electrode, and a platinum gauze with the
2.5 cm2 surface area was the auxiliary electrode. All
potentials are given vs. Ag3AgCl reference electrode
filled with saturated aqueous NaCl solution.

The low-temperature electrochemical experiments
were performed in a special three-electrode glass cell
placed into a small thermostat with the temperature
control of the supporting solution within the 2433
293 K range.

A 0.1 M Bu4NClO4 solution in acetonitrile (the
solvent was purified according to [8]), aerated with
argon, was used as the supporting electrolyte. 1 M
solutions of Bu4NBF4, Bu4NPF6, and CF3COOBu4N
in acetonitrile were used to study the effect of support-
ing electrolyte on the charge diffusion coefficientDct
in the bulk of the polymeric phase. The values ofDct
were obtained with an error of+0.5010310 cm2s31.

During the electrochemical reduction of the Fe(II),
Ru(II), and Os(II) complexes with 5-chloro-1,10-
phenanthroline, red, orange, and olive green films,
respectively, are formed on the surface of the platinum
electrode. The possible mechanism of film formation
involves reduction of the ligand into a radical anion
followed by chloride ion elimination. Recombination
of the resulting radicals generates polymeric chains
and initiates growth of poly-[M(5-Cl-phen)3]2+

polymers [4].

The polymeric complexes are electrochemically
active within the potential range of metal-centered
M(III)/M(II) transition. The potentials of the poly-
[M(5-Cl-phen)3]3+/[M(5-Cl-phen)3]2+ couples were
calculated as the mean values of the potentials of the
cathodic and anodic maxima. They amounted to
+1.12 (Fe), +1.36 (Ru), and +0.92 V (Os) [9].

Transition of the redox polymers from the reduced
to oxidized state and back involves the electron trans-
fer to the electrode3polymer phase boundary, the elec-
tron self-exchange between chain fragments (redox
centers), and diffusion of the supporting electrolyte
ions into the polymer bulk (and back) to keep macro-
electroneutrality [10].

The rate of the charge transfer in the polymeric
phase is mainly determined by the nature of the initial
monomeric complex, supporting electrolyte, and mor-
phology of the resulting polymer. It can be quantita-
tively characterized byDct.

Depending on the nature of the limiting stage, this
quantity characterizes the electron self-exchange

between heterocharged fragments or diffusion of
supporting electrolyte ions in the polymeric phase.

Published data on the electron self-exchange with
participation of octahedral low-spin Fe(III, II),
Ru(III, II), and Os(III, II) complexes with polypyridyl
ligands (bipy, phen, and their derivatives) show that it
is not the limiting process. The electron transfer with-
in the outer coordination sphere between the redox
centers is accompanied by small variation of the
metal3ligand bond length, because the transferred
electron is located on the energetically favorabledp
orbitals of the metal ion:dp

5 + e =dp
6 [11]. This causes

the high rate of the electron exchange in the above
systems. For instance, in aqueous solutions the self-
exchange constants reach the diffusionlimit of
109 mol31 s31 [12].

The cyclic voltammograms of the redox processes
with participation of poly-[Os(5-Cl-phen)3]2+ re-
corded at various rates of scanning of the electrode
potentialVp are shown in Fig. 1a, and in Fig. 1b are
presented the currents of anodic maxima of voltam-
mogramsIp

a as functions ofVp. The linear dependence
between the above parameters atVp < mV s31 is ob-
served, which indicates complete oxidation and reduc-
tion of the polymeric complexes in each cycle of
potential scanning. This is characteristic for com-
pounds adsorbed on the electrode surface. At the rates
of potential scanning exceeding 50 mVs31, both oxi-
dation and reduction of the polymeric complex in each
scanning cycle is incomplete. In this case, the linear
dependenceIp

a = F (Vp
1/2) is observed, i.e., the redox

processes proceed in the mode equivalent to the semi-
infinite diffusion of the electroactive substance
directed to the electrode surface. TheDct values cal-
culated by the Randles3Shevchik equation [13] were
about 2.0010310 cm2 s31 for all polymers studied and
were independent of the polymer thickness.

The charge transfer in the bulk of the polymeric
phase is a thermally activated process. The typical de-
pendence lnDct = F (T31) for poly-[M(5-Cl-phen)3]2+

is shown in Fig. 2. The low-temperature voltammetric
measurements showed that the activation barriers of
the charge transfer are independent of the metal center
nature and amount to about 25 kJ mol31 for all the
polymeric complexes studied. The lack of correlation
between the degree ofp-dative metal3ligand interac-
tion increasing in the Fe3Ru3Os series and the
height of the activation barrier to charge transfer in-
dicate that theDct values found characterize the
mobility of counterions in the polymeric phase.

To confirm the crucial importance of ionic diffu-
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(a)
I, mA

E, V

(b)
Vp, V s31

Ip, mAa

Vp
1/2

Fig. 1. (a) Chronoammograms of poly-[Os(5-Cl-phen)3]2+ in the supporting electrolyte solution (0.1 M Bu4NClO4 in CH3CN)
and (b) dependence of the current of anodic maximaIp

a in the chronovoltammograms on the rate of potential scanningVp. (a) Rate
of potential scanning (in the order of increase in chlronovoltammogram current): 10, 20, 50, 100, and 500 mV s31. (I) Current
and (E) potential; the same for Fig. 3.

sion in the charge transport in the poly-[M(5-Cl-
phen)3]2+ complexes, we examined the effect of the
size and concentration of the supporting electrolyte
ions on the charge diffusion coefficient. The diameters
of ClO4

3, BF4
3, PF6

3, and CF3COO3 ions are 3.37,
3.70, 4.35, and 7.20A, respectively [14]. The ex-
periment shows that the charge transfer activation
energy regularly increases with increasing diameter
of the counterion (to 37 and 46 kJ mol31 for BF4

3 and
PF6

3, respectively). This can be explained as follows.
The diffusion in the bulk of the polymer phase can
be presented as a sequence of jumps occurring as
a free volume is generated by segmentary motion near

103/T, K31

Fig. 2. Determination of the activation barrier of the charge
transfer in poly-[Ru(5-Cl-phen)3]2+. Supporting electrolyte
0.1 M Bu4NClO4 in CH3CN. (Dct) Charge diffusion coef-
ficient and (T) temperature.

the moving particle [15]. The diffusion of bulkier
particles involves larger energy consumption required
to shift bulky polymeric fragments to form[holes]
sufficient to accommodate the counterions.

In the limiting case, mismatch of the sizes of the
charge-compensating ions and holes of the polymer
can cause polymer degradation. For instance, the use
of 0.1 M CF3COOBu4N in CH3CN as a supporting
electrolyte leads to irreversible oxidation of the all
polymers studied (Fig. 3, curve2) and practically
complete loss of the electrical conductivity by these
materials (Fig. 3, curve3) due to distortion of thep
conjugation in the ligand system. This fact can be
explained by impossibility of trifluoroacetate ions to
penetrate deep into the polymer to compensate for
the new charge state of the metal centers.

The rate of oxidation3reduction of poly-[M(5-Cl-
phen)3]2+ substantially depends not only on the nature
of the supporting electrolyte but also on its concentra-
tion. The dependence ofIp

a on the Bu4NClO4 concen-
tration CS in acetonitrile for poly-[Ru(5-Cl-phen)3]2+

is shown in Fig. 4. ThedependenceIp
a = F(CS) is

linear atCS < 0.6 M; within this concentration range
Dct increases by 25330% owing to the growth of the
gradient of the diffusing ion concentrations in the bulk
of the polymer and in the supporting electrolyte solu-
tion. At CS > 0.6 M, the linear character of theIp

a =
F(CS) dependence is broken, which reflects the trans-
formations of the polymer morphology [16]. In con-
centrated solutions of the supporting electrolyte, the
degree of shielding of the similarly charged centers of
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I, mA

E, V

Fig. 3. Chronovoltammograms of poly-[Fe(5-Cl-phen)3]2+

in supporting electrolyte solutions (1) 0.1 M Bu4NClO4
in CH3CN and (2, 3) 0.1 M CF3COOBu4N in CH3CN. Rate
of potential scanning 50 mV s31.

Ip, mAa

Cs, M

Fig. 4. Current of anodic maximaIp
a for poly-[Ru(5-Cl-

phen)3]2+ as a function of Bu4NClO4 concentration in
CH3CN CS. Rate of potential scanning 200 mV s31.

the polymeric complex increases, and therefore the
macromolecule becomes more compact. As a result,
the polymer free volume decreases, and ionic diffu-
sion decelerates.

It should be noted that appropriate variation of the
formation conditions and morphology of polymeric
structures substantially increases the coefficient of the
charge diffusion in the bulk of the polymer. For the
polymer based on the heteroligand complex Fe(4,7-
ph2-phen)(5-Cl-phen)2](ClO4)2, Dct is equal to 4.70
10310 cm2 s31. Probably, bulky phenyl substituents
in the inner sphere of the initial monomeric complex
increase the polymer free volume and strengthen the
mobility of counterions in the bulk of the polymer
phase.

When a 0.1 M solution of CF3COOBu4N in
CH3CN is used as a supporting electrolyte in the syn-
thesis of poly-[M(5-Cl-phen)3]2+ with the subsequent
transfer of the polymer into the 0.1 M solution of
Bu4NClO4, Dct increases to 7.5010310 cm2 s31.
Hence, these conditions of polymer formation provide
the larger free volume of the polymer matrix.

CONCLUSION

The rate of charge transfer in polymers based on
Fe(II), Ru(II), and Os(II) complexes with 5-chloro-
1,10-phenanthroline is determined by the mobility of
ions of the supporting electrolyte in the bulk pf the
polymer phase.
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Abstract-The selectivity of S-930 chelating sorbent with respect to nonferrous metals present in the waste-
water from electroplating productions was studied. This sorbent is advantageous as compared to KU-2
universal cation exchanger in recovery of microamounts of nonferrous metals from wastewter containing
up to 2 g l31 of alkaline-earth chlorides and sulfates.

A division for centralized reprocessing of the spent
solutions from electroplating productions was set up
at the Moscow Promotkhody plant. According to the
flowsheet, spent solutions from electroplating produc-
tions are neutralized with sodium hydroxide aqueous
solution to precipitate nonferrous metals and iron
in the form of their hydroxides. After separation of
these precipitates by filtration, the remaining solution
contains up to 25.5 g l31 of the sum of water-soluble
salts, including minor amounts of nonferrous metals
and iron.

On compacting the precipitate and washing the
equipment and pipelines, the wastewater is formed
containing up to 2 g l31 of the sum of alkali and
alkaline-earth metals and microamounts of nonferrous
metals and iron. The metal content in the wastewater
is given in Table 1.

Sulfates and chlorides of alkali and alkaline-earth
metals (Na+, Ca2+, Mg2+) are macrocomponents of
the wastewater. Their content in wastewater dis-
charged to a sewer system is not restricted; therefore,
wastewater should be decontaminated only from im-
purities of nonferrous metals [Cr(III), Fe(II), Cu(II),
Zn(II), and Ni(II)] to the levels lower than the maxi-
mum permissible concentrations (MPC) [1].

It is known that in decontamination of dilute waste-
water (in particular, washing water) with the salt
content not exceeding 2 g l31, the ion-exchange sorp-
tion is the most preferable. It is this technique that
provides environmentally safe decontamination of
industrial wastewater [2].

To ensure high efficiency of ion-exchange decon-
tamination of wastewater, it is necessary to use the ion
exchanger exhibiting the required sorption power, fast
sorption kinetics, high granule strength, and also high
chemical and osmotic stability [3].

In sorption removal of nonferrous metals and iron
from multicomponent solutions containing large
amounts of alkali and alkaline-earth metals, the sor-
bent should be sufficiently selective.

Chelating ion exchangers with amino acid func-
tional groups fully meet these requirements [4]. These
sorbents exhibit selectivity owing to their capability
of forming metal complexes of various stabilities and
structures in the resin phase. The highest selectivity
is exhibited by chelating polyampholytes with the
iminodiacetate complexing groups. Their selectivity
decreases in the order Cu > Ni > Zn > Co > Ca >

Table 1. Metal ion content in wastewater
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Metal
³ Concentration ³

MPC in discharging toÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´
ion ³ mg l31 ³mg-equiv l31³ sewer system, mg l31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Cr(III) ³ 15 ³ 0.865 ³ 1.0
Fe(II) ³ 50 ³ 1.8 ³ 3.0
Cu(II) ³ 12 ³ 0.38 ³ 0.5
Ni(II) ³ 15 ³ 0.51 ³ 0.5
Zn(II) ³ 12 ³ 0.37 ³ 2.0
Ca(II) ³ 156.3 ³ 7.8 ³ Not restricted
Mg(II) ³ 72.9 ³ 6.0 ³ "

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Mg > Sr > Ba > Na, which correlates with the strength
of complexes of these metals with the iminodiacetate
functional groups in the resin phase [4].

At present, ANKB-35 and ANKB-50 sorbents with
the iminodiacetate functional groups are not commer-
cially produced in Russia. Their most available im-
ported analog is S-390 produced by Purolite Cor-
poration (The United States, the United Kingdom) [6].

Our experience of using S-930 sorbent for recovery
of copper from multicomponent process salt solutions
showed that this chelating sorbent surpasses in selec-
tivity both ANKB-35 (Russian analog) and well-
known MC-50 polyampholyte (Germany) [7].

It is known that the group concentration of the
metal impurities can be performed on weakly acidic
carboxylic cation exchangers exhibiting high sorption
capacity and selectivity with respect to polyvalent
metals [8]. However, these cation exchangers are effi-
cient in weakly acidic media only (at pH about 3).
Also, these sorbents do not meet the modern require-
ments to the osmotic stability and resin strength;
therefore, their service life is limited.

Thus, carboxylic cation exchangers of KB type
seem to be of little promise for solving the problems
under consideration.

Selective sorption is a multifactor process depend-
ing not only on the ionic composition of solution but
also on the ratio of the ions being recovered, pH, and
the degree of protonation of the functional groups.
Therefore, prior to the practical use, the sorbent with
suitable characteristics should be experimentally
chosen and conditions ensuring its highest per-
formance should be found.

In this work the comparative study of sorption re-
covery of nonferrous metals [in particular, Cr(III)] and
iron from wastewater from electroplating productions
with both KU-20 8 strongly acidic sulfonic cation
exchanger and S-930 selective chelating sorbent with
the iminodiacetate functional groups was carried out
to choose the sorbent ensuring the most efficient
wastewater decontamination, suitable for industrial
use.

EXPERIMENTAL

The sorption and desorption characteristics of
KU-2 0 8 universal sorbent and S-930 selective sor-
bent were determined under dynamic conditions by
passing appropriate solutions through columns packed
with these ion exchangers.

S-930 sorbent is the monofunctional ion-exchange
resin containing the iminodiacetate functional groups

RNHSQ
CH2COOH

CH2COO
_

+
RNHSQ

CH2COOH

CH2COO
_

+

where R is the macroporous polymeric matrix based
on styrene and divinylbenzene.

This sorbent consists of light yellow dull granules
0.431.0 mm in diameter exhibiting high levels of
sorption capacity, chemical and thermal stability,
mechanical strength, and osmotic stability.

The lack of standard recommendations for pretreat-
ment of chelating polyampholytes hinders their use.
The standard pretreatment is required to provide re-
producibility of the sorption capacity and other char-
acteristics of these sorbents.

In this work S-930 sorbent was converted to the
neutral form by passing a 5% sodium hydroxide solu-
tion through the column packed with the commercial
resin. Such treatment was continued until the sodium
hydroxide concentrations at the inlet and outlet of the
column became equal. Then, the column was washed
with water to weakly alkaline reaction of the eluate
(pH 839).

Treatment of the commercial sorbent with aqueous
sodium hydroxide solution converts the sorbent to
the dibasic cation-exchange iminodiacetate form:

RNH 7776 RNSQ
CH2COOH

CH2COO NaOH
Excess

+ SQCH2COO
_

Na+

CH2COO
_

Na+
.

3

RNH 7776 RNSQ
CH2COOH

CH2COO NaOH
Excess

+ SQCH2COO
_

Na+

CH2COO
_

Na+
.

3

However, hydrolysis of this form of the sorbent
makes the aqueous solution strongly alkaline, which is
unacceptable for the practice.

To overcome this drawback, the cation exchanger
in the Na form was washed with hot water to the
weakly alkaline reaction of the eluate (pH 839). After
such treatment the sorbent is converted to the stable
neutral form:

RN 776 RNHSQ
CH2COONa

CH2COONa SQ
CH2COO

_
CH2COO

_
+HOH

T .
RN 776 RNHSQ

CH2COONa

CH2COONa SQ
CH2COO

_
CH2COO

_
+HOH

T .

This coordination-active form of the sorbent is
capable of binding the metal ions by coordination and
ionic bonds:

RNH
+TCH2

7C

RCH2
7C

ZQ
_S

O

O
O
O

_
_

+ M2+
6 RN 77776 M+ H+R

CZQ
O

OSQCH2

T
CH2QC_SO

O

S .RNH
+TCH2

7C

RCH2
7C

ZQ
_S

O

O
O
O

_
_

+ M2+
6 RN 77776 M+ H+R

CZQ
O

OSQCH2

T
CH2QC_SO

O

S .
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(a)A, mg l31

B, mg l31

V, l

(b)B, mg l31

V, l
Fig. 1. Output curves of sorption of nonferrous metal [in-
cluding (Cr(III)] cations on (a) S-930 selective sorbent and
(b) KU-2 0 8 cation exchanger. (A) Ca and Mg content;
(B) (a) nonferrous metal [including (Cr(III)] content and
(b) metal content; (V) solution volume passed through
column.

At the same time, this form of the ion exchanger
does not sorb metals that do not form coordination
bonds with the acetate functional groups or form weak
complexes [9, 10]. Owing to these features, S-930
sorbent is selective to nonferrous metals and iron. To
convert one volume of swollen polyampholyte to
the Na form, six volumes of 5% NaOH are required.
To wash one volume of this sorbent, four volumes of
water are required.

KU-2 0 8 cation exchanger in the Na form was
used as the reference sorbent.

Pretreatment of KU-20 8 cation exchanger and
determination of its characteristics before testing were
carried out in accordance with GOST (State Standard)
[11, 12].

The sorbents were tested under dynamic conditions
in standard glass columns 18 mm in diameter. The
height of the swollen sorbent bed was 15 cm, and its
volume, 40 cm3.

In the tests, ten volumes of wastewater were passed
through one sorbent volume per hour. The wastewater
was passed through the column up to breakthrough of
the least sorbable metals to concentration exceeding
their maximum permissible concentration in water
discharged to the municipal sewer system (Table 1).
The initial and decontaminated wastewaters were
analyzed for the metals by atomic-absorption tech-
nique on a Perkin3Elmer spectrophotometer [13].

The output curves of sorption of nonferrous metals
[including Cr(III)] in the presence of macroamounts of
Ca2+ and Mg2+ on S-930 and KU-20 8 cation ex-
changers are shown in Fig. 1.

As seen from Fig. 1, KU-208 cation exchanger ab-
sorbs the sum of the metals present in the wastewater,
including Ca2+ and Mg2+. In contrast to the sul-
fonic cation exchanger, S-930 sorbs alkaline-earth
metal ions only at the beginning of the process. In
further elution these metals are replaced by nonferrous
metal [including Cr(III)] cations, and therefore their
content in the eluate becomes equal to that in the feed.
These results show that nonferrous metal [including
(Cr(III)] cations are selectively sorbed on S-930 cation
exchanger.

Table 2 shows that in sorption on KU-20 8 cation
exchanger the nonferrous and alkaline-earth metals
break through simultaneously. Thus, this sorbent
exhibits no selectivity with respect to the metals con-
cerned. In contrast to KU-20 8 cation exchanger, in
sorption of these metals on S-930 cation exchanger
chromium(III) and nickel break through first (among
nonferrous metals), while zinc and copper cations are
retained on the resin so that only traces of them are
eluted. By breakthrough, as above, we mean the metal
concentration in the eluate exceeding the maximum
permissible concentration in wastewater discharged to
a municipal sewer system (Table 1).

The fact that the volume of the wastewater decon-
taminated by one column volume of S-830 sorbent is
twice that of KU-20 8 shows that the dynamic ex-
change capacity of S-930 is twice that of KU-20 8.

The averaged composition of wastewater passed
through beds of S-930 and KU-20 8 resin, (water
volumes are 6 and 5 l, respectively) are listed in
Table 3.

The metals were desorbed from S-930 sorbent
under dynamic conditions by passing 20% H2SO4
through the column at a filtration rate of 132 ml min31.
Figure 2 shows that the eluate contains all nonferrous
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Table 2. Number of column volumes of wastewater (N) passed through KU-20 8 and S-930 sorbents by the moment
of breakthrough of the least sorbable metal ions
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

N
³ Metal concentration, mg l31 ³

pHÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³ Cu ³ Zn ³ Ni ³ Cr ³ Ca ³ M ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
KU-2 0 8 cation exchanger

12.5 ³ 0.021 ³ 0.028 ³ 0.1 ³ 0.38 ³ Not detected ³ 8.3
25.0 ³ 0.05 ³ 0.025 ³ 0.1 ³ 0.41 ³ " ³ 7.0
37.5 ³ 0.1 ³ 0.03 ³ 0.1 ³ 0.44 ³ " ³ 6.8
50.0 ³ 0.07 ³ 0.031 ³ 0.1 ³ 0.42 ³ " ³ 6.5
62.5 ³ 0.06 ³ 0.02 ³ 0.1 ³ 0.45 ³ " ³ 6.2
75.0 ³ 0.09 ³ 0.01 ³ 0.1 ³ 0.51 ³ " ³ 6.0
87.5 ³ 0.11 ³ 0.06 ³ 0.1 ³ 0.56 ³ " ³ 5.7

100.0 ³ 0.24 ³ 0.16 ³ 0.1 ³ 0.63 ³ 0.05 ³ 1.0 ³ 5.6
112.6 ³ 0.37 ³ 0.25 ³ 0.1 ³ 0.65 ³ 0.45 ³ 1.5 ³ 5.9
125.0 ³ 2.48 ³ 2.56 ³ 0.7 ³ 0.69 ³ 1.4 ³ 10.0 ³ 5.5

S-930 sorbent

13.0 ³ 0.13 ³ 0.1 ³ 0.1 ³ 0.1 ³ 1.0 ³ 1.0 ³ 9.16
26.0 ³ 0.04 ³ 0.1 ³ 0.1 ³ 0.1 ³ 1.0 ³ 1.0 ³ 9.60
39.0 ³ 0.05 ³ 0.1 ³ 0.1 ³ 0.1 ³ 32.1 ³ 34.0 ³ 8.9
52.0 ³ 0.04 ³ 0.1 ³ 0.1 ³ 0.1 ³ 104.2 ³ 106.9 ³ 7.9
65.0 ³ 0.05 ³ 0.1 ³ 0.1 ³ 0.14 ³ 136.0 ³ 87.5 ³ 7.1
91.0 ³ 0.07 ³ 0.1 ³ 0.1 ³ 0.17 ³ 160.0 ³ 77.8 ³ 7.2

117.0 ³ 0.05 ³ 0.1 ³ 0.1 ³ 0.29 ³ 152.0 ³ 85.0 ³ 7.35
143.0 ³ 0.08 ³ 0.1 ³ 0.1 ³ 0.39 ³ 170.0 ³ 58.3 ³ 7.4
169.0 ³ 0.09 ³ 0.1 ³ 0.1 ³ 0.80 ³ 196.0 ³ 56.0 ³ 7.2
195.0 ³ 0.03 ³ 0.1 ³ 0.1 ³ 0.89 ³ 194.0 ³ 53.5 ³ 7.2
221.0 ³ 0.02 ³ 0.1 ³ 0.1 ³ 0.76 ³ 192.0 ³ 53.5 ³ 6.2
247.0 ³ 0.03 ³ 0.1 ³ 0.85 ³ 1.5 ³ 180.0 ³ 65.5 ³ 6.5
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Averaged wastewater composition after decontamination with S-930 and KU-20 8 sorbents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solution
³

pH
³ Metal concentration, mg l31

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
³ ³ Cu ³ Zn ³ Ni ³ Cr(III) ³ Ca ³ Mg

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Wastewater ³ 5.1 ³ 29.5 ³ 8.2 ³ 7.95 ³ 13.7 ³ 156.3 ³ 72.9
After decontamination:³ ³ ³ ³ ³ ³ ³

on S-930 ³ 7.8 ³ 0.1 ³ 0.1 ³ 0.1 ³ 0.4 ³ 152.0 ³ 70.0
on KU-2 0 8 ³ 6.5 ³ 0.2 ³ 0.1 ³ 0.1 ³ 0.5 ³ Not detected ³ Not detected

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

metals [including Cr(III)] present in the initial waste-
water. Magnesium was not detected in the eluate. As
for calcium, this cation is precipitated in the firstfrac-
tion of the eluate (10% of the total eluate volume) as
calcium sulfate. In the case of KU-2 cation exchanger,
to prevent calcium sulfate precipitation within the
sorbent bed, the metals were sequentially desorbed
with 2 and 10% sulfuric acid at a filtration rate of
132 ml min31. In these experiments copper, zinc,

nickel, calcium, and magnesium were eluted, whereas
Cr(III) was desorbed poorly (Fig. 2). In all fractions of
the eluate calcium sulfate was precipitated. To prevent
calcium sulfate precipitation in regeneration of KU-2
cation exchanger and increase recovery of chromi-
um(III), we recommend to use as eluent nitric or hy-
drochloric acid. However, with these reagents the
sorbent regeneration is significantly complicated.
Figure 2 shows that in regeneration of S-930 sorbent
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Fig. 2. Regeneration curves of (a) S-930 sorbent and
(b) KU-2 0 8 cation exchanger. (A) Nonferrous metal [in-
cluding Cr(III)] concentration, (B) Mg concentration, and
(C) nonferrous metal [including Cr(III)] and calcium con-
centration; (V) eluate volume.

the main amount of nonferrous metals [including
Cr(III)] is desorbed by the first portion of the eluent
(40%). The remaining part of the eluate (60%) mainly
contains chromium and traces of other nonferrous
metals. This portion of the eluate is acidified with
sulfuric acid to 20% concentration and reused in the

first stage of S-930 regeneration after repeated sorp-
tion cycle. This procedure allows significant decrease
of the sulfuric acid consumption.

All fractions of the eluate formed in the course of
KU-2 0 8 regeneration contain calcium sulfate precipi-
tate, which hinders their reuse for regeneration.

Comparison of S-930 selective sorbent and KU-
2 0 8 universal cation exchanger in sorption of non-
ferrous metals [including Cr(III)] from wastewater
and in regeneration of the spent sorbents shows ad-
vantage of the selective sorbent in both stages.
Another advantage of S-930 is that it does not sorb
the cations responsible for the solution hardness
(Ca,Mg), which increases the filtration cycle and the
sorption service life. With this sorbent it is possible
to reuse the weakly concentrated eluate fractions
(60% of the total eluate volume) after their adjustment
with a small amount of sulfuric acid. This procedure
decreases the consumption of sulfuric acid and the
wastewater volume.

The technique developed by us for decontamination
of the wastewater from electroplating productions by
treatment with S-930 sorbent was put into operation
at the Promotkhody plant.

CONCLUSIONS

(1) High selectivity of S-930 sorbent provides the
required extent of decontamination of wastewater
from electroplating productions and high degree of
concentration of nonferrous metal impurities.

(2) The sorption capacity of S-930 in wastewater
decontamination from microamounts of nonferrous
metals is twice that of KU-20 8 cation exchanger.

(3) The use of S-930 sorbent for wastewater de-
contamination from nonferrous metals significantly
decreases the reagent consumption in the regeneration
stage.

(4) Testing of S-930 showed that this chelating
sorbent can be recommended for decontamination of
wastewater from electroplating productions. The use
of this sorbent is promising from the viewpoint of
both the process optimization and the environmental
safety.
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Abstract-Gas-sensitive (sensory) properties of bismuth3tin oxide materials, including ceramic films with
the Bi2Sn2O7 composition and pyrochlore structure, were considered, as applied to the determination of H2,
CO, and CH4 in an air mixture.

Carbon monoxide is known to be one of the main
contaminants of the atmosphere. Its efficient monitor-
ing requires development of highly sensitive selective
chemical sensors. Doped tin dioxide is recognized
as one of promising materials for manufacturing func-
tional layers of such sensors [133]. Thin films based
on tin dioxide with properly chosen dopants can selec-
tively change electrical conductance when adsorbing
various gases [4, 5].

The aim of this work was to study the possibility
for the selective monitoring of carbon monoxide using
bismuth-doped tin dioxide with a variable chemical
composition.

EXPERIMENTAL

To study gas-sensitive properties of bismuth3tin
oxide materials, we have manufactured adsorption-
sensitive elements (ASEs). As an ASE substrate we
used Polikor laminas of size 0.30 0.30 0.5 mm.
Comb-shaped measuring electrodes and zigzag-shaped
heaters on the back side of substrates were formed by
platinum magnetron sputtering with subsequent photo-
engraving. Sensitive ceramic layers of thickness
50 mm were made by covering measuring electrodes
with a suspension of powdered bismuth stannates in
an organic volatile binder and by subsequent sintering
at 800oC in air for 1 h. The powders of bismuth stan-
nates were synthesized by a hydrolytic procedure
based on coprecipitation of bismuth(III) and tin(IV)
from nitrate3chloride solutions by their neutralization
with an alkali. The content of bismuth was varied
from 5 to 90 at. %. The composition of the films was

determined by X-ray and chemical methods [6, 7]:

Sn : Bi Composition of thick films

20 : 1 SnO2 + Bi2Sn2O7
10 : 1 SnO2 + Bi2Sn2O7
5 : 1 SnO2 + Bi2Sn2O7
1 : 1 Bi2Sn2O7
1 : 12 Bi2Sn2O7 + Bi2O3

To study the temperature dependence of the adsorp-
tion response to gases (H2, CO, and CH4), ASEs were
placed in a sealed quartz cell, through which filtered
air with a constant humidity was passed using a
PRB-2B gas flow booster. A sample containing a mix-
ture of 10031000 ppm of H2, CO, and CH4 with air
(gas3air mixture) was fed to the measuring cell. The
ratio Ra/Rg, where Ra is the film resistance in pure
air andRg is the film resistance in a gas3air mixture,
was taken as a measure of the adsorption response to
the gas action. The ASE resistance was measured with
a VK-9 device accurate to within+4% of the length of
the working section of the010 W scale and to within
+2.5% on the other scales. The ASE temperature was
varied by the corresponding variation of the heater
power Ph from 0.1 to 4.0 W, which corresponded to
the range from 100 to 500oC. The constant power of
the heater was maintained during measurements with
an accuracy of 5%.

The bismuth3tin oxide materials under study with
tin3bismuth ratios from 5 to 1/12 have high resistance
of the order of hundreds of MW, which decreased with
increasing temperature, following an exponential law
characteristic of semiconductors [8].
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Fig. 1. Adsorption responseRa/Rg to the action of (1) H2, (2) CO, and (3) CH4 as a function of (a) heater powerPh and (b) gas
concentrationC. Composition of films: (A) SnO23Bi2Sn2O7 (Sn : Bi = 20) and (B) Bi2Sn2O7 (Sn : Bi = 1). (A, a; B, a) Concen-
tration of gases 400 ppm; heater powerPh (A, b) 1.8 and (B, b) 2.0 W.

The adsorption-sensitive cells based on the bis-
muth3tin materials SnO23Bi2Sn2O7, Bi2Sn2O7, and
Bi2Sn2O73Bi2O3 have an enhanced sensitivity to hy-
drogen and to carbon(II) monoxide and do not re-
spond to methane up to 400oC. As follows from the
concentration and temperature dependences (Fig. 1A),
the ASEs under study based on thick films with the
composition SnO23Bi2Sn2O7 are sensitive to low
concentrations of CO and H2 (1.001032 vol %). Their
sensitivity to hydrogen is 1.532 times higher than to
CO. At the atomic ratio Sn : Bi < 5 the sensitivity to
H2 and CO starts to drop, and at the Sn : Bi ratio of
1 and lower, the adsorption response is less than unity
(Fig. 1B). In this case the concentration and tempera-
ture dependences of the adsorption response to the
action of reducing gases are characteristic of the
p-type semiconductor sensors. Hence, Bi2Sn2O7,
along with the known Bi2O3, are thep-type semicon-
ductors.

These compounds are more sensitive to CO than to
H2. This difference is the most pronounced for the
films with the composition Bi2Sn2O7 below 380oC
(which corresponds toPh ~ 2.0 W). Thus, at such tem-
peratures the Bi2Sn2O7 films can be used in CO-selec-
tive sensors in a wide range of gas concentrations
in the presence of H2 and CH4.

The adsorption response of ASEs passes through
a maximum, which is reached at various temperatures
depending on the chemical composition of the sensi-
tive material and the nature of a gas under determina-

tion (Ph values; Figs. 1A, a and 1B, a). The tempera-
ture of the highest performance of sensors based on
pure Bi2Sn2O7 is maximal, being close to 380oC for
CO and H2. The value ofTm for Bi2Sn2O73Bi2O3 is
much lower (~250oC). In the case of the SnO23
Bi2Sn2O7 ASEs with Sn : Bi from 5 to 20Tm de-
creases with increasing content of the bismuth-con-
taining component and reaches approximately 310oC
at the Sn : Bi ratio equal to 5.

When detecting reducing gases, including CO and
H2 in air, gas molecules are oxidized on the surface of
metal oxide semiconductors with adsorbed oxygen [3].
It is probable that gas-sensitive ASE characteristics
essentially depend on the concentration of active oxy-
gen, which is determined by the density of adsorption
centers and also by the form of chemisorbed oxygen
[9]. Our experimental data show that the adsorption
response as a function of temperature passes through
a maximum (when a reducing gas is introduced, the
relative change in the electric conductance first grows
with increasing temperature and then drops to zero at
a fairly high temperature). Such a dependence, which
is typical for a wide range of gas-sensitive cells, is
presumably due to the formation of negatively charged
adsorbed forms of oxygen. If the operation tempera-
ture of the sensorTop is low, the reaction products
(CO2 in the case of CO and H2O in the case of H2)
will not be desorbed, i.e., the regeneration of the
oxygen adsorption centers will be impossible. IfTop
is rather high, the adsorption of both oxygen and a
reducing gas becomes impossible.
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Fig. 2. Electrical conductances of SnO23Bi2Sn2O7 films
as a function of concentrationCg of (a) H2 and (b) CO in
air. (s0, s) ASE conductance under normal conditions and
specified temperatures, respectively. Atomic ratio Sn : Bi:
(1) 5, (2) 10, and (3) 20. Heater powerPh, W: (1) 1.8 and
(2, 3) 1.4.
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Fig. 3. Kinetic curves of adsorption responseRa/Rg for
SnO23Bi2Sn2O7 films (Sn : Bi = 10) in the presence of
(a) CO and (b) H2 in concentrations of (1) 100 and
(2) 1000 ppm, and (c) for Bi2Sn2O7 films in the presence
of 1000 ppm of (1) CO and (2) H2. (t) Time. Heater power
Ph, W: (a, b) 1.7 and (c) 2.0.

It is known that above 150oC O3 is the most stable
oxygen species on the SnO2 surface, and above 300oC
the appearance of O23 is probable [9]. As the tempera-
ture of the maximum response of ASEs under study is
higher than 300oC, H2 and CO can probably react
with O3 and O23, except for the Bi2Sn2O73Bi2O3
film. The plots of the electric conductance of bismuth3
tin oxide layers against concentrations of CO and H2
in logarithmic coordinates are shown in Fig. 2.There
are two clear linear segmentsI and II in the curves,
which correspond to the power dependences ~ Pg

m

(Pg is the gas pressure) with different values ofm

(mI and mII). When H2 and CO are detected,mI and
mII values lie in the ranges 0.230.27 and 0.1230.16,
respectively, depending on the ratio Sn : Bi in the
SnO23Bi2Sn2O7 films. The parameterm changes
at gas concentrations close to 400 ppm. A possible
reason for lowm values can be the lack of oxygen
adsorption centers on the semiconductor surface [8].
At present the nature of these centers for bismuth3
tin materials is unknown. It was found that Bi2O3
lowers the amount of adsorbed oxygen and supplies
lattice oxygen for surface reactions [10]. Possibly
Bi2Sn2O7 also has such properties. It is the presence
of Bi2Sn2O7 in a mixture with SnO2 that seems to
considerably reduce the number of oxygen adsorption
centers on the surface, which results in deceleration
of the growth of adsorption response in the concentra-
tion curves (Fig. 1) as the H2 and CO concentrations
increase. We can assume that the high temperature of
the maximum response (about 380oC) is caused by the
dominating participation of lattice oxygen in surface
reactions when[pure] Bi2Sn2O7 is used for detecting
CO and H2. This assumption is also supported by the
longer response time of the ASEs based on Bi2Sn2O7
as compared to SnO23Bi2Sn2O7 films (Fig. 3).

It is evident from Fig. 3 that increasedconcentra-
tion of a gas to be detected results in increased ASE
response rate. It follows from the theory of semicon-
ductors that the characteristics of a sensor depend on
the value of the surface barrierUs: the greaterUs, the
lower the electron transfer rate and, hence, the re-
sponse rate of the sensor. As the chemisorption of H2
and CO reduces the surface barrier, the response rate
increases with increasing CO and H2 concentrations.

CONCLUSION

(1) Bismuth3tin compounds obtained by a hy-
drolytic procedure are promising materials for adsorp-
tion gas analyzers. At properly choosen compositions,
they can be used in adsorption-sensitive cells of semi-
conductor sensors selective to carbon monoxide and
hydrogen in the presence of methane, to hydrogen
in the presence of carbon monoxide, and to carbon
monoxide in the presence of hydrogen.

(2) Bi2Sn2O7 in the composition of adsorption-
sensitive cells is highly sensitive to low concentra-
tions of CO and H2 in air.
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Abstract-Separation of cellulose nitrate suspensions in a centrifuge with biconical rotor was studied.
An empirical equation was derived, enabling calculation of the efficiency of purification of process water and
wastewater to remove the solid phase in centrifuges of this kind.

At present, sedimentation tanks (wastewater ponds)
are used to purify wastewater to remove polydisperse
solid impurities [1]. These installations have strong
adverse effect on the environment and safety of
humans; their maintenance requires gross expenditure.
At the same time, use of other techniques intensifying
the purification process and, in particular, centrifugal
separation is difficult from both economical and tech-
nological standpoints. This is so because there exist
no sufficiently simple to operate and comparatively
low-cost centrifugal machines with mechanized sedi-
ment discharge and high degree of separation [235].

Centrifugal apparatus [6] and centrifuges are
known [7] in which suspensions are separated in a
rotor comprising two truncated conical cowlings
mounted on a fast-rotating shaft. Preliminary calcula-
tions and experiments on a cylindrical sedimentation
centrifuge demonstrated that the centrifuge with a
biconical rotor must exhibit high efficiency of separa-
tion of finely dispersed and low-concentration suspen-
sions at relatively high centrifugate output capacity.

The aim of this study was to analyze the influence
of basic process parameters (speed of centrifuge rotor
rotation, flow rate and initial concentration of the
starting suspension) on the final concentration of solid
particles in the centrifugate; and to derive empirical
equations for calculating the relative concentration
of the solid phase in the centrifugate, which allows
prognostication of the quality of suspension separation
in centrifuges of the given type.

EXPERIMENTAL

To perform experimental studies, we designed an
installation comprising a centrifuge1 and accessory
equipment. A prepared suspension was fed into the

centrifuge from a vessel2 by means of a centrifugal
pump 3, with the flow rate monitored with rotam-
eter 4, and the speed of shaft rotation, with tachom-
eter 5. The centrifuge power drive allowed variation
of the speed of rotor rotation in the range from 1000
to 6000 rpm.

The centrifuge rotor (Fig. 2) comprised two conical
cowlings, upper1 and lower2, and disk3 pressed to
the lower cowling with a bushing. Apertures through
which the suspension is fed into the centrifuge rotor
were made in the bushing5. The impermeability of
the cowling junction was ensured by nut6.

An aqueous suspension of nitrocellulose with solid
particles 1 to 280mm in size was separated. The
experiments were carried out as follows. A nitrocellu-
lose suspension was poured into the vessel apparatus
and continuously agitated there with blade stirrers,
and a uniform concentration of the solid phase was
maintained in the working volume of the apparatus.
A variable power drive ensured rotor rotation at a
required speed. Then the suspension was fed into the
rotor, and purified liquid was sampled at the centri-

Precipitate Centrifugate

Fig. 1. Schematic of laboratory installation: (1) centrifuge,
(2) apparatus with stirrer, (3) centrifugal pump, (4) rotam-
eter, and (5) tachometer.
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fuge outlet. The samples were filtered and the concen-
tration of solid impurities in the centrifugate was
determined.

The study was carried out at speeds of rotor rota-
tion, n, equal to 3000, 4000, 5000, and 6000 rpm, ini-
tial suspension concentrationCin = 13.28, 6.64, 3.32,
and 1.66 g l31, and suspension flow rate varying
between 9 and 100 l h31.

The obtained experimental data were presented in
the form of a dependence of the concentrationCout of
the solid phase in the centrifugate on the flow rateQ
of the suspension at the centrifuge inlet.

Figure 3 shows such dependences for speeds of
rotor rotation of 3000, 4000, and 5000 rpm and initial
suspension concentration of 3.32 g l31.

As a parameter that characterizes the separation
capacity of sedimentation centrifuges and facilitates
simulation of their operation is commonly used the
output capacity index

S = 2pRHF, (1)

whereH is the height of the cylindrical sedimentation
surface of the rotor (m), andF is the separation factor
at a radiusR.

Using the known equation [2, 8] based on the
Godin3Andreev formula [2, 3, 8], we derived a re-
gression equation approximating the experimental data
and determined the coefficients of this equation.
Equation (2) allows a rather accurate prognostication
(mean relative error of about 25%) of the relative con-
centration of the solid phase in the centrifugate in a
wide range of speeds of rotor rotation and suspension
concentrations and flow rates (for the investigated
type of suspension):

Cout/Cin = 6.160 105(Q/S)x, (2)

where S is the throughput factor of the centrifuge
(m2).

The coefficient x in Eq. (2) is defined by the
formula

x = exp (a ln Cin + b). (3)

The coefficients appearing in Eq. (3) are given by

a = 33.750 1036n + 0.038, (4)

b = 32.520 1035n + 0.526. (5)

Fig. 2. Schematic of the centrifuge: (1) upper cowling,
(2) lower cowling, (3) disk, (4) blades, (5) bushing,
(6) nut, (7) pipe, and (8) case.

Q 0 105, m3 s31

Cout, g l31

Fig. 3. Concentration of the solid phase in the centrifugate,
Cout, vs. suspension flow rateQ. Initial concentrationCin =
3.32 g l31. Speed of rotor rotationn (rpm): (1) 3000,
(2) 4000, and (3) 5000; the same for Fig. 4.

Q/S 0 105, m s31

Cout/Cin

Fig. 4. Relative concentrationCout/Cin vs. parameter
Q/S. Initial concentrationCin = 13.28 g l31.

Figure 4 shows by solid lines the calculated depen-
dences of the relative concentrationCout/Cin on the
parameterQ/S at different speeds of rotor rotation and
initial suspension concentration of 13.28 g l31.

An analysis of the obtained experimental data
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Q/S 0 105, m s31

Cout, g l31

Fig. 5. Relative concentrationCout/Cin (calculated) vs.
parameterQ/S. Number of rotor revolutionsn = 3000 rpm.
Initial concentration Cin (g l31): (1) 13.28, (2) 6.64,
(3) 3.32, and (4) 1.66.

demonstrated that the separation efficiency grows with
increasing concentration of the starting suspension
(Fig. 5), in good agreement with the available pub-
lished data [2]. At the same time, the separation ef-
ficiency falls with increasing speed of rotor rotation
and decreasing concentration of the solid phase in
the centrifugate (Fig. 4). This can be presumably ac-
counted for by the presence of turbulence zones inside
the centrifuge rotor, whose influence on the separation
efficiency becomes more pronounced with increasing
speed of rotor rotation [3], and also by the fact that
the degree of destruction of solid phase particles and
agglomerates of these grows with increasing angular
speed of rotor rotation.

The following conditions should be satisfied in
simulation of geometrically similar sedimentation
centrifuges [4]: sedimentation of particles with close
sizes in different centrifuges is ensured at the same
separation factor; fluid flows are in the same auto-
model region. The equation for simulating geomet-
rically similar centrifuges with the use of the output
capacity index can be written as

Q/ Qm = S /Sm, (6)

whereQm is the output capacity of a centrifuge being
simulated (m3 s31), and Sm is the throughput factor
of this centrifuge (m2).

It may be considered that for suspensions with
fibrous solid phase, in which the particle size changes
significantly in the course of separation, the maximum
ratio of centrifuge throughputs is equal to the ratio of
cubed radii of rotor disks.

Based on the results obtained in processing the
obtained experimental data and on methods of the
similarity theory, an industrial variant of the centri-

fuge is designed. The centrifuge can be used for
purification of process water and wastewater to re-
move solid impurities in manufacture of cellulose
nitrates. Using the similarity theory [9311], we cal-
culated the basic geometrical parameters of the in-
dustrial centrifuge. The performance characteristics
of the industrial centrifuge are as follows:

Throughput, m3 h31 25
Number of rotor revolutions, rpm 5000
Rotor diameter, mm 600
Disk diameter, mm 500
Rotor height, mm 350

Use of centrifuges of this type makes it possible to
improve, at low capital outlays, the efficiency of puri-
fication of industrial wastewater at the existing plants
and ensure discharge to waste disposal plants of puri-
fied liquid with solid phase concentration correspond-
ing to the maximum permissible concentration.

CONCLUSIONS

(1) The achieved degree of purification of low-
concentration cellulose nitrate suspensions in a centri-
fuge with biconical rotor yields in certain separation
modes a concentration of solid impurities in the cen-
trifugate of no more than 20 mg l31.

(2) The derived empirical equation can be used to
prognosticate with sufficient accuracy the relative
concentration of the solid phase in the centrifugate in
a wide rage of variation of the basic process param-
eters of the installation: initial concentration and flow
rate of suspension and speed of rotor rotation.

(3) The obtained results demonstrate the possibil-
ity of using centrifuges of the given type in purifica-
tion of industrial process water and wastewater to re-
move finely dispersed solid impurities.
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Abstract-The procedures of production of mononitrochlorobenzene by nitration with 75397% nitric acid
with the yield of the target product of 97.5% were developed. A procedure of precipitation of crystalline
p-nitrochlorobenzene from the reaction mixture without additional purification was proposed.

Nitration of chlorobenzene with sulfuric acid3nitric
acid mixtures is the main procedure of mononitro-
chlorobenzene (MNCB) production [1]. The drawback
of this procedure is large amount of dilute spent sul-
furic acid as waste. The present-day procedures of
recovery of spent sulfuric acid do not eliminate its
environmental impact. The growing importance of
environmentally safe processes requires a search
for new nitration procedures without using sulfuric
acid.

One of such procedures can be nitration of chloro-
benzene with nitric acid alone, which can be re-
covered on the industrial scale by environmentally
safer procedures, compared to sulfuric acid [2]. As
seen from published data, the major attention was
focused on the use of 67368% nitric acid for nitration.
For example, it was proposed to carry out nitration of
chlorobenzene with a 20330-fold molar excess of
nitric aicd in a tubular reactor or cascade of reactors at
90oC [3] or by adding chlorobenzene to an excess of
boiling nitric acid with simultaneous removal of the
reaction water [4]. Apparently, long reaction time,
large amounts of acids to be recovered, and difficul-
ties in temperature control of the process hinder in-
dustrial implementation of these procedures.

Kinetic studies of mononitration of chlorobenzene
with aqueous nitric acid showed [5, 6] that, contrary
to nitration in sulfuric acid medium, the reaction pro-
ceeds in a homogeneous medium with the rates of
nitration close to or exceeding the rates of nitration of
chlorobenzene with sulfuric3nitric acid mixtures; the
significant (three orders of magnitude) difference in
the rate constants of mono- and dinitration suggests
that the use of nitric acid alone as a nitrating agent
allows reduction or elimination of formation of the

by-product, dinitrochlorobenzene (DNCB), during
nitration.

Based on these data, we examined the possibility
of using nitric acid alone for production of MNCB.

Nitration of chlorobenzene was carried out in a
continuous installation (Fig. 1) including (1) main and
(2) surge reactors and (3) dilution vessel, equipped
with reflux condensers, blade stirrers, coil pipes, and
jackets. The volume of the apparatus made from
1Cr18Ni10Ti steel was 60 ml. The components were
dosed by piston pumps. Before start-up, the installa-
tion was filled with nitric acid with a composition
close to that of spent acid. The steady state of the
system was reached after passing a 536-fold volume
of the reaction mixture through the apparatus. The
temperature was maintaned with an accuracy of
+0.5oC using thermostats. After nitration completion,
the reaction mixture was a solution of MNCB in spent
acid. To recover the nitro product, the reaction mixture

p-NCB

CB

separation
To

Fig. 1. Continious installation for nitration of chloroben-
zene with nitric acid: (1) main reactor, (2) surge reactor,
(3) dilution vessel, (4) vacuum funnel, and (5) reflux con-
densers.
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Table 1. Nitration of chlorobenzene (CB) with 97% HNO3
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Run no.
³

HNO3 : CB
³

T, oC
³

t, min
³ Yield of MNCB ³ Unreacted CB³Yield of DNCB

³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ molar ratio ³ ³ ³ %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
1 ³ 1.5 ³ 75 ³ 120 ³ 84.3 ³ 15.0 ³ 3

2 ³ 1.5 ³ 85 ³ 120 ³ 90.2 ³ 7.5 ³ 0.7
3 ³ 1.5 ³ 75/85* ³ 120 ³ 89 ³ 8.0 ³ 0.8

³ ³ ³ ³ ³ ³4 ³ 2 ³ 65 ³ 180 ³ 87.0 ³ 10.0 ³ 2.5
5 ³ 2 ³ 75 ³ 60 ³ 87.0 ³ 10.0 ³ 2.0
6 ³ 2 ³ 75 ³ 120 ³ 90.0 ³ 7.0 ³ 3.0
7 ³ 2 ³ 75/65* ³ 120 ³ 90.0 ³ 6.0 ³ 4.0

³ ³ ³ ³ ³ ³8 ³ 2.5 ³ 65 ³ 45 ³ 97.5 ³ 2.5 ³ 3

9 ³ 2.5 ³ 65 ³ 60 ³ 93.0 ³ 1.5 ³ 1.5
10 ³ 2.5 ³ 75 ³ 45 ³ 94.0 ³ 1.0 ³ 1.0
11 ³ 2.5 ³ 75 ³ 60 ³ 94.0 ³ 3 ³ 2.0
12 ³ 2.5 ³ 75 ³ 120 ³ 91.3 ³ 3 ³ 6.0

³ ³ ³ ³ ³ ³13 ³ 3 ³ 55 ³ 7.5 ³ 98.0 ³ 1.7 ³ 3

14 ³ 3 ³ 55 ³ 15 ³ 98.2 ³ 0.2 ³ 3

15 ³ 3 ³ 65 ³ 5 ³ 93.5 ³ 2.1 ³ 3

16 ³ 3 ³ 65 ³ 7.5 ³ 98.6 ³ 0.7 ³ 3

17 ³ 3 ³ 65 ³ 10 ³ 99.0 ³ 0.3 ³ 3

18 ³ 3 ³ 65 ³ 15 ³ 99.0 ³ 0.1 ³ 3

19 ³ 3 ³ 65 ³ 30 ³ 95.3 ³ 3 ³ 3

20 ³ 3 ³ 65 ³ 45 ³ 93.8 ³ 3 ³ 0.1
21 ³ 3 ³ 65 ³ 60 ³ 93.6 ³ 3 ³ 0.2
22 ³ 3 ³ 65 ³ 75 ³ 92.4 ³ 3 ³ 0.2
23 ³ 3 ³ 75 ³ 5 ³ 94.9 ³ 3.0 ³ 3

24 ³ 3 ³ 75 ³ 7.5 ³ 97.9 ³ 1.5 ³ 3

25 ³ 3 ³ 75 ³ 10 ³ 98.7 ³ 0.3 ³ 3

26 ³ 3 ³ 75 ³ 15 ³ 96.0 ³ 3 ³ 3

27 ³ 3 ³ 75 ³ 30 ³ 94.5 ³ 3 ³ 0.6
28 ³ 3 ³ 75 ³ 45 ³ 97.5 ³ 3 ³ 0.6
29 ³ 3 ³ 75 ³ 60 ³ 90.0 ³ 3 ³ 0.7
30 ³ 3 ³ 75 ³ 75 ³ 89.7 ³ 3 ³ 0.8

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Temperature in the surge reactor.

was diluted in apparatus3 at 20oC with a calculated
amount of water to the nitric acid concentration of
50.0%. The resulting nitro product, suspension of
p-NCB crystals in the liquid mixture of isomers, was
separated, washed with hot water, and dried. Dilute
spent acid was extracted with chlorobenzene. The
composition of the organic product was determined by
gas3liquid chromatography. The concentration of
nitric acid was determined by alkalimetric titration.

After reaching the steady state, the reaction mixture
in the main reactor is heterogeneous and in the surge
reactor, homogeneous. It is well known that in hetero-
geneous nitration of chlorobenzene with sulfuric acid3

nitric acid mixtures the diffusion of the components
into the reactionarea affects substantially the nitration
process, and stirring of the reaction mixture is one of

the factors providing mass exchange in the reaction
system, dispersity of phases, and, hence, the required
residence time of components in the reaction zone [7].
Studying the effect of the strirring rate on nitration of
chlorobenzene with nitric acid alone showed that in
this reaction system variation in the stirring rate from
200 to 3000 rpm does not affect the reaction rate in
the entire range of nitric acid concentrations studied.
This fact suggests that the nitration occurs in the bulk
of the acid phase and the rate-determining stage of the
process is the reaction of chlorobenzene with nitric
acid. Therefore, in the subsequent experiments the
mixture was stirred at a rate of 400 rpm. The experi-
mental results are listed in Table 1.

As seen from Table 1, the use of a 1.532-fold
molar excess of nitric acid does not ensure complete
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Table 2. Nitration of chlorobenzene with 90368% HNO3
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run no.
³

HNO3, %
³

HNO3 : CB
³

T, oC
³

t, min
³ Yield of MNCB ³ Unchanged CB

³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ ³ molar ratio ³ ³ ³ %

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
31 ³ 90 ³ 3 ³ 75 ³ 45 ³ 98.2 ³
32 ³ 90 ³ 3 ³ 75 ³ 60 ³ 98.2 ³

³ ³ ³ ³ ³ ³33 ³ 85 ³ 3 ³ 65 ³ 45 ³ 74.0 ³ 25.4
34 ³ 85 ³ 3 ³ 75 ³ 45 ³ 86.2 ³ 13.0
35 ³ 85 ³ 3 ³ 75 ³ 60 ³ 94.1 ³ 5.1

³ ³ ³ ³ ³ ³36 ³ 80 ³ 5 ³ 75 ³ 120 ³ 94.2 ³ 4.9
37 ³ 80 ³ 5 ³ 75 ³ 180 ³ 97.0 ³ 1.0
38 ³ 80 ³ 5 ³ 85 ³ 120 ³ 95.4 ³ 3.0

³ ³ ³ ³ ³ ³39 ³ 80 ³ 4 ³ 75 ³ 180 ³ 91.0 ³ 8.0
40 ³ 80 ³ 4 ³ 85 ³ 180 ³ 95.0 ³ 3.5

³ ³ ³ ³ ³ ³41 ³ 75 ³ 4 ³ 85 ³ 180 ³ 93.2 ³ 5.0
42 ³ 75 ³ 4 ³ 95 ³ 180 ³ 97.5 ³ 1.5
43 ³ 75 ³ 5 ³ 75 ³ 120 ³ 89.8 ³ 10.0

³ ³ ³ ³ ³ ³44 ³ 68 ³ 5 ³ 95 ³ 180 ³ 88.0 ³ 10.0
45 ³ 68 ³ 7 ³ 95 ³ 180 ³ 90.0 ³ 7.0
46 ³ 68 ³ 8 ³ 95 ³ 200 ³ 92 ³ 6

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

conversion of chlorobenzene to MNCB, and an at-
tempt to increase the yield of the target product by
increasing reaction temperature or time is accom-
panied by formation of 234% DNCB (run nos. 137).
An increase in the amount of nitric acid to 2.53

3.0-fold molar excess results in practically complete
conversion of chlorobenzene; in this case, the result-
ing nitration product contains no DNCB (run nos. 8,
13, 14, 16318, and 24326). It should be noted that at
55375oC the reaction was complete in 7.5310 min.

To elucidate the effect of the acid concentration
on the yield of MNCB, we studied nitration of chloro-
benzene with 90368% nitric acid. The results are
listed in Table 2.

The experiments showed that a decrease in the acid
concentration below 85% is accompanied by notice-
able increase in its molar excess, reaction temperature,
and reaction time required to reach the maximum
yield of MNCB. However, despite higher temperature
and longer process time, DNCB was formed in none
of the runs. For example, in nitration of chloroben-
zene with 75% nitric acid at 95oC, fourfold molar
excess of nitric acid, and the reaction time of 180 min,
the yield of MNCB was 97.5% (run no. 39). A de-
crease in the nitric acid concentration to the composi-
tion of aqueous azeotrope (68% HNO3) results in
significant increase in the excess of nitric acid (more
than eightfold by moles) and inhibition of the nitration
process.

Thus, it was established that in a wide concentra-
tion range nitric acid can be used for producing
MNCB in a nearly quantitative yield; the resulting
product contains no DNCB impurity.

Based on this study, we developed two procedures
for nitration of chlorobenzene with both concentrated
and dilute nitric acid. With 90397% nitric acid, the
total amount of the nitrating agent required for at-
tainment of the maximum conversion is lower, but the
spent acid cannot be used for preparing nitrating mix-
ture. On the contrary, with 75385% nitric acid a part
of spent acid can be used in production of MNCB.

We found that for nitration with 95% HNO3 the
optimum conditions are as follows: molar ratio
HNO3 : chlorobenzene 2.5, reaction temperature 65oC,
and residence time in the main and surge reactors
45 min. The yield of MNCB was 97.5%.

The nitration process with partial acid circulation
was tested with 75% HNO3 as an example. The
optimum conditions are as follows: molar ratio
HNO3 : chlorobenzene 4, reaction temperature 95oC,
and residence time in the main and surge reactors
180 min. The acid mixture was prepared in the main
reactor by dosing of 98% HNO3 and spent 50%
HNO3. The yield of MNCB was 97.5%.

The MNCB formed by nitration has the following
isomeric composition (%):p-NCB 68.0370.0,o-NCB
29.5331.9, andm-NCB 0.130.5. In nitration of chloro-
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Table 3. Isolation of MNCB from the reaction mixture at various degrees of its dilution
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³

Concentra-
³

Temperature
³ Product yield based on the total amount of MNCB,* %

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
no. ³ tion of spent³ of dilution, ³

crystalline phase (p-NCB)
³ liquid phase (mixture³ residue extracted from spent

³ acid, % ³ oC ³ ³ of o- and p-NCB) ³ acid
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ 47 ³ 5 ³ 61.3 ³ 37.7 ³ 1.0a

2 ³ 47 ³ 25 ³ 54.4 ³ 45.3 ³ 0.4b

3 ³ 47 ³ 50 ³ 50.6 ³ 40.4d ³ 9.0c

³ ³ ³ ³ ³4 ³ 56 ³ 5 ³ 60.1 ³ 38.9 ³ 1.0
5 ³ 56 ³ 25 ³ 52.9 ³ 45.9 ³ 1.2
6 ³ 56 ³ 50 ³ 27.1 ³ 60.9 ³ 12.0

³ ³ ³ ³ ³7 ³ 66 ³ 5 ³ 48.4 ³ 50.5 ³ 1.1
8 ³ 66 ³ 25 ³ 27.9 ³ 58.5 ³ 13.6
9 ³ 66 ³ 50 ³ Crystalline phase is not precipitated

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Isomeric composition, %:a p-NCB 46.4; o-NCB 14.6, m-NCB 39.0; b p-NCB 16.5, o-NCB 41.7, m-NCB 41.8; c p-NCB 18.9,

o-NCB 35.5, m-NCB 45.6; d p-NCB 44.3, o-NCB 55.6, m-NCB 0.1.

benzene with sulfuric acid3nitric acid mixtures the
amount of m-NCB reaches 2.032.5% [1].

We found that during dilution a significant part of
p-NCB (up to 60% of the total amount in the mixture
of isomers) precipitates from the reaction mixture in
the crystalline form and can be separated by filtration.
A high degree of purity ofp-NCB isolated by this
procedure (98.5399.0%) allows this product to be used
without additional purification, which undoubtedly
facilitates the labor-consuming stage of isomer separa-
tion. The residual liquid mixture of isomers, contain-
ing on the average 20%p-NCB and 80%o-NCB, is
separated from the spent acid and washed with water.
Taking into account high solubility of MNCB in nitric
acid, we studied the dependence of the yield of the
nitro product on the temperature and degree of dilu-
tion of the reaction mixture with water.

We found that with increasing concentration of
spent acid and temperature the solubility of MNCB in

sp, g/100 g HNO3

T, oC

(a)

T, oC

so, g/100 g HNO3
(b) sm, g/100 g HNO3

(c)

T, oC

Fig. 2. Solubility of (a) p-NCB sp, (b) o-NCB so, and (c)m-NCB sm in nitric acid as a function of temperatureT. Concentration

of HNO3 (wt %): (1) 47, (2) 63, and (3) 74.

the spent acid noticeably increases, and the amount of
thepara isomer precipitated from the reaction mixture
decreases (Table 3).

To substantiate the choice of the conditions for
isolation of the nitro product, we studied the solubility
of MNCB isomers in nitric acid of various concentra-
tion. As seen from Figs. 2a32c, the solubilities of the
isomers in 47363% nitric acid in the range 0380oC
somewhat increase with increasing temperature and
are comparable, but with increasing acid concentration
to 74% the solubility ofp- and especiallym-NCB ab-
ruptly increases. Contrary topara and meta isomers,
the solubility of o-NCB in 74% nitric acid decreases
with increasing temperature.

The study of the interrelated effect of isomers on
their solubility in nitric acid showed that in 47%
HNO3 the minimum solubility of all three isomers of
MNCB is observed at 20oC; in this case, the concen-
tration of bothortho andmetaisomers in the solution
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T, oC

s, g/100 g HNO3

Fig. 3. Solubility s of MNCB isomers in 47% nitric acid
as a function of temperatureT. Isomers: (1) para, (2) ortho,
and (3) meta.

is approximately two times greater than that of
p-MNCB (Fig. 3). The mixture of isomers precipitated
from nitric acid solution containso- (40.5),m- (42.0),
and p-NCB (17.5%), and its composition is close
to that of the product isolated from the spent acid
(Table 3, run no. 2). These data provide an explana-
tion for the effect of temperature on the dilution proc-
ess: an increase in the solubility of nitro compounds
in spent acid with decreasing temperature (Table 3,
run no. 1) and increase in the content ofortho and
meta isomers of MNCB in spent acid with increasing
temperature (Table 3, run no. 3).

Thus, the study of the solubility of MNCB isomers
in nitric acid showed that, to increase the recovery of
p-NCB from the mixture of isomers and to prevent
the loss of the nitro product with the spent acid, the
reaction mixture should be diluted at 18322oC to a
nitric acid concentration below 60%.

CONCLUSIONS

(1) Two methods were developed for production
of mononitrochlorobenzene by nitration of chloro-
benzene with 75379% nitric acid, ensuring practically
quantitative yield of the target product and the ab-
sence of dinitrochlorobenzene in the reaction products.

(2) Based on the study of the solubility of mono-
nitrobenzene isomers in nitric acid, a procedure for
isolation of p-mononitrobenzene from the reaction
mixture in the crystalline form was proposed, which
simplifies isomer separation.
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Abstract-The calorimetric method was applied to study the kinetics of chlorobenzene mononitration with
74.9 and 95.8% nitric acid and a kinetic model of the process was developed. A comparison of the thermo-
dynamic parameters of nitration led to a conclusion concerning the limiting stage of the reaction.

The basic method for obtaining nitrochlorobenzene
is nitration of chlorobenzene with a mixture of sul-
furic and nitric acids. A specific feature of this tech-
nique is that it produces large amounts of dilute
sulfuric acid whose regeneration cannot prevent at
present its detrimental environmental effects.

To eliminate this shortcoming, it has been pro-
posed to use for obtaining aromatic nitro compounds
solely nitric acid as nitrating agent [133]. In [3], nitra-
tion of chlorobenzene with 68397% nitric acid was
studied and two versions of a procedure for producing
nitrochlorobenzene with 75 and 95% nitric acid used
for nitration were developed. These methods gave
nitrochlorobenzene in nearly quantitative yield. The
process was carried out in a cascade of two 60 cm3

continuous reactors. To solve the problem of whether
these results could be reproduced on industrial scale,
it is necessary to develop a mathematical model of the
process and study the possible choice of optimal and
safe conditions under which the process can be per-
formed in industrial nitration reactors.

The kinetics of the process was studied using the
calorimetric method with a heat-flow calorimeter
which makes it possible to obtain, together with data
on the process kinetics, necessary information about
the heat effect and thermal properties of the reaction
mixture. As starting conditions were chosen those
under which chlorobenzene is nitrated with 75 and
95% nitric acid [3].

EXPERIMENTAL

Chlorobenzene containing 99.0% main substance
and 98% nitric acid were used in kinetic experiments.

Prior to being used, nitric acid was distilled in a vacu-
um from a mixture with sulfuric acid and diluted at
0oC with distilled water to a prescribed concentration.
The acid concentration was determined by alkalimet-
ric titration. Deionized water was used to evaluate the
thermal effects and relative rates of hydration.

The reaction kinetics were studied on a C-80 Se-
taram automated heat-flow calorimeter in special two-
chamber chromium3nickel ampules. Nitric acid was
placed in the bottom chamber and, after weighing,
the necessary amount of chlorobenzene in the upper
chamber was calculated. Prior to the reaction, the
reactants were separated with a high-strength fluoro-
plastic film, which is stable against the action of
corrosive media. A hermetically sealed ampule was
placed in the sensitive zone of the calorimeter. At
the beginning of an experiment the membrane was
ruptured with a special-purpose rod stirrer and the
components were subjected to primary agitation.
Further agitation in the course of the experiment was
provided by 180o rotation of the calorimetric unit
together with the ampule fixed in it. After the experi-
ment was complete, the reaction mass was diluted
with water to nitric acid concentration of 35340% and
extracted with chloroform; the extract was washed
with water and analyzed by gas3liquid chromatogra-
phy. The yield and isomeric composition of the nitra-
tion product were in agreement with the data reported
in [3]. The analytically obtained chlorobenzene con-
versions corresponded to the values found from the
heat-release curve in each experimental series.

The C-80 calorimeter is automated with the use of
an IBM-compatible computer and an appropriate inter-
face. The experiments were carriedout, experimental
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Table 1. Conditions of kinetic experiments
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Run
³

T, oC
³HNO3/CB³ Concentration, M

³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄno. ³ ³
molar

³ HNO3 ³ CB ³ H2O³ ³ ratio ³ ³ ³
ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

1 ³ 26.0 ³ 2.29 ³ 11.2337³ 4.9108³ 1.7238
2 ³ 25.5 ³ 2.23 ³ 11.0908³ 4.9779³ 1.7018
3 ³ 20.5 ³ 2.19 ³ 11.0445³ 5.0512³ 1.6947
4 ³ 25.4 ³ 21.14 ³ 20.3739³ 0.9638³ 3.1263
5 ³ 39.8 ³ 20.99 ³ 20.0071³ 0.9534³ 3.0700
6 ³ 40.8 ³ 2.39 ³ 11.2915³ 4.7251³ 1.7326
7 ³ 55.2 ³ 2.27 ³ 10.8331³ 4.7645³ 1.6623
8 ³ 63.5 ³ 2.32 ³ 10.8416³ 4.6668³ 1.6636
9 ³ 70.1 ³ 3.95 ³ 11.1847³ 2.8306³13.1324

10 ³ 95.1 ³ 3.93 ³ 10.8166³ 2.7490³12.7002
11 ³ 83.1 ³ 3.98 ³ 11.0250³ 2.7716³12.9449
12 ³ 60.2 ³ 3.98 ³ 11.3424³ 2.8519³13.3176
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Run nos. 138 were carried out at HNO3 concentration of

95.8 wt %; run nos. 9312, at 74.9 wt %; CB stands for chloro-
benzene.

Table 2. Kinetic parameters of chlorobenzene mononitra-
tion with 74.9 and 95.8 wt % nitric acid
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

HNO3,
³

ln k0

³ E ³ DH ³
n1

³
n2³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³wt % ³ ³ kJ mol31 ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
95.8 ³ 31.9519³ 8.003³ 154.12³ 1.0 ³ 2.0
74.9 ³ 12.2716³ 57.642³ 141.75³ 1.0 ³ 2.0

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

data collected, and the results of the experiments pre-
processed using Eksperiment software (v4.3).1 Pre-
liminarily, the thermal characteristics and temperature
calibration coefficients were determined for the given
type of ampules.

The kinetic experiments were carried out in the iso-
thermal temperature mode. In preparing data for kinet-
ic analysis, true nonisothermal temperature modes
were reconstructed for each experiment, with account
taken of the overheating of the reaction mass, result-
ing from the considerable heat effect of the reaction
and high rates of heat release. Such a temperature
mode refinement is rather essential since the calcu-
lated overheating of an ampule with the reaction mass
was several degrees relative to the temperature of
the calorimetric unit. The experimental conditions are
presented in Table 1.

The kinetic analysis was made with the use of
MKF software.
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The Eksperiment and MKF software was developed at the

Prikladnaya Khimiya Russian Scientific Center.

The obtained kinetic curves of heat release were
described in terms of a reaction ofnth order with
respect to the reactants:

dcCB E� �
3ÄÄÄÄ = exp�ln k0 3 ÄÄÄ�c

n1
CBc

n2
HNO3

,
dt RT� �

(1)
dT DH dcCB� �
ÄÄÄ = ÄÄÄ �3ÄÄÄÄ�,
dt CV dt� �

wherek0 is the pre-exponential factor of the reaction
constant (l mol31 min31); E is the activation energy
(kJ mol31); n1, n2 are the reaction orders with respect
to the components;DH is the heat effect of the reac-
tion (kJ mol31); and CV is the heat capacity of a unit
volume of the reaction mixture (kJ l31 K31).

The obtained kinetic parameters are listed in
Table 2.

The obtained results indicate that the temperature
dependences of nitration with 74.9 and 95.8% nitric
acid differ so significantly that these reactions are to
be regarded as two different processes in terms of a
simple kinetic model. For example, the activation
energy of chlorobenzene nitration with 74.9% nitric
acid is 57.64 kJ mol31, which is close to values
characteristic of reactions in which the rate of nitra-
tion of aromatic compounds is limited by the reaction
of the nitrating agent with the substrate [4], whereas
the activation energy of nitration with 95.5% nitric
acid is 8.00 kJ mol31. Presumably, formation of
a nitrating agent, nitronium cation, through self-
protonation of nitric acid, rather than nitration proper,
is the rate-determining stage under the given condi-
tions. At the same time, there exists strict correlation
between the chlorobenzene conversion and heat re-
lease in nitration with both 95.8 and 74.9% acid, and,
thus, the rate of the chemical reaction can be ex-
pressed in terms of the experimentally measured rate
of heat release.

It was impossible to take into account in terms of
such a simple kinetic model the role played by the
forming water and to generalize the description of
experiments at different nitric acid concentrations,
since the fundamentally different natures of these
processes and temperature dependences of their rates
suggest that the rate-determining stages are also dif-
ferent in these two cases. Therefore, the kinetic analy-
sis was made separately for experiments with 74.9 and
95.8% nitric acid. The system of equations (1) with
the determined values of the kinetic parameters, listed
in Table 2, describes satisfactorily the obtained ex-
perimental data.
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Q, kJ m33 min31

Q, kJ m33 min31

(a)

(b)

t, min

t, min
Fig. 1. Experimental and calculated curves describing heat
releaseQ in chlorobenzene nitration in terms of a single-
stage concentration model. (t) Time. Nitrating agent:
(a) 94.9% nitric acid, run nos. (1) 2 and (2) 7, joint kinetic
description of runs nos. 138 (Table 1); (b) 74.9 nitric acid,
run no. 10, joint kinetic description of run nos. 9312
(Table 1).

Figures 1a and 1b present experimental and calcu-
lated data for kinetic experiments performed under the
conditions given in Table 1.

Thus, the obtained kinetic equations can be used in

developing a mathematical model of chlorobenzene
nitration in a reactor in order to determine the safe
process conditions.

CONCLUSIONS

(1) The kinetics of chlorobenzene nitration with
nitric acid was studied on the basis of heat release
rate. The obtained kinetic equations can be used in
developing a mathematical model of chlorobenzene
nitration in order to determine the safe process con-
ditions.

(2) The presumed rate-determining stage in chloro-
benzene nitration with 95.8% nitric acid is formation
of the nitronium cation, which accounts for the low
observed activation energy of the process, whereas in
nitration with 74.9% nitric acid the rate of the process
is determined by the rate of reaction between chloro-
benzene and the nitrating agent.
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Abstract-A mathematical model of processes occurring in a continuous flow-through reactor was developed
on the basis of data obtained in a calorimetric study of the kinetics of chlorobenzene nitration with 74.9 and
95.8% nitric acid. The parameters of safe nitration modes were found.

Conditions of chlorobenzene (CB) nitration to ni-
trochlorobenzene, determined on a laboratory flow-
through installation with 75 and 95% nitric acid used
as nitrating agents, were reported in [1]. However,
industrial implementation of these processes requires
that the possibility of their scaling should be deter-
mined as regards heat removal and maintenance a
prescribed temperature mode, on the one hand, and
process stability and safety, on the other. To solve this
problem, it is necessary to develop a mathematical
model of processes occurring in a continuous flow-
through reactor commonly used for nitration under
industrial conditions.

The mathematical model of the process was devel-
oped using the kinetic model of the nitration reaction,
obtained on the basis of a calorimetric study of the
nitration kinetics [2]. The following assumptions were
made in developing the model: (i) the intensity of
stirring is rather high and the reactor operates in the
ideal mixing mode, (ii) the mixture densities at the
reactor inlet and outlet are different, and (iii) the mix-
ture density and the volume and mass of liquid in
the reactor remain unchanged.

With account of the assumptions made, the mathe-
matical model of nitration in the ideal mixing reactor
has the form

dCj
ÄÄÄ = Gt(Ci

f/rf 3 Ci/r)Vr
31 + Rj(C), (1)

dt

dT 1 Gtcp
f (T f 3 T) S(T 3 Tc)

cpÄÄÄ = S (3DHs)rs(C) + ÄÄÄÄÄÄÄÄÄÄÄ 3 hÄÄÄÄÄÄÄ,
dt Vr rf Vrs

where Ci are the component concentrations in the

reactor (kmol m33), Cj
f are the component concentra-

tions at the reactor inlet (kmol m33), cp is the volume
heat capacity of the mixture in the reactor (kJ m33 K31),
cp
f is the volume heat capacity of the feed (kJ m33 K31),

Gt is the total mass flow (kg min31), h is the heat
transfer coefficient (kJ m32 min31 K31), 3DHs is the
heat effect of a stage (kJ kmol31), Vr is the reactor
volume,T is the temperature in the reactor (K),T f is
the feed temperature (K),Tc is the coolant temperature
(K), Rj are the reaction rates with respect to different
components (kmol m33 min31), rs are the rates of dif-
ferent stages (kmol m33 min31), S is the heat exchange
surface area (m2), t is time (min),rf is the feed den-
sity (kg m33), and r is the mixture density in the
reactor (kg m33).

The heat capacities of the feed and mixture in the
reactor were found using the additivity rule from the
heat capacities of the components and their mass
fractions. The reaction rate was calculated using the
equation [2]

r = K(T)CHNO3

n(HNO3)Cn(CB)
CB

, (3)

where n is the kinetic coefficient (Table 1), and

Table 1. Kinetic parameters of chlorobenzene nitration
with nitric acid
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄ

[HNO3],
³

ln k0

³ E ³ DH ³
n1

³
n2³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ ³wt % ³ ³ kJ mol31 ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄ
95.8 ³ 31.9519³ 8.003³ 154.12 ³ 1.0 ³ 2
74.9 ³ 12.2716³ 56.642³ 141.75 ³ 1.0 ³ 2

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄ
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Table 2. Verification of the mathematical model of chlorobenzene nitration with nitric acid
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Nitration conditions ³ Results of nitration
ÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

[HNO3],³ T,
³ feeding rate, g h31³ [HNO3], wt % ³ CB conversion, % ³ r, kg m33

³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
wt % ³ oC ³ CB ³HNO3 ³ calcd.³ expt. ³ D, % ³ calcd. ³ expt. ³ D, % ³ calcd. ³ expt. ³ D, %

ÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
95.8 ³ 65 ³ 39.16 ³ 70.59 ³ 83.16³ 82.86 ³ 0.36 ³ 0.939 ³ 0.975 ³ 3.69 ³ 1342.5³ 1367.5³ 1.8
74.9 ³ 95 ³ 7.26 ³ 21.67 ³ 65.33³ 65.92 ³ 0.9 ³ 0.967 ³ 0.975 ³ 0.82 ³ 1278.6³ 1326.1³ 3.58

ÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

CHNO3
and CCB are the concentrations of nitric acid

and chlorobenzene, respectively.

The developed model was verified using the results
of experiments on chlorobenzene nitration on a labora-
tory installation comprising a cascade of two flow-
through reactors equipped with blade stirrer and heat-
exchange jacket [1].

The reaction mixture densities at the outlet of
each reactor, necessary for determining the residence
time of the reaction mass in the apparatus and com-
ponent concentrations in unit volume of the reaction
mixture in relation to its composition and temperature,
were calculated using equations based on the principle
of additivity of the total density. The component
densities at different temperatures were calculated
on the basis of the properties of pure components:
nitric acid, water, chlorobenzene, and nitrochloro-
benzene, using the developed interpolation formulas.
Verification of the obtained calculation formulas
confirmed their precision, sufficient for studying
the process.

The simulation was done with the use of the MKF
software package1 for processes in reactors of dif-
ferent types. Table 2 compares the results of calcula-
tion in terms of the mathematical model with experi-
mental data.

It is seen that the error in calculating the chloro-
benzene conversion is less than 4% and can be re-
garded as integrated characteristic of the simulation
precision. A conclusion can be made that the kinetic
model obtained on the basis of experiments in a heat-
flow calorimeter is adequate and can describe satisfac-
torily the nitration process in a flow-through reactor
with vigorous stirring. As shown in [1], chloroben-
zene nitration with nitric acid does proceed under
homogeneous conditions and a heat-flow calorimeter
can be used to obtain an equation describing both
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Developed at Prikladnaya Khimiya Russian Scientific Center.

the conversion rate and rate of heat release in this
reaction.

The mathematical model developed for describing
the nitration on a laboratory installation was used to
construct a mathematical model of nitration in a flow-
through reactor used in the industry for nitration of
aromatic compounds. Commonly, vertical cylindrical
resctors with spherical bottom, equipped with a stirrer,
heat-exchange jacket, and coils, are used for these
purposes. To describe chlorobenzene nitration in an
apparatus of this kind, it is necessary to supplement
the system of equations (1) with a heat balance
equation that takes into account the heat removal
through the heat-exchange jacket and coils and with
equations for calculating the coefficients of heat
transfer across the surfaces of the coil and heat-
exchange jacket [3].

In simulation, the possible output capacity of a
2 m3 reactor was determined together with the neces-
sary intensity of heat exchange and parameters of the
heat-exchange agent. As shown by simulation of nitra-
tion in a cascade of two reactors of the specified
volume, the key factor is the operation mode of the
first reactor, in which the chlorobenzene conversion
is as high as 83384%. Calculations demonstrated that,
in nitration with 95.8% nitric acid, the output capacity
of the reactor in terms of chlorobenzene may be as
high as 100 kg min31, whereas with 74.9% nitric acid
the maximum output capacity is 48 kg min31.

Thus, the developed model of the reactor makes it
possible to either determine the reactor volume neces-
sary for achieving a prescribed output capacity (in
designing a new process) or find the maximum pos-
sible output capacity of a reactor (in developing a
process in an existing shop). Of importance in solving
both these problems is the safety of the newly re-
vealed working modes, which is particularly important
for the process in question, whose heat effect is about
150 kJ mol31. To find the safe mode parameters, the
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(a)

t, min

T, K (b)T, K

t, min

Fig. 1. Effect of changes in chlorobenzene flow rate on the temperatureT in the reactor. HNO3 concentration (wt %): (a) 74.9
and (b) 95.8; the same for Fig. 2. (t) Duration of the reaction; the same for Fig. 2. Factor by which increases (decreases) the mass
flow rate of chlorobenzene at the reactor inlet at constant flow rate of nitric acid: (a) (1) 1.4, (2) 1.2, (3) 1.1, (4) 1.0, (5) 0.9,
(6) 0.8, and (7) 0.6; (b) (1) 1.6, (2) 1.4, (3) 1.2, (4) 1.1, (5) 1.0, and (6) 0.9.

T, K (a)

t, min

T, K (b)

t, min

Fig. 2. Effect of changes in nitric acid flow rate on the temperatureT in the reactor. Factor by which increases (decreases) the
mass flow rate of nitric acid at the reactor inlet at constant flow rate of chlorobenzene: (a) (1) 0.6, (2) 0.8, (3) 1.0, (4) 1.2, and
(5) 1.4; (b) (1) 0.4, (2) 0.6, (3) 0.8, (4) 1.0, (5) 1.2, and (6) 1.4.

sensitivity of the obtained modes to deviations from
the optimal process parameters was studied.

Figures 1 and 2 show the parametric sensitivity of
the given process to deviations of the parameters from
the nominal values listed in Table 2.

As seen from Fig. 1, adecrease in the mass flow of
chlorobenzene leads to a slight lowering of tempera-
ture in the reactor, whereas on raising the mass flow
the temperature increases temporarily and then falls
and tends to a new stationary level. These changes in
temperature are more pronounced (up to 20oC) in
nitration with 95.8% nitric acid.

Calculations also demonstrated that a decrease in
the mass flow of nitric acid is accompanied by a
short-time insignificant rise in the reactor temperature,
which is more pronounced in nitration with 74.9%
acid, and its subsequent fall. By contrast, raising the
acid flow rate makes the reaction mass temperature
lower.

Thus, the data obtained in studying the parametric
sensitivity demonstrate that the process of chloroben-
zene nitration with both 95.8 and 74.9% nitric acid is
rather stable, with a transition to a new steady state
occurring without any heat explosion upon steplike
perturbations of the main parameters. This can be
accounted for by the fact that, despite having high
heat effect, the process is characterized by rather low
activation energy (especially in nitration with 95.8%
nitric acid). Therefore, the process passes to a new
steady state rather gradually upon parameter perturba-
tion.

Thus, the simulation results demonstrate that the
process can be scaled and is rather stable.

CONCLUSIONS

(1) A mathematical model of nitration in a flow-
through reactor with vigorous stirring was developed.
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(2) The kinetic model developed in a calorimetric
study of the nitration can be used to describe the proc-
ess in a flow-through reactor.

(3) A study of the parametric sensitivity demon-
strated that the process is stable at widely varying
reactant concentrations.

(4) The simulation results can be used to deter-
mine the conditions for safe operation of the reactor.
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Abstract-The possibility of using SPARK-1M spectrometer for studying the shift of emission lines belong-
ing to theK series of X-ray spectra of transition metals (chemical shift of the lines) was studied. The pos-
sibility of using the spectrometer for measuring the chemical shift and evaluating the relative amounts of
transition metals in different oxidation states is analyzed.

In studying the composition and properties of vari-
ous materials, a necessity occasionally arises for
analyzing the electronic structure of constituent atoms.
To problems of this kind belongs, e.g., determination
of the structure of various, and in the first place com-
plex, compounds and refinement of the oxidation state
of the constituent atoms. Another set of relevant prob-
lems includes quantitative determination of the rela-
tive contents of compounds containing some element
in different oxidation states (e.g., the relative content
of sulfate and sulfide sulfur in coal; Fe2+ and Fe3+

in kimberlite clays, micas, and other minerals; UO2
2+

and U4+ in process materials of nuclear power in-
dustry, etc.). One of the most promising methods for
solving problems of this kind is to analyze the fine
structure of emission X-ray spectra and to measure the
shift of X-ray spectral lines (chemical shift). As a
rule, the chemical shift of spectral lines does not
exceed 0.131 eV and its measurement involves some
difficulties.

The chemical shift of lines in X-ray emission spec-
tra is commonly studied using special-purpose preci-
sion X-ray spectrometers characterized by high spec-
tral resolution on the order of 1 eV and better (e.g.,
double-crystal spectrometers [1, 2]) or focusing spec-
trometers with large focal circle radius [3]. Neverthe-
less, numerous studies have employed conventional
industrial scanning spectrometers with the Soller
geometry, intended for analysis of the elemental com-
position of materials [335], or microanalyzers [6].

Despite the low spectral resolution of these devices
(angular resolution is, as a rule, no better than 10315',

to which corresponds, e.g., energy resolution of about
40360 eV in the first order spectrum of iron in the
K range), their high aperture ratio, combined with
good reproducibility of angular settings, allows re-
cording of spectral line shifts associated with the
valence state of oxidation of the emitting atoms by
hundredths of an electron volt.

Also, attempts have been made to study the chemi-
cal shift with a spectrometer based on a semiconduc-
tor detector with resolution of about 150 eV [7].

The present communication is concerned with the
possibility of studying the chemical shift of lines
belonging to theK series of transition metals with
SPARK-1M portable X-ray spectrometer, which has
been successfully used to analyze alloys and environ-
mental objects [8, 9] and is distinguished by small
size and low cost.

The SPARK-1M instrument is an automated short-
wavelength scanning X-ray spectrometer with the
Johansson geometry and focal circle radiusR =
300 mm. X-ray spectra of chemical elements consti-
tuting a sample were excited using a BKh-7 X-ray
tube with anode voltage of up to 45 kV, power of
up to 10 W, and anode coating of (as a rule) Ag,
deposited directly onto the beryllium window. This
tube design makes it possible to bring a sample under
study as close as 335 mm to the focus spot, which
ensures high counting rates which are only 5310 times
less than those in conventional instruments with X-ray
tubes having power of about 3 kW.

The scanning mechanism driven by a stepping
motor ensures synchronous rotation of the crystal-
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analyzer and detector (proportional xenon detector) at
angles 2q 24388o. With the commonly used LiF |200|
crystal, to this angular range corresponds wavelength
interval 0.8332.8 A in which lie theK series of ele-
ments withZ 21(Sc)351(Sb) (with the first and second
reflection orders used) andL series of elements with
Z 56(Ba) and more. The kinematic scheme of the
spectrometer ensures the minimum scanning step of
0.125 mA in the entire wavelength range.

The angular resolution of the spectrometer with
standard slits (input slit 0.2 mm wide, output slit
0.4 mm) is 638' (15 eV for the CrKb line) in the
range of theK series of transition metals, which is
at least twice better than the resolution of Soller-
geometry spectrometers.

It should be noted that the angular resolution of the
Johansson-geometry spectrometer can be substantially
improved by making the slits narrower. For example,
with 0.1-mm-wide input and output slits, it is possible
to achieve, at the expense of a 233-fold decrease in
intensity, a resolution of 132', which ensures in the
wavelength range 1.632.8 A an energy resolution of
338 eV, comparable with the intrinsic width of the
lines (~3 eV).

According to the technical documentation, the main
instrumental error of the spectrometer does not exceed
0.5 rel. %; however, with the number of pulses ex-
ceeding 106, the actual reproducibility of measure-
ment results is 0.130.15%.

The reproducibility of goniometer settings, evalu-
ated by the reproducibility of intensity measurements
at the wing of the FeKa line under conditions of re-
peated setting of a prescribed wavelength, was about
0.0001o (0.015 eV).

To illustrate the possibilities of the spectrometer,
Figs. 1a and 1b compare the spectra of iron oxide
Fe2O3 and iron oxalate FeC2O4 (Fig. 1a) and chromi-
um oxide Cr2O3 and potassium dichromate K2Cr2O7
(Fig. 1b) for Kb lines of iron and chromium. In the
measurements, the anode voltage was 35 kV, and the
anode current, 0.2 mA. The counting rates at maxi-
mum were about 20000 pulse s31 for iron and about
6000 and 2000 for chromium in, respectively, oxide
and dichromate. The spectral scanning was done with
a step of 0.0005A, with 10-s exposure at a point.
Three sets of measurements were done for each prep-
aration, with the obtained results averaged. After
normalization (for each spectrum all ordinates were
divided by a sum of ordinates), differences of count-
ing ratesJ1 3 J2 were determined and plotted against
wavelength together with the profiles of the cor-

Fig. 1. Comparison of X-ray spectra of (a) Fe2O3 and
FeC2O4 and (b) Cr2O3 and K2Cr2O7. (J) Counting rate and
(l) wavelength. Dashed line: differential spectrum (050).

responding lines. For clarity, the differences for
chromium and iron were multiplied by 5 and 50,
respectively.

As seen from Fig. 1a, thedependence of the differ-
enceJFe3+ 3 JFe2+ (dashed line) on the wavelength is
complicated. The S-shaped curve indicates the ob-
served shift of the main FeKb1, 3

peak.

The peak at 1.753A and additional peaks superim-
posed on the main curve in the interval 1.75531.76A
are associated with the presence of the FeKb2, 5

line
whose intensity and position depend on the oxidation
state of iron. A similar structure in the long-wave-
length part of the spectrum (1.7631.77 A) is due to
the presence in the spectra of preparations of an FeKb`
line whose position and intensity strongly depend on
the oxidation state of the metal (on the number of
unpaired electrons).

Of similar nature is the differential curveJCr3+ 3

JCr6+ (Fig. 1b). In this case, owing to the absence of
the CrKb` line in the spectrum of potassium dichro-
mate, the long-wavelength part of the curve shows
a single peak corresponding to the presence of this
line in the spectrum of chromium(III) oxide.

The shift can be evaluated by comparing the
abscissa of the point of intersection of the differential



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

1886 KALININ et al.

Evaluation of the error in determining compounds with different oxidation states of metals in relation to counting
rate in two spectral regions
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Metal
³

Compound
³ Wavelength,A ³

R = J1 /J2

³ sR ³
sc, %³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

³ ³ l1 ³ l2 ³ ³ calculation³ statistical values ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

Fe ³Fe2O3 ³ 1.758 ³ 1.762 ³ 0.07107 ³ 0.00005 ³ 0.00003 ³ 2.8
³FeC2O4 ³ 1.758 ³ 1.762 ³ 0.06310 ³ 0.00002 ³ 0.00002 ³ 2.8
³ ³ ³ ³ ³ ³ ³Cr ³K2Cr2O7 ³ 2.088 ³ 2.092 ³ 4.235 ³ 0.039 ³ 0.02 ³ 4.3
³Cr2O3 ³ 2.088 ³ 2.092 ³ 3.290 ³ 0.014 ³ 0.02 ³ 4.3

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

curve and theX axis with the position of theKb1, 3
peak or, more precisely, by the amplitude of peaks in
this curve. For example, in the case of approximation
of the line shape with a Gaussian curve and small,
compared with the peak half-widthH1/2, shift D, the
shift can be determined using the approximate formula
obtained in approximation of the line shape with a
normalized Gaussian function:

D = 0.35(Ad /A)H1/2, (1)

where Ad/A is the ratio of the difference of peak
amplitudes in the S-shaped differential curve to the
amplitude of the main peak.

Calculation by formula (1) for the examples pre-
sented in Figs. 1a and 1b demonstrated that the shift
is 0.25 eV in passing from Fe2O3 to FeC2O4 and
0.53 eV, in reasonable agreement with the known
data, in going from Cr2O3 to K2Cr2O7.

The curves in Figs. 1a and 1b can be used not only
in studying X-ray emission spectra of transition metal
compounds, but also for determining quantitatively
the relative contents of compounds with different
metal oxidation states. Such an evaluation can be
made, e.g., on the basis of position or height of peaks
in the differential curves. The ratio of concentrations
of compounds with different metal oxidation states,
contained in a sample, can be evaluated more ac-
curately by the ratio of the counting rates in two parts
of the spectrum (after subtraction of the background).
It is advisable to use points at the peak of theKb1, 3
line and near the maximum or minimum in the dif-
ferential curve.

As an example, table presents such ratios for the
spectra of iron and chromium, shown in Figs. 1a and
1b, and evaluates the anticipated analysis error. In
each case, six measurements with 10-s exposure were
done with independent wavelength setting. Further,
average valuesR and their rms deviationssR were

calculated. The table also lists statistical errors of
the ratios.

The anticipated error in determining the metal con-
tent, sc (%), was calculated using the expression

sc = (sR1
+ sR2

)1/2/(R1 3 R2) 0 100.

As follows from the data presented in the table, at a
total measurement time on the order of 20 6 0 10 s =
2 min and high metal contents, the error in deter-
mining metal forms in varied oxidation state on a
SPARK-1M spectrometer is 334%, which corre-
sponds to the results obtained in determining the iron
oxidation state from the shift of lines belonging to
the L series on a CAMEBAX microanalyzer [6].

The presented results suggest that the commercial
SPARK instrument allows reliable measurements of
the chemical shifts of X-ray emission lines. The in-
formation about the chemical shift of lines is im-
portant in solving chemical-analytical, geochemical,
and environmental problems.

The dependence of the wavelengths (energies) of
X-ray lines on the chemical state of an element being
determined may also affect the results of quantitative
analyses in the cases when the chemical states of an
element being determined in a sample being analyzed
and in the reference are different. For example, the
error in determining titanium in titanium-containing
oxide materials may be as high as 0.330.4% with
metallic titanium used as reference. Therefore, in our
opinion, any precise analytical studies should be
started with evaluation of the chemical shift of analyti-
cal lines in a material under study with respect to
references, with subsequent introduction, when neces-
sary, of appropriate corrections.

CONCLUSION

The high reproducibility of angular settings of the
SPARK-1M spectrometer allows this instrument to be
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used in studying the chemical shift of spectral lines.
Comparison ofK-line spectra of transition metals,
obtained using the instrument, makes it possible to
study their oxidation state. If compounds of transition
metal in different oxidation states are present in a
sample being analyzed, the contents can be evaluated
on the basis of the ratios of counting rates at wings
of the Kb peak with an error not higher than 33
5 rel. %. The possibility that the chemical shift may
affect the results of analysis should be taken into
account in precise quantitative measurements.
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Abstract-Aromatic acetals were prepared by condensation of 2-methyl-3-(4-R-phenyl)propanals (R = Me,
i-Pr, i-Bu) with ethanol, methanol, ethylene glycol, 1,2-propanediol, methyl Cellosolve, and Cellosolve. The
perfume characteristics of the acetals were studied.

Thanks to active development of synthetic organic
chemistry, the set of available synthetic perfumes is
rapidly extended, with new classes of compounds
being involved. The use of new synthetic perfumes is
characterized by two features: (1) as a rule, substances
with interesting scent are discovered empirically;
(2) the perfume characteristics are studied for as many
structurally related compounds as possible, with the
aim to apply the developed processes to synthesis of
a wide set of perfumes.

Such an approach inevitably sets a task of revealing
the structure3scent relationship for perfumes, with the
aim to make a search for new perfumes purposeful.
At the same time, to find such a relationship, it is
necessary to prepare as many structural analogs as
possible.

Such studies were performed previously [1] but
became more active in the past years. For example,
the structure3scent relationship was studied for the
series of 7-oxanorbornanes [2], monoterpene lactones
[3], and bicyclo[2.2.n]oximes [4].

In this work, starting from aldehydes in which the
carbonyl group is located in a side chain of an aromat-
ic ring, we prepared aromatic acetals and studied their
perfume characteristics. The initial compounds were
the aldehydes widely used in perfumery: jasmorange
[2-methyl-3-(4-methylphenyl)propanal,I ], cyclamen-
aldehyde [2-methyl-3-(4-isopropylphenyl)propanal,
II ], and lilial [2-methyl-3-(4-tert-butylphenyl)propan-
al, III ]:

6;=;9
;

CHO

6;=;9
;

CHO

=9
I II
6;=;9
;

CHO

6;=;9
;

CHO

=9
I II

6;=;9
;

CHO

=
<> III

.6;=;9
;

CHO

=
<> III

.

Acetals are widely used are synthetic perfumes.
This mostly concernes diethyl, dimethyl, and ethylene
acetals, although derivatives of some other alcohols
(geraniol, isoamyl alcohol, 2-phenylethanol) are also
used [5]. To systematically study the structure3scent
relationship in the series of acetals derived fromI3III ,
we prepared the acetals with methanol, ethanol, ethyl-
ene glycol, 1,2-propanediol, and also with methyl
Cellosolve and Cellosolve (the two latter compounds
were not used previously for these purposes).

The reaction is usually performed in the presence
of an acid catalyst; from the viewpoint of process
simplicity, it is convenient to use cation-exchange
resins, e.g., granulated KU-2 cation exchanger. The
reaction was performed in benzene in the presence of
FIBAN K-1 fibrous sulfonic cation exchanger as cata-
lyst. This resin was prepared by radiation-induced
grafting ot styrene (98%)31,4-divinylbenzene (2%)
copolymer to a polypropylene thread, followed by
sulfonation with sulfuric acid.

With this catalyst, owing to its developed surface
[6], the reaction time was reduced by a factor of 1.532
as compared to KU-2. Furthermore, the fibrous ion
exchanger did not noticeably lose its activity in re-
peated use, as demonstrated by the example of the
reaction of aldehydesI3III with Cellosolve (Table 1).

The reaction progress was monitored by GLC. The
structure of the acetals was confirmed spectroscopi-
cally. In the1H NMR spectra, a characteristic doublet
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at 4.334.8 ppm (J 538 Hz) corresponds to the
HC(OR)2 proton. The IR spectra exhibit a character-
istic acetal pattern consisting of five bands in the
range 118531030 cm31.

The synthesis conditions and yields of the target
products are given in Table 2, and the perfume char-
acteristics of the acetals,1 in Table 3.

Certain similarity of the scents of the initial alde-
hydesI3III is undoubtedly due to their similar molec-
ular structure, not only topological but also steric.
It was suggested [7] that all these molecules have a
[rolled-up] conformation of the side chain (A, B),
which is stabilized owing to conjugation of thep orbi-
tals of the aromatic ring and carbonyl group. This
factor is also responsible for the similar scent of these
aldehydes and of 7-hydroxy-3,7-dimethyloctanal (hy-
droxycitronellal, IV ). As suggested in [7], the mole-
cule of IV in the vapor phase can take the rolled-up
conformation C owing to hydrogen bonding:

6;=;9
;=9
jjO

A

6;=;9
;=
jjO<>B

;=9;=9
=;
e
OiH iiO...

9
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.

6;=;9
;=9
jjO

A

6;=;9
;=
jjO<>B

;=9;=9
=;
e
OiH iiO...

9

C

.

However, optimization of the molecular geometry
of I3III in the MM-2 approximation [8] shows that
for each aldehyde the energies of the molecule in all
the possible conformations differ by no more than
+0.8 kJ mol31. Thus, the rolled-up conformation
affords no additional stabilization of the aldehyde
molecule. Furthermore, calculation shows that the
angle between the planes of the aromatic ring and
CHO group inI3III in the rolled-up conformation is
41.3o, 43.2o, and 44.5o, respectively. Such orientation
excludes any overlap[through space] of the orbitals
of the two nonbonded molecular fragments. It should
be noted also that in conformationC of IV the dis-
tance between the hydroxyl hydrogen and carbonyl
oxygen is 4.87A, which is too long for hydrogen
bonding, especially in the gas phase when the mole-
cule acquires additional energy.
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 The perfume characteristics of acetals, tested as 10% solutions

in purified 96% ethanol, were evaluated by the Tasting Council
(eight experts) at the Accredited Control and Analytical
Laboratory of Perfumes and Cosmetics, Tereza-Inter Limited
Liability Company (Accreditation Certificate of the State
Committee for Standards of the Russian Federation no.ROSS
RU.0001.512.312, July 6, 2000).

Table 1. Yield of acetals in reactions of aldehydesI3III
with Cellosolve, as influenced by catalysis conditions
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Alde-
³

Catalyst
³

t,
³Aldehyde conversion, %

³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄhyde ³ ³ min ³ first run ³ second run
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ

I ³FIBAN K-1 ³ 130 ³ 95 ³ 93
³KU-2 ³ 180 ³ 90 ³ 65
³ ³ ³ ³II ³FIBAN K-1 ³ 150 ³ 95 ³ 91
³KU-2 ³ 220 ³ 92 ³ 58
³ ³ ³ ³III ³FIBAN K-1 ³ 190 ³ 90 ³ 88
³KU-2 ³ 230 ³ 90 ³ 50

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

Table 2. Reaction time and yield of acetals from alde-
hydes I3III
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Alde-
³

Alcohol used
³

t,
³ Conversion ³ Yield

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
hyde³ ³ min ³ %
ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

I ³Methanol ³ 45 ³ 100 ³ 94
³Ethanol ³ 55 ³ 100 ³ 95
³Ethylene glycol ³ 70 ³ 93 ³ 88
³Propylene glycol³ 90 ³ 92 ³ 85
³Methyl Cellosolve³ 120 ³ 95 ³ 91
³Cellosolve ³ 130 ³ 95 ³ 87
³ ³ ³ ³II ³Methanol ³ 55 ³ 100 ³ 95
³Ethanol ³ 60 ³ 100 ³ 95
³Ethylene glycol ³ 80 ³ 92 ³ 90
³Propylene glycol³ 90 ³ 90 ³ 87
³Methyl Cellosolve³ 150 ³ 95 ³ 92
³Cellosolve ³ 150 ³ 95 ³ 90
³ ³ ³ ³III ³Methanol ³ 60 ³ 100 ³ 94
³Ethanol ³ 75 ³ 100 ³ 93
³Ethylene glycol ³ 100 ³ 93 ³ 88
³Propylene glycol³ 120 ³ 90 ³ 85
³Methyl Cellosolve³ 180 ³ 93 ³ 86
³Cellosolve ³ 190 ³ 90 ³ 82

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

These data cast doubt on the[conformational]
approach to scent analysis. The obtained set of acetals
allows us to correlate variations of the scent with
variations of, e.g., the number of alkyl substituents,
with the conformation of the molecular core being
preserved.

When considering the relationship between the
scent of the initial aldehydes and their molecular
structure, it should be noted that, in going from the
methyl to isopropyl and thentert-butyl substituent,
the scent changes from fresh fruit to fresh flower. In
the series of the corresponding dimethyl acetals, the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

1890 VYGLAZOV et al.

Table 3. Scent characteristics of the synthesized acetals
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound ³ Scent
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
2-Methyl-3-(4-methylphenyl)propanal dimethyl acetal³Green, flower, with a bittery tint
2-Methyl-3-(4-isopropylphenyl)propanal dimethyl ³Green, of cyclamen, with a bitter grassy note
acetal ³
2-Methyl-3-(4-tert-butylphenyl)propanal dimethyl ³Strong, flower, with a cold note of cyclamen and lily of the val-
acetal ³ley, light ozone
2-Methyl-3-(4-methylphenyl)propanal diethyl acetal³Green, fresh watermelon, with a note of spice herbs
2-Methyl-3-(4-isopropylphenyl)propanal diethyl acetal³Flower, of cyclamen, with a wood note
2-Methyl-3-(4-tert-butylphenyl)propanal diethyl acetal³Flower, of cyclamen and lily of the valley, with a wood note
2-Methyl-3-(4-methylphenyl)propanal di(2-methoxy-³Fresh, flower, of peony with a bright watermelon note
ethyl) acetal ³
2-Methyl-3-(4-isopropylphenyl)propanal di(2-methoxy-³Fresh, of cyclamen, with a watermelon3ozone note
ethyl) acetal ³
2-Methyl-3-(4-tert-butylphenyl)propanal di(2-methoxy-³Flower, with notes of cyclamen, lily of the valley, and sweet
ethyl) acetal ³lime blossom
2-Methyl-3-(4-methylphenyl)propanal di(2-ethoxy- ³Flower, grassy, with a fresh note of watermelon and heady anise
ethyl) acetal ³and wood tint
2-Methyl-3-(4-isopropylphenyl)propanal di(2-ethoxy-³Flower, of cyclamen, with an anise3ozone note
ethyl) acetal ³
2-Methyl-3-(4-tert-butylphenyl)propanal di(2-ethoxy-³Flower, fresh, with a beewax and honey tint, with a light bittery
ethyl) acetal ³note
2-Methyl-3-(4-methylphenyl)propanal ethylene acetal³Flower-grassy with a tint of parsley, celery, and anise
2-Methyl-3-(4-isopropylphenyl)propanal ethylene ³Flower, of cyclamen, with a fresh watermelon note
acetal ³
2-Methyl-3-(4-tert-butylphenyl)propanal ethylene ³Flower, of cyclamen, with a sweet anise note
acetal ³
2-Methyl-3-(4-methylphenyl)propanal propylene acetal³Grassy, heady, wood, with seaweed note
2-Methyl-3-(4-isopropylphenyl)propanal propylene³Fresh, flower, sweet, with a beewax tint
acetal ³
2-Methyl-3-(4-tert-butylphenyl)propanal propylene ³Flower, of cyclamen, sweet, powdery
acetal ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

scent changes from green fruit3watermelon through
flower-grassy with a bittery note to fresh flower with
an ozone note. With diethyl acetals, very gentle heady
and wood notes appear. With methoxy and ethoxy
groups introduced into the ethyl acetal moiety, the
scent changes more significantly: the fresh fruit3
watermelon note is enhanced, ozone freshness compo-
nents disappear, and a sweet wood or honey note
appears. These trends are observed with derivatives of
all the three aldehydes. Smooth variation of the scent
of the initial aldehydes corresponds to smooth varia-
tion of the scent in the series of similar acetals with
linear alkyl or alkoxy groups.

With compounds containing a cyclic acetal groups
(ethylene or propylene acetals), the trend is reverse.
In the series of ethylene acetals, the scent varies very
sharply with increasing size of the substituent in the
phenyl moiety: first a fairly pronounced sweet flower
note appears, then it is enhanced, and a fresh water-

melon note is added. In the series of propylene ace-
tals, a wood scent gives way to a fresh flower scent
subsequently acquiring a warm powdery tint.

The acetals obtained show promise as components
of fragrant and perfume formulations, because they
produce a fairly wide range of scents of various tints
and, in contrast to the initial aldehydes, are stable to
oxidation in ready perfumes and cosmetics.

EXPERIMENTAL

The 1H NMR spectra were taken with a Tesla BS-
567A spectrometer (CDCl3, internal reference HMDS).
The IR spectra were recorded on a Specord 75-IR
spectrometer (thin films). The GLC analysis of reac-
tion mixtures was performed with a Chrom-5 chroma-
tograph [flame-ionization detector, 20000 3-mm
column, Chromaton N-AW-DMCS support (0.1253
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0.160 mm), Reoplex-400 stationary phase, pro-
grammed heating from 100 to 180oC (4 deg min31),
nitrogen carrier gas].

To prepare acetals, the catalyst (2 wt % relative to
aldehyde) was added to a solution of 0.10 mol of
aldehydeI3III and 0.11 mol of dihydric alcohol in
70 ml of benzene. The mixture was refluxed until the
release of water ceased and the reaction was complete
(monitored by GLC). The catalyst was separated by
decanting, washed with benzene (20 5 ml), and re-
used; the wash solutions were combined with the reac-
tion solutions. The solvent was distilled off. When
necessary (if the acetal purity was less than 98%), the
product was purified by chromatography (alumina,
eluent hexane3diethyl ether with gradually increasing
content of ether).

Monohydric alcohols were taken in a double
amount. With dimethyl acetals, the released water was
bound with a stoichiometric amount of triethyl ortho-
formate.

CONCLUSIONS

(1) A series of 2-methyl-3-(4-R-phenyl)propanal
(R = Me, i-Pr, t-Bu) acetals was prepared; these com-
pounds have pleasant scent and can be used as per-
fumes.

(2) In the series of acetals with the same monohy-
dric alcohols, the scent changes smoothly depending

on the substituent in the phenyl ring. In the series of
diols, the scent changes more sharply.
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Abstract-Quaternary [1-(1-adamantyl)ethyl]- and (1-adamantyl)trimethylammonium, and also 3-(1-adaman-
tyl)-3-chloro-2-propenylammonium salts were prepared, and their surface activity was studied.

Quaternary ammonium salts, owing to their specif-
ic features as cationic surfactants and to colloid-chem-
ical properties, are widely used in various branches of
industry as effective antistatics [1], as reagents impart-
ing hydrophobicity to clay impurities in their flotation
separation from potassium ores [2], in production of
modified starch for multilayered and crimped card-
board [3], and in preparation of bitumen emulsions.

Major researchers’ attention is given to adamantane
derivatives as compounds with a high biological activ-
ity [4, 5]. Amines of the adamantane series-midan-
tane (1-adamantylamine hydrochloride), remantadine
{[1-(1-adamantyl)ethyl]amine hydrochloride}, and
urotropin (1,3,5,7-tetraazaadamantane)-are effective
antiviral agents [6]. 1-Adamantylammonium carboxy-
lates (acetate, salicylate, propionate, etc.) show a high
therapeutic activity and are used for treating influenza
[7]. However, there are no data on adamantane deriva-
tives containing [1-(1-adamantyl)ethyl]trimethylam-
monium, (1-adamantyl)trimethylammonium, or 3-(1-
adamantyl)-3-chloro-2-propenylammonium cation in
combination with an anion of an organic or inorganic
acid.

The goal of this work was to prepare new quaterna-
ry [1-(1-adamantyl)ethyl]- and (1-adamantyl)trimeth-
ylammonium salts and also 3-(1-adamantyl)-3-chloro-
2-propenylamine hydrochloride and to study their sur-
face activity and flotation properties. As starting com-
pounds we used (1-adamantylethyl)amineI prepared
by hydroamination of 1-acetyladamantaneII and
1-adamantylamineIII prepared by treatment of aque-
ous solution of amineIV with NaOH (Schemes 1, 2).

By reactions of aminesI and III with formalde-
hyde [8] in the presence of formic acid (reductant), we
prepared (1-adamantylethyl)dimethylamineV and
(1-adamantyl)dimethylamineVI . In the optimal proce-

dure, the reagents are added over a period of 4.535 h
at 50oC, after which the mixture is heated to 80oC to
bring the reaction to completion. The ratio of the
amine, formic acid, and formalin is 1 : 5 : 4. The reac-
tion is complete in 21322 h; the product yield is as
high as 94395%.

Quaternizzation of aminesV and VI with methyl
iodide [9] gave [1-(1-adamantyl)ethyl]trimethylammo-
nium iodideVII and (1-adamantyl)trimethylammoni-
um iodideVIII . IodidesVII and VIII , when treated
with strongly basic AV-17 anion exchanger in the OH3

form [10], give (1-adamantylethyl)trimethylammoni-
um hydroxide IX and (1-adamantyl)trimethylammo-
nium hydroxideX. When the reaction was performed
at 50355oC and the equivalent ratio iodide : anion
exchanger = 1 : 3, with addition of the resin in two
portions, the reaction was complete in 18 h, with the
yield of IX and X being as high as 98399%.

(1-Adamantylethyl)trimethylammonium (XI ) and
(1-adamantyl)trimethylammonium (XII ) salts were
prepared by neutralization of solutions of hydroxides
IX and X with a solution of isocamphanone-3-exo-
sulfonic acid [11, 12]. Previous studies showed that
the ammonium salt of this acid shows surface activity
and is effective collector of potassium chloride in
flotation of sylvinite ores [11]. Therefore, it was
appropriate to study the surface activity of quaternary
ammonium salts with the anion of isocamphanonesul-
fonic acid.

The structure of the compounds was proved by1H
NMR and IR spectroscopy, and also by mass spec-
trometry. The1H NMR spectra ofVII , VIII , XI , and
XII contain signals atd 1.6, 1.9, and 2.0 ppm,corre-
sponding to 15 protons of the adamantane core. The
signal atd 3.2 ppm belongs to the N(CH3)3 moiety.
The IR spectra ofXI and XII contain absorption



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

SYNTHESIS OF SURFACTANTS DERIVED FROM ADAMANTANE 1893
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bands at 1740 [n(C=O)], 1180 [n(SO2)], and 10703
1040 cm31 [n(C3O3S)]. In the mass spectra ofVII ,
VIII , XI , andXII we identified the molecular peaks
of the cation (without acid anion), with the relative
intensity of 15%; the base peak was that atm/z 135,
[Ad]+.

Aliphatic amine salts are used in flotation of sylvi-
nite ores. The flotation properties of amines contain-
ing the adamantane cores were not studied previously.
To examine the behavior of such substances in flota-
tion of potassium ores, we prepared 3-(1-adamantyl)-
3-chloro-2-propenylamine (XIII ) hydrochloride. The
synthesis was performed as follows. First, by reaction
of ketoneII with PCl5 and dimethylformamide (Vils-
meier3Haack complex [13]), we prepared in 60%
yield s-cis-3-(adamantyl)-3-chloro-2-propenalXIV . In
its 1H NMR spectrum, the adamantane core protons

give three broadened singlets atd 1.8 (6H), 1.9 (6H),
and 2.1 ppm (3H). The protons at C12 and C13 give
doublets (d 6.1 and 10.1 ppm, respectively), with the
coupling constant3J 6 Hz, which corresponds to the
s-cisarrangement [14]. The IR spectrum ofXIV con-
tains bands at 1680 [n(C=O)], 1610 [n(C=C)], and
875 cm31 [n(C3Cl)], and in the mass spectrum there
are peaks of the molecular ion atm/z 224 and 226;
their intensity ratio (100 : 33) corresponds to the
presence of one chlorine atom. Treatment ofXIV with
hydroxylamine haves-cis-3-(adamantyl)-3-chloro-2-
propenal oximeXV [15] in a quantitative yield. In its
1H NMR spectrum, we identified characteristic signals
of the tricyclic core in the form of three broadened
singlets atd 1.8 (6H), 1.9 (6H), and 2.1 ppm (3H),
and also doublets of the C12 and C13 protons atd 6.2
and 8.2 ppm, respectively (3J 6 Hz). The absorption



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 11 2001

1894 VASHKEVICH et al.

log c [M]

s, mJ m32

Surface tension isotherms of aqueous solutions of (1) XI ,
(2) XVI , (3) XVII , and (4) RSO3

3NH4
+. (s) Surface tension

and (c) concentration.

bands of the C=C, C=N, and C3Cl bonds are observed
in the IR spectrum at 1610, 1640, and 850 cm31,
respectively. The mass spectrum of oximeXV con-
tains the peak of the molecular ion (I = 43%) and the
fragment peaks corresponding to the loss of H2O
(100%), chlorine atom (86%), and adamantane core
(31%).

Reduction of oximeXV with sodium in absolute
ethanol gives 3-(1-adamantyl)-3-chloro-2-propenyl-
amineXIII in 40% yield; by treatment with dry HCl
it was converted to hydrochlorideXVI in 90% yield.

Taking into account an important role of surfac-
tants in various industrial processes, in particular, in
flotation concentration of ores, we studied the surface
activity and flotation properties ofXI , XII , andXVI .
The collector presently used for recovery of potassium
chloride is octadecylamine hydrochloride. Until re-
cently, it was believed that flotation separation of
soluble salts occurs only under the action of aliphatic
compounds with a hydrophilic group at a primary
carbon atom. The longer the hydrocarbon chain of the
collector, the higher the energy of dispersion interac-
tions and hence the higher the stability and density
of the adsorption layer on the KCl surface and the
stronger the hydrophobization effect. Surfactants with
radicals containing double bonds or with branched
radicals show weaker collecting power. Secondary,
tertiary, and quaternary ammonium salts are practi-
cally incapable of KCl flotation.

The synthesized compounds differ from sodium
alkyl sulfates and aliphatic amines in that the hydro-
philic groups in their molecules are linked not to a
simple alkyl radical but to a bulky tricyclic fragment
with a complex steric structrue. CompoundsXI and
XII and the ammonium salt RSO3

3NH4
+ contain a com-

mon surface-active anion with a polar sulfo group.
However, in contrast to the ammonium salt, inXI and
XII the cation is also surface-active. This fact can
give rise to differences in the surface and volume
properties and in the hydrophobizing effect of these
surfactants.

The degree of adsorption of surfactants on the
phase boundary, characterizing interchange of the
molecules on the surface and in the bulk, is deter-
mined by the length of the hydrocarbon radical, the
nature of polar groups (for straight-chain surfactants
with the vertical orientation of the molecules in the
surface layer), and by the surfactant solubility.

According to the surface tension isotherms (see
figure), the compounds prepared behave in solution
as typical lyophilic surfactants, markedly decreasing
the surface tension of aqueous solutions (to 303

40 mJ m32) and showing clearly defined ranges of
micelle formation. It should be noted that compounds
XI and XII are less soluble in water (1.10 1031 and
1.20 1031 M, respectively) than the ammonium salt
RSO3

3NH4
+ (0.68 M); therefore, the surface tension of

their solutions decreases to a greater extent. As the
solubility is decreased, the tendency of surfactant
molecules to pass from the bulk of solution to the
phase boundary becomes more pronounced. The mini-
mal values of the surface tension give only a qualita-
tive characteristic of the effect of the substance struc-
ture on the surface properties. To reveal a correlation
between the surface and volume properties, we cal-
culated from the experimental isotherms the param-
eters of the surface activity of the synthesized sur-
factants (Table 1). As compared to the ammonium salt
RSO3

3NH4
+, the synthesized compounds show higher

activity at the solution3air interface. As seen from
Table 1, the surface activiy ofXI andXII considera-
bly exceeds that of RSO3

3NH4
+.

Thus, the presence in a molecule of a complex
organic counterion capable of adsorption, together
with a surface-active ion, on the liquid3gas interface
and of association in the bulk to form micelles deter-
mines certain specific features of such compounds as
XI and XII . Solutions of such surfactants exhibit a
pronounced synergism manifested in high surface
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Table 1. Colloid-chemical characteristics of surfactant solutions*
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound ³ cm, M ³ Amax 0 1036, mol m32 ³ smin, mJ m32 ³ CMC, M ³ G, mJ mmol31

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
XI ³ 0.003 ³ 7.1 ³ 34 ³ 0.006 ³ 6.2
XII ³ 0.001 ³ 7.8 ³ 30 ³ 0.004 ³ 10.5
XVI ³ 0.0001 ³ 1.6 ³ 35 ³ 0.01 ³ 3.7
RSO3

3NH4
+ ³ 0.18 ³ 3.1 ³ 40 ³ 0.56 ³ 0.057

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* (cm) Saturation concentration of adsorption layer, determined as the point in which thes3lnc plot starts to deviate from the straight

line; (Amax) maximal adsorption calculated according to Gibbs; (smin) minimal surface tension; (CMC) critical micelle concentra-
tion determined from the break point in thes3lnc isotherm; (G) surface activity determined from CMC according to Rebinder.

activity and low critical micelle concentration, as
compared to salts of the surface-active ions with sim-
ple counterions. A close-packed adsorption layer is
formed on the interface, which considerably decreases
the surface tension on the liquid3gas interface (to
30 mJ m32), and association in solution starts at lower
concentrations (1033 M). Such a behavior of the sur-
factants under consideration is due to enhancement of
hydrophobic interactions owing to formation (both on
the surface and in the bulk) of electrically neutral
complexes as a result of specific (electrostatic) inter-
actions with charge compensation.

We have studied the flotation properties of the
compounds. We found that adamantane derivatives
XI , XII , andXVI can be used as collectors of KCl in
flotation concentration of sylvinite ores. As seen from
Table 2, agentXII ensures 93% recovery of KCl with
the KCl content in the concentrate as high as 86%.

The surfactants synthesized are nontoxic, readily
degradable biologically, and well compatible with the
traditional surfactants, which makes them promising
for industrial use.

EXPERIMENTAL

The 1H NMR spectra were recorded with a Tesla
BS-567A spectrometer (100 MHz, CDCl3, internal
reference TMS). The IR spectra were taken with a
Protege-460 Fourier spectrometer, and the mass spec-
tra, with an MKh-1320 mass spectrometer (electron
impact, 50 eV).

The surface tension of the synthesized compounds
in aqueous solutions was determined by the ring de-
tachment method allowing measurement of the equi-
librium surface tension [16]. The method is based on
measuring the force required for detachment of a wire
ring from a horizontal liquid surface. The detachment
force was measured with a torsion balance calibrated
using a reference liquid (hexane) with a known sur-
face tension.

The flotation activity of the new compounds was
studied with a laboratory machine (chamber volume
150 cm3) using natural sylvinite ore of the Starobin-
skoe deposit (KCl content 27.4%, insoluble residue
3.4%). As the liquid phase we used a saturated solu-
tion of KCl and NaCl (d 1.235 g cm33), and as the
agent depressing clay and carbonate impurities, sodi-
um salt of carboxymethyl cellulose (Na-CMC). The
agents were introduced in the following order: Na-
CMC, stirring for 3 min; collector, stirring for 1 min;
flotation. The solid flotation products were separated
from the liquid phase on a B1uchner funnel, dried,
weighed, and analyzed for the KCl content. Flotation
tails were analyzed by flame photometry, and concen-
trates, by precipitation of perchlorate or tetraphenyl-
borate [17].

1-Adamantylamine III. A solution of 20 g ofIV
in 50 ml of water was heated to 45oC, and 4.25 g of
solid NaOH was added in small portions with stirring
over a period of 5 h. Then the mixture was heated to
60365oC and kept at this temperature for 6 h. After
cooling to room temperature, the precipitate ofIII
was filtered off, washed with water (20 50 ml), and
dried; yield 96%, colorless crystalline substance,
mp 2103212oC.

[1-(1-Adamantyl)ethyl]dimethylamine V. A solu-
tion of 17.9 g ofI in 100 ml of isopropyl alcohol was

Table 2. Parameters of flotation of sylvinite ore withXI ,
XII , and XVI *
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

Q,
³ b, % ³ e, % ³ b, % ³ e, % ³ b, % ³ e, %
ÃÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄÅÄÄÄÄÄÁÄÄÄÄÄ

g g31
³ XI ³ XII ³ XVI

ÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄ
50 ³ 87.0 ³ 72.3 ³ 87.7 ³ 71.9 ³ 91.1 ³ 73.5

100 ³ 91.4 ³ 89.8 ³ 91.0 ³ 88.1 ³ 88.2 ³ 86.4
200 ³ 85.0 ³ 91.0 ³ 86.1 ³ 93.1 ³ 86.6 ³ 87.1
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
* (Q) Collector consumption, (b) content of KCl in the concen-

trate, and (e) recovery of KCl into the concentrate.
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heated with stirring to 50353oC, and 27 g of 85%
aqueous formic acid was added over a period of
40 min. In the process, the mixture warmed up to
60oC. After cooling to 50oC, 40 g of 30% formalin
was added dropwise with vigorous stirring over a
period of 4.5 h. Then the mixture was heated to 80oC
and kept at this temperature for 21 h. After cooling,
the mixture was alkalized (with phenolphthalein indi-
cator) with 25% aqueous NaOH. The mixture was
transferred into a dropping funnel, and the upper layer
was separated, washed with water, and dried over
MgSO4. The solvent was distilled off, and the residue
was vacuum-distilled. CompoundV was obtained,
yield 94%, bp 88390oC (3 mm Hg),nD

20 1.5064. IR
spectrum,n, cm31: 2950, 2860, 2780, 1460, 1170,
1090, 1050.1H NMR spectrum,d, ppm: 1.47 d (3H,
CH3), 1.80 br.s (6H, 3CH2), 1.95 br.s (6H, 3CH2),
2.05 br.s (3H, 3CH), 3.22 s (6H, 2CH3), 3.30 q (1H,
CH). Mass spectrum,m/z: 207 (M+, 21%), 192, 163,
135 (100%).

Found, %: C 80.97, H 12.18, N 6.89.
C14H25N.
Calculated, %: C 81.15, H 12.07, N 6.76.

(1-Adamantyl)dimethylamine VI was prepared
similarly from amine III ; yield 90%, bp 83385oC
(3 mm Hg),nD

20 1.5157. IR spectrum,n, cm31: 3000,
2920, 2850, 1460, 1180.1H NMR spectrum,d, ppm:
1.70 br.s (6H, 3CH2), 2.10 br.s (6H, 3CH2), 2.35 br.s
(3H, 3CH), 3.30 s (6H, 2CH3). Mass spectrum,m/z:
179 (M+, 19%), 164, 149, 135 (100%).

Found, %: C 80.32, H 11.80, N 7.75.
C12H21N.
Calculated, %: C 80.44, H 11.73, N 7.82.

[1-(1-Adamantyl)ethyl]trimethylammonium io-
dide VII. A solution of 20.7 g of amineV in 115 ml
of isopropyl alcohol was heated to 45oC, and 14.2 g
of methyl iodide was added with stirring at 45355oC
over a period of 50 min. Then the mixture was heated
to 70375oC and stirred at this temperature for 9310 h.
After cooling, the solvent was distilled off, and the
residue was recrystallized from acetone. IodideVII
was obtained, yield 90%; colorless crystalline sub-
stance, mp 2163217oC. IR spectrum,n, cm31: 3000,
2900, 2850, 1440, 840.1H NMR spectrum,d, ppm:
1.47 d (3H, CH3), 1.80 br.s (6H, 3CH2), 1.95 br.s
(6H, 3CH2), 2.05 br.s (3H, 3CH), 3.22 s (9H, 3CH3),
3.30 q (1H, CH). Mass spectrum,m/z: 222 (M+

3 I,
23%), 207, 192, 163, 135 (100%), 127.

Found, %: C 51.53, H 7.91, N 4.07.
C15H28IN.
Calculated, %: C 51.57, H 8.02, N 4.01.

(1-Adamantyl)trimethylammonium iodide VIII
was prepared similarly from amineVI ; yield 90%,
colorless crystalline substance, mp 3343335oC. IR
spectrum,n, cm31: 3040, 2920, 2850, 1460, 850.
1H NMR spectrum,d, ppm: 1.70 br.s (6H, 3CH2),
2.10 br.s (6H, 3CH2), 2.35 br.s (3H, 3CH), 3.30 s
(9H, 3CH3). Mass spectrum,m/z: 194 (M+

3 I, 11%),
179, 164, 149, 135 (100%), 127, 123, 93, 85.

Found, %: C 48.63, H 7.43, N 4.31.
C13H24IN.
Calculated, %: C 48.59, H 7.47, N 4.36.

[1-(1-Adamantyl)ethyl]trimethylammonium hy-
droxide IX. To a solution of 13.96 g ofVII in 170 ml
of isopropyl alcohol, we added 15.4 g (dry weight;
0.06 mol) of AV-17 anion exchanger in the OH3 form
and stirred at 55oC for 5 h. Then an additional 15.4-g
portion of the resin was added, and the mixture was
stirred at 55oC for an additional 5 h. After cooling to
room temperature, the resin was filtered off. A 6.45%
aqueous-alcoholic solution of hydroxideIX was ob-
tained; pH 10, yield 99% (the concentration of hy-
droxide depends on the moisture content of the anion
exchanger).

(1-Adamantyl)trimethylammonium hydroxide X
was prepared similarly from saltVIII ; yield 98%.

[1-(1-Adamantyl)ethyl]trimethylammonium iso-
camphanone-3-exo-sulfonate XI. An equivalent
amount of aqueous-alcoholic solution of isocampha-
none-3-exo-sulfonic acid was added to an aqueous-
alcoholic solution of hydroxideIX with vigorous
stirring. The solvents were removed, and the product
was recrystallized from ethanol and vacuum-dried to
constant weight; yield 85%, colorless powder, mp
2293230oC. IR spectrum,n, cm31: 2910, 2850, 1740,
1176, 1060.1H NMR spectrum,d, ppm: 0.90 d (3H,
CH3), 1.05 s (6H, 2CH3), 1.45 d (3H, CH3), 1.7 br.s
(6H, 3CH2), 1.80 br.s (6H, 3CH2), 2.05 br.s (3H,
3CH), 2.1032.80 m (5H), 3.30 s (9H, 3CH3), 3.40 q
(1H, CH), 3.70 d (1H, HCSO3). Mass spectrum,m/z:
230 (M+

3 C15H28N, 12%), 214, 177, 163, 135
(100%), 119.

Found, %: C 66.12, H 9.15, N 2.99, S 7.01.
C25H42NO4S.
Calculated, %: C 66.37, H 9.29, N 3.09, S 7.08.

(1-Adamantyl)trimethylammonium isocampha-
none-3-exo-sulfonate XII was prepared similarly, by
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neutralization of hydroxideX; yield 70%, colorless
powder, mp 2553256oC. IR spectrum,n, cm31: 3050,
2960, 2910, 2850, 1710, 1180, 1040.1H NMR spec-
trum, d, ppm: 0.90 d (3H, CH3), 1.00 s (6H, 2CH3),
1.50 m (1H, CH), 1.70 br.s (6H, 3CH2), 1.90 m (2H,
2CH), 2.00 br.s (6H, 3CH2), 2.10 m (1H, CH), 2.30
br.s (3H, 3CH), 2.60 m (1H, CH), 3.10 s (9H, 3CH3),
3.70 d (1H, CH). Mass spectrum,m/z: 328 (M+

3 SO4,
10%), 253, 215, 179, 152, 136, 135 (100%), 122,
108, 93.

Found, %: C 65.03, H 8.90, N 3.25, S 7.60.
C23H38NO4S.
Calculated, %: C 65.09, H 8.96, N 3.30, S 7.54.

3-(1-Adamantyl)-3-chloro-2-propenylamine XIII.
Sodium (10 g) was added with stirring to 4 g of ox-
ime XV in 185 ml of absolute ethanol. After complete
dissolution of sodium, the mixture was refluxed for
35 min, poured onto ice, and acidified with 15% HCl.
The alcohol was distilled off, and the aqueous solu-
tion was washed with diethyl ether and alkalized by
adding anhydrous KOH with stirring and cooling.
Then the mixture was extracted with diethyl ether, and
the extract was dried over KOH. After removal of the
solvent, 1.5 g of amineXIII was obtained; yield 40%.
IR spectrum,n, cm31: 2920, 2855, 1630, 1580, 1320,
870. 1H NMR spectrum,d, ppm: 1.8 br.s (6H, 3CH2);
1.9 br.s (6H, 3CH2); 2.1 br.s (3H, 3CH); 6.2 d,3J
6 Hz (1H, C12H); 8.2 d (1H, C13H).

Found, %: C 69.22, H 9.04, Cl 15.55, N 6.34.M+ 225
(15%).

C13H20N.
Calculated, %: C 69.16, H 8.93, Cl 15.70, N 6.20.M 225.8.

3-(1-Adamantyl)-3-chloro-2-propenal XIV. To
134 ml of dimethylformamide at 25330oC, 50.2 g of
PCl5 was added in portions over a period of 30 min.
The mixture was stirred at 20325oC for 3 h and then
kept at this temperature for 12 h. To the resulting
suspension of the Vilsmeier3Haack complex, a solu-
tion of 33 g of ketoneII in 82.5 ml of dimethylform-
amide was added at 25330oC over a period of 30 min.
The mixture was stirred at 35355oC for 67 h, after
which 200 ml of water was added with cooling, and
the mixture was allowed to stand at 20325oC for a
day. The crystalline precipitate ofXIV was filtered
off, washed with water, and vacuum-dried. Yield 24 g
(60%), mp 57359oC (from methanol). IR spectrum,n,
cm31: 2930, 2855, 1620, 1680, 1460, 1360, 875.
1H NMR spectrum,d, ppm: 1.8 br.s (6H, 3CH2); 1.9
br.s (6H, 3CH2); 2.1 br.s (3H, 3CH); 6.1 d,3J 6 Hz

(1H, C12H); 10.1 d (1H, C13H).

Found, %: C 70.04, H 7.96, Cl 15.65.M+ 224 (100%).
C13H17ClO.
Calculated, %: C 69.48, H 7.62, Cl 15.78.M 224.7.

3-(1-Adamantyl)-3-chloro-2-propenal oxime XV.
A solution of 12 g of sodium acetate in 60 ml of water
was added at room temperature with stirring to a mix-
ture of 8 g of aldehydeXIV in 30 ml of ethanol and
10 g of hydroxylamine hydrochloride in 10 ml of
water. The mixture was made homogeneous by adding
60 ml of ethanol and stirred for 10 h at 55360oC.
Then the mixture was diluted with water, and the pre-
cipitate of oximeXV was filtered off, washed with
water, and vacuum-dried. Yield 6.5 g (76%), mp 1583

160oC (from 2-propanol). IR spectrum,n, cm31: 2925,
2850, 1640, 1610, 1320, 930, 850.1H NMR spec-
trum, d, ppm: 1.8 br.s (6H, 3CH2); 1.9 br.s (6H,
3CH2); 2.1 br.s (3H, 3CH); 6.2 d,3J 6 Hz (1H,
C12H); 8.2 d (1H, C13H).

Found, %: C 65.34, H 7.66, Cl 14.51, N 5.73.M+

239 (43%).
C13H18ClN.
Calculated, %: C 65.13, H 7.57, Cl 14.78, N 5.84.M 239.0.

3-Chloro-3-(1-adamantyl)-2-propenylamine hy-
drochloride XVI. A stream of dry HCl was passed for
2 h through an ether solution of 1.5 g of amineXIII .
The precipitate of hydrochlorideXVI was filtered off,
washed with diethyl ether, and vacuum-dried. Yield
1.56 g (90%); mp 245oC. IR spectrum,n, cm31: 2930,
2860, 1630, 1480, 1450, 1325, 980.1H NMR spec-
trum, d, ppm: 1.7 br.s (6H, 3CH2); 1.8 br.s (6H,
3CH2); 2.1 br.s (3H, 3CH); 6.2 d,3J 6 Hz (1H,
C12H); 8.2 d (1H, C13H).

Found, %: C 59.28, H 8.15, Cl 26.99, N 5.35.M+ 262
(40%).

C13H21Cl2N.
Calculated, %: C 59.54, H 8.07, Cl 27.04, N 5.34.
M 262.2.

CONCLUSIONS

(1) Adamantane derivatives containing (1-adaman-
tyl)trimethylammonium or [1-(1-adamantyl)ethyl]tri-
methylammonium cation in combination with an or-
ganic or inorganic acid anion were prepared.

(2) (1-Adamantyl)trimethylammonium isocampha-
none-3-exo-sulfonate exhibits a high surface activity,
and 3-(1-adamantyl)-3-chloro-2-propenylamine hydro-
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chloride actively collects KCl in flotation concentra-
tion of sylvinite ores.
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Abstract-3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1-chloropropane was converted into derivatives containing
S(II) in various functional groups. The inhibiting power of the compounds with respect to thermal autooxida-
tion of animal fat was evaluated.

Among inhibitors of free-radical oxidation of hy-
drocarbon substrates, a particular place is occupied
by sulfur-containing derivatives of sterically hindered
phenols, whose high antioxidative activity is due to
the bifunctional mechanism of the antioxidative effect
[1] and to internal synergism [2, 3]. Among such anti-
oxidants is bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl] sulfide (SO-3), which shows a high perfor-
mance as thermal stabilizer of polymer compounds
based on polyethylene and polypropylene [4, 5]. As
SO-3 is nontoxic, it can be used in production of
household goods [6, 7]; also, the possibility was ex-

amined of its use as an antioxidant for fat-containing
foodstuffs and fat-soluble drugs [8310]. With the aim
of searching for new high-performance inhibitors, we
prepared in this work a series of structural analogs of
SO-3 containing S(II) atoms in various functional
groups and compared the antioxidative properties of
these compounds with respect to thermal autooxida-
tion of animal fat.

From 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-1-chlo-
ropropaneI , we prepared sulfur-containing derivatives
II 3IX by the following scheme:
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The compositions and structures ofII 3IX were
proved by elemental analysis and spectroscopy.

The antioxidative properties ofII 3IX were studied
with respect to thermal autooxidation of animal fat.
The reference compound was 2,6-di-tert-butyl-4-meth-

ylphenol (Ionol), a commercial product used in food
industry as an antioxidant for fat-containing foodstuffs
[11]. As oxidation substrate we used lard; its oxida-
tion was monitored by accumulation of hydroperox-
ides. The concentration of peroxides in a sample was
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PN, % iodine

t, min
Fig. 1. Kinetic curves of lard oxidation in the presence of
phenolic antioxidants. Antioxidant: (1) none, (2) Ionol,
(3) III , (4) SO-3, and (5) IX . (PN) Peroxide number and
(t) time.

II
III

IV
V

VI

VII

VIII

IX

Ionol

ti, min

Fig. 2. Diagram of induction periodsti of lard oxidation
inhibited with phenolic antioxidants (2.5mmol g31 fat,
130oC).

determined by Zinov’ev’s version of the iodometric
procedure [12]. The kinetic curves were plotted; they
had similar shape for oxidation of the straight fat and
the fat containing inhibitors (Fig. 1). The antioxidative
activity (AOA) of inhibitors was judged from the
duration of the induction period, defined as the time
in which the peroxide number reaches 0.1 (the initial
peroxide number was 0.003). The results are shown
in Fig. 2.

Our results show that compoundsII 3IX exhibit
pronounced AOA: the induction period of lard oxida-
tion increases by a factor of 12330. All the com-
pounds except trisulfideIV and isothiuronium chlo-
ride V surpass Ionol in performance, which suggests
their bifunctional activity. The AOA decreases in the
order II (SO-3) > III > IV , which may be due to
thermal oxidative cleavage of the S3S bonds with
generation of thiyl radicals [13], which can participate
not only in chain termination, but also in chain prop-
agation [14]:

RSSR 6 2RS.,

RS. + .OH 6 RSOH,

RS. + XH 6 RSH + X..

Apparently, the possible formation of thiyl radicals
is responsible for the relatively low inhibiting power
of thiol VII :

RSH + .OH 6 RS. + H2O,

RSH + X.
6 RS. + XH.

Among the new compounds, the most effective
antioxidants are sulfide analogs of SO-3: unsymmet-
rical sulfide VI and bissulfideIX , with the latter ap-
preciably surpassing SO-3 in the antioxidative effect
under the experimental conditions. Our results show
that compoundsII , III , VI , VIII , and IX deserve
further study as antioxidants for fat-containing food-
stuffs.

EXPERIMENTAL

The 1H NMR spectra were recorded with a Bruker
spectrometer (500 MHz, external reference TMS). The
IR spectra were taken with a Vektor-22 Fourier spec-
trometer (CCl4 solutions or KBr pellets, 150 : 1). The
melting points were determined with a PTP device.

Bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl]
sulfide II and bis[3-(3,5-di-tert-butyl-4-hydroxyphen-
yl)propyl disulfide III were prepared according to
[15, 16].

Bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl]
trisulfide IV. A mixture of 3.51 g (45 mmol) of sodi-
um sulfide, 2.88 g (90 mmol) of sulfur, and 80 ml of
2-propanol was refluxed for 2 h. After cooling to 503
60oC, 20 g (69 mmol) ofI was added, and the mixture
was refluxed for 4 h. The reaction mass was cooled
and treated with toluene (80 ml). The extract was
washed with water and dried over Na2SO4; the solvent
was distilled off. The reaction product was purified by
chromatography on silica gel, eluent hexane3diethyl
ether (5 : 1). Yield ofIV 17.3 g (84%); resinous yel-
low substance.1H NMR spectrum (CDCl3), d, ppm:
1.430 s (36H,t-Bu), 1.97032.000 m (4H, ArCH2CH2),
2.61232.642 t (4H, ArCH2), 2.71532.742 t (4H,
CH2S), 5.034 s (2H, OH), 6.971 s (4H, Harom). IR
spectrum (CCl4), n, cm31: 3640 (OH). UV spectrum
(EtOH), lmax, nm (loge): 220 (4.20), 278 (3.57).

Found, %: C 69.11, H 9.13, S 17.44.
C34H54O2S3.
Calculated, %: C 69.09, H 9.21, S 16.27.

S-[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propyl]-
thiuronium chloride V. A mixture of 4.24 g
(15 mmol) of I , 0.95 g (12.5 mmol) of thiourea, and
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30 ml of 1-butanol was refluxed for 5 h, after which
the solvent was distilled off, and the product was
washed with warm pentane, filtered off, and dried.
Yield of V 4.13 g (92%); colorless crystalline sub-
stance, mp 165oC. 1H NMR spectrum (CDCl3), d,
ppm: 1.430 s (18H,t-Bu), 2.048 m (2H, ArCH2CH2),
2.726 t (2H, ArCH2), 3.123 t (2H, CH2S), 7.146 s
(2H, Harom). IR spectrum (KBr),n, cm31: 3644 (OH),
3263 and 3062 (NH2

+), 1650 (NH2
+). UV spectrum

(EtOH), lmax, nm (loge): 209 (1.84), 276 (0.16).

Found, %: C 59.89, H 8.92, Cl 9.74, N 7.52, S 8.71.
C18H31ClN2OS.
Calculated, %: C 60.22, H 8.70, Cl 9.88, N 7.80, S 8.93.

Butyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)prop-
yl sulfide VI. A mixture of 7 g (19.5 mmol) of iso-
thiuronium chlorideV, 1.72 g (43 mmol) of NaOH,
3.04 ml (29.3 mmol) of 1-chlorobutane, and 20 ml of
ethanol was stirred for 1 h at 20oC under argon and
then heated at 50360oC for 2 h. The mixture was
treated with toluene. The extract was washed with
water and dried over Na2SO4, the solvent was distilled
off, and the product was vacuum-distilled. Yield ofVI
4.59 g (70%); bp 165oC (1 mm Hg).1H NMR spec-
trum (CDCl3), d, ppm: 0.89230.921 t (3H, CH2Me),
1.38031.416 m (2H, CH2Me), 1.430 s (18H,t-Bu),
1.53231.591 m (2H, CH2Et), 1.86231.908 m (2H,
ArCH2CH2), 2.49832.524 t (2H, SCH2Pr), 2.5283
2.553 t (2H, CH2SBu), 2.61032.641 t (2H, ArCH2),
5.030 s (1H, OH), 6.977 s (2H, Harom). IR spectrum
(CCl4), n, cm31: 3646 (OH). UV spectrum (EtOH),
lmax, nm (loge): 208 (1.56), 277 (0.19).

Found, %: C 75.13, H 10.62, S 9.50.
C21H36OS.
Calculated, %: C 74.94, H 10.78, S 9.53.

3-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1-prop-
anethiol VII. A mixture of 30 g (106 mmol) ofI ,
9.7 g (127 mmol) of thiourea, and 100 ml of DMF
was heated at 130oC for 2 h. After cooling to 50oC,
a solution of 0.92 g (23 mmol) of NaOH in 3 ml of
water was added, and the mixture was stirred for 2 h
at 50oC, acidified with HCl, and treated with toluene.
The extract was washed with water and dried over
Na2SO4, the solvent was distilled off, and the reaction
product was vacuum-distilled. Yield ofVII 25.3 g
(85%); mp 48, bp 1383145oC (132 mm Hg).1H NMR
spectrum (CDCl3), d, ppm: 1.132 s (1H, SH), 1.430 s
(18H, t-Bu), 1.912 m (2H, ArCH2CH2); 2.2573
2.756 m (4H, ArCH2, CH2S), 4.852 s (1H, OH),
6.871 s (2H, Harom). IR spectrum (KBr),n, cm31:

3650 (OH). UV spectrum (EtOH),lmax, nm (loge):
207 (3.88), 278 (3.28).

Found, %: C 73.09, H 10.13, S 11.20.
C17H28OS.
Calculated, %: C 72.80, H 10.06, S 11.43.

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
ethanethioate VIII. To a mixture of 5 g (17.8 mmol)
of I , 5 ml (35.6 mmol) of triethylamine, and 20 ml of
benzene, we added dropwise 1.3 ml (18.2 mmol) of
acetyl chloride. The mixture was refluxed for 2 h,
cooled, and treated with toluene. The extract was
washed with water and dried over Na2SO4, the solvent
was distilled off, and the reaction product was recrys-
tallized from ethanol. Yield ofVIII 5.12 g (89%),
mp 57358oC. 1H NMR spectrum (CDCl3), d, ppm:
1.42831.446 s (18H, t-Bu), 1.85131.881 m (2H,
ArCH2CH2), 2.328 s (3H, COMe), 2.58032.611 t (2H,
ArCH2), 2.89332.921 t (2H, CH2S), 5.040 s (1H,
OH), 6.952 s (2H, Harom). IR spectrum (CCl4), n,
cm31: 3647 (OH), 1695 (C=O). UV spectrum (EtOH),
lmax, nm (loge): 206 (2.18), 229 (0.94), 221 (0.92),
277 (0.18).

Found, %: C 70.82, H 9.36, S 9.77.
C19H30O2S.
Calculated, %: C 70.76, H 9.38, S 9.94.

1,4-Bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propylthio]butane IX. A mixture of 5.05 g (18 mmol)
od I and 1.3 g (19.7 mmol) of KOH was dissolved in
30 ml of ethanol, and 1.14 g (9 mmol) of 1,4-dichlo-
robutane was added. The mixture was refluxed for
2.5 h, cooled, and treated with toluene. The extract
was washed with water and dried over Na2SO4, the
solvent was distilled off, and the product was recrys-
tallized from ethanol. Yield ofIX 4.0 g (72%), mp
64365oC. 1H NMR spectrum (CDCl3), d, ppm:
1.430 s (36H,t-Bu), 1.691 m [4H, SCH2(CH2)2CH2S],
1.871 m (4H, ArCH2CH2), 2.52632.556 m (8H,
SCH2), 2.60332.635 t (4H, ArCH2), 5.030 s (2H,
OH), 6.970 s (4H, Harom). IR spectrum (KBr),n,
cm31: 3643 (OH). UV spectrum (EtOH),lmax, nm
(loge): 210 (1.84), 277 (0.36).

Found, %: C 74.47, H 10.31, S 10.65.
C38H62O2S2.
Calculated, %: C 74.21, H 10.16, S 10.43.

Oxidation of lard (50 g, Novosibirsk Meat Packing
and Canning Plant) was performed at 130oC in an
oxygen flow in an oxidation cell similar to that de-
scribed in [17]. In the course of oxidation, 1-g sam-
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ples were taken. The concentration of antioxidants
(main substance content no less than 98399%) was
2.5 mmol g31 fat.

CONCLUSIONS

(1) The synthesized derivatives of 3-(3,5-di-tert-
butyl-4-hydroxyphenyl)-1-chloropropane containing
sulfur atoms in various functional groups (sulfide,
disulfide, thiol, thio ester) are effective inhibitors of
animal fat oxidation.

(2) Symmetrical and unsymmetrical 3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propyl sulfides considerably
surpass in the antioxidative properties the commercial
antioxidant Ionol used in food industry and deserve
further study as promising antioxidants for fat-con-
taining foodstuffs.
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Abstract-w-(3,5-Di-tert-butyl-4-hydroxyphenyl)alkanethiols were converted into thio esters by reactions
with aliphatic and aromatic carboxylic acid chlorides. The antioxidative activity of these compounds, eval-
uated with respect to thermal autooxidation of lard, was studied in relation to their structure.

Polyfunctional phenolic antioxidants (PPAOs) ex-
hibiting simultaneously antiradical and antiperoxide
activity and showing internal synergism are known as
effective inhibitors of free-radical oxidation of organic
and bioorganic substrates. For example, bis[3-(3,5-di-
tert-butyl-4-hydroxyphenyl)propyl sulfide (SO-3 sta-
bilizer) is used to stabilize polymer compounds based
on polyethylene and polypropylene [1, 2] and also fat-
containing foodstuffs [335]. Synthesis of related sul-
fur-, phosphorus-, and nitrogen-containing derivatives
and screening of their antioxidative activity in relation
to the structure is a promising line in searching for
PPAOs of a new generation.

Thio esters derived fromw-(3,5-di-tert-butyl-4-
hydroxyphenyl)alkanethiols show a high inhibiting ac-
tivity with respect to polyethylene and acrylonitrile3
butadiene3styrene copolymers [6, 7]. In this work we
prepared thio esters derived fromw-(3,5-di-tert-butyl-
4-hydroxyphenyl)alkanethiolsI and studied how their
antioxidative properties with respect to thermal oxida-
tion of animal fat correlate with their structure.

Reactions of thiolsI with aliphatic and aromatic
carboxylic acid chlorides yielded the corresponding
thio esters II :
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Syntheses were performed in benzene in the pres-
ence of triethylamine (to bind the released HCl) at ap-
proximately stoichiometric molar ratio of the reactants.
The yields of the target thio esters were 75389%. The
composition and structure of the synthesized com-
pounds were confirmed by elemental analysis and
spectral characteristics.

Using thermal autooxidation of lard as model reac-
tion, we studied the antioxidative activity (AOA) of
IIa 3IIi in relation to their structure and compared it
with that of the known stabilizers: 2,6-di-tert-butyl-4-
methylphenol (Ionol) and SO-3 stabilizer. The lard
oxidation rate was monitored by accumulation of the
primary oxidation products, hydroperoxides; the AOA
was evaluated by the duration of the induction period
t, defined as the time in which the peroxide number
of 0.1 is attained. The results are listed in the table.

Our results show that all the compounds studied
exhibit a pronounced antioxidative activity and in-
crease the induction period of lard oxidation by a
factor of 538. Thio estersIIa 3IIi surpass in AOA
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Induction periodst of lard oxidation inhibited by phenolic
antioxidants ([PhOH] = 1mmol g31 fat, 130oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Antioxidant* ³ t, min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
R(CH2)2SCOCH3 (IIa ) ³ 200
R(CH2)3SCOCH3 (IIb ) ³ 253
R(CH2)4SCOCH3 (IIc ) ³ 275
R(CH2)3SCOC4H9 (IId ) ³ 269
R(CH2)3SCOC5H11 (IIe ) ³ 264
R(CH2)3SCOC15H31 (IIf ) ³ 265
R(CH2)3SCO(CH2)2S(CH2)2COS(CH2)3R (IIg )³ 265
R(CH2)3SCOC6H5 (IIh ) ³ 258
R(CH2)3SCOC6H4COS(CH2)3R (IIi ) ³ 259
R(CH2)3SH (Ib ) ³ 170
RCH3 (Ionol) ³ 169
R(CH2)3S(CH2)3R (SO-3) ³ 290
RCH3 + C12H25SCOCH3 (molar ratio 2 : 1) ³ 184
RCH3 + C12H25SC12H25 (molar ratio 2 : 1) ³ 184
C12H25SCOCH3 ³ 34
C12H25SC12H25 ³ 34
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* R = 3,5-di-tert-butyl-4-hydroxyphenyl; in the control experi-

ment (no antioxidant added), the induction period was 34 min.

Ionol and its synergistic mixture with dodecyl ethane-
thioate, which suggests the bifunctional mechanism
of their antioxidative effect and internal synergism.
We found that under the experimental conditions the
AOA is significantly influenced by the length of the
hydrocarbon chain between the phenol and thio ester
moieties. For example, the inhibiting activity grows in
the orderIIa < IIb < IIc , as the distance between the
sulfur atom and phenol ring increases. The substituent
at the carbonyl carbon atom affects AOA to a lesser
extent: the inhibiting activity of aliphatic and aromatic
thio esters IIb and IId 3IIi is similar.

The synergistic mixtures of Ionol with dodecyl
sulfide and dodecyl ethanethioate showed a similar
inhibiting activity, whereas SO-3 surpassed in the
inhibiting effect its thio ester analogs, including thio-
dipropionic acid derivativeIIg . The latter fact sug-
gests that the internal synergism is the decisive factor
responsible for the high performance of sulfur-con-
taining derivatives of thew-(3,5-di-tert-butyl-4-hy-
droxyphenyl)alkyl series; the extent of internal syn-
ergism depends on the nature of the sulfur-containing
fragment and its localization in thep-alkyl substituent.
In SO-3 the internal synergism is more pronounced
than in the corresponding thio esters. The sulfide
fragment in thiodipropionic acid derivativeIIg is
remote from the phenol ring; it is not involved in syn-
ergistic interactions and therefore does not affect the
antioxidative activity.

Among the tested sulfur-containing derivatives of
sterically hindered phenols, thiolIb shows the lowest
AOA. The weak inhibiting activity of this compound
is probably due to the possibility of formation of thiyl
radicals RS

.
, which can particilate in both chain termi-

nation and chain propagation [8]:

RSH + .OH 6 RS. + H2O,

RSH + R̀.
6 RS. + R`H,

RS. + .OH 6 RSOH,

RS. + XH 6 RSH + X..

On the whole, thio estersIIa 3IIi can be regarded
as effective polyfunctional antioxidants.

EXPERIMENTAL

The 1H NMR spectra were recorded on a Bruker
spectrometer (500 MHz, CDCl3, internal reference
TMS). The IR spectra were taken on a Vektor 22
Fourier spectrometer from neat samples, CCl4 solu-
tions, or KBr pellets (150 : 1). The melting points
were determined with a PTP device.

The initial thiols I were prepared according to [9].

S-[2-(3,5-Di-tert-butyl-4-hydroxyphenyl)ethyl]
ethanethioate IIa. To a mixture of 5.0 g (18.7 mmol)
of thiol Ia, 5 ml (25.6 mmol) of triethylamine, and
20 ml of benzene, we added dropwise 1.35 ml
(18.9 mmol) of acetyl chloride. The mixture was re-
fluxed for 2 h, cooled, and treated with toluene.
The extract was washed with water and dried over
Na2SO4, the solvent was distilled off, and the residue
was crystallized from ethanol. Yield ofIIa 4.68 g
(81%), mp 108oC. 1H NMR spectrum, d, ppm:
1.430 s (18H,t-Bu), 2.334 s (3H, COCH3), 2.7553
2.796 t (2H, ArCH2), 3.07033.150 t (2H, CH2S),
5.098 s (1H, OH), 7.000 s (2H, Harom). IR spectrum
(KBr), nmax, cm31: 3587 (OH), 1678 (C=O). UV
spectrum [EtOH,lmax, nm (loge)]: 207 (2.24), 230
(1.10), 276 (0.19).

Found, %: C 70.34, H 9.27, S 10.61.
C18H28O2S.
Calculated, %: C 70.08, H 9.15, S 10.39.

Thio estersIIb 3IIi were prepared similarly.

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
ethanethioate IIb. Yield 89%, mp 57358oC. 1H
NMR spectrum,d, ppm: 1.42831.446 s (18H,t-Bu),
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1.85131.881 m (2H, ArCH2CH2), 2.328 s (3H,
COCH3), 2.58032.611 t (2H, ArCH2), 2.89332.921 t
(2H, CH2S), 5.040 s (1H, OH), 6.952 s (2H, Harom).
IR spectrum (CCl4), nmax, cm31: 3647 (PhOH), 1695
(C=O). UV spectrum [EtOH,lmax, nm (loge)]: 206
(2.18), 229 (0.94), 221 (0.92), 277 (0.18).

Found, %: C 70.82, H 9.36, S 9.77.
C19H30O2S.
Calculated, %: C 70.76, H 9.38, S 9.94.

S-[4-(3,5-Di-tert-butyl-4-hydroxyphenyl)butyl]
ethanethioate IIc. Yield 78%, mp 65366oC. 1H
NMR spectrum,d, ppm: 1.431 s (18H,t-Bu), 1.6383
1.652 m (4H, ArCH2CH2CH2), 2.317 s (3H, COCH3),
2.526 t (2H, ArCH2), 2.903 t (2H, CH2S), 5.020 s
(1H, OH), 6.952 s (2H, Harom). IR spectrum (KBr),
nmax, cm31: 3581 (OH), 1681 (C=O). UV spectrum
[EtOH, lmax, nm (loge)]: 206 (2.02), 228 (0.90),
277 (0.16).

Found, %: C 71.57, H 9.73, S 9.79.
C20H32O2S.
Calculated, %: C 71.38, H 9.58, S 9.52.

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
pentanethioate IId. Yield 75%, bp 1903192oC
(132 mm Hg). 1H NMR spectrum,d, ppm: 0.8943
0.923 t [3H, (CH2)3CH3], 1.33131.376 m (2H, CH2 .
CH3), 1.428 s (18H, t-Bu), 1.63331.664 m (2H,
CH2C2H5), 1.83531.896 m (2H, ArCH2CH2), 2.5323
2.562 t (2H, COCH2), 2.58032.611 t (2H, ArCH2),
2.88932.918 t (2H, CH2S), 5.052 s (1H, OH), 6.955 s
(2H, Harom). IR spectrum,nmax, cm31: 3644 (OH),
1690 (C=O). UV spectrum [EtOH,lmax, nm (loge)]:
206 (2.02), 221 (0.88), 229 (0.90), 277 (0.19).

Found, %: C 72.61, H 10.07, S 9.01.
C22H36O2S.
Calculated, %: C 72.48, H 9.95, S 8.79.

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
hexanethioate IIe. Yield 68%, bp 2003201oC (13
2 mm Hg).1H NMR spectrum,d, ppm: 0.87630.902 t
(3H, (CH2)4CH3), 1.29731.323 m (4H, CH2CH2CH2),
1.428 s (18H,t-Bu), 1.668 m (2H, CH2C3H7), 1.8673
1.882 m (2H, ArCH2CH2), 2.52332.553 t (2H,
COCH2), 2.58232.613 t (2H, ArCH2), 2.88932.918 t
(2H, CH2S), 5.055 s (1H, OH), 6.957 s (2H, Harom).
IR spectrum,nmax, cm31: 3645 (OH), 1691 (C=O).
UV spectrum [EtOH,lmax, nm (loge)]: 208 (2.33),
221 (1.46), 229 (1.49), 277 (0.29).

Found, %: C 73.14, H 10.27, S 8.66.
C23H38O2S.
Calculated, %: C 72.96, H 10.12, S 8.47.

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
hexadecanethioate IIf.Yield 82%, mp 50351oC. 1H
NMR spectrum,d, ppm: 0.86530.892 t (3H, [(CH2)14.
CH3], 1.25731.299 s (24H, [CH2)12CH3], 1.428 s
(18H, t-Bu), 1.660 m (2H, CH2C13H27), 1.862 m (2H,
ArCH2CH2), 2.52732.557 t (2H, COCH2), 2.5783
2.610 t (2H, ArCH2), 2.88932.918 t (2H, CH2S),
5.033 s (1H, OH), 6.952 s (2H, Harom). IR spectrum
(KBr), nmax, cm31: 3642 (OH), 1691 (C=O). UV
spectrum [EtOH,lmax, nm (loge)]: 206 (2.14), 221
(0.91), 229 (0.94), 277 (0.18).

Found, %: C 76.45, H 11.39, S 6.33.
C33H58O2S.
Calculated, %: C 76.38, H 11.26, S 6.18.

Bis-S-[3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl] b,b`-thiodipropanethioate IIg was prepared
as described in [6].

S-[3-(3,5-Di-tert-butyl-4-hydroxyphenyl)propyl]
benzothioate IIh. Yield 78%, mp 64365oC. 1H NMR
spectrum,d, ppm: 1.434 s (18H,t-Bu), 1.98031.995 m
(2H, ArCH2CH2), 2.65832.689 t (2H, ArCH2), 3.1043
3.133 t (2H, CH2S), 5.053 s (1H, OH), 6.990 s (2H,
Harom), 7.42437.455 t (2H, m-H in C6H5), 7.554 t
(1H, p-H in C6H5), 7.97037.989 d (2H,o-H in C6H5).
IR spectrum (KBr),nmax, cm31: 3593 (OH), 1655
(C=O). UV spectrum [EtOH,lmax, nm (loge)]: 208
(2.43), 233 (1.38), 273 (0.93).

Found, %: C 75.12, H 8.51, S 8.54.
C24H32O2S.
Calculated, %: C 74.95, H 8.39, S 8.34.

Bis-S-[3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl] m-phthalthioate IIi. Yield 78%, mp 783
80oC. 1H NMR spectrum,d, ppm: 1.433 s (36H,
t-Bu), 1.97632.006 m (4H, ArCH2CH2), 2.6603
2.691 t (4H, ArCH2), 3.13033.159 t (4H, CH2S),
5.045 s (2H, OH), 6.985 s (4H, Harom), 7.544 t (1H,
C6H4), 8.14038.159 d (2H, C6H4), 8.561 s (1H,
C6H4). IR spectrum (KBr),nmax, cm31: 3640 (OH),
1651 (C=O). UV spectrum [EtOH,lmax, nm (loge)]:
205 (2.84), 220 (1.97), 275 (0.69).

Found, %: C 73.15, H 8.57, S 9.47.
C42H58O4S2.
Calculated, %: C 72.99, H 8.46, S 9.28.

Oxidation of lard (Novosibirsk Meat Packing and
Canning Plant) was performed in an oxidation cell
described in [10], by oxygen bubbling at 130oC. The
amount of lard in each experiment was 50 g, and the
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PN, % iodine

t, min

Kinetic curves of lard oxidation in the presence of inhibi-
tors. Inhibitor: (1) none, (2) Ionol, (3) IIa , (4) IIb , and
(5) IIc . (PN) Peroxide number and (t) time.

concentration of antioxidants, 1mmol g31 fat. The
progress of lard oxidation was monitored by accumu-
lation of peroxy compounds. Their concentration was
determined iodometrically [11] and expressed in per-
oxide numbers. The initial peroxide number was
0.002% I. The kinetic curves were plotted (see figure),
and the induction periods were determined graphically.

CONCLUSIONS

(1) Thio esters derived fromw-(3,5-di-tert-butyl-
4-hydroxyphenyl)alkanethiols show high inhibiting
activity due to the bifunctional mechanism of the
antioxidative effect and to internal synergism.

(2) Under the experimental conditions, the antioxi-
dative activity of thio esters is largely influenced by
the length of the hydrocarbon chain between the phen-

olic and thio ester moieties; substituents at the carbo-
nyl carbon atoms affect the antioxidative activity to
a lesser extent.

(3) Thio esters derived fromw-(3,5-di-tert-butyl-
4-hydroxyphenyl)alkanethiols show promise as anti-
oxidants preventing oxidation of fats.
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Abstract-A procedure was developed for synthesis of a new monomer from monoethanolamine vinyl ether
and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. The kinetics of its radical polymerization was studied polaro-
graphically. The optimal polymerization conditions and properties of the resulting redox resin were studied.

It is known that quinones are capable of reversible
reduction3oxidation [1]. Their use in synthesis of
macromolecular compounds allows preparation of
resins exhibiting redox properties, which are widely
used in various branches of science and engineering
as reductants, oxidants, enterosorbents, hemosorbents,
etc. [235]. However, available redox resins do not
always exhibit the necessary properties; therefore,
search for new available and cheap monomers and
development of selective ion-exchange and redox
resins thereof remains an urgent problem.

To extend the range of redox resins and simplify
their preparation, we have developed a single-stage
procedure for synthesis of a new unsaturated monomer
exhibiting redox properties. The starting compound,
monoethanolamine vinyl etherI , is readily available
and cheap; therefore, the cost of the resulting redox
polymers can be reduced. Furthermore, the possibility
of repeatedly using and regenerating the redox resins
will help to pay off them faster.

Previously reported procedures for preparing the
required monomers include 537 stages, with the yields
of the target compounds being relatively low [2, 3].

In this work we prepared a new monomer from
ether I and 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
noneII . The kinetics of its radical polymerization was
studied polarographically, the optimal polymerization
conditions were determined, and some properties of
the resulting redox resin were studied.

EXPERIMENTAL

Monoethanolamine vinyl ether was dried over
freshly calcined K2CO3 and distilled from calcium

hydride; bp 114oC, nD
20 1.4382. 2,3-Dichloro-5,6-di-

cyano-1,4-benzoquinone (Aldrich) was used without
preliminary purification; mp 2133216oC. Azobis(iso-
butyronitrile) III was recrystallized from absolute
methanol, mp 1023103oC. The solvents were purified
by known procedures [6].

2-(2-Vinyloxy)ethyl]amino-3-chloro-5,6-dicyano-
1,4-benzoquinone IV. Amine I was added slowly
with continuous stirring to a solution of quinoneII in
3 ml of dimethylformamide (DMF) at room tempera-
ture, until the molar ratio of amine to quinone of 4 : 1
was reached. After 15 min, distilled water was added.
The precipitate was filtered off, repeatedly washed
with water, and dried, first in air and then in a vacuum
oven at 25oC to constant weight. CompoundIV was
obtained in 90% yield; bright cherry-colored powder,
mp 136oC.

Found, %: C 52.25, H 2.93, Cl 12.33, N 14.80.
C12H8ClN3O3.
Calculated, %: C 51.90, H 2.91, Cl 12.77, N 15.13.

Polymer V. The monomer was placed in an am-
pule, and the solvent (DMF, to a concentrationC 03
250 g l31) and initiator (III , 138 wt % relative toIV )
were added. The ampule was sealed, thoroughly
shaken, and placed in a thermostat preheated to 553
72oC. After reaction completion, the ampule was
opened, and polymerV was precipitated with diethyl
ether. The precipitate was filtered off and dried, first
in air at 20325oC and then in a vacuum at 40350oC.
Yield of the polymer 45362%. Under the optimal
conditions (DMF, 4 wt %III , 360 min), the yield of
the polymer is 62%, [h] = 0.25.

Kinetic runs were performed similarly except that
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a set of ampules was prepared, and after prescribed
periods the ampules were successively withdrawn,
quickly cooled with water and ice, and opened; sam-
ples for polarographic analysis were taken and diluted
with ethanol to stop the reaction.

Polarographic measurements were performed in the
following supporting electrolytes: phosphate buffer
solution (pH 7.4) in 50% ethanol (reduction of C=O
groups) and 0.2 M LiCl solution in 50% ethanol (re-
duction of the C=C bond).

The polarograms were taken in a temperature-
controlled cell at 25+0.5oC with a PU-1 polarograph,
using a mercury dropping electrode with the open-
circuit characteristic of the capillarym2/3t1/6 =
4.38 min2/3 s31/2 and a saturated calomel reference
electrode. Prior to polarographic measurements, the
solutions were deoxygenated by argon bubbling for
5 min.

The IR spectra were recorded on a Specord M-80
spectrometer using KBr pellets. The1H NMR spectra
were taken on a Varian Mercury-300 spectrometer
(300 MHz, CDCl3, internal reference HMDS), and the
mass spectra, and a Hewlett3Packard HPGC-5890 de-
vice equipped with an HP MSD 5972 mass-selective
detector.

The melting points were determined with a PTP
unit.

The structure ofIV was proved by mass spectrom-
etry and IR and1H NMR spectroscopy.

Found M+ 277 (by mass spectrometry).
C12H8ClN3O3.
Calculated M 277.

The IR spectrum ofIV contains bands characteris-
tic of C=O groups in quinones (about 1660 cm31),
stretching (3228 cm31) and bending (1576 cm31)
vibration bands of amino groups, and also =C3N
(1340 cm31), =C3O3C (1196 cm31), C3Cl (756 cm31),
and C=N (2216 cm31) absorption bands.

In the 1H NMR spectrum ofIV , the signals of
vinyl protons (gem, cis, and trans; d 3.86, 4.18, and
6.48 ppm in CDCl3) are essentially similar to those
in the spectrum ofI . The same is true for the CH2O
protons (d 3.96 ppm). The signals of the NH2 protons
which are in direct contact with the electron-with-
drawing substituent in quinoneII are shifted down-
field (d 1.47 and 2.19 ppm), and the proton signals of
the methylene group adjacent to NH2, upfield (d 2.94
and 2.20 ppm).

One of sensitive, quick, adequate, and reliable
methods for studying and analyzing macromolecular
compounds is polarography. This method is often
used in kinetic studies of vinyl polymerizations [73
10]. The main criterion of the monomer reactivity is
the polymerization rate constant; however, it was
determined polarographically only in a few papers
[10315]. In some studies, a correlation was revealed
between the rate constants of radical polymerization
of monomers and their half-wave reduction potentials
on a mercury dropping electrode [10]. We studied
polarographically the polymerization kinetics ofIV .
The conversion was judged from the amount of un-
changed monomerIV . We found that the height of the
polarographic wave is a linear function of the concen-
tration of IV in solution. The monomer content was
determined from the calibration plot.

To calculate the overall polymerization rate con-
stants, we determined the reaction order. The linear
dependence of logcIV on the reaction time shows that
under these conditions the reaction is first-order with
respect to IV .

The rate constants of polymerization ofIV calcu-
lated by the first-order kinetic equation [16, 17] are
given below:

k 0 104, min31 T, K

12.70 335
18.74 341
24.34 345

The activation energyEa is 47.34 kJ mol31.

In contrast to etherI which does not form homo-
polymers in the presence of radical initiators [18320],
monomerIV is capable of polymerization. Its activity
is close to that ofN-substituted methacrylamides [10].
The decisive factor affecting the homopolymerization
rate is, apparently, the reactivity of the arising radical.
The higher the electron density on the double bond,
the higher the reactivity of the monomer [10]. Polaro-
graphic characterisrtics are also determined by the
electron density on the double bond: The higher the
density, the more negative is the half-wave reduction
potential. That is, the more negative the reduction
potential, the more readily the monomer polymerizes.
This relationship is confirmed by our polarographic
data: The half-wave reduction potential of the C=C
bond is31.80 V in the initial etherI and31.85 V in
IV (supporting electrolyte 0.2 M LiCl in 50% eth-
anol).

In the IR spectrum ofV, the quinoid ring bands are
broadened, which is typical of polymeric quinones
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[21], and shifted to higher frequencies (1680 cm31,
compared to 1660 cm31 in IV ).

The polymers show a high oxidative power, as
evaluated by the yield of naphthalene in dehydrogena-
tion of tetralin. The redox capacity of the samples,
determined by potentiometric titration with 0.1 N
Fe2(SO4)3, is 2.634.8 mg-equiv g31.

CONCLUSIONS

(1) A single-stage procedure was developed for
preparing a new redox monomer, 2-[2-(vinyloxy)eth-
yl]amino-3-chloro-5,6-dicyano-1,4-benzoquinone,
from monoethanolamine vinyl ether and 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone. The monomer is fairly
reactive in radical homopolymerization, with the poly-
mer preserving the redox function.

(2) Radical polymerization of the synthesized
monomer in solution was studied, and optimal condi-
tions for preparing the polymeric redox resin were
determined. The polymer shows a high oxidative
power with respect to organic compounds and can be
used as a dehydrogenating agent.
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Abstract-Kinetic features of thermal cyclization of 2-methyl-6-(cyclopent-2-enyl)aniline hydrochloride at
2003220oC were studied. The cyclization productshows a high performance asacid corrosion inhibitor.

Indoline compounds inhibit oxidation processes
and acid corrosion [1, 2]; the highest performance is
shown by 2-alkyl- and 2,2-dialkyl-substituted indo-
lines [3]. With the aim of searching for new effective
acid corrosion inhibitors, we studied in [4] formation
of perhydrocyclopent[b]indolines by heterocyclization
of hydrochlorides ofo-(cyclopent-2-enyl)anilines [5]
and theirN-precursors which can be readily prepared
from commercially available dicyclopentadiene. Het-
erocycles of this series, which are potential inhibitors
of acid corrosion, are well known, but the kinetic
features of their synthesis and the effect of reaction
conditions on the product yield are studied insuffi-
ciently. In this work we studied some kinetic features
of cyclization of 2-methyl-6-(cyclopent-2-enyl)aniline
hydrochloride I (MCPA) and the inhibiting activity
of the reaction product, 5-methyl-1,2,3,3a,4,8b-hexa-
hydrocyclopent[b]indole II .

EXPERIMENTAL

Tests for protection of structural steels with inhib-
itor II were performed under laboratory conditions in
15% HCl and 20% H2SO4. Samples of St.3 steel
[GOST (State Standard) 380387], pretreated for corro-
sion tests, were placed in a corrosive medium for a
prescribed timet at 20oC. After that, the samples
were worked up by an appropriate procedure and
weighed with an accuracy of 0.0002 g. The corrosion
rater and degreez (%) of metal corrosion protection
with the given inhibitor were determined by the for-
mulas

r = (Dm) / St,

z = (r1 3 r2) /r1 0 100,

whereDm is the weight loss (g),S is the sample sur-
face area (m2), t is the test time (h),r1 is the corro-
sion rate without inhibitor (g m32 h31), andr2 is the
corrosion rate in the presence of inhibitor (g m32 h31).

The kinetic features of intramolecular cyclization
of aniline I to indoline II were studied by the one
experiment3one point procedure. The mixture was
heated in sealed ampules in a thermostat at a definite
temperature for a definite time. The concentrations of
reaction products were determined by gas chromatog-
raphy.

Data on the inhibiting activity ofII are listed in
Table 1. Thus, compoundII can be regarded as a new
inhibitor of acid corrosion of carbon steels.

When developing a synthesis process, it is neces-
sary to elucidate how the reaction conditions (temper-
ature, component ratio, reaction time, etc.) affect the
yield of the target product. It was shown previously

Table 1. Performance of indolineII as inhibitor of acid
corrosion of steel
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Inhibitor ³ Acid ³
r, ³

z, %ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´ ³
wt % ³ g m32 h31 ³

ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
3 ³HCl, 15 ³ 5.0 ³ 3

0.4 ³HCl, 15 ³ 0.225 ³ 95.5
0.2 ³HCl, 15 ³ 0.585 ³ 88.3
0.1 ³HCl, 15 ³ 1.685 ³ 66.3
3 ³H2SO4, 20 ³ 21.0 ³ 3

0.4 ³H2SO4, 20 ³ 3.318 ³ 84.2
0.2 ³H2SO4, 20 ³ 6.279 ³ 70.1

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
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[4] that heating of hydrochlorideI at 2003220oC in
excesso-toluidine yields indolineII and minor (up to
10%) amounts of 2-methyl-4-(cyclopent-2-enyl)ani-
line III :

5
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5KLNHgggg
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To find how the yield of the target product depends
on the initial conditions and heating time, we studied
the kinetic features of MCPAI consumption and
indoline II accumulation. As seen from the kinetic
curves shown in Fig. 1, therate of MCPA consump-
tion is the highest in the initial stages, and at 90%
MCPA conversion the indoline concentration reaches
a certain limit,Ci

i. The yield of the target product was
determined as the ratio of the limiting concentration
of indoline II to the initial concentrationC0

MCPA
(Table 2).

The kinetic curves of MCPA consumption are line-
ar in the coordinates of the first-order reaction equa-
tion (Fig. 2):

ln CMCPA = lnC0
MCPA 3 kt, (2)

whereC0
MCPA and CMCPA are the initial and current

concentrations of MCPA, respectively;k is the appar-
ent rate constant of consumption ofI .

From the semilog kinetic plots, we determined the
rate constants at various temperatures (Table 2) and
obtained the Arrhenius equation

ln k = 3(20.1+5.2) 3 (98.1+2.2)0 103/RT,

where R = 8.31 J mol31 K31.

The activation energy of MCPA transformation,
Ea = 98.1+2.2 kJ mol31, is consistent with published
data. It should be noted that this is an apparent quan-
tity, describing transformation of MCPA not only by
scheme (1), but also into by-products.

For example, in the experiment performed at 200oC
(Table 2) the yield of the target product was low.
This may be due to the fact that the runs at 200oC

t, min

CMCPA, Ci, M

Fig. 1. Kinetic curves of (1) MCPA consumption and
(2) indoline accumulation in intramolecular cyclization of
2-methyl-6-(cyclopent-2-enyl)aniline at 200oC. (CMCPA,
Ci) Concentrations of MCPA andindoline, respectively;
(t) time; the same for Fig. 2.

t, min

ln CMCPA [M]

Fig. 2. Kinetic curve of MCPA consumption at 200oC,
plotted in semilog coordinates.

were performed with an MCPA sample that had been
stored for a month and had taken up moisture. At
relatively high temperatures, traces of moisture could
initiate the following side reactions:
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It was found previously [6] that, indeed, MCPA
can transform into 2-methyl-6-(cyclopent-1-enyl)ani-
line IV in both alkaline and acid solutions. At high
temperatures in the presence of HCl, this compound
undergoes extensive tarring. An intermolecular reac-
tion of 2-(2-hydroxycyclopentyl)aniline with MCPA,
decreasing the yield of the target product, cannot be
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Table 2. Yield of indoline II and apparent rate constantk
as influenced by reaction temperatureT (C0

MCPA = 1.53 M)
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
T, oC ³ Cii, M ³ Ci

i /C0
MCPA ³ k 0102, min31

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
190 ³ 1.16 ³ 0.75 ³ 0.84
200 ³ 0.36 ³ 0.24 ³ 0.90
210 ³ 0.85 ³ 0.55 ³ 1.38
220 ³ 0.77 ³ 0.50 ³ 2.18
230 ³ 0.69 ³ 0.45 ³ 3.95

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

Table 3. Apparent rate constant and yield of indoline in
isomerization of anilineI at 200oC, as influenced by the
initial concentration of I
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

C0
MCPA, M

³ k 0 102, ³
Ci
i, M

³
Ci
i /C0

MCPA³ min31 ³ ³
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1.53 ³ 0.9 ³ 0.36 ³ 0.24
1.15 ³ 0.6 ³ 0.18 ³ 0.16
0.76 ³ 0.8 ³ 0.05 ³ 0.07

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

ruled out either. Under the experimental conditions
(sealed ampules), moisture is not evaporated; there-
fore, this pathway of MCPA transformation strongly
affects the yield of the target product as a function of
temperature (Table 2) and initial MCPA concentration
(Table 3).

As seen from Table 3, the yield ofII drastically
decreases as the initial MCPA concentration is de-
creased.

CONCLUSIONS

(1) 5-Methyl-1,2,3,3a,4,8b-hexahydrocyclopent[b]-
indole inhibits acid corrosion of carbon steels.

(2) The kinetic features of intramolecular cycliza-
tion of 2-methyl-6-(cyclopent-2-enyl)aniline were
studied. The yield of the target product, indoline,
decreases with decreasing initial concentration of the
starting compound.

(3) Increase in temperature in the range 1903
230oC is accompanied by a decrease in the yield of
indoline.
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Abstract-The equilibrium polymerization of sodium poly-a-methylstyryl in tetrahydrofuran was studied
in the temperature range from360 to 15oC. For the first time, the reversible process of formation/cleavage
of the chemical bond was theoretically analyzed in terms of the electronic excitation views. On this basis,
a new mechanism of the[living] polymer depolymerization was proposed. The geometry and electronic
structure of the model fragments of[living] polymers comprised of two units were calculatedab initio
by the 6-31G* method. The energies of the triplet excited states belonging to the complex of the reactants,
on the one hand, and to the reaction product, on the other, proved to be close. The theoretical activation
energies for depolymerization of sodium poly-a-methylstyryl reasonably agree with the experiment.

As known [1, 2], living sodium poly-a-methyl-
styryl (NaPMS) undergoes reversible polymeriza-
tion/depolymerization in accordance with the equation

K1
M i* + M 76 M*i + 1, (1)

K
31

Here, Mi* and M*i +1 denote the living polymer chains,
and K1 and K31 are the growth and depolymerization
rate constants, respectively [1, 2].

The thermodynamic and kinetic characteristics of
depolymerization are given in [133], but published
data on the elementary stages are lacking. Studies of
reaction (1) were focused, for the most part, on deter-
mining the equilibrium constantsKeq, heats of poly-
merization, and equilibrium concentrations of the
monomer Meq [1, 438].

The depolymerziation (degradation) mechanisms
for [dead] and living polymer chains, obviously,
differ significantly. In the former case, free monomer
is yielded by a chain radical process [9, 10] with a
high activation energy (~209.0 kJ mol31 [11]). De-
polymerization of the living chains is a reversible
process, yielding the monomer, which suggests that
the structure of the active end of the living polymer is
not deteriorated by the process.

The most extensively studied was the living poly-
mer +a-methylstyrene (a-MST) system in tetrahydro-
furan (THF) [1, 436] with a high equilibrium concen-
tration of the monomerMeq, for which holds

Keq = K1 /K
31 6 1 /Meq (2)

at M0/M*i > 10, whereM0 is the initial monomer con-
centration [1].

For this system, the growth activation energy was
estimated at 20.9329.3 kJ mol31 [1], and the heat of
polymerization and the entropy change, at3DH =
29.3 kJ mol31 and3DS = 103.7 J mol31 deg31, respec-
tively [1, 3].

By contrast toa-methylstyrene, the equilibrium
concentration of styrene in living sodium polystyryl
NaPS is negligible (1037 M at 0oC [7]), which points
to the stability of this polymer under ordinary condi-
tions. Polymerization/depolymerization of other living
polymers was studied much less extensively.

In [12314], we analyzed addition of styrene to
the anionic end of the living polymer in terms of elec-
tronic excitation (transfer), with the reaction complex
treated as the ion pair separated by the monomer. The
back process of monomer detachment in the elementa-
ry stage is, evidently, similar to the forward, addition,
process and can be treated in terms of the general
concept of thermal electronic excitation in chemical
reactions [14]. In [15], we analyzed the monomolecu-
lar thermochromic reactions in terms of electronic
excitation, taking spiropyrans as an example. We
showed that the calculated (by PM3 method) triplet
energies of spiropyrans are close to the experimental
activation energies of the six-membered pyran ring
opening.

In this work, we attempted to explain the difference
in the depolymerization character for NaPMS and
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1/T, K31

logKeq

Fig. 1. Variation of the equilibrium constantKeq with the
temperatureT. (1) Data of this work (NaPMS +a-MST,
THF; M0 = 1.1 M); (2) polymerization; (3) depolymeriza-
tion; and (4) data from [5] (NaNaphth +a-MST, THF,
M0 = 0.7537.5 M).

NaPS based on the views on thermal electronic excita-
tion in chemical reactions. To this end, we performed
quantum-chemical ab initio calculations for the
NaPMS and NaPS fragments and their anionic forms
comprised of two monomer units. The forward (poly-
merization) and back (depolymerization) reactions
were studied theoretically, with the complexes formed
by styrene and the end units of living polymers as
an example. Also, we studied experimentally the
equilibrium polymerization of NaPMS.

EXPERIMENTAL

Polymerization ofa-MST was carried out in an IR
cell with 0.15-cm-thick NaCl windows under condi-
tions preventing the access of impurities able of deac-
tivating the living polymer. The cell was cooled with
liquid nitrogen vapor; the temperature was controlled
accurately to within 2oC and varied at a rate of
1 deg min31. The a-MST concentration was deter-
mined from the absorption band at 1652 cm31. The
methods of preparation and purification of the reac-
tants were taken from [16].

Quantum-chemical calculations were carried out
with PC GAMESS program, version 5.4, in the
6-31G* basis. The chosen molecular modules required
significant PC resources, namely, over 3 Gb of disk
memory and a no less than 1 GHz processor. Semi-
empirical calculations were carried out with Hyper-
Chem program, issue 6.0. The molecular geometry
optimized by AM1 method served as initial approxi-
mation for ab initio calculations. The energies of the
triplet states were calculated in the spin-unrestricted
Hartree3Fock approximation as the differences bet-
ween the total energies (ab initio) or heats of forma-

tion (semiempirical methods) of molecules in the
triplet and singlet configurations. Because there is no
parametrization for the Na atom in the semiempirical
AM1 method, instead of sodium derivatives of living
polymers we took the corresponding lithium analogs.

Polymerization/depolymerization. Equilibrium
polymerization ofa-MST was studied over a wide
temperature range (from360 to 15oC) in the NaPMS +
a-MST system in THF. Figure 1 shows that the
measuredKeq values reasonably agree with the pub-
lished data [1, 4]. Also close are the heats of poly-
merization calculated with the use of these depen-
dences and those from [4], namely, 23.4 against
29.3 kJ mol31. Our results and published data suggest
that the equilibrium constants and thermodynamic
characteristics of the NaPMS +a-MST + THF system
do not depend significantly on the initial monomer
concentration.

Semiempirical calculations.There exist two con-
figurations of the calculated dimer model, namely,
those with aromatic rings intransand incis positions.
The trans structure is stable in the form of the anion
(heat of formationHtrans 69.8, Hcis 88.2 kJ mol31),
and cis structure is stable in the form of the ion pair
(Hcis 209.8, Htrans 214.4 kJ mol31). For both struc-
tures we performed semiempirical calculations of the
geometry and electronic states. Also, we considered
oligomers Mn

3Li+ and Mn
3 with a chain comprised

of 235 units (M is the monomer).

As known, the chemical activity is exhibited by
intra- and intermolecular electronic states with charge
transfer. Thus, our task consisted in taking the models
chosen as an example and in finding such states with
a low energy that can be thermally populated under
ordinary conditions. Semiempirical calculations
showed that there exist two centers of Li+ cation
localization, at thea-carbon atom in the anionic
moiety carrying the maximal negative charge (struc-
ture I) and that above the neighboring noncharged
aromatic ring (structure II). These two centers are
separated by 5A in the case of thetransconfiguration
of the dimer dim-atrans, but they virtually coincide for
the cis structure dim-acis3Li+.

Structure I which is usually depicted for the ion
pair of living polystyrene exhibits the highest stability
in the ground electronic state. It is also stable chemi-
cally and is characterized by a small dipole moment of
5.7 D (AM1 method) in the case of the dim-a

cis3Li+

model. The polar excited triplet state (m = 8.5 D)
is essentially a state with charge transfer from the
anionic unit to the neighboring noncharged ring, but
because of high energy (150.5 kJ mol31) it cannot be
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populated at ordinary temperature and thus is chemi-
cally inactive.

Optimization of dim-acis3Lu+ in the triplet excited
state showed that the Li+ cation occupies position II,
above the center of the neighboring noncharged
aromatic ring, to which the entire negative charge is
transferred. The triplet energiesE(T1) 3 E(S0) for the
model molecules of dim-acis3Li+ and dimcis3Li+

were estimated at 8.4 and 73.6 kJ mol31, respectively.
These values are, evidently, somewhat underestimated
in the case of semiempirical AM1 calculations.

Thus, semiempirical quantum-chemical calcula-
tions showed that the lowest electronic transition in
anionic systems Mn

3Li+ or Mn
3 involves, essentially,

a charge (electron) transfer between the last (charged)
and last but one (neutral) monomer units. In the case
of trimer M3

3, electronic excitation leads to electron
transfer to the last but one monomer unit. By contrast
to dimer and trimer, the triplet excitation for free
anions of tetramer M4

3 and pentamer M5
3 are localized

on the terminal unit. Forfree Mn
3 anions, the lowest

triplet state can be of two types: excitation in the
terminal unit and charge-transfer excitation. Chemical
activity with respect to depolymerization is exhibited
by the latter excitation type, but its energy is fairly
large for free anions. For example, the optimized
(AM1) values of the energy gapE(T1) 3 E(S0) for the
dim-atrans3 model molecule is equal to 77.7 kJ mol31.
This suggests a low chemical activity of free anions
in the dark.

Ab initio calculations and structure of triplet
states. Ab initio calculations of dim-acis3Na+,
dimcis3Na+, and the corresponding anionic forms with
full geometry optimization confirmed, on the whole,
the relationships established by semiempirical AM1
calculations. For example, a lower energy and, hence,
a greater stability of dim-atrans3 relative to dim-acis3

[D(Htrans
3 Hcis) = 318.4 kJ mol31], as determined by

the AM1 method, is confirmed by the 6-31G*ab
initio calculation:D(Etrans

3 Ecis) = 330.1 kJ mol31.
The 6-31G* basis satisfactorily describes the major
features of the excited triplet states of the molecular
models considered, that is, transfer of a negative
charge and of the cation between the terminal and
penultimate monomer units. Figure 2 illustrates the
charge transfer in the triplet stateT1 from the nega-
tively charged terminal unit to the last but one non-
charged aromatic ring.

In the case of vertical (without geometry modifica-
tion) transition, electron transfer to the neighboring
monomer unit causes the dipole moment of the mole-

(a)

(b)

Fig. 2. Charge distribution on dimcis3Na+ atoms in the
(a) ground singlet and (b) excited triplet states.

cule to increase relative to the ground state (see table),
as the cation retains its position. By contrast, in the
equilibrium, optimized triplet state, where the Na+

cation follows the electron in the transfer to the
neighboring monomer unit, the dipole moment even
tends to slightly decrease (see table), evidently, owing
to closer arrangement of the charged particles.

The energies of the vertical electronic transitions
T1 4 S0 for the cis configuration of the dimer (see
table) calculated as theE(T1) 3 E(S0) differences are
of the same order of magnitude as the triplet energy
(189.8 kJ mol31), which is to be expected for
the experimentally observed lowest singlet3singlet
transition in the absorption spectrum of NaPMS at
29400 cm31 (352.4 kJ mol31). The corresponding
triplet energies for thetransconfiguration have higher
energies (>334.4 kJ mol31). The table compares the
energies of the vertical electronic transitions with
those of [indirect], thermal transitionsT1 4~~ S0
between the relaxed (optimized) states.

As already mentioned, the two living polymers,
NaPMS and NaPS, which are close in chemical com-
position, differ significantly in thermodynamic charac-
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Energies and dipole moments of the electronic states according toab initio 6-31G* calculations (Figs. 3a33c)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Molecule
³DE(S0)*compl³E(T1)dim3E(T1)compl³

Molecule
³E(T1)3E(S0), kJ mol31 ³ m, D

ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ kJ mol31 ³ ³ E** ³ E*** ³ S0 ³ T1** ³ T1***

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
a-mst + mon-a3Na+³ 61.0 ³ 19.6 ³dim-acis3Na+ ³ 198.1 ³ 29.7 ³ 7.5 ³ 9.3 ³ 6.1
st + mon3Na+ ³ 39.7 ³ 11.3 ³dimcis3Na+ ³ 200.2 ³ 61.4 ³ 7.9 ³ 10.0 ³ 5.8
st + mon3 ³ 23.0 ³ 15.0 ³dim-atrans3Na+ ³ 152.6 ³ 112.9 ³ ³ ³

³ ³ ³dimtrans3Na+ ³ 149.2 ³ 112.4 ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

* Complexation energy in the groundS0 state.
** One-point calculations (vertical transitions).

*** Optimization of singlet and triplet states.

teristics. The structural differences, evidently, should
be manifested in the heats of reactions which deter-
mine equilibrium (1), as well as in the energies of the
triplet states characterizing the reaction activation
energy.

Let us consider the reversible model polymeriza-
tion/depolymerization reactions:

a-mst + mon-a3Na+ 6
4

3(charge-transfer complex)

6
4

3(dim-acis3Na+) 6
4

1(dim-acis3Na+), (3)

st + mon3Na+ 6
4

3(charge-transfer complex)

6
4

3(dimcis3Na+) 6
4

1(dimcis3Na+), (4)

st + mon3 6
4

3(charge-transfer complex)

6
4

3(dimtrans3) 6
4

1(dimtrans3), (5)

where mon-a3Na+ is the monomer unit of sodium poly-
(a-methylstyryl), 3(dim-acisNa+) and 1(dim-acisNa+)
are the triplet excited and singlet ground states of
NaPMS dimer, respectively, st is styrene, and mon3 is
poly(styryl anion) monomer.

The results of 6-31D*ab initio calculations for all
the stages of reactions (3)3(5) are shown schematical-
ly in Figs. 3a33c.

The cis configuration of the dimer is of special
importance for understanding the depolymerization
mechanism. This configuration was experimentally
confirmed by1H and 13C NMR studies [17] of iso-
merization of living polymers during chain growth.

An essential result ofab initio calculations is
the low energy of the optimized triplet state of the
model dim-acis3Na+ molecule (Fig. 3a), namely,
29.7 kJ mol31. High population of this state under
ordinary conditions should afford rapid depolymeriza-

tion, which is actually observed experimentally. The
steric structure of the triplet differs from that of the
singlet by a minor (~0.5 A) shift of the Na+ cation
towards the neighboring unit. Also, two aromatic
rings, which are located virtually perpendicularly in
the singlet state, markedly approach each other during
triplet optimization (Fig. 3b). The electronic singlet3

triplet transitions of this kind are indirect transitions
involving both electron transfer and heavy particle
shift.

The number of methyl groups in the model mole-
cule of dimcis3Na+ is by 2 less than in dim-acis3Na+

(Figs. 3a, 3b), and no significant effect of structural
features on the electronic characteristics could be
expected. However,ab initio calculations show that
the triplet energy markedly increases:E(T1) 3 E(S0) =
61.4 kJ mol31. Tentative estimates show that the
population of the triplet level of the dimcis3Na+ mole-
cule should decrease relative to that of dim-a

cis3Na+

by 5 orders of magnitude, with a similar difference in
in the depolymerization rates [14].

A sharp difference in the chemical behavior of the
two structurally related polymers, PMSNa and PSNa,
is, evidently, due to the nature of the excited states.
According toab initio calculations, specific low-lying
excited states are formed in the terminal units of liv-
ing polymers through interaction of the last and the
last but one aromatic rings via the common Na atom.
This interaction, which is similar to chemical conjuga-
tion, is most strongly manifested in the dim-a

cis3Na+

molecule with the maximally close rings (Fig. 3a). In
the dim-acis3Na+ molecule simulating poly(sodium
styryl) the conjugation is manifested to a significantly
smaller extent because of the large distance separating
the aromatic rings (Figs. 3a, 3b). In our opinion, this
is specifically responsible for the large difference
in the energies of the lowest triplet states of the
dim-acis3Na+ and dimcis3Na+ molecules. It should be
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noted that such interactions are not characteristic
of the triplet states of dim-acis3 and dimcis3 or
dim-atrans3 and dimtrans3 anions which do not con-
tain a Na+ cation.

The highest triplet energies were found for dim-
a

trans3 and dimtrans3 anions, namely, 112.9 and
112.4 kJ mol31, respectively (Fig. 3c). Evidently, in
these cases high activation barriers fully retard depoly-
merization. This is consistent with the results of semi-
empirical AM1 calculations predicting low chemical
activity of free anions. Forward addition (polymeriza-
tion) reactions characterized by low triplet energies of
the complexes between the molecules of the reactants
(Figs. 3a33c) should have high rates in all the cases.
It should be expected that the rate of forward reactions
decreases in the series dim-a

cis3Na+ > dimcis3Na+ >>
dimtrans3.

Based on the principle of reversibility of chemical
processes, it can be qualitatively concluded that the
electronic state responsible for cleavage of the chemi-
cal bond in depolymerization should be similar to that
participating in bonding during polymerization. This,
not evident, statement can be verified by comparing
two stages in each of Eqs. (3)3(5): (1) conversion of
the complex of the reactants (styrene + living polymer
comprised of one unit) to the end product and (2) the
back conversion of the dimer as the stable product
to the initial reactants. The calculations revealed the
following essential feature of the systems described
by Eqs. (3)3(5): the energy of the triplet excited state
of the end product is close to that of the triplet com-
plex of the reactants (Figs. 3a33c). This theoretical
result was obtained for the first time; it is consistent
with the general concept [14] stating that the forward
(polymerization) and back (depolymerization) reac-
tions proceed via the same electronically excited tri-
plet state.

The chemical activity of the triplet statesT1 with
respect to depolymerization events is determined by
their biradical nature. The radical centers are localized
on the last and last but one monomer units, as evi-
denced by the spin-density distribution pattern
(Fig. 4). Similar pattern is characteristic of the vertical
transition, when the cation is localized at thea-carbon
atom of the terminal unit. This suggests the identity
of the electronic states in these two cases differing in
the cation position. Both states, vertical and relaxed
(optimized), are able of dissociation of the bond link-
ing the last and last but one monomer units. However,
the vertical state is inactive in the depolymerization
reaction because of high energy.

The E(T1) 3 E(S0) parameters characterize the ther-

ComplexS0 dim-acis3Na+(T1)

ComplexT1 dim-acis3Na+(S0)

(a)

(b)

ComplexS0

ComplexT1

dimcis3Na+(T1)

dimcis3Na+(S0)

(c)

ComplexT1

ComplexS0

dimtrans3(T1)

dimtrans3(S0)

E, kJ mol31

E, kJ mol31

E, kJ mol31

Fig. 3. Electronic state diagram for the polymerization/de-
polymerization reaction of (a) poly(sodiuma-methylstyryl),
(b) poly(sodium styryl), and (c) poly(styryl anion).
6-31G* ab initio optimization of the model system:
(a) dim-acis3Na+, (b) dimcis3Na+, and (c) dimtrans3.
(E) Energy.

mal degradation activation energyEa
depol and, as fol-

lows from Table 1, differ significantly for the two
cases of interest, dim-acis3Na+ and dimcis3Na+.
The experimental value ofEa

depol for NaPMS can
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Fig. 4. Spin density distribution for heavy atoms of
dim-acis3Na+ in the triplet state.

be tentatively estimated as the sum of the growth ac-
tivation energiesEa

pol (20.5 kJ mol31) and the heat
of reaction 3DHr (23.4 kJ mol31): Ea

depol = Ea
pol +

|DHr| = 43.9 kJ mol31. The same parameter was es-
timated theoretically by 6-31G*ab initio method at
29.7 kJ mol31, and the activation energy is taken
equal to the triplet energy. For NaPS one can expect
greaterEa

depol because of high polymerization heat:
3DHr = 72.7 kJ mol31 [1]. The calculated triplet
energy for the model system dim3Na+ is also much
greater than that for dim-a3Na+ of 61.4 kJ mol31.

Depolymerization of [dead] polymers. A well-
known example of radical-chain depolymerization is
thermal degradation of poly-a-methylstyrene (PMS)
[9, 10] during which radical species are recorded.
The latter are generated by heating the polymer to
a high temperature (~250oC), and this is followed by
rapid depolymerization releasing free monomer. Sig-
nificant thermal activation is required for the initial
cleavage of the C3C bond between the monomer
units, which is, evidently, followed by fairly facile
detachment of further monomer molecules.

The experimental activation energy of PMS ther-
mal degradation is equal to 209.0 kJ mol31 [11]. AM1
optimization of the[dead] PMS fragment comprised
of three units yieldsE(T1) = 197.7 kJ mol31 for the
triplet state, which is in satisfactory agreement with
the experimentalEa value. The spin density in this
state is concentrated on the central moiety of the
[dead] trimer and the neighboring C3C bonds. In the
elementary process, the chemical bond is cleaved in
the low-lying electronically excited triplet state of
the molecule [14].

CONCLUSION

Theoretical analysis of the depolymerization reac-
tion of living polymers, by contrast to[dead] poly-
mers, showed that the electronic state responsible for
cleavage of the C3C bond between the terminal and
the penultimate monomeric units is the triplet excited
state of the terminal moiety of the polymer. First, this
state is generated by electron transfer from the termi-
nal unit to the neighboring aromatic ring. Second,
simultaneously with electron transfer the cation is
shifted in the same direction, yielding a biradical
structure active in chemical bond cleavage events.
Third, such states are characterized by low energy,
which affords high reaction rate. Finally, after detach-
ment of the monomer the initial ground state of the
end of living polymer is regenerated, which is able of
either chain growth or further depolymerization.
Forward depolymerization reactions proceed via low-
energy triplet states of the reactants. The 6-31G*
ab initio calculations provided satisfactory explana-
tion to the experimental kinetics of depolymerization
reaction.
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Abstract-The acidity parameters of metal and polymeric surfaces were determined as influenced by the
extent of surface oxidation of metals and by the modifier content in the polymer.

Acid3base interphase bonds, including hydrogen
bonds, are considered at present as factors largely
responsible for adhesion [1].

To evaluate the interaction of solids with a wetting
liquid and of polymer layers with supports, data on
the acidity and basicity of compounds involved are
required. In this connection, procedures for measuring
surface properties by gas chromatography, flow micro-
calorimetry, ellipsometry, and NMR and IR spec-
troscopy are actively developed [133].

Berger [4] proposed a simple and convenient proce-
dure for determining the surface acidity of polymers
and metals by measuring the contact angle between
the surface and reference liquids.

Estimation of the adhesive properties of a material
from its surface acidity is of special interest. The
correlation between the strength of adhesion joints and
the acid3base properties of adhesives and adherents
was observed in many works [5].

Correct determination of the acidity of any smooth
solid surfaces, increase in adhesion of a polymer to
the metal surface by variation of this parameter, and
prediction of the interface interactions in actual sys-
tems are urgent problems.

The aim of this work was to study the nature of
interface interactions in corrosion-protective coatings
of various polyethylenes (PEs) modified with various
additives and to determine the main relationships of
the acid3base interactions occurring in modified PEs
during formation of their coatings.

EXPERIMENTAL

In this work we used the following materials:
powdered (particle diameter less than 315mm) non-

stabilized high-density polyethylene (HDPE) prepared
by the gas-phase procedure [for pipe production,
GOST (State Standard) 16338385]; powdered (par-
ticle diameter less than 315mm) nonstabilized low-
density polyethylene (LDPE) of 168033070 trade
mark [GOST (State Standard) 16337377]; primary
aromatic amines (PAAs) [4,4`-diamino-3,3̀-dichloro-
diphenylmethane (DC), polyamine T, ando-phenyl-
enediamine (o-PDA)] and phenols [diphenylolpropane
(DPP) and pyrocatechol] as modifiers;N,Ǹ-m-phenyl-
endimaleinimide (PDMI) and dithiodiphenylenedi-
maleinimide (TPDMI) as cross-linking agents. The
supports were made of steels of various types, copper,
aluminum, titanium, zinc, brass, etc.

The procedure for preparing PE3modifier com-
posites and PE coatings on metal supports are de-
scribed in our previous works [638].

The surface acidity was estimated by the Berger’s
procedure [4]. Cosines of the contact angles of six
reference liquids with the tested surface were deter-
mined with a KM-8 cathetometer. The thermodynamic
work of adhesion for each liquidWa was calculated
by the equation

Wa = glv (1 + cosq),

whereglv is the total free surface energy of the refer-
ence liquid.

The values ofglv are presented in Table 1.Wa
was calculated from the measured cosines of angles
between the reference liquids and the surface. The
geometric mean of the total free surface energy of the
support gs was determined by graphic solution of
the Owens3Wendt equation

glv (1 + cosq)/2 = (g d
lv g

d
s)1/2 + (gs

pg
p
lv)1/2
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(gs
p and gs

d are polar and dispersion components of
the free energy of the solid surface,gs = g s

p + g s
d),

which can be transformed as follows:

Wa/2(gd
lv)1/2 = (gd

s)1/2 + (g s
pg

p
lv )1/2(gd

lv)31/2.

To determinegs, a straight line in theWa/2(gd
lv)1/2

(ordinate) and (g
p
lv /gd

lv)1/2 (abscissa) coordinates was
plotted. This line intersects the ordinate at point (gs

d)1/2

and angle (g s
p)1/2. The dispersion and polar compo-

nents of the free surface energy were calculated by
raising (gs

d)1/2 and (gs
p)1/2 to the second power. The

geometric mean total surface energy of the tested
material is the sum of the resulting parameters.

The dispersion component ofWa for each of two
Lewis acids and two Lewis bases was calculated as
Wa

d = 2(gd
lv gs

d)1/2 from gs
d. Then the acid3base com-

ponent ofWa, Wa
ab, for the same liquids was calcu-

lated asWa
ab = Wa 3 Wa

d.

Division of each Wa
ab by (g

p
lv)1/2 gives Wa

ab0
(g

p
lv)31/2 = 2(gs

p
)1/2. The surface acidity was quan-

titatively estimated from the equation

D = 2{[ gs
p(aniline)]1/2 + [gs

p(formamide)]1/2}

3 2{[ gs
p(phenol)]1/2 + [gs

p(glycerol)]1/2}.

The free surface energy and its components were
calculated from the experimental results for 10 drops
of each liquid on each support. The determination
error was 5%.

The surface acidityD was calculated from the base
and height of the reference liquid drops by the special-
ly developed program.

The adhesion of the coatings was estimated from
their resistance to cathodic exfoliation by the proce-
dure in [6]. The tested coating with a 3-mm initial
defect was kept for 8 h in 0.1 N sodium chloride at
the potential of 6 V and room temperature. The resist-
ance to the cathodic exfoliation was estimated from
the diameter of the defect (exfoliated coating) after
experiment completion.

Correct assignment of the acid3base properties, i.e.,
whether compound is acidic, basic, neutral, or am-
photeric, is important problem. We measured the
acidity D of a series of smooth solid polymeric and
metallic surfaces. The results are summarized in
Table 2.

As seen from Table 2, the modifiers containing
primary amino group decreaseD of the polyethylene

Table 1. Free surface energyglv of the reference liquids
and its polar g p

lv and dispersiongd
lv components

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Reference liquid
³ gd

lv ³ g
p
lv ³ glv

ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ mJ m32

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
Water ³ 22.0 ³ 50.2 ³ 72.2
Dimethylformamide ³ 32.4 ³ 4.9 ³ 37.3
Glycerol ³ 33.9 ³ 29.8 ³ 63.7
Formamide ³ 31.8 ³ 25.7 ³ 57.5
Aniline ³ 41.2 ³ 2.0 ³ 43.2
Phenol ³ 37.8 ³ 2.6 ³ 40.4
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

Table 2. Acidity of modified polyethylene coatings
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Surface ³ D, (mJ m32)1/2

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
HDPE: ³

weakly oxidized ³ 2.35
strongly oxidized ³ 3.59

HDPE + additive, % ³
o-PDA, 0.5 ³ 30.50
PC, 0.5 ³ 7.05
DPP, 2.0 ³ 7.61
DC, 0.5 ³ 2.21
DC, 1.0 ³ 1.98
DC, 1.5 ³ 2.08
DC, 2.0 ³ 0.62
DC, 5.0 ³ 31.28

LDPE ³ 4.05
LDPE + PDMI, %: ³

0.25 ³ 6.55
0.5 ³ 6.45
1.0 ³ 7.96
1.5 ³ 6.52
2.0 ³ 6.10
4.0 ³ 7.08

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

coatings to the negative values, i.e., the coatings
modified with PAA exhibit pronounced basic proper-
ties. This is the reasonable conclusion since primary
amines are Lewis bases.

Modification of PE with phenols, which are acids,
increases the acidity of PE coatings. It should be
noted thatD slightly increases with increasing tem-
perature and time of coating formation, which is
due to oxidation of PE.

Relative acidityDD = D(coating) 3 D(support) is
used to estimate the adhesion of the coatings and to
adequately evaluate the acidity of the coatings and
supports. AsDD increases, the difference in the acid3
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d, mm DD, (mJ m32)1/2

[DC], %
Fig. 1. (1) Defect diameterd at the cathodic exfoliation
and (2) relative acidityDD of HDPE coating on ChZh-1
sheet iron as functions of [DC].

d, mm DD, (mJ m32)1/2

[PDMI], %
Fig. 2. (1) Defect diameterd at the cathodic exfoliation
and (2) relative acidityDD of HDPE coating on ChZh-1
sheet iron as functions of [PDMI].

base properties of the polymer and support increases,
and the interphase interaction should become stronger.

The concentration depedences ofDD of modified
PE coatings (Figs. 1, 2) show that the acidity strongly

Table 3. Effect of the heat treatment on the acidity of
metal supports
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Metal
³ D, (mJ m32)1/2

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ initial ³after heat treatment

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Titanium ³ 4.30 ³ 1.31
Brass ³ 8.44 ³ 7.82
G-65 steel ³ 4.54 ³ 4.21
St.20 steel ³ 4.70 ³ 3.31
ChZh-1 sheet iron ³ 6.45 ³ 5.50
Copper ³ 3.25 ³ 4.95
Aluminum ³ 31.93 ³ 3.95
Zinc-plated sheet iron³ 5.05 ³ 8.50
Duralumin ³ 32.15 ³ 1.24
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

depends on the modifier concentration. The relative
acidity of coatings of HDPE modified with DC and of
LDPE modified with PDMI correlates with their resis-
tance to cathodic exfoliation and hence with their
adhesion. These results confirm the correlation of the
acid3base properties of adhesives and adherents with
the strength of the adhesive joints. Certain decrease in
the resistance of the coatings of HDPE modified with
DC to the cathodic exfoliation with increase inDD
is due to concentration of unreacted DC at the inter-
face with formation of weakly bonded intermediate
layer [6, 7].

Heat treatment of a series of metal supports has
ambiguous effect on their surface acidity. The acidity
of copper, aluminum, and zinc-plated sheet iron in-
creases after their heating at 150oC for 10315 min,
whereasD of titanium, brass, and steel decreases after
this treatment.

This is probably caused by the different properties
of the oxides formed during the heat treatment of the
metal surface, which, in their turn, depend on the
chemical state of the surface.

Previously we found [7] that the adhesion of
DC-modified HDPE coating correlates with the acid-
ity of their supports (Fig. 3). This experiment was per-
formed as follows. An HDPE + 2% DC composition
was applied to various metal supports under identical
conditions. Then the resistance of these coatings to
cathodic exfoliation was studied. It was found that,
the higherD of the metal support, the smaller is the
minimal diameter of the defect of this coating.

To confirm the theoretical correlation between the
adhesion and acidity of adhesives and adherents, we
examined the adhesive joints prepared from the com-
ponents maximally differing in the acidity. Coatings
with high adhesion (the diameter of the initial mech-
anical defect did not change after cathodic exfoliation)
were prepared under appropriate conditions in the
following systems: heat-treated titanium3LDPE +
1% PDMI, heat-treated titanium3HDPE + 2% DPP,
brass3HDPE + 2% DC, and ChZh-13HDPE + 2% DC.

Thus, adhesion of polyethylene to a metal support
can be appreciably increased by varying the acid3base
properties of these materials.

CONCLUSION

The acidity of a series of smooth solid metal and
polymeric surfaces were measured. The dependence of
these parameters on the extent of metal surface oxi-
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d, mm

D, (mJ m32)1/2

Fig. 3. Diameter of defectd formed at cathodic exfoliation
of HDPE + 2% DCcoating as a function of the acidityD of
the metal support. Support: (1) aluminum, (2) duralumin,
(3) St.3 steel, (4) St.20 steel, (5) G-65 steel, (6) ChZh-1
sheet iron, and (7) brass.

dation and on the modifier content in polyethylene
was determined. A correlation was revealed between
the acidity of these surfaces and the adhesion of the
polyethylene coating to the metal support.

REFERENCES

1. Fowkes, F.M.,J. Adhes. Sci. Technol., 1990, vol. 4,
no. 8, p. 669.

2. Papirer, E. and Ballard, H.,J. Adhes. Sci. Technol.,
1990, vol. 4, no. 5, p. 357.

3. Finlayson, M.F. and Shan, B.A.,J. Adhes. Sci. Tech-
nol., 1990, vol. 4, no. 5, p. 431.

4. Berger, E.J.,J. Adhes. Sci. Technol., 1990, vol. 4,
no. 5, p. 373.

5. Shreiber, H.J.,J. Adhes. Sci. Technol., 1990, vol. 4,
no. 4, p. 319.

6. Starostina, I.A., Role of Primary Aromatic Amines in
Strengthening of Adhesion of Modified Polyethylene
to Steel, Cand. Sci. Dissertation, Kazan, 1996.

7. Starostina, I.A., Stoyanov, O.V., Deberdeev, R.Ya.,
et al., Polym. Polym. Composites, 1998, vol. 5, no. 8,
p. 52.

8. Stoyanov, O.V., Deberdeev, R.Ya., Privalko, V.P., and
Zaikov, G.E., Plast. Massy, 1999, no. 7, pp. 7312.



1070-4272/01/7411-1924$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 11,2001, pp. 192431927. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 11,
2001, pp. 186331866.
Original Russian Text CopyrightC 2001 by Trofimova, Zabivalova, Bochek, Novoselov.

MACROMOLECULAR CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND POLYMERIC MATERIALS

Properties of Flax Cellulose Solutions in Tertiary Amine
N-Oxides and of Films Thereof

N. S. Trofimova, N. M. Zabivalova, A. M. Bochek, and N. P. Novoselov

St. Petersburg State University of Technology and Design, St. Petersburg, Russia
Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg, Russia

Received April 25, 2001

Abstract-The solubility of flax fibers differing in the degree of purity in triethylamineN-oxide monohydrate
was studied. The size and amount of the associates in equiconcentrated solutions were estimated from the
turbidity spectra. Rheological properties of solutions of cotton and flax cellulose were compared. Hydrated
cellulose films were obtained from solutions, and their physicomechanical properties were studied. The films
were characterized by IR spectroscopy.

In recent years production of flax-fiber-based tex-
tile materials increased. Simultaneously increased the
amount of flax waste, namely, shive (flax stalks) and
short fibers. The latter can be utilized in production of
hydrated cellulose fibers. Modern processes utilize
N-methylmorphoplineN-oxide as cellulose solvent
[1, 2].

It is of interest to study the dissolution of flax
cellulose fibers, differing in the degrees of purity, in
a mixture of triethylamine N-oxide monohydrate
(mTEAO) with dimethyl sulfoxide (DMSO) as dilu-
ent. Utilization of short fibers in preparing cellulose
solutions will extend the application field for flax
fibers. In this work, we compared the properties of
dilute and moderately concentrated solutions of flax
cellulose in the mTEAO3DMSO system and showed
their suitability for obtaining hydrated cellulose films.

EXPERIMENTAL

We utilized cotton cellulose with PDh = 1500 and
flax cellulose with PDh = 1000 (PDh is the polymeri-
zation degree determined viscometrically from the
viscosity of cellulose in cadoxene). We used mTEAO
as solvent. The water content of the latter was deter-
mined by Fischer titration [3]. Flax fibers were treated
to remove fats, waxes, and pectins to various degrees
of purity [4].

We studied the solubility in the mTEAO3DMSO
system of flax fibers against cotton linter. Fiber sam-
ples were dissolved atT = 338 K for 60 min. Dilute
solutions of flax cellulose and cotton linter samples

(c = 0.5 wt %) were studied by the turbidity spectrum
method [5, 6]. We calculated the average radius of the
associatesr, nm, and their amount in a unit volumeN
(number of associates per cm3) by the equations

r = almid/(2pnD
20), (1)

N = 1.260 1017t/[l2k(a,m)a2], (2)

l` = lmid/nD
20,

where r is the average radius of the associates, nm;
a is the relative particle size;lmid is the wavelength
corresponding to the middle of the range measured;
nD

20 is the refractive index of the solvent at 293 K;
t is the turbidity of solvents, cm31; l` is the light
wavelength in the medium studied, nm; andK(a,m)
is the scattering function tabulated for specifica
and m [5].

The optical density and the turbidity were meas-
ured on a KFK-2 photoelectric colorimeter in a tem-
perature-controlled cell in the wavelength range 4903
750 nm. Moderately concentrated solutions were
studied on a Rheotest 2.1 rheoviscometer. To this end
we prepared 3% solutions of flax cellulose treated
with benzene, hydrochloric acid, and a surfactant solu-
tion and those of cotton linter. The samples were dis-
solved on an oil bath with stirring for 2 h. The result-
ing solutions were filtered under pressure through
5 layers of glass fabric, and then kept for 1 h at room
temperature to remove air bubbles (deaeration).

Hydrated cellulose films were cast onto Teflon
plates through a laboratory spinneret with a controlled
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Table 1. Viscosity, size, and amount of associates in cotton linter and flax cellulose solutions (0.5 wt %) in the mTEAO3

DMSO system
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Experiment no.³ Initial material and treatment conditions³ h 0 103, Ps s ³ r, nm ³ N, associates per cm3

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³Cotton linter ³ 9.1 ³ 92.1 ³ 2.620 1012

2 ³Raw flax ³ 9.3 ³ 184.2 ³ 3.530 1011

³Flax treated with: ³ ³ ³
3 ³ benzene ³ 8.2 ³ 65.8 ³ 5.320 1013

4 ³ cold water ³ 9.1 ³ 78.9 ³ 1.390 1013

5 ³ benzene and cold water ³ 10.0 ³ 240.1 ³ 5.010 1014

6 ³ aqueous surfactant solution ³ 16.1 ³ 993.1 ³ 2.630 1011

7 ³ benzene and HCl ³ 18.3 ³ 1144.9 ³ 9.210 107

8 ³ benzene, HCl, and surfactant ³ 12.7 ³ 960.6 ³ 7.410 107

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

slit. The solutions were applied to the plates, kept for
30 s in air, and immersed in a precipitation bath filled
with distilled water. The resulting films were sepa-
rated from the plates, kept for 1 h in the precipitation
bath, and washed with several portions of distilled
water for 4 h. Then films were fixed in rectangular
frames and dried at room temperature for 12 h. This
afforded 15320-mm-thick hydrated cellulose films.

The mechanical characteristics of the films were
determined in the uniaxial stretching mode on a UTS
10 setup at the stretching rate of 30 mm min31.
The results were averaged over 5 measurements. The
scatter was within 10%.

The IR spectra of the samples were measured on
a Specord M80 spectrometer (KBr).

As known, dissolution of cellulose in tertiary
amine N-oxides involves degradation of its macro-
molecules. This is explained by the stepwise dissolu-
tion of cellulose (swelling, degradation into individual
crystallites or stacks of macromolecules, involving
degradation of tie macrochains and their dissolution to
molecular dispersion) and by oxidative degradation
caused by oxygen that is released from amine oxide
at elevated temperatures, yielding the initial amine
[6, 7]. The solubility of the polymer is affected by
concomitant substances. Flax fibers include lignin,
fatty acids, waxy substances, pectins, pentosans, and
dyes [8]. These substances modify the surface tension
of fiber solutions [8], thereby affecting the flax cellu-
lose solubility and self-association of solvated macro-
molecules in solution. We began our work with study-
ing the solubility of cellulose from flax bast fibers
differing in the degree of purity. Treatment of flax
fibers with benzene removes, above all, fats and
waxes, and then dilute solution of hydrochloric acid
removes pectins, as well as pentosans (partially) [4].
Therefore, by dissolving in mTEAO flax fiber sam-

ples differing in the degree of purity it is possible to
elucidate how the concomitant impurities affect the
solubility of fibers in the mTEAO3DMSO system.

The initial fiber samples contain, along with cellu-
lose, 10315 wt % of other substances, while bleached
cotton linter which served as the reference contains
99.8 wt % cellulose. Therefore, for cotton and flax
fiber solutions with identical weight concentrations in
nonaqueous mixed solvent the content of flax cellu-
lose is lower than that of cotton cellulose. Flax fiber
solutions can contain dissolved cellulose and other
concomitant components. Fatty acids and waxes de-
crease the surface tension of fiber solutions and
modify the conditions of sample dissolution. The
greatest surface tension forces are exhibited by solu-
tions of refined cellulose [8]. The concomitant sub-
stances passing into solution modify the properties of
polymer solutions as well.

It should be noted that fats and pectins are removed
at elevated temperatures (treatment with benzene, hy-
drochloric acid solution, boiling with a surfactant),
which results in additional degradation of cellulose
and modifies the solution viscosity. Therefore, com-
parison of the viscosity of solutions of cotton linter
with those of flax fibers differing in the degree of
purity reveals a combined effect of the molecular
weight of cellulose proper and of various amounts of
the impurities on the viscosity of solutions of a certain
concentration.

Table 1 shows that the viscosities of solutions of
cotton linter and raw flax fiber are comparable. Re-
moval of fats and pectins (experiment nos. 638)
causes the viscosity to increase. This can be explained
by increase in the cellulose concentration and self-
association of its solvated macromolecules. The sizes
of the associates and their content per unit volume
were estimated from the turbidity spectra [5]. In view
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log t [Pa0 1031]

log h [mPa s]

Fig. 1. Flow curves for 3% solutions of (134) cotton linter
and (538) flax cellulose in themTEAO3DMSO system.
(h) Viscosity and (t) shear stress. Temperature,oC: (1,
5) 20, (2, 6) 30, (3, 7) 40, and (4, 8) 50.

of the fact that the solutions were prepared under
identical conditions and filtered through glass filters
with identical pore sizes, we can make conclusions on
the size of fluctuation associates that appear in solu-
tions owing to intermolecular interactions of solvated
macromolecules.

Our results show that removal of waxes and pectins
causes the associates to grow in size (Table 1, ex-
periment nos. 538). This can be explained by increase
in the fraction of cellulose and by changes in the hy-
drogen bond system in solutions. It should be noted
that flax fiber solutions in the mTEAO3DMSO sys-
tem also contain hemicelluloses (pentosans, hexosans,
mannan, etc.) whose removal from the initial material
requires more severe conditions of flax fiber purifica-
tion [4], which is beyond the scope of this work.
Treatment with aqueous surfactant solution causes the
viscosity of the solution and the size of the associates
to grow (Table 1, experiment no. 6). Thus, compara-
tive analysis of the viscosity and turbidity spectra of
0.5% solutions of flax and cotton linter fibers shows
that mTEAO can dissolve flax fibers of various de-
grees of purity.

The rheological properties of the solutions were
studied for a sample treated with benzene (removal

Table 2. Physicomechanical properties of hydrated cellu-
lose films
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Solution ³ E, GPa ³ sf, MPa ³ st, MPa³ eb, %
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
Cotton linter ³ 8.7+0.30³ 101+2 ³ 112+2 ³3.5+0.2
Flax cellulose³ 7.9+0.31³ 95+2 ³ 109+2 ³4.0+1.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* E is the elasticity modulus,sf is the forced elasticity limit,

st is strength, andeb is the elongation at break.

of fats and waxes), hydrochloric acid (removal of pec-
tins), and a surfactant solution. This choice was
governed by the need in minimizing the influence of
the impurities on the properties of moderately concen-
trated flax cellulose solutions. It is assumed that after
the treatment runs listed above, the flax fiber contains
the residual lignin, hemicellulose, and a mineral com-
ponent. Figure 1 presents the flow curves of 3% solu-
tions of cotton linter and refined flax cellulose. The
solutions exhibit non-Newtonian flow patterns. The
viscosity sharply decreases in the shear stress range
logt = 2.632.8. Substantial difference in the solution
viscosity can be explained by the fact that flax fiber
refining yields flax cellulose with DPh 1000, whereas
DPh of cotton linter is 1500.

Using the temperature dependences, we calculated
the viscous flow activation heatsEa which proved to
be 43.4 and 38.2 kJ mol31 for solutions of cotton
linter in the mTEAO3DMSO system and flax cellu-
lose solutions, respectively. The difference in these
parameters may be due to different molecular weights
of cotton linter cellulose and flax cellulose, as well as
to the occurrence in the flax cellulose solution of
hemicelluloses which can also affect structurization
of solutions.

Thus, studies of the rheological properties of
moderately concentrated solutions of cotton and flax
cellulose show that these are non-Newtonian liquids
with similarly shaped flow curves and similar viscous
flow activation heats. This allows hydrated cellulose
films to be prepared from the systems studied under
identical conditions.

The composition of the precipitation bath affects
the structure and the morphology of hydrated cellulose
films. Therefore, by choosing appropriate composition
of the precipitation bath it is possible to obtain films
suitable as membranes [9, 10]. We formed hydrated
cellulose films from two solutions by room-tempera-
ture precipitation of the polymer. The physicomech-
anical properties of these films are presented in
Table 2. The resulting hydrated cellulose films differ
in their physicomechanical properties insignificantly.

The composition of the films was studied by IR
spectroscopy (Fig. 2). In the case of raw flax fibers
the spectra contain absorption bands characteristic for
lignin and pectins. The absorption bands characteristic
for lignin are those at 1600, 1500, and 850 cm31 [10].
The IR spectra of pectins contain the bands at 1740,
1615, and 1410 cm31 [10, 11]. The absorption band at
1740 cm31 belongs to free COOH groups of pectins.

The bands at 1615 and 1410 cm31 are assigned to
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n, cm31

Fig. 2. IR spectra of (1) raw flax fibers and (2, 3) hydrated
cellulose films obtained from cotton linter and flax cel-
lulose, respectively, in themTEAO3DMSO system.
(T) Transmission and (n) wave number.

asymmetric and symmetric vibrations of ionized
COO3 groups of pectins. A band characteristic of
cellulose was observed at 2900 cm31; it is assigned
to symmetric and asymmetric vibrations of CH2 and
CH groups of the polymer. The spectrum of pectin
exhibits two absorption bands in the 289032925 cm31

range [11]. The shoulder near 2900 cm31 and the
bands at 1740 cm31 in the IR spectrum of raw flax
cellulose suggest the presence of pectin. The presence
of lignin is indicated by broadening of the band at
1650 cm31 towards 1600 cm31, as well as by the
appearance of a shoulder at 1500 and a band at
850 cm31 [10].

The lack of characteristic absorption bands of lignin
and pectin in the IR spectrum of hydrated cellulose
film obtained from solution of refined flax cellulose in
the system mTEAO3DMSO suggests that treatment of
flax fibers followed by their dissolution and filtration
of solutions removes lignins and pectins. The differ-
ences in the physicomechanical properties of hydrated
cellulose films based on flax cellulose and cotton
linter are due to different molecular characteristics
of the polymer and to the presence of hemicelluloses
in the films obtained from flax cellulose solutions.

CONCLUSIONS

(1) Comparative analysis of the solubility of flax
fibers, differing in the degree of purity, in mixtures of
triethylamine N-oxide monohydrate with dimethyl
sulfoxide shows that the impurities in fibers modify
the viscosity properties and the association structure
of solutions. Removal of fats and pectins results in

degradation of cellulose macromolecules.

(2) The size and amount of associates in solutions
of identical concentrations depend on the degree of
purity of the flax fibers. Moderately concentrated
solutions of cotton linter and flax cellulose do not
markedly differ in the mechanisms of their viscous
flow.

(3) Physicomechanical properties and structural
organization of the films obtained from cotton linter
and flax fiber solutions differ insignificantly.
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Abstract-To develop procedures for producing graphite from polyacetylene, the effect of crystalline regions
in the structure of homo- and copolymers of acetylene with vinyl chloride on the structure and properties
of the products of their profound carbonization was studied.

Due to unique properties of graphitic carbon mate-
rials (high chemical, electrochemical, and thermal
stability and significant thermal and electrical conduc-
tivity), they are widely used in various branches of
industry.

These materials are mainly prepared from petrole-
um, pitch, and shale cokes by heat treatment at
230033000oC [1]. Graphitic carbon can also be pro-
duced by high-temperature (200033000oC) pyrolysis
of macromolecular compounds, e.g., polyvinyl chlor-
ide (PVC) [2] and polyacrylonitrile [3], but their
graphitization is low even at high temperatures.

With the aim of finding new precursors of graphitic
carbon materials, it was of particular interest to study
high-temperature pyrolysis of the simplest carbon-
chain polymer with a system of conjugated double
carbon3carbon bonds, polyacetylene (PAc), and co-
polymers of acetylene with vinyl chloride prepared by
phase-transfer PVC dehydrochlorination.

EXPERIMENTAL

In our work we used polyacetylene prepared by
complete dehydrochlorination of PVC and copolymers
of acetylene with vinyl chloride, which are the prod-
ucts of incomplete conversion of PVC into PAc. For
this purpose S-65 polyvinyl chloride (degree of poly-
merization 1950) was dehydrochlorinated with potas-
sium hydroxide in the presence of tertiary ammonium
salts [4]. The conversion was controlled by varying
the concentration of the dehydrochlorinating agent
in the reaction mixture.

The polymer was heated in the 10031200oC range
in a quartz ampule in a vacuum (1033 mm Hg); at
temperatures above 1200oC, a ceramic ampule was
used. The heating rate was 1.5 deg min31; then the
samples were kept at chosen temperature for 6 h.
At the polymer graphitization the heating rate was
2.5 deg min31, the product was kept at 110031200oC
and higher temperatures for 24 h. All manipulations
were performed in an inert atmosphere (argon). The
degrees of dehydrochlorinationa and dehydrogena-
tion C/H were determined by elemental analysis.

The TGA was performed on a Perkin3Elmer
du Pont 900 thermal analyzer at a 3 deg min31 heating
rate in a helium flow (40 ml min31).

The concentration of paramagnetic species in the
polymer was evaluated with an RE-1306 radiospec-
trometer.

The structure and morphology of the carbonized
products were studied with an REM-100 scanning
electron microscope and an EMMA-4 transmitting
electron microscope. The reflections in the electron
diffraction pattern were indexed with standard natural
graphite references. The content of graphiteCgr in the
pyrolysis products was determined using a DRON-2
diffractometer according to the procedure given else-
where [5].

The specific electrical resistivityr of the pelletized
samples (300mm thick) was registered by the four-
probe method using cells equipped with stainless
steel electrodes and an E-7-8 ac bridge potentiometer
(1 kHz).
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The common feature of polymers with conjugated
bonds is their high thermal stability, which is due to
the decrease in the internal energy at polyconjugation.
In study of the PAc thermal stability we found that
the thermal degradation of this polymer begins at
3003320oC and is accompanied by significant weight
loss and formation of volatile (predominantly ben-
zene) and oily aromatic products. At higher tempera-
tures formation of benzene is terminated. The poly-
mers break down stepwise with maximal rates at
3003320 and 4403450oC, and the process is ter-
minated at 6003650oC with formation of the coke
residue (25340% yield).

The mechanism of thermal degradation of PAc
prepared by phase-transfer dehydrochlorination of
PVC probably involves cleavage of the chain caused
by the electron3proton exchange and in some cases
by the ring closure [6]. The intermolecular electron
migration and ring closure result in formation of ben-
zene and other aromatic hydrocarbons.

The supramolecular structure affects the degrada-
tion processes in the polymer. In the case of crystal-
line PAc the degradation rate of macromolecules is
lower and the yield of the carbonized residue is higher
than in the amorphous sample: weight loss curve
1` lies higher than curve2` (Fig. 1). The rigid crystal
structure of PAc hinders elimination of macromolecu-
lar fragments, but facilitates carbonization of the
polymer at heat treatment. Dehydrogenation of this
polymer begins at 2503300oC and via several inter-
mediate structures yields completely carbonized sam-
ples at 110031200oC. As seen from the dependences
of the C/H ratio characterizing the hydrogen loss
(Fig. 1), the dehydrogenation rate of crystalline PAc is
higher compared to the amorphous polymer. The
amorphous polymer is carbonized completely only at
2000oC. At certain temperature the dehydrogenation3
hydrogenation equilibrium is attained, which is con-
firmed by appearance of the saturation plateau on the
kinetic curve of hydrogen loss at fixed temperature
(Fig. 2). This equilibrium is shifted toward dehydro-
genation with increasing temperature.

These experimental results can be explained by
features of macromolecular packing in the crystalline
polymer. Electron diffraction and structural studies
show that the distance between the macromolecules is
3.40A. This is significantly smaller than the sum of
the van der Waals radii, which suggests interchain
interaction. The distance between the hydrogen atoms
in the neighboring macrochains of 1.40A was evalu-
ated using model structures. This is probably re-
sponsible for facile hydrogen elimination with forma-

U, wt %

T, oC
Fig. 1. (1, 2) C/H ratio and (1`, 2`) weight lossU in the
(1, 1̀) crystalline and (2, 2̀) amorphous PAc polymers
as functions of annealing temperatureT.

t, h
Fig. 2. Kinetic curves of thermolysis of crystalline PAc
at (1) 300, (2) 350, and (3) 400oC. (C/H) Atomic ratio and
(t) time. Samples were preliminarily annealed at (1) 100,
(2) 300, and (3) 350oC.

T, oC

log [PMCs]

Fig. 3. Concentration of PMCs as a function of the tem-
perature of thermal treatmentT of (1) crystalline and
(2) amorphous PAc polymers.

tion of two radical centers in the neighboring macro-
molecules.

Dehydrogenation is accompanied by variation of
the number of paramagnetic centers (PMCs) in the
samples. The curves of PMC accumulation pass
through maxima (Fig. 3) at 4003500 (crystalline poly-
mer) and 5003600oC (amorphous polymer), when
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Fig. 4. Transformations of crystalline PAc in the course of thermal treatment in a vacuum: (1) initial PAc, (2, 3) 3(C2H)n3 prod-
uct, and (4) condensed aromatics.

the 3(C2H)n3 products are formed. These products are
rather stable systems containing up to 1022 PMCs
(i.e., one paramagnetic center per two carbon atoms).
Enrichment with paramagnetic centers affects the
magnetic and electrophysical properties of these prod-
ucts, which differ from those of the less and more
carbonized products. As shown in [7, 8], the3(C2H)n3
products exhibit high paramagnetism and high tension
sensitivity. The structure of the3(C2H)n products can
be presented by pattern2 (Fig. 4). The rigid crystal
structure hinders cross-linking and formation of the
3C=C3 bonds, as these processes involve the contrac-
tion of the chains or their straightening, respectively.
Further temperature rise increases the chain flexibility
and promotes cross-linking, which decreases the num-
ber of PMCs. In thiscase the IR spectra exhibit the
absorption bands at 1330 and 740 cm31, lacking in the
spectrum of the initial polymer and characterizing
the in-plane and out-of-plane bending vibrations of the
=C3H group in the cis configuration.

The IR spectra of PAc prepared by phase-transfer
dehydrochlorination of PVC contain bands belonging
to the in-plane and out-of-plane bending vibrations of
the =C3H group in thetrans configuration: 1292 and
1015 cm31, respectively. The fact that the IR spectrum
of the carbonized polymer contains the bands belong-
ing to the cis structure with simultaneous decrease
in the intensity of the bands of the =C3H group in
the trans configuration can be explained by formation
of structure 3 (Fig. 4) by cross-linking.

Further carbonization of the sample results in for-
mation of compact planar layers of six-membered
carbon rings (Fig. 4, structure4). These layers can be
considered as a macromolecule consisting of con-
densed aromatic rings.

The products of incomplete carbonization of PAc
polymer are intermediate between the linear polymers
with a system of conjugated double bonds and the

products of complete carbonization (carbon, graphite)
involving two- and three-dimensionally ordered net-
works of six-membered rings. In nongraphitic carbon
the layers are arranged in small stacks without mutual
(azimuthal) ordering between the planes. In graphite
there is a three-dimensional order of the carbon net-
works due to weak van der Waals attraction.

The thermal treatment at 110031200oC of both
amorphous and crystalline PAc polymer yields non-
graphitic carbon (Table 1). As known [1], mutually
parallel orientation of the crystallites and the absence
of strong cross-links between the aromatic layers
at the crystallite edges are necessary conditions for
good graphitization of cokes. In the case of PAc this
condition is not met. The amorphous polymer con-
tains no crystallites, whereas in the crystalline poly-
mer interchain cross-links hinder graphitization.

Thermolysis of the products of incomplete dehy-
drochlorination of PVC (block copolymer of acetylene
and vinyl chloride) is a gross process involving suc-
cessive reactions of thermal dehydrochlorination and
thermal dehydrogenation. The elimination of HCl is
complete at about 300oC, and elimination of hydrogen
from the macromolecule starts simultaneously. In this
case the structure of the final products is determined
by the conditions of the polymer synthesis, namely,
the concentration of potassium hydroxide used as de-
hydroclorinating agent. As seen from Table 1, pyroly-
sis of copolymers prepared at high concentrations of
KOH both in the initial solution and reaction mixture
yields products with a disordered structure. With de-
creasing KOH concentrations in solution or in the
reaction mixture the copolymer of vinyl chloride and
acetylene is formed, whose thermolysis yields the
product with an ordered structure, polycrystalline
graphite, i.e., graphitic material with cross-linked
small crystalline areas.

As shown previously [4], the concentration of
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Table 1. Structure of the pyrolysis products (110031200oC) as influenced by the preparation conditions of PAc and
copolymers of polyacetylene and polyvinyl chloride
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Preparation conditions³ Initial compound ³

Structure of pyrolysis products
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

[KOH],*
³

[KOH],**
³ Cl, ³ a, ³

acetylene : vinyl chloride
³

³ ÃÄÄÄÄÄÄÁÄÄÄÄÄÄÄ´ ³
wt % ³ g ml31

³ % ³ molar ratio ³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

50 ³ 0.42 ³ 0 ³ 100 ³ 3 ³Nongraphitic carbon
50 ³ 0.42 ³ 3.6 ³ 94 ³ 36 : 1 ³"
50 ³ 0.42 ³ 21.6 ³ 62 ³ 3 : 2 ³"
50 ³ 0.25 ³ 0 ³ 100 ³ 3 ³"
50 ³ 0.05 ³ 35.0 ³ 39 ³ 2 : 3 ³Graphitic + quasi-two-dimensional products
20 ³ 0.42 ³ 21.0 ³ 63 ³ 3 : 2 ³"

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Concentration of KOH in solution.

** Amount of KOH in the reaction mixture, gram of dry compound per milliliter of the organic phase (solution of PVC in nitro-
benzene).

KOH solutions affects the density of the samples ob-
tained by complete dehydrochlorination of the poly-
mer. At a low concentration of potassium hydroxide
the crystal packing is denser (d 1.35 g cm33) than
at high hydroxide concentrations (1.25 g cm33).
Obviously, the presence of compact crystallites in the
products of incomplete dehydrochlorination of PVC is
a prerequisite for high ordering in the pyrolysis prod-
ucts. The PAc crystallites in the copolymer of vinyl
chloride and acetylene exhibit a three-dimensional
ordering. The carbon networks formed during pyroly-
sis of this copolymer are ordered in all three dimen-
sions, i.e., graphite crystals are formed. The topo-
chemical transformations of the products of incom-
plete conversion of PVC proceed at relatively low
temperatures of about 1200oC.

Three-dimensional ordering of the carbon networks
(graphitization) starts at 90031000oC. The samples
studied involve both crystalline and amorphous frac-
tions. The XRD patterns of the samples obtained in
these stages of graphitization exhibit the reflections at
3.40 (crystalline PAc) and 3.35A (graphite), and a
broad reflection at 3.6033.80A (amorphous product).
With increasing temperature the graphite structure is
progressively formed (Table 2). At pyrolysis of this
copolymer at 110031200oC the interlayer spacing
sharply decreases from 3.40 to 3.3533.38 A, typical
of graphite [9]. The electron diffraction patterns
of PAc and polycrystalline graphite are shown in
Figs. 5a and 5b, respectively. The crystallite size in
graphite is 1043105 A, whereas the size of two-
dimensional island structures appearing in carboniza-
tion of amorphous polymer (Fig. 5d) does not exceed
50360 A.

The density and electrical conductivity of commer-
cial synthetic graphite depend on the properties of the
raw material (coke) and vary within 1.432.2 g cm33

and 7330 W cm [9], respectively. The pycnometric
density and specific electrical conductivity of graphite
prepared by pyrolysis of acetylene3vinyl chloride
copolymer are 2.0332.06 g cm33 and 10W cm, re-
spectively.

Thus, the properties of graphite prepared by pyroly-
sis of acetylene3vinyl chloride copolymer are similar
to those of graphite produced by coke pyrolysis. This
product belongs to the class of filled graphites used,
for example, in the diamond synthesis.

Along with polycrystalline graphite, in the course
of pyrolysis at 110031200oC, a bright compact film

Table 2. Properties of pyrolysis products of acetylene3

vinyl chloride copolymer*
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

t, h
³ Cgr, wt % ³ r, W cm ³ Cgr, wt % ³ r, W cm
ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
³ 1000oC ³ 2000oC

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
0 ³ 0 ³ 1 0 109 ³ 0 ³ 1 0 109

3 ³ 0 ³ 1 0 109 ³ 11 ³ 3 0 107

5 ³ 2 ³ 1 0 109 ³ 20 ³ 4 0 106

7 ³ 5 ³ 7 0 108 ³ 30 ³ 2 0 105

9 ³ 9 ³ 8 0 107 ³ 64 ³ 1 0 104

11 ³ 18 ³ 5 0 106 ³ 75 ³ 7 0 102

15 ³ 49 ³ 2 0 104 ³ 80 ³ 1 0 102

20 ³ 66 ³ 4 0 103 ³ 95 ³ 10
24 ³ 75 ³ 7 0 102 ³ 95 ³ 10

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Acetylene : vinyl chloride molar ratio 2 : 3.
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Fig. 5. Electron diffraction patterns of (a) PAc, (b) graphite
prepared by pyrolysis of incompletely dehydrochlorinated
PVC, (c) natural graphite, and (d) graphite island structures
in pyrolyzed amorphous PAc.

of pyrolytic carbon (203100 mm thick) is formed
at the boundary between the polymer and reaction
vessel wall. This film consists of azimuth-disordered
graphite-like layers packed in parallel to each other
with the interlayer spacingd002 3.49 A and can be
identified as quasi-two-dimensional graphite. Heating
of the film to temperatures higher than 2000oC im-
proves the structure and packing of the graphite-like
areas; the interlayer spacing decreases and at 2200oC
it reaches 3.43A. This two-dimensional graphite with
a high anisotropy of electrical and optical properties
was described in [10].

Carbonization of acetylene3vinyl chloride copoly-
mer in the presence of quartz and ceramic plates re-
sults in coating of their surface with pyrolytic carbon

and formation of graphite. In the case of stain-
less steel supports, products with a random structure
are formed.

CONCLUSIONS

(1) Crystalline amorphous polyacetylene prepared
by phase-transfer dehydrochlorination of polyvinyl
chloride to complete polymer conversion is not graph-
itized at heating to 110031200oC.

(2) The products of incomplete conversion of
polyvinyl chloride, which are the block copolymers of
acetylene and vinyl chloride involving crystalline
regions, are converted into graphite at 110031200oC.
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Abstract-Reaction of dextran polyaldehyde with phenol or its derivatives was suggested as a way to modify
polysaccharides with aromatic hydroxy compounds.

Phenols readily enter into electrophilic substitution,
even with such weak electrophiles as aldehydes. Reac-
tion of polysaccharide aldehyde (PA) with phenols
was not studied previously; therefore, it was appropri-

ate to study this reaction with the aim to develop a
new procedure for modifying polysaccharides.

Chemical modification of PA was performed as
follows:
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where Z, X = H (IIIa ); X = CH3, Z = H (IIIb ); X =
NO2, X = H (IIIc ); X = Cl, Z = H (IIId ); X = COOH,
Z = H (IIIe ); X = H, Z = COOH (IIIf ).

In our study we used extracellular microbial poly-
saccharides: aubasidan (branchedb-1,3-b-1,6-a-1,4-
glucan produced by yeast-like fungusAureobasidium
pullulans), rhodexman (b-1,3-b-1,4-mannan produced
by Rhodotorula rudra), rhonasan (sulfated rhodex-
man), and also dextran commercially produced in
Russia.

PolysaccharidesI were activated by periodate oxi-
dation [1] in acetate buffer solution (pH 4.1). The
consumption of sodium periodate was checked spec-
trophotometrically at 222.5 nm [1]; the amount of the
released formic acid was determined by volumetric
titration. To prepare water-soluble polyaldehydesII
derived from dextran (DPA), rhodexman, and rhona-
san, the low-molecular substances were removed by
dialysis, the solutions were concentrated in a vacuum

at 60oC, and the polyaldehydes were precipitated with
ethanol. Water-insoluble aubasidan polyaldehyde was
filtered off and washed successively with distilled
water, alcohol, and ether.

To determine the optimal conditions for reactions
of aromatic hydroxy compounds with PA, we studied
the reaction of DPA with phenol.

The reaction was performed in water at 20390oC
for 2310 h. To prepare monohydroxyalkylation prod-
ucts, 135 mol of phenol was added per mole of alde-
hyde groups in the polysaccharide. After reaction
completion, the product was precipitated with alcohol
and reprecipitated from water to remove excess phen-
ol. The absence of free phenol in the target product
was checked by thin-layer chromatography.

The synthesized phenol3polysaccharide compounds
are light yellow amorphous powders readily soluble
in water and aqueous alkali but insoluble in alcohol,
ether, and the majority of other organic solvents.
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(a)

T, oC

(b)

Cpa, %

Cpa, %

Fig. 1. Conversion of aldehyde groupsCpa in reaction of
DPA with phenol as a function of (a) reaction temperature
T and (b) molar ratio of the reactantsn. Reaction time 2 h,
pH 10; (a) 2 mol of phenol per mole of aldehyde groups;
(b) 20oC.

The products of reaction of PA with phenols were
studied by UV and IR spectroscopy, conductometric
titration, and viscometry and characterized by the
degree of substitutionCsp (number of phenolic frag-
ments per polysaccharide monomeric unit) and degree
of conversionCca = (Csp/Csa) 0 100%, whereCsa is
the content of aldehyde groups in the polymer.

The IR spectra of the products contain bands at
1500 cm31, assignable to the stretching vibrations of
the C=C bonds in aromatic compounds, and at 695
and 770 cm31, corresponding to the out-of-plane
bending vibrations of the C3H bond in 1,2-disubsti-
tuted benzene derivatives. The absorption band of
1,4-substituted benzene derivatives at 8003830 cm31

is lacking, which suggests that under experimental
conditions the electrophilic substitution in the benzene
ring mainly occurs at theo-position relative to phenol-
ic hydroxyl, yielding the 1,2 derivative as the major
product.

The position of the UV absorption maxima of
aqueous solutions of phenol3polysaccharide samples
depends on pH (275 nm at pH < 7 and 290 nm at
pH > 7) and differs from that characteristic of free
phenol under similar conditions (lmax 265 nm). Poly-
saccharides exhibit no absorption in this range.

Reactions of aldehydes with phenols can yield
polymerization products by reaction of one phenolic
fragment with several aldehyde groups. This should
result in cross-linking of the polysaccharide chains,
with a considerable increase in the molecular weight
of the polymer and hence in the relative viscosity of
polysaccharide solutions. However, the relative vis-
cosity of aqueous solutions of the polyaldehyde does
not increase after reaction with phenol. This fact sug-
gests that phenols react with aldehyde groups of only
one polymer chain, with no cross-linking.

It is known that polyaldehydes are unstable in
alkaline solutions and are readily oxidized with at-
mospheric oxygen to carboxylic acids [2]. We found
that in the presence of phenols under the synthesis
conditions (20oC, pH 10, 2 mol of phenol per mole
of aldehyde groups) PA is not oxidized. Carboxy
groups were not detected in the samples.

To prove the absence of quinoid structures, PA3
phenol samples were treated with hydroxylamine after
reduction of aldehyde groups with sodium borohy-
dride. The elemental analysis and IR spectra of the
resulting samples showed the absence of nitrogen
atoms and of absorption bands at 1640 cm31 typical of
oximes. Hence, the polysaccharide samples contain
no quinoid structures. Therefore, the content of the
residual aldehyde groups in phenol3polysaccharide
samples was determined by the oxime method. It was
found that approximately 2 mol of aldehyde groups
are converted per mole of phenol.

The molecular-mechanics (MM+) simulation of the
reaction products showed that structures obtained by
reaction of phenol with two aldehyde groups of the
same PA fragment (III ) are the least stable. Quinoid
structures IV are also poorly stable.
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Our results suggest that the samples have lactol
structuresII . Such structures are fairly stable in neu-
tral and alkaline solutions.

Thus, the most probable pathway of reaction of PA
with phenol is monohydroxylation of phenol followed
by closure of a six-membered lactol ring.

To find the conditions allowing incorporation of
a preset amount of phenol into a polysaccharide, we
studied howCsp is influenced by temperature, time,
reactant ratio, and pH, using as example the reaction
of DPA with phenol (Figs. 1a, 1b).

We found that DPA readily reacts with phenol even
at 15320oC, with conversion of approximately 40% of
aldehyde groups. Therefore, subsequent experiments
were performed at room temperature.

At increased content of phenols in the reaction
mixture, the content of phenolic fragments in the
polysaccharide samples decreases. However, at the
phenol-to-aldehyde ratio higher than 3 : 1,Csp does
not increase further.

To attain the desired conversion of DPA aldehyde
groups in reaction with phenol at room temperature,
we varied the reaction time and found thatCpa does
not further increase after the 4-h reaction.

Finally, as seen from Table 1, the highest con-
version is attained in alkaline solutions. When the
reaction is performed at pH< 7, Cpa drastically
decreases.

Having determined, by the example of DPA, the
optimal conditions for the reaction of PA with phenol,
we studied the reactivity of the other polyaldehydes

Table 1. Conversion of aldehyde groupsCpa of the poly-
mer in reaction of DPA with phenol as influenced by pH.
20oC, 4 h, 2 mol of phenol per mole of aldehyde groups,
Csa 1.32
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

pH ³ Csp ³ Cpa, %
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

5 ³ 0.31 ³ 24
6 ³ 0.36 ³ 27
7 ³ 0.33 ³ 25
9.3 (0.25)* ³ 0.44 ³ 41
9.85 (0.5) ³ 0.8 ³ 74

10.2 (0.75) ³ 0.91 ³ 84
10.65 (1.0) ³ 0.92 ³ 85

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* In parentheses is the amount ofNaOH (moles per mole of

phenol).

under the conditions allowing incorporation of the
maximal amount of phenolic fragments.

As expected, the structural features of polyalde-
hydes affect the reaction course and the product qual-
ity (Table 2).

The least active in the reaction with phenols is
water-insoluble aubasidan polyaldehyde. Somewhat
lower reactivity of rhodexman and rhonasan is proba-
bly due to the prevalence in their molecules of 2,3-ox-
idized fragments capable of forming three types of
structures: dialdehydeII , is hemiacetal formsIIa and
IIb , and hemiacetal3hydrate formsIIc and IId occur-
ring in equilibrium [3]. In alkaline solutions, the equi-
librium is shifted toward less reactive hemiacetal3
hydrate structures:

ÄÄÄÄÄÄÄÄÄÄÄÄ

I

Ia Ib Ic Id
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Table 2. Results of the reaction of PAs with phenol. 90oC,
4 h, 3 mol of phenol per mole of aldehyde groups, 0.5 mol
of NaOH per mole of phenol
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Compound ³ Csa ³ Csp ³ Cpa, %
ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Polyaldehyde of:³ ³ ³

dextran ³ 1.09 ³ 0.8 ³ 74
aubasidan ³ 0.62 ³ 0.36 ³ 58
rhodexman ³ 0.78 ³ 0.51 ³ 65
rhonasan ³ 0.5 ³ 0.32 ³ 64

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

As expected, electron-withdrawing substituents in
the benzene ring appreciably hinder the reaction of
DPA with phenolic compounds. On the contrary,
introduction of an electron-donating substituent in-
creasesCpa. The substituent effect on the reactivity
of a compound can be quantitatively evaluated using
the Hammett equation. In this contextm it was inter-
esting to find a correlation betweenCpa and thes
constants of substituents. We obtained a linear corre-
lation: Cpa = 346.032sp + 43.234, r = 0.9984.

CONCLUSION

Reaction of polysaccharide aldehydes with phenol
is a convenient route of polysaccharide modification.
It is performed in aqueous solution at 20340oC for
4 h at the molar ratio of phenol to aldehyde groups of
233. Up to 0.630.9 mol of phenolic fragments is
introduced per mole of the monosaccharide unit. The
highest conversion of aldehyde groups in attained in
alkaline solutions (0.7531.0 mol of alkali per mole of
phenol). The reaction is not accompanied by oxidation
of aldehyde groups with atmospheric oxygen or by
gelation due to cross-linking.

REFERENCES

1. Methods in Carbohydrate Chemistry, Whistler, R.L.
and Wolfrom, M.L., Eds., New York: Academic, 19623
1965.

2. Golova, O.P. and Nosova, N.I.,Usp. Khim., 1973,
vol. 62, no. 4, pp. 7433767.

3. Drobchenko, S.N., Isaeva-Ivanova, L.S., Grachev, S.A.,
and Bondarev, S.N.,Vysokomol. Soedin., Ser. B, 1990,
vol. 32, no. 4, pp. 2543258.



1070-4272/01/7411-1937$25.00C2001 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 74, No. 11,2001, pp. 193731942. Translated from Zhurnal PrikladnoiKhimii, Vol. 74, No. 11,
2001, pp. 187531880.
Original Russian Text CopyrightC 2001 by Lazarev,Britov, Bogdanov.

MACROMOLECULAR CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND POLYMERIC MATERIALS

Physicochemical Modification of Siloxane Compounds
for Electrical Engineering in the Course of Mixing

D. N. Lazarev, V. P. Britov, and V. V. Bogdanov

St. Petersburg State Technological Institute, St. Petersburg, Russia

Received December 20, 2000

Abstract-The effect of silica fillers, used separately or in combination, on the rheological properties of
siloxane compounds based on low- and high-molecular-weight rubbers was studied. A model was suggested
for formation of the structure of filled compounds during mixing under conditions of shear stresses, and a
procedure was proposed for preparing compounds for shells of high-voltage insulators produced by pressure
casting.

Wide use of polymeric insulators in contact wiring
systems and high-voltage installations is due to their
advantages over porcelain and glass insulators, such
as high electrical parameters (low dielectric permit-
tivity, high breakdown voltage, etc.), good service
properties (high hydrophobicity, resulting in self-
cleaning, so that it becomes unnecessary to wash in-
sulators; resistance to vandalism), and also very
favorable characteristics from the viewpoint of trans-
portation and mounting (no damage at transporta-
tion because of the lack of friability; lower, by a
factor of 2, weight as compared to the porcelain ar-
ticles) [1].

At present, three classes of polymeric materials are
used as protective coatings for insulators: epoxy resins
highly filled with ground quartz or aluminum hydrox-
ide, ethylene3vinyl acetate copolymers (with the same
fillers), and silicone elastomers [2]. The latter com-
pounds are the most promising materials. This is due
to their high weather resistance, capability for long
operation in a wide temperature range (from360 to
60oC), and elasticity. In contrast to the majority of
insulating materials, silicone elastomers are capable to
preserve a low surface energy, which prevents forma-
tion of a continuous water film on the insulator sur-
face and appearance of leakage arcs. Furthermore,
silicone polymers are environmentally clean.

Development of procedures for fabrication of poly-
meric insulators is based on attempts to pass from
successive coating with separate components to con-
tinuous pressure casting of protective shells of various
shapes and sizes. The developed procedures for fabri-

cation of insulator shells by casting mainly utilize
thermoplastic materials or some types of thermoset-
ting plastics (epoxy compounds) [3].

Protective siloxane shells for insulators can be
made of compounds based on low- and high-molecu-
lar-weight rubbers. The advantages of one or anoter
class of materials are not fully understood, despite
a clear trend toward the use of liquid rubbers with the
aim to perform casting efficiently. Certain drawbacks
are inherent in compounds based on both high- (high
viscosity) and low-molecular-weight (low strength,
problems with introduction of reinforcing fillers) rub-
bers. The common drawback of both high- and low-
molecular-weight siloxane compounds is the long
vulcanization time, which significantly complicates
casting.

To develop a casting process for preparing protec-
tive coatings for insulators, it is necessary to modify
some properties of siloxane compounds (ensure high
flowability, shorten vulcanization time); it seems
more expedient to perform physicochemical modifica-
tion in the course of compounding, rather than to
adjust the formulation.

The goal of this study was to find procedures for
physicomechanical modification of polysiloxane com-
pounds for electrical engineering with the aim to
develop an efficient process for pressure casting of
protective insulator shells.

As the major investigation objects we chose com-
pounds based on SKTV-1-NT high-molecular-weight
siloxane rubber (hereinafter, SKTV), differing in the
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g, s31.

lnh [Pa s] 5

Fig. 1. Viscosityh of siloxane compounds as a function of
the shear rate.g. Compound based on (I) SKTN-A and
(II ) SKTV-1. Degree of filling with BS-50 white black
(wt %): (1) 10, (2) 15, (3) 20, and (4) 30; (5) range of
shear rates actually realized in commercial equipment.

content of Aerosil A-175, BS-50 white black, titanium
dioxide, and aluminum hydroxide. To evaluate the
physicomechanical and service properties, the com-
pounds modified in the course of mixing were com-
pared with traditional materials for electrical engineer-
ing based on SKTV-1 rubber (Lebedev Research Insti-
tute of Synthetic Rubber, St. Petersburg) and with the
compounds produced by Wakker. In view of the exist-
ing predictions that low-molecular-weight rubbers will
find growing use in production of siloxane articles, we
also studied the behavior of compounds based on
materials that are commercially produced in Russia
(SKTN-A) and Germany (Bayer).

The compounds were prepared on different appa-
ratus: laboratory rollers, a laboratory mixer with
Z-shaped blades, and a closed rotary measuring mixer,
with the aim to evaluate how apparatus features affect
the compounding process.

Evaluation of the process characteristics of siloxane
compounds and description of their behavior were
based on the results of rheological tests performed by
capillary and rotary viscometry.

Determination of the service properties of com-
pounds (frost resistance coefficient, resistance to ther-
mal aging, specific volume electrical resistivity, tan-
gent of the dielectric loss angle, electrical strength,
dielectric permittivity, tracking erosion resistance, arc
resistance) were performed according to GOST (State
Standard).

In the first stage of our studies, we performed a
comparative analysis of the rheological behavior of
model compounds based on high- and low-molecular-
weight rubbers with the same degree of filling with

white black. The viscosities of these compounds
differ by a factor of 10 and more, and such a differ-
ence is preserved in the entire range of the actual
shear rates used in the process equipment (Fig. 1).
At the same time, by varying the processing condi-
tions, it is possible to decrease the viscosity of high-
molecular-weight compounds to the level character-
istic of low-molecular-weight compounds [the vis-
cosity of low-molecular-weight compounds at a
shear rate of 10 s31 corresponds to that of high-
molecular-weight compounds at a shear rate of (13

1.5)0 102 s31], which allows their processing by
pressure casting.

The most important feature of the actual organo-
silicon compositions used for protective coatings of
electrical insulators, from the viewpoint of their
process behavior, is the presence of various fillers:
aluminum hydroxide, titanium dioxide, and silica
(Aerosil). Their total effect increases the viscosity of
the system and does not allow production of articles
by high-performance pressure casting.

The typical formulations of the compounds are
as follows (wt parts): SKTV high-molecular-weight
rubber 100, Aerosil A-175 20330, anti-cross-linking
additive 9310, aluminum hydroxide 903130, and tita-
nium dioxide 537.

Among the ways to control the rheological behavi-
or of the compounds (variation of the formulation,
proper order of adding components, use of special
methods of strain action), only the latter approach
appeared to be feasible.

We have studied the effect of fillers, used separate-
ly or in combination, on the rheological behavior of
the system. With both active (Aerosil) and inert (alu-
minum hydroxide) fillers, irrespective of the degree of
filling, the viscosity decreased considerably in the
range of shear rates 303120 s31; at the shear rates of
1803240 s31 the structures formed by the fillers de-
grade, and the compounds acquire flowability similar
to that of Newtonian liquids. We suggested that this
effect would be preserved in a compound filled with
both types of fillers simultaneously, although the
range of shear rates corresponding to the transition
to the Newtonian flow would naturally be shifted to
higher values. The experimental results (Fig. 2) con-
firm this suggestion.

The curves in Fig. 2 show that on introducing both
types of fillers the increase in the viscosity is not
additive. This fact can be accounted for as follows.
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An inert filler prevents formation of a thixotropic
skeleton formed of Aerosil elements (with the rubber
adsorbed on the surface); the higher the content
of an inert filler, the larger the deviation from the
additivity.

When considering the mechanism of formation of
the structure and properties of the compounds, we see
that the strain action plays a decisive role. The behav-
ior of a filled compound can be clearly demonstrated
by a three-dimensional pattern characterizing the de-
pendence of the viscosity on two parameters: degree
of filling and shear rate (Fig. 3). Each section of this
pattern can be described analytically by

F K� �
h = h0exp�ÄÄÄÄÄÄÄ ÄÄÄ�, (1)

1 3 F/Fm
.
g x� �

where K is the form factor characteristic of a given
type of filler;

.
g is the shear rate (s31); F is the true

volume filling; Fm is the volume fraction of the filler
at the closest packing of its particles (for randomly
packed spheres, 0.61); andx is the coefficient account-
ing for physicochemical interactions in the system.

The second term inside the exponent characterizes
the form factor, which is a function of the shear rate
and is related to the strength of the reversible three-
dimensional structures polymer3filler.

The calculations show that, e.g., for Aerosil A-175
K = 50, x = 0.07. The viscosities calculated by the
suggested relationship are nicely consistent with the
experimental data in a wide range of filler concentra-
tions and shear rates.

It should be noted that, as the shear rate is in-
creased and the degree of filling is decreased,K/

.
gx

tends to 2.5, i.e., the classical Einshtein equation is a
particular case of the equation suggested by us.

Equation (1) sufficiently reliably describes the
dependence of the viscosity on the degree of filling
and shear rate. With several fillers, it can be repre-
sented as

F1 K1 F2 K2�
h = h0exp�ÄÄÄÄÄÄÄÄ ÄÄÄ + ÄÄÄÄÄÄÄÄ ÄÄÄÄ

1 3 F1/Fm
.
g x1 1 3 F2/Fm

.
g x2�

Fn Kn �
+ .... + ÄÄÄÄÄÄÄÄ ÄÄÄ�. (2)

1 3 Fn/Fm
.
gxn �

At the same time, in analysis of the effect of exter-
nal actions on the physicomechanical and service

g, s31.

h 0 1033, Pa s

Fig. 2. Viscosity h of compounds with different fillers as
a function of the shear rate.g. Filler (wt parts): (1) Aerosil
A-175, 30; (2) aluminum hydroxide, 130; (3) Aerosil
A-175, 30 + Al(OH)3, 130; and (4) theoretical viscosity of
a compound with a complex filler.

h, Pa s

g, s31.
a, %

Fig. 3. Combined effect of the degree of fillinga and shear
rate .

g on the viscosityh of compounds based on SKTN-A
rubber and BS-50 white black.

characteristics of the compounds and process calcula-
tions, it is appropriate to use not the shear rate, shear
strain, or its dispersion, but a generalized criterion
whose physical sense is the strain energy densitytG

[where t is the shear stress (Pa), andG is the shear
strain].

The experimental dependences obtained by us al-
lowed us to suggest a generalized model for structure
formation in compounds based on both high- and low-
molecular-weight rubbers and filled with various fill-
ers. The model suggests the only possible order of
introducing the components: first Aerosil with anti-
cross-linking additive and then aluminum hydroxide.

Initially, at the instant of introducing the filler,
the system is practically unmixed and consists of
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Aerosil agglomerates and rubber matrix. Bulk interac-
tion of the active filler with the rubber in this stage is
insignificant, because it is aggregated, and the surface
of the filler contacting with the polymeric matrix is
shielded by the occluded air.

In the course of strain, aggregates and agglomerates
of the filler are gradually broken down, and the poly-
mer is adsorbed on the filler surface. The initial stage
of adsorption involves[unrolling] of the polymer
molecule on the filler surface. This process occurs in
time, with its rate depending on the relaxation time of
the polymer, and enhances the adsorption. With high-
molecular-weight rubbers, the relaxation time is con-
siderably longer, and in this case compounding should
involve intermediate keeping as a special operation.
When the filler content is sufficiently high, its parti-
cles link with each other directly or via adsorbed poly-
mer to form chains and ultimately a three-dimensional
network, i.e., a rigid skeleton. As a result, the com-
pound becomes thixotropic (if the shear does not
exceed a definite level). The shear stress in the course
of compounding can increase even without changing
the processing conditions. This is due to the fact that
in the course of mixing the system becomes more
homogeneous, the surface area of the boundary be-
tween the components increases, and hence the inter-
actions in the system as a whole are enhanced. In the
second stage of compounding, aluminum hydroxide
is added. Its effect on the rheological properties of
the system are dual. On the one hand, it increases
the viscosity of the compound owing to intrinsic hy-
drodynamic resistance; on the other hand, it increases
the shear stress in mixing and promotes further dis-
persion of Aerosil. When the required shear stress
is attained, Aerosil chains are broken down, and
separate particles are isolated from each other with
the adsorbed polymer. In the limiting case, each par-
ticle can be enclosed in an envelope of the adsorbed
polymer. Such a structure exhibits the properties
of a Newtonian liquid and is suitable for processing
by pressure casting.

It is well known that siloxane compounds, when
allowed to stand, acquire thioxotropic properties.
This case differs from the case of compounds sub-
jected to strain in that the thioxotropic structure is
restored by the other mechanism. After lifting the
shear stress, the polymer layer on the surface of an
active filler will grow owing to adsorption forces,
increasing the apparent volume filling. As a result, the
viscosity will increase, and at a certain degree of

filling and keeping time the compound can lose flow-
ability and become thixotropic. However, such a thix-
otropic structure is mainly formed via polymer layers,
and it will be broken down reversibly, with the com-
pound becoming fluid.

The results of testing the compounds showed that
the vulcanization time largely depends on the strain
treatment, which is due to the following facts.

(1) In the absence of strain, the silicone molecule
as a constituent of a thioxotropic film on the surface
of an active filler is largely unrolled in the adsorption
field of the Aerosil particle. In this case it is highly
probably that the terminal group is accessible for
interaction with the cross-linking agent.

(2) The subsequent strain disturbs the adsorption
equilibrium, with the molecule partially rolling up to
form a globule; as a result, the number of freely inter-
acting radical groups decreases, and hence the vulca-
nization time increases.

(3) Further increase in the strain results in signifi-
cant unrolling of the molecule; as a result, the radical
groups get free and become readily accessible for the
peroxide, and the vulcanization time considerably
decreases.

The combined consideration of the effect of strain
on the viscosity, vulcanization time of compounds,
and physicomechanical properties of the vulcanized
products allows evaluation of appropriate conditions
for strain treatment of the material. Figures 4a and 4b
show that, as the criteriontG is increased, the strength
of the compound first increases and then slightly
decreases. The hardness monotonically decreases with
time, and the elasticity increases.

Thus, there are three different parameters affected
by strain treatment of a material: (1) rheological char-
acteristics (improving the processability of a com-
pound); (2) vulcanization time (shortening the article
fabrication time); and (3) physicomechanical charac-
teristics (operation suitability). Simultaneous optimi-
zation of these parameters, which are all dependent on
tG, will give the range of favorable values oftG and
allow the choice of the processing procedure, equip-
ment, and process conditions.

Silicone compounds exhibiting required physico-
mechanical characteristics and ensuring the high ser-
vice properties of insulators, as a rule, are highly
viscous and do not pass to the viscous-flow state at
elevated temperatures; therefore, their processing by
casting is difficult.
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The previously used procedures were unsuitable for
efficiently fabricating articles from filled organosili-
con rubbers by pressure casting, because of the high
viscosity of the compound. At the same time, studies
showed that such systems exhibit pronounced thixo-
tropic properties, and their structure can be formed so
that strain treatment will make the system fluid.

It was suggested to additionally subject the com-
pounds to shear strain, ensuringtG in the range (83
16)0 105 kJ m33 [4].

The procedure can be performed as follows.
A standard compound is subjected to strain treatment
in a mixer of any type (rotary, roller, screw), so as to
ensure tG in the range (8316)0 105.

The quantityG for a given mixer type is known (or
can be calculated). The procedures for calculatingG

for different types of mixers are comprehensively
described in the literature. The viscosity of a com-
pound at a given shear rate is determined from rheo-
logical tests.

Based on our studies, a process was developed and
put into operation1 for fabricating polymeric insula-
tors by pressure casting (Fig. 5). The main opera-
tions in fabrication of insulators from siloxane com-
pounds are preparation of reinforcement (cutting of
rod ends; drying and pressing of end tips); dosing of
rubber stock ingredients; mixing of main ingredients;
additional treatment of the compound, mixing with a
curing agent, sheeting, molding of the article, and first
stage of vulcanization; removal of the article from the
mold and second stage of vulcanization in an oven;
checkout and packaging.

By the developed process, batch production of
trolley bus insulators [tension rod polymeric insulator
NSK 36/800-7, TU (Technical Specifications) 3494-
001-7825684185398] has been mastered. The article
was certified. Also, a pilot batch of linear hanging rod
insulators for a 20 kV voltage was produced.

CONCLUSIONS

(1) The viscosity of compounds based on low- and
high-molecular-weight rubbers with a complex filler
is not an additive function of the content of the fillers;
the higher the content of an inert filler, the larger the

ÄÄÄÄÄÄÄÄÄÄÄÄ

1 Izolyator Research and Production Association, St. Petersburg.

(a)t, min s, MPa

tG 0 1035, kJ m33
2 6 10 14 18

tG 0 1035, kJ m33

h, Pa s e, %

2 6 10 14 18

(b)

Fig. 4. Effect of strain actiontG on the rheological, vul-
canometric, and physicomechanical properties of the com-
pound: (t) vulcanization time, (s) strength, (h) viscosity,
and (e) relative elongation.

Fig. 5. Flowsheet of fabrication of polymeric insulators by
pressure casting: (1) storehouse, (2) small truck, (3) bin,
(4) oven, (5) dosing unit, (6) rotary mixer, (7) rod machin-
ing rig, (8) press, (9) rollers, (10) casting machine, (11) in-
sulator machining rig, (12) checkout, and (13) packaging.

deviation from the additivity. These systems can also
be converted to a fluid state for subsequent pressure
casting.

(2) To characterize the external strain action
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on the system, it is appropriate to use a generalized
criterion, the strain energy density in the physical
sense, rather than traditional concepts of the shear
strain.

(3) For the compounds under consideration, the
optimal ranges of the strain action values ensuring
the required flowability, minimal vulcanization
time, and the required physicomechanical properties
of insulator shells prepared by pressure casting are in
are in the range (8316)0 105 kJ m33.
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Abstract-The process parameters of production of epoxy binders modified with glycidyl esters of phos-
phorus acids were studied, and the performance characteristics of glass- and basalt-reinforced plastics on their
basis were determined.

Composites based on epoxy oligomers (EOs) and
various fibers often have defective structure because
of the low ability of the binder to impregnate the
filler. This is due to the high viscosity and low wet-
ting power of the binder. As a result, the strength
properties of the fiber and matrix are not realized in
full measure. Most often the viscosity of binders, in
particular epoxy compounds, is decreased by adding
appropriate solvents [1]. However, evaporation of the
solvent during molding causes large shrinkage, sig-
nificant internal stresses, and formation of defects, and
thus the strength of the resulting composite decreases.
All these disadvantages are not typical for active
diluents [2, 3] containing one and more epoxy groups,
which are incorporated into the polymer network.
In this case the most preferable are various glycidyl
esters of phosphorus acids (GEPs), whose preparation
and properties were described previously in [4].
Epoxy polymers modified with GEP exhibit high
levels of strength [5] and heat and fire resistance [6].
In this work we studied the preparation of glass- and
basalt-reinforced plastics using binders based on
epoxy resins modified with GEPs.

EXPERIMENTAL

In our work we used ED-20 epoxy-4,4`-isopropyli-
denediphenol oligomer [GOST (State Standard)
10587384], 4,4̀-diaminodiphenylmethane hardener
(DADPM), glycidyl esters of phosphorus acidsI3III ,
and butandiol diglycidyl etherIV :

RP(O)(OCH2CH7CH2)2,
TROI3III

CH27CHCH2O(CH2)4OCH2CH7CH2,
TRO IV

TRO

RP(O)(OCH2CH7CH2)2,
TROI3III

CH27CHCH2O(CH2)4OCH2CH7CH2,
TRO IV

TRO

where R = OCH2CH7CH2 (I ), OCH3 (II ), CH3 (III ).
TR

O

The matrices for the glass- and basalt-reinforced
plastics were the T-11 glass fabric (GOST 19170373)
and BT-8 basalt fabric [TU (Technical Specifications)
5952-031-002004949395].

The viscosity of the mixture of epoxy oligomers
and GEPs was determined according to the GOST
10587384 by the discharge time of the corresponding
volume of the mixture through the capillary of a
VPZh-1 viscometer (the capillary diameter varied
from 0.54 to 5.1 mm). The angle of wettingq of the
surface of various materials by epoxy compounds
was measured directly from the drop profile using a
microscope equipped with a goniometer. The surface
tension of the liquids at the liquid3air interfaceglg was
measured by the ring detachment method and by the
method of a drop on a low-energy surface (Teflon).
The impregnation ratev was determined on a KM-6
cathetometer using the dependence of the lifting
height of the binderh in the fabric. In each timet for
modified (m) and unmodified (um) binders we meas-
ured (hm)t and (hum)t and calculatedvm and vum,
respectively. The effect of the modifying agent on the
impregnating power of the binder was characterized
by the relative rate of impregnation (vm/vum) and the
ratio of the ultimate lifting heights of the binder in
the fabric hm/hum.

The standard mechanical tests were performed on
an FPZ tensile-testing machine: the tensile strength,
according to GOST 25601380, the bending strength,
according to GOST 25604382, the plane shear stress,
according to GOST 24778381, and the interlaminar
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Table 1. Relative impregnation ratevm/vum of glass and basalt fabrics with phosphorus-containing binders and adhesion
A of epoxy polymer modified with GEP to the glass and basalt fiber
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

GEP,

³ vm/vum ³ A, MPa
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

wt %
³ glass fabric ³ basalt fabric ³ glass fiber ³ basalt fiber
ÃÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ I ³ II ³ III ³ I ³ II ³ III ³ I ³ II ³ III ³ I ³ II ³ III

ÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
0 ³ 1 ³ 1 ³ 1 ³ 1 ³ 1 ³ 1 ³ 33.5 ³ 33.5 ³ 33.5 ³ 36.1 ³ 36.1 ³ 36.1
5 ³ 1.5 ³ 1.4 ³ 1.3 ³ 1.5 ³ 1.4 ³ 1.3 ³ 42.0 ³ 41.8 ³ 41.5 ³ 45.6 ³ 44.3 ³ 44.0

10 ³ 2.2 ³ 2.0 ³ 1.6 ³ 2.2 ³ 2.0 ³ 1.6 ³ 46.3 ³ 45.5 ³ 44.5 ³ 49.4 ³ 48.0 ³ 47.2
15 ³ 2.4 ³ 2.2 ³ 1.9 ³ 2.5 ³ 2.3 ³ 2.0 ³ 54.1 ³ 48.2 ³ 45.1 ³ 57.0 ³ 52.1 ³ 50.8
20 ³ 2.5 ³ 2.3 ³ 2.0 ³ 2.6 ³ 2.4 ³ 2.1 ³ 51.5 ³ 47.2 ³ 46.3 ³ 55.4 ³ 50.3 ³ 48.2
25 ³ 2.5 ³ 2.3 ³ 2.0 ³ 2.6 ³ 2.4 ³ 2.1 ³ 49.8 ³ 45.9 ³ 45.5 ³ 53.8 ³ 48.6 ³ 47.1
30 ³ 2.4 ³ 2.2 ³ 1.9 ³ 2.5 ³ 2.3 ³ 2.0 ³ 47.6 ³ 44.1 ³ 43.8 ³ 52.2 ³ 47.4 ³ 46.6

ÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

shear stress, by tension of a strip with a transverse
notch [7].

The adhesion of the fiber to the matrix was studied
by the procedure presented elsewhere [8]. The poros-
ity and volume content of the binder and filler in the
plastics were evaluated microscopically. The thermal
and moisture aging were studied by the procedure
presented in [9].

As seen from Fig. 1, theeffect of the modifying
agents studied on the viscosity of the epoxy binder
is most pronounced at their concentration of up to
15 wt %. All glycidyl esters and ethers, with respect
to their effect on the decrease of the binder viscosity,
can be ranked in the following order:I > II > III >
IV . As seen, the effect of widely used active diluent
IV is the weakest. Thus, our data suggest high im-
pregnating power of the binder compositions based
on GEPs.

Data on the impregnation of glass and basalt fab-
rics with epoxy binders with various GEP content are
listed in Table 1. These data show that with addition
of GEP into the binder the impregnation rate consider-

h, Pa s

cGEP, wt %

Fig. 1. Viscosity h of modified EP-20 epoxy oligomer as a
function of the contentc of the active diluent. Diluent: (1) I ,
(2) II , (3) III , and (4) IV .

ably increases and reaches constant values at the con-
tent of modifying agents>20 wt %. Further increase
in the GEP content decreases the impregnation rate,
but it remains higher than that for the unmodified
binder. The accelerating effect of GEPs on impregna-
tion of the glass and basalt fabrics varies in the order
I > II > III , which agrees with the above data on
the effect of GEPs on the EO viscosity. As seen, in
the case of basalt fabrics the relative rate of impregna-
tion with all GEPs is greater than that in the fiber
glass fabrics. This is probably due to higher wettabil-
ity of the basalt fiber surface as compared to glass
fibers. The angles of wetting of the glass and basalt
fibers with the epoxy oligomer modified with esterI
are given in Table 2.

Table 2 shows that with the same fabric the relative
lifting height hm/hum of the binder in the fabric in-
creases by factor of nearly two even at low content of
GEP in the binder. At a further increase in the GEP
content to 30 wt %, only slightly pronounced maxi-
mum in thehm/hum ratio is observed at a 15320 wt %
content of the modifying agent.

Impregnation of a fabric can be considered as the
height of the binder lifting in a capillary (e.g., in the
interfiber space). According to the Young3Laplace
equation, the lifting height is directly proportional to
the surface tensionglg and cosine of the wetting angle
q and inversely proportional to the liquid densityr
and capillary radiusr.

For the same filler, i.e., at constantr, we calculated
the relative lifting heights of the binders, which agree
with the experimentalhm/hum values (Table 2). These
data show that, with respect to the decrease in the
viscosity and increase in the relative lifting height and
impregnation rate of the glass and basalt fabrics, the
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Table 2. Wetting anglesq of glass and basalt fabrics, relative lifting heighthm/hum in their impregnation with ED-20-I
mixtures, surface tensionglg, density r, plane shear stresstxy, and interlaminar shear stresstxz of plastics modified
with ester I
ÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Con-
³

glg,

³

r,

³ q, deg ³ hm/hum ³ t, MPa
³ ³ ÃÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

tent ³
mN m31³g cm33³glass

³
basalt

³ glass fabric ³ basalt fabric³glass-reinforced plastic³basalt-reinforced plastic
³ ³ ³ ³ ÃÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄof I ,

³ ³ ³fiber ³fiber ³ expt. ³calcd.³ expt. ³calcd.³ txy ³ txz ³ txy ³ txz
wt % ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

0 ³ 49.0 ³ 1.175³ 65 ³ 64 ³ 1.00 ³1.000³ 1.00 ³1.000³ 48.2 ³ 34.0 ³ 50.1 ³ 36.1
5 ³ 49.3 ³ 1.170³ 36 ³ 33 ³ 1.93 ³1.934³ 1.93 ³1.933³ 51.4 ³ 39.6 ³ 53.4 ³ 41.6

10 ³ 49.6 ³ 1.170³ 34 ³ 31 ³ 1.99 ³1.994³ 1.99 ³1.988³ 53.8 ³ 44.2 ³ 55.7 ³ 46.7.
15 ³ 50.0 ³ 1.175³ 33 ³ 29 ³ 2.03 ³2.025³ 2.04 ³2.036³ 56.1 ³ 49.6 ³ 58.2 ³ 52.6
20 ³ 50.3 ³ 1.185³ 32 ³ 28 ³ 2.04 ³2.043³ 2.05 ³2.050³ 55.4 ³ 48.1 ³ 57.5 ³ 51.4
25 ³ 50.6 ³ 1.200³ 32 ³ 28 ³ 2.03 ³2.029³ 2.04 ³2.037³ 53.6 ³ 47.6 ³ 56.2 ³ 49.9
30 ³ 51.0 ³ 1.225³ 32 ³ 28 ³ 2.00 ³2.003³ 2.01 ³2.011³ 52.5 ³ 47.1 ³ 55.4 ³ 48.3

ÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 3. Ultimate tensile strengthst and bending strengthsb of glass- and basalt-reinforced plastics based on ED-20
epoxy oligomer modified with estersI and III
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

GEP,

³ st, MPa ³ sb, MPa
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

wt %
³ glass-reinforced plastic³ basalt-reinforced plastic³ glass-reinforced plastic ³ basalt-reinforced plastic
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ I ³ III ³ I ³ III ³ I ³ III ³ I ³ III

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
0 ³ 371 ³ 371 ³ 387 ³ 387 ³ 370 ³ 370 ³ 371 ³ 371
5 ³ 415 ³ 390 ³ 431 ³ 403 ³ 386 ³ 376 ³ 397 ³ 382

10 ³ 450 ³ 404 ³ 465 ³ 417 ³ 399 ³ 381 ³ 423 ³ 393
15 ³ 460 ³ 409 ³ 476 ³ 424 ³ 403 ³ 382 ³ 430 ³ 398
20 ³ 458 ³ 407 ³ 473 ³ 421 ³ 400 ³ 381 ³ 427 ³ 396
25 ³ 455 ³ 404 ³ 470 ³ 417 ³ 397 ³ 379 ³ 424 ³ 394
30 ³ 450 ³ 401 ³ 466 ³ 413 ³ 393 ³ 377 ³ 420 ³ 391

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

optimal GEP content in the binder is about 15 wt %.
Based on the experimental data, the low-viscosity
binders for reinforced plastics were developed and
patented [10].

The strength properties of the composites prepared
using the above binders were also studied. The ex-
perimental strength parameters for plastics (70 wt %
filler content) modified with estersI and III (for II
the intermediate values were obtained) are listed in
Table 3. At equal strength (1.9 GPa) of the glass and
basalt fibers the higher strength of the basalt-rein-
forced plastics is probably due to better wettability
and impregnability of the basalt fabrics. As seen from
Table 3, even insignificant amounts of GEPs improve
the strength properties of epoxy composites. The
highest strength of the plastics modified with ester
I may be due to smaller number of defects thanks to

its lower viscosity and higher wetting and impregnat-
ing power, to higher strength of the polymer matrix in
the presence ofI [5], and to stronger adhesion to the
fiber. Data on the adhesion of modified matrices to
the glass and basalt fibers are given in Table 1.

The increase of the adhesion strength with modi-
fication of the binder can be illustrated by the data on
the plane shear stresstxy and interlaminar shear stress
txz of the plastics modified with esterI (Table 2).
Modification of the binder with glycidyl esters of
phosphorus acids does not noticeably affect the ther-
mal and moisture aging of the resulting glass- and
basalt-reinforced plastics (Fig. 2).

CONCLUSIONS

Modification of epoxy binders for reinforced plas-
tics with glycidyl esters of phosphorus acids improves
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t, h

P, MPa

Fig. 2. Residual tensile strengthP of the (1, 3) glass-
and (2, 4) basalt-reinforced plastics based on (1, 2) un-
modified epoxy resin and (3, 4) binders modified with
ester I , as a function of timet.

the wettability and impregnability of the binders.
The resulting glass- and basalt-reinforced plastics
exhibit high strength properties.
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Abstract-Solid-phase photoetching of copper surface with photosensitive polyvinyl chloride compositions
was studied. The depth of the relief was determined as influenced by the nature of photosensitizers present
in the composition and by the exposure time of the photosensitive layer.

The main principles of photoetching were proposed
in 1967 [1]. Preparation of a relief image consists of
three steps: (1) application of a polymeric film con-
taining photosensitive C3Hlg bonds on the metal sur-
face (2) activating irradiation through a phototem-
plate, and (3) dissolution of the polymeric film.

The advantages of this procedure over, e.g., the
photoresist process is smaller number of steps owing
to etching of the surface during its irradiation and
the absence of aggressive media.

The photoetching mechanism involves formation of
active products in the polymeric matrix during pho-
tolysis of polyhalogenated organic compounds and
reaction of these products with the metal surface [2].

The feasibility of etching is determined by the
ability of the metal to form stable halides upon ir-
radiation [3].

The necessary conditions for all photosensitive sys-
tems are photolysis of the etching agent with a high
quantum yield, high thermal stability under these con-
ditions, and compatibility of the components.

Solid-phase photoetching of the copper surface
finished to the 14th grade was studied with the aim
of producing reflecting diffraction grating with the
line depth no less than 0.1mm. Photosensitive com-
positions containing polyvinyl chloride resin and vari-
ous photosensitizing agents were developed. The
samples thermostated at 25+2oC were irradiated with
a DRSh-250 lamp through a quartz phototemplate.
The line depth on the copper surface was measured
with an MII-4 microinterferometer after removal of
the polymeric film and photoetching products.

Solid-phase etching strongly depends on the thick-

ness of the polymeric film. The thicker the film, the
faster the process but worse the resolution. Therefore,
we studied how the polyvinyl chloride concentration
in the casting solutionCPVC affects the thickness of
photosensitive filmsl:

C, g ml31 l, mm

0.10 18.5
0.09 15.0
0.08 12.0
0.07 9.0
0.06 7.5
0.05 6.5
0.04 5.5

The films with the optimal thickness (8315 mm),
allowing formation of a sharp image without side
etching, were prepared at the polymer concentration
ranging from 0.07 to 0.09 g ml31.

Most of photosensitive polymers contain C3C,
C3O, C3N, and C3Hlg bonds whose energy does not
exceed 420 kJ mol31 [4]. Since the energy of UV
quanta is enough for homolytic rupture of these bonds,
photolysis of these polymers almost always involves
generation of radicals. Various organic and inorganic
halogen-containing compounds used as photosensitive
components are presented un Table 1. Inorganic addi-
tives have virtually no effect on the solid phase
photoetching, probably because of poor compatibility
with the polymeric matrix of the photosensitive layer.
Bromoform, tetrachloro-9-octylcarbazole (TCOC) [5],
and phenothiazine withp-toluenesulfonyl chloride are
the most effective organic additives.

Etching of the inorganic surface depends also on
the nature of solvent used for photosensitive film cast-
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Table 1. Depth h of the relief produced on the copper surface after etching with various photosensitive compositions
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Sample ³ PVC, g ³ Solvent, ml ³ Seinsitizer, g; weighed portion, g³ t,* min ³ h, mm
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
I ³ 1.8 ³Dioxane, 20 ³N-Allylphenothiazine, 0.024; ³ 120 ³ <0.05

³ ³ ³p-toluenesulfonyl chloride, 0.01 ³ ³
II ³ 1.8 ³Dioxane, 20 ³N-Allylphenothiazine, 0.024; ³ 240 ³ 0.07

³ ³ ³p-toluenesulfonyl chloride 0.01 ³ ³
III ³ 0.9 ³Bromoform, 10 ³TCOC, 0.025 ³ 120 ³ 0.08
IV ³ 0.9 ³Bromoform, 10 ³TCOC, 0.025 ³ 240 ³ 0.10
V ³ 0.9 ³Dioxane, 10 ³N-Allylphenothiazine, 0.12 ³ 120 ³ <0.05
VI ³ 0.9 ³Dioxane, 10 ³N-Allylphenothiazine, 0.12 ³ 240 ³ 0.06
VII ³ 0.45 ³TCE, 5 ³N-Allylphenothiazine, 0.12 ³ 120 ³ 0.07
VIII ³ 0.45 ³TCE, 5 ³N-Allylphenothiazine, 0.12 ³ 240 ³ 0.10
IX ³ 0.9 ³Dioxane, 10 ³Bromoform, 0.2; TCOC, 0.02 ³ 120 ³ <0.05
X ³ 0.9 ³Dioxane, 10 ³Bromoform, 0.2; TCOC, 0.02 ³ 240 ³ 0.05
XI ³ 0.9 ³TCE, 10 ³Bromoform, 0.2; TCOC, 0.02 ³ 120 ³ 0.07
XII ³ 0.9 ³TCE, 10 ³Bromoform, 0.2; TCOC, 0.02 ³ 240 ³ 0.10
XIII ³ 1.8 ³Dioxane, 20 ³PVC, 0.2; NaI, 0.001 ³ 240 ³ 0.05
XIV ³ 0.9 ³Dioxane, 10 ³N-Allylphenoxazine, 0.024; ³ 120 ³ <0.05

³ ³ ³p-toluenesulfonyl chloride, 0.01 ³ ³
XV ³ 0.9 ³Dioxane, 10 ³N-Allylphenoxazine, 0.024; ³ 240 ³ 0.05

³ ³ ³p-toluenesulfonyl chloride, 0.01 ³ ³
XVI ³ 0.9 ³TCE, 10 ³N-Allylphenoxazine, 0.024; ³ 120 ³ 0.08

³ ³ ³p-toluenesulfonyl chloride, 0.01 ³ ³
XVII ³ 0.9 ³TCE, 10 ³N-Allylphenoxazine, 0.024; ³ 240 ³ 0.12

³ ³ ³p-toluenesulfonyl chloride, 0.01 ³ ³
XVIII ³ 0.45 ³Dioxane, 5 ³Bromoform, 0.2; TCOC, 0.02 ³ 120 ³ <0.05
XIX ³ 0.45 ³Dioxane, 5 ³Bromoform, 0.2; TCOC, 0.02 ³ 240 ³ 0.07
XX ³ 0.45 ³TCE, 5 ³Bromoform, 0.2; TCOC, 0.02 ³ 120 ³ 0.10
XXI ³ 0.45 ³TCE, 5 ³Bromoform, 0.2; TCOC, 0.02 ³ 240 ³ 0.13
XXII ³ 0.45 ³TCE, 5 ³Bromoform, 0.2 ³ 240 ³ 0.08
XXIII ³ 0.45 ³TCE, 5 ³TCOC, 0.02 ³ 240 ³ 0.05
XXIV ³ 0.9 ³TCE, 10 ³Phenothiazine, 0.05; ³ 120 ³ 0.08

³ ³ ³p-toluenesulfonyl chloride, 0.02 ³ ³
XXV ³ 0.9 ³TCE, 10 ³Phenothiazine, 0.05; ³ 240 ³ 0.10

³ ³ ³p-toluenesulfonyl chloride, 0.02 ³ ³
XXVI ³ 0.9 ³Dioxane, 10 ³FeCl3, 0.002 ³ 240 ³ <0.05
XXVII ³ 0.9 ³Dioxane, 10 ³ZnCl2, 0.004 ³ 240 ³ <0.05
XXVIII ³ 0.9 ³TCE, 10 ³ 3 ³ 120 ³ 0.05
XXIX ³ 0.9 ³TCE, 10 ³ 3 ³ 240 ³ 0.07
XXX ³ 0.9 ³Dioxane, 10 ³NaI, 0.007 ³ 240 ³ <0.05
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* (t) Etching time.

ing. We found that 1,1,2,2-tetrachloroethane (TCE)
and bromoform increase the line depth during photo-
etching, whereas dioxane and toluene have no effect
on it (Table 1, 2). This fact can be explained as fol-
lows. A small amount of the solvent is retained in the
polymeric film dried at 70+2oC for 4 h. The C3Hlg
bonds in 1,1,2,2-tetrachloroethane and bromoform are
cleaved on exposure to UV radiation with generation
of free radicals. Reactions of these radicals with each
other or with the photolysis products of polyvinyl

chloride yield Hlg2 and HHlg which, in their turn,
react with the copper surface:

CHcCH CHcCHc76
nh CHc

gg

Cl Cl

C CHcCHc
g

Cl
g

Cl

+ H ,
. .

2 2 2 23 3 3 3CHcCH CHcCHc76
nh CHc

gg

Cl Cl

C CHcCHc
g

Cl
g

Cl

+ H ,
. .

2 2 2 23 3 3 3

hn
C2H2Cl4 76 Cl. + C2H2Cl.3,

Cl. + Cl. 6 Cl2,

H. + Cl. 6 HCl,
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Table 2. Solvent effect on the line depth on the copper
surface*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solvent ³ PVC, g ³ Line depth, mm
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
TCE ³ 0.9 ³ 0.07

³ 0.7 ³ 0.06
Dioxane ³ 0.9 ³ 0.05

³ 0.7 ³ 0.05
Toluene ³ 0.9 ³ 0.05

³ 0.7 ³ 0.05
Bromoform ³ 0.9 ³ 0.08

³ 0.7 ³ 0.06
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Exposure time 240 min, irradiation with aDRSh-250 lamp,

solvent volume 10 ml.

Cu + HCl 6 CuCl + 1/2H2,

Cu + Cl2 6 CuCl2.

The line depth on the copper surface depends on
the exposure time. This dependence for samples
XVII , XXI , and XXIX (Table 1) is shown in the
figure. The exposure time should be no shorter than
240 min irrespective of the composition of the photo-
sensitive mask. On longer irradiation the line depth
does not increase owing to degradation of the poly-
meric film and decrease in the concentration of the
etching agent on the copper surface.

The products of copper photoetching were removed
from the copper surface with a mixture ofN,N-dimeth-
ylacetamide and acetoacetic ester (1 : 1 volume ratio)
and analyzed by reactions with diethyldithiocarbamate
and potassium hexacyanoferrate [6]. We found that
the main products of copper photoetching are copper(I)
chloride and copper(II) chloride. This is confirmed by
the fact that the absorption bands of these products
appear in the range (7803800 nm) similar to that in
the spectra of a mixture of copper(I) and copper(II)
chloride in these solvents (8003820 nm).

Thus, we propose the following scheme for solid-

h, mm

t, min

Line depth on the copper surfaceh as a function of the
exposure timet: (1) XVII , (1) XXI , and (3) XXIX (for
compositions, see Table 1).

phase photoetching of the copper surface with photo-
sensitive polymer coatings.

hv
D 76 D*,

D* + PVC 6 PVC* + D,

PVC* 6 Cl. + PVC,

PVC + Cl. 6 HCl + PVC,

Cu + HCl 6 CuCl + 1/2H2,

Cl. + Cl. 6 Cl2,

Cu + Cl2 6 CuCl2,

where D and PVC denote photosensitizer and poly-
vinyl chloride, respectively.

CONCLUSIONS

(1) Solid-phase photoetching of copper surface
with photosensitive compositions based on polyvinyl
chloride was studied. Solvents for polyvinyl chloride
were found that, being partially retained in the poly-
meric matrix after evaporation, increase the etching
depth owing to an increase in the concentration of
etching agents on the copper surface.

(2) The dependence of the etching depth of the
copper surface on the time of irradiation of the photo-
sensitive layer was revealed.

(3) Photosensitizing additives to the polyvinyl
chloride matrix, allowing photoetching of the copper
surface at a depth of no less than 0.1mm, were
chosen.

(4) The composition of photoetching products was
determined. The mechanism of photoetching of the
copper surface with photosensitive polymeric coatings
was proposed.
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Abstract-Heteroatomic compounds in middle-cut (2003360oC) distillates of West-Siberian oil were identi-
fied by gas chromatography3mass spectrometry.

The composition of diesel frtactions boiling in the
range from 1603200 to 360oC is complex, and the
existing analytical procedures do not allow complete
identification of the components, especially of hetero-
organic (N-, S-, and O-containing) compounds. The
most studied components of diesel fractions are al-
kanes, isoalkanes, isoprenoids, and naphthene and
aromatic hydrocarbons [1].

In this work we showed that in fractions boiling at
higher temperatures than benzine the content of meth-
ane hydrocarbons (oils of grades A and B) decreases,
the content of branched hydrocarbons increases, and
isoprenoids appear in significant amounts. As for
naphthenic hydrocarbons, their structure becomes
more complex in going from benzine to diesel frac-
tions; in particular, the number of rings in the mole-
cule increases to 233.

Aromatic hydrocarbons of the diesel fraction con-
sist of homologs of benzene, naphthalene, and, in part,
phenanthrene and anthracene. Also, hybrid compounds
are present, containing, along with one or two aromat-
ic rings, also one or several naphthene rings. Primarily
these are indane and tetralin derivatives. In going
from the benzine to diesel fractions, the number and
length of alkyl substituents in aromatic compounds
increase, as well as the number of rings in the mole-
cule; in particular, tricyclic condensed aromatic hydro-
carbons (phenanthrene derivatives) appear.

Heteroorganic compounds of the diesel fraction are
oxygen-, sulfur-, and nitrogen-containing derivatives
of the above-mentioned hydrocarbons.

The oxygen-containing compounds are mainly
mono- and dibasic petroleum acids and phenols (di-
methyl-, trimethyl-, and methylethylphenols) [2].

Sulfur-containing compounds of the diesel fraction
are sulfides (thiacyclanes) and thiophene derivatives.
The content of thiols and disulfides in the dieselfrac-
tions is low.

Nitrogen-containing compounds of the diesel frac-
tion are mainly derivatives of pyridine, quinoline, and,
to a lesser extent, aniline. Very small amounts of
porphyrins can be present. On the whole, it is desira-
ble to obtain more detailed information on the compo-
sition of oxygen- and nitrogen-containing compounds
of the diesel fraction in various stages of commercial
refining of a mixture of West-Siberian crude oils
at the Kirishinefteorgsintez Production Association,
Limited Liability Company.

EXPERIMENTAL

Molecular oxygen dissolved in diesel fractions
(sample nos. 1351) was determined chromatographi-
cally.

Hydroperoxide in diesel fractions were determined
iodometrically [3].

Heteroorganic compounds were concentrated with a
Diapak silica gel cartridge (BiokhimMak, Moscow).
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Diesel fractions (five samples) were taken March 28, 2001,

from L-24/6 and L-24/2000 installations of the Kirishinefte-
orgsintez Production Association. Sample nos. 133 were sup-
plied from the Parex installation (2003300oC fraction) to the
L-24/6 installation and were taken from the 225 reservoir in
the feed pumping line (sample no. 1), at the outlet of the
TsN-2 feed pump (sample no. 2), and at the outlet of the
TsN-4 feed pump (sample no. 3). Sample nos. 4 and 5 (2003

360oC fraction) were taken from the L-24/2000 installation
at the inlet of the N-201 feed pump (sample no. 4) and at the
line of pumping into reservoir 261 (sample no. 5).
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Fig. 1. Chromatograms of extracts of diesel fractions.
(A) peak intensity and (B) retention time; the same for
Fig. 2. Sample no.: (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5.

The cartridge was washed withn-hexane, and
100 ml of a diesel fraction sample was passed. Then
the cartridge was repeatedly washed withn-hexane
and dried in a nitrogen flow. The extracted O- and
N-containing compounds were eluted from the cart-
ridge with 5 ml of methanol. The methanol extract
was evaporated in a nitrogen flow to 1 ml and ana-
lyzed by GC3MS.

Mass-spectrometric analysis of diesel fuel extracts
was performed with an MD 800 device (Fisons, the
United States). The components of the diesel fuel
extracts (five samples) that gave separate or partially
overlapping chromatographic peaks were identified
using MassLab and AMDIS software with an elec-
tronic library of the mass spectra. The programs pro-
vided for calculation of the direct and inverse similar-
ity parameters of the experimental and reference mass
spectra. When identifying individual compounds, we
took into account the general parameters characteriz-

ing the similarity between the mass spectra of the
discovered compounds and reference mass spectra
from the library, the identity of the molecular ions in
the mass spectra being compared, the similarity bet-
ween the relative intensities of the major peaks in the
mass spectra being compared (difference by no more
than 20330%), and the results obtained by running the
expert block of the AMDIS program. These criteria
allow identification of individual compounds or group
identification.

The content of dissolved molecular oxygen in the
analyzed samples varied from 0.70 1033 to 1.80
1033 M, namely: sample no. 1, 1.80 1033; no. 2,
1.10 1033; no. 3, 1.40 1033; no. 4, 0.760 1033; and
no. 5, 0.720 1033 M). Samples are not saturated with
oxygen; the oxygen solubility in them is 20 1033 M.

The concentration of hydroperoxides is low: sam-
ple nos. 1 and 2, below detection limit (50 1035 M);
no. 3, 1.30 1034; and nos. 4 and 5, 70 1035 M. That
is, the diesel fractions are not appreciably oxidized.
The extent of oxidation increases in the course of
storage and use of the diesel fuel.

The chromatograms of the extracts of the hetero-
atomic compounds from the diesel fractions (sample
nos. 135) are shown in Fig. 1.

The identified heteroorganic compounds corre-
sponding to the major peaks in the chromatograms are
listed in the table. The corresponding peak numbers
are indicated in the chromatograms (Fig. 2).

Thus, in diesel fractions we detected diverse oxy-
gen- and nitrogen-containing organic compounds C63
C18: alcohols and ketones of the paraffin and naph-
thenic series, alkylphenols, pyridines, quinolines, and
possibly other nitrogen-containing heterocyclic com-
pounds.

In the mass spectra we detected no peaks, even on
the trace level, characteristic of carboxylic acids; these
compounds, apparently, appear in diesel fuel on stor-
age, at higher extents of oxidation.

The total content of oxygen-containing compounds
in various samples of diesel fuels, as estimated from
data in the table and peak areas in the chromatograms
of the extracts, is very low: (0.536.1)0 1034%. This
value is considerably lower than their content in gaso-
lines in the course of production (0.00230.004%)
[335] and in A-76 gasoline[in the initial state before
storage] (an equivalent parameter, content of acetone-
soluble resins, is 1.9 mg ml31, or 0.003% [6]). Thus,
data on the quantitative content of oxygen-containing
organic compounds and on their qualitative composi-
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Content of oxygen- and nitrogen-containing compounds in samples of diesel fuels
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Peak
³

Compound
³Empirical formula³ContentC 0 105, wt %, in indicated sample

³ ³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ
no. ³ ³

and/or molecular
³ no. 1 ³ no. 2³ no. 3³ no. 4³ no. 5³ ³ weight ³ ³ ³ ³ ³

ÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³Cyclohexyl-2-propanone ³C9H16O ³ 0.19 ³ 0.56 ³ 0.18 ³ 0.00 ³ 0.00
2 ³2-Ethylidenecyclohexanone ³C8H12O ³ 0.06 ³ 0.28 ³ 0.13 ³ 0.00 ³ 0.00
3 ³2-Nonanol ³C9H20O, 144 ³ 0.59 ³ 0.55 ³ 0.96 ³ 0.11 ³ 0.17
4 ³3,5-Dimethylphenol ³C8H10O ³ 1.2 ³ 2.3 ³ 1.5 ³ 0.22 ³ 0.04
5 ³2,4-Dimethylphenol ³C8H10O ³ 0.69 ³ 1.6 ³ 0.75 ³ 0.00 ³ 0.02
6 ³4-n-Propylphenol ³C9H12O ³ 0.50 ³ 1.2 ³ 0.31 ³ 0.03 ³ 0.00
7 ³2-n-Propylphenol ³C9H12O ³ 0.83 ³ 1.7 ³ 1.2 ³ 0.00 ³ 0.00
8 ³3-n-Propylphenol ³C9H12O ³ 0.43 ³ 0.90 ³ 0.67 ³ 0.00 ³ 0.00
9 ³2-Isopropylphenol ³C9H12O ³ 0.26 ³ 0.49 ³ 0.30 ³ 0.00 ³ 0.00

10 ³3-Isopropylphenol ³C9H12O ³ 0.83 ³ 1.7 ³ 1.4 ³ 0.33 ³ 0.42
11 ³4-Isopropylphenol ³C9H12O ³ 0.87 ³ 1.8 ³ 1.3 ³ 0.15 ³ 0.36
12 ³2,6-Diethylphenol ³C10H14O ³ 1.4 ³ 2.3 ³ 2.3 ³ 0.66 ³ 0.22
13 ³4-n-Butylphenol ³C10H14O ³ 0.80 ³ 1.1 ³ 1.7 ³ 0.20 ³ 0.38
14 ³2-n-Butylphenol ³C10H14O ³ 0.79 ³ 1.6 ³ 0.96 ³ 0.14 ³ 0.36
15 ³3-n-Butylphenol ³C10H14O ³ 0.43 ³ 0.76 ³ 0.71 ³ 0.24 ³ 0.04
16 ³4-n-Amylphenol ³C11H12O ³ 1.2 ³ 2.6 ³ 1.7 ³ 0.28 ³ 0.34
17 ³3-n-Amylphenol ³C11H12O ³ 0.51 ³ 0.95 ³ 1.09 ³ 0.04 ³ 0.57
18 ³2-n-Amylphenol ³C11H12O ³ 0.87 ³ 1.7 ³ 1.6 ³ 0.19 ³ 1.01
19 ³2-Methyl-4-tert-butylphenol ³C11H12O ³ 1.4 ³ 2.4 ³ 2.3 ³ 0.48 ³ 0.16
20 ³2-Methyl-6-tert-butylphenol ³C11H12O ³ 0.56 ³ 1.4 ³ 1.6 ³ 0.81 ³ 0.36
21 ³3-Methyl-6-sec-butylphenol ³C11H12O ³ 0.33 ³ 0.67 ³ 0.55 ³ 0.38 ³ 0.60
22 ³2-Methyl-6-n-butylphenol ³C11H12O ³ 0.38 ³ 0.73 ³ 0.67 ³ 0.31 ³ 0.51
23 ³2-Methyl-6-isobutylphenol ³C11H12O ³ 0.72 ³ 1.4 ³ 1.3 ³ 0.48 ³ 0.27
24 ³2-Methyl-6-sec-butylphenol ³C11H12O ³ 0.22 ³ 0.47 ³ 0.32 ³ 0.03 ³ 0.33
25 ³One of dimethylquinolines ³C11H11N ³ 0.43 ³ 0.56 ³ 1.1 ³ 0.27 ³ 0.68
26 ³2-Ethyl-4-n-amylpyridine ³C12H19N ³ 0.72 ³ 1.5 ³ 1.2 ³ 0.08 ³ 0.20
27 ³Nitrogen-containing heterocyclic compound ³C10H14N ³ 0.24 ³ 0.54 ³ 0.51 ³ 0.39 ³ 0.32
28 ³2-Ethyl-4-butylphenol ³C12H18O ³ 0.48 ³ 0.92 ³ 0.87 ³ 0.15 ³ 0.49
29 ³2-Ethyl-6-tert-butylphenol ³C12H18O ³ 0.79 ³ 1.1 ³ 1.2 ³ 0.00 ³ 0.30
30 ³3-Propyl-4-sec-amylpyridine ³C12H19N ³ 0.62 ³ 1.4 ³ 1.2 ³ 0.18 ³ 0.27
31 ³Nitrogen-containing heterocyclic compound ³ 217 ³ 1.0 ³ 1.8 ³ 2.0 ³ 0.81 ³ 1.78
32 ³One of trimethylquinolines ³C12H13N ³ 0.66 ³ 0.87 ³ 1.0 ³ 0.12 ³ 0.25
33 ³Cyclohexylidenecyclohexanone ³C12H18O ³ 5.2 ³14.0 ³ 8.3 ³ 0.00 ³ 0.00
34 ³Naphthenic ketone ³C12H20O ³ 1.8 ³ 4.7 ³ 2.9 ³ 0.00 ³ 0.00
35 ³Nitrogen-containing heterocyclic compound ³ 231 ³ 7.2 ³ 9.4 ³14.3 ³ 8.2 ³ 8.3
36 ³Nitrogen-containing heterocyclic compound ³ 229 ³ 3.1 ³ 4.1 ³ 6.8 ³ 3.5 ³ 3.6
37 ³Naphthenic compound containing two oxygen³C13H22O2, 211 ³ 1.3 ³ 3.8 ³ 4.5 ³ 0.00 ³ 0.00

³atoms ³ ³ ³ ³ ³ ³
38 ³Naphthenic diketone ³C12H18O2 ³ 1.8 ³ 5.1 ³ 4.2 ³ 0.00 ³ 0.00
39 ³Nitrogen-containing heterocyclic compound ³C14H16N2 ³ 0.71 ³ 2.8 ³ 1.1 ³ 0.00 ³ 0.00
40 ³Nitrogen- and oxygen-containing heterocyclic³C14H15ON ³ 0.92 ³ 1.9 ³ 1.5 ³ 0.00 ³ 0.00

³compound ³ ³ ³ ³ ³ ³
41 ³Nitrogen-containing heterocyclic compound ³ 227 ³ 0.58 ³ 0.79 ³ 0.74 ³ 0.00 ³ 0.00
42 ³Nitrogen-containing heterocyclic compound ³C17H23N, 241 ³ 0.30 ³ 0.27 ³ 0.67 ³13.6 ³ 13.1
43 ³Nitrogen-containing heterocyclic compound ³C18H25N ³ 0.00 ³ 0.00 ³ 0.00 ³ 4.8 ³ 7.5

³Total content of oxygen-containing compounds,³ ³27.4 ³60.8 ³47.5 ³ 5.2 ³ 6.9
³C 0 105, % ³ ³ ³ ³ ³ ³
³Total content of nitrogen-containing compounds,³ ³15.5 ³24 ³30.6 ³32 ³ 36
³C 0 105, % ³ ³ ³ ³ ³ ³

ÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ
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Fig. 2. (a) Initial and (b) final sections of the chromatogram of the diesel fraction extract (sample no. 2). For peak identification,
see table.

tion (lack of acids), in combination with the results of
determination of molecular oxygen and hydroperox-
ides, correspond to a certain, very low ([natural])
extent of oxidation of hydrocarbon components of oil.
It is notable that in diesel fuels the content of phenols
relative to nonaromatic oxygen compounds is higher
than in gasolines, which can considered as a stabiliz-
ing factor.

Diesel fuel sample nos. 133 are similar in composi-
tion and contain practically all the oxygen compounds
mentioned in the table. Sample nos. 4 and 5 are wider-
cut fractions, the total weight fraction of oxygen com-
pounds in them is lower by a factor of 4312; in these
samples, the lowest-boiling compounds of those men-

tioned in the table are absent. Also, these samples
contain no cyclohexylidenecyclohexanone (or isomer-
ic naphthenic ketone), which is the major component
in sample nos. 133 and is presumably formed by con-
densation of cyclohexanone.

At the same time, the identified nitrogen-contain-
ing compounds are present in all the samples in ap-
proximately equal amounts [(1.533.6)0 1034% in
total], comparable wtih the content of oxygen com-
pounds in sample nos. 133 (see table). The composi-
tion of nitrogen-containing compounds in sample
nos. 133 somewhat differs from that in sample nos. 4
in 5. In the first three samples the major components
are those with the molecular weight of approximately
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230, most probably, pyridine and/or quinoline deriva-
tives (see table andFigs. 2a, 2b, peaks41, 43; the
compound corresponding to peak41 may also contain
oxygen). These two compounds are present in approx-
imately the same amounts in the wider-cut fractions
(sample nos. 4, 5), but in this case the major compo-
nent is that corresponding to peak49 (see table and
Fig. 2b), most probably C8-alkylquinoline (molecular
weight 241).

It should be noted that the presence of pyridine and
quinoline derivatives in the samples agrees with pub-
lished data on the composition of middle-cut oil distil-
lates.

CONCLUSIONS

(1) Diesel fuel samples from installations L-24/8
and L-24/2000 of the Kirishinefteorgsintez Production
Association in the course of their processing are not
saturated with molecular oxygen. Their oxygen con-
tent is lower than that of samples of the main gasoline
components (reformer naphthas) and in commercial
gasoline.

(2) A total of 43 heteroatomic compounds (O- and
N-containing) present in diesel fractions of a commer-
cial mixture of West-Siberian crude oil were identi-
fied. These are paraffinic and cycloparaffinic alcohols
and ketones, alkylphenols with one or two alkyl (C13
C5) substituents, pyridine and quinoline derivatives,

and probably some other nitrogen-containing hetero-
cyclic compounds.

(3) The total content of oxygen-containing com-
pounds in the examined diesel fuel samples is lower
than in commercial gasoline.
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Abstract-The possibility for preparing Co3MnOx .nH2O and LiCo3MnOx .nH2O nanolayers by successive
ionic layer deposition was examined. The resulting layers were studied by X-ray photoelectron spectroscopy,
UV3Vis diffuse reflection spectroscopy, Fourier transmission IR spectroscopy, atomic absorption spec-
troscopy, ellipsometry, and X-ray powder diffraction.

The aim of this work was to synthesize nanolayers
of double cobalt and manganese oxide, doped with
Li+ ions, by successive ionic layer deposition. This
compound is known to be used in lithium batteries
as cathode material [1].

EXPERIMENTAL

The synthesis was carried out by the ionic layer
deposition described in [2] using cobalt and manga-
nese salts. The Li+ ions were introduced by impregna-
tion from 0.1 M LiNO3 solutions in alcohol. An ex-
cess of the lithium salt was washed out with the
solvent from the surface. The supports were silica gel
(Merck-60, specific surface area 360 m2 g31) and
wafers of single-crystal silicon�100�. Before the syn-
thesis all the supports were subjected to the standard
treatment [3].

The resulting layers were studied by X-ray photo-
electron spectroscopy, UV-Vis diffuse reflectance
spectroscopy, Fourier transmission IR spectroscopy,
and powder X-ray diffraction. The X-ray photoelec-
tron spectra were obtained on a Perkin3Elmer-5400
spectrometer using MgKa exciting radiation. The
quantitative content of each element in a layer was
evaluated by the standard technique [4] accurate to
within 10%. The diffuse reflectance spectra were re-
corded on a Perkin3Elmer Lambda-9 spectrophotom-
eter at a scanning rate of 50 nm min31 and a 2 nm slit
program. The Fourier transmission IR spectra were
recorded on a Perkin3Elmer-1760 IR spectrometer by
means of 50 scans at 4 cm31 resolution. The lithium
and manganese content in a layer synthesized was

determined by atomic absorption spectroscopy. For
this purpose a weighed sample of silica gel with the
layer synthesized was treated with concentrated sul-
furic acid and thoroughly washed with distilled water.
Proportions of elements in the filtrate were determined
by atomic absorption technique on an AAS-1 spec-
trometer in propane3air flame. A hollow cathode lamp
(wavelength 279.48 nm) was used to determine man-
ganese contents. Lithium was determined in the emis-
sion mode at a wavelength of 640.78 nm. The error of
these determinations did not exceed 5%. The layer
thickness was measured on an ellipsometer with an
incidence angle of 45o and light wavelength of
632.8 nm. The X-ray patterns of silica gel samples
with the layers synthesized were obtained on a
DRON-3.0 diffractometer using CuKa radiation (re-
corder tape velocity 2400 cm h31, rate of sample rota-
tion 2 rpm, current 18 mA, and voltage 36 kV).

The diffuse reflection spectra of Co3Mn3O-con-
taining nanolayers formed on the silica surface by the
layer deposition reactions are given in Fig. 1, which
shows that the intensity of the absorption band in
the range of 3003700 nm, and hence the layer thick-
ness, increases as the number of deposition cycles is
increased.

The thickness of synthesized layers on the surface
of single-crystal silicon was monitored by ellipsom-
etry. The layer thickness was found to increase linear-
ly with the number of successive ionic layer deposi-
tion cycles, a layer with a thickness of 0.49 nm being
formed in each successive cycle.

The X-ray photoelectron spectrum of the layer syn-
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D, rel. units

l, nm

Fig. 1. Differential (against the initial silica gel) UV3Vis
diffuse reflection spectra of Co3Mn3O-containing layers
synthesized on the silica gel surface. (D) Optical density
and (l) wavelength. Number of successive ionic layer
deposition cycles: (1) 1, (2) 3, and (3) 5.

OKLL

(a)

E, eV

(b)

E, eV

Mn2p3/2, 642.2 eV

(c)

E, eV

Co2p3/2, 780.7 eV

dE/E, arb. units

dE/E, arb. units

dE/E, arb. units

Fig. 2. X-ray photoelectron spectrum of a Co3Mn3O-
containing layer synthesized on the silicon surface by
30 successive ionic layer deposition cycles: (a) total
spectrum, (b) cobalt range, and (c) manganese range.
(dE/E) Peak intensity and (E) binding energy.

thesized on the silica gel surface by 30 successive
ionic layer deposition cycles (Fig. 2) contains bands
with the maximal binding energies of 780.7 and
642.2 eV related to 2p electrons of Co and Mn, re-
spectively [4]. According to the X-ray photoelectron
spectra, the oxidation state of manganese in the com-
pound is +4. As for the oxidation state of cobalt,
examination of the relevant reference data shows that
the band maxima of Co2+ and Co3+ ions are close to
each other. However, the ratio of the intensities in
the X-ray photoelectron spectrum indicates that the
Co : Mn ratio in the layer is 3 : 1. This is an indirect
evidence for the existence of Co3+ ions, as, according
to the synthesis procedure [2], the layer is formed as
a result of a redox reaction in the layer of Mn7+ and
Co2+ ions adsorbed on the surface. In this case man-
ganese is reduced from the oxidation state +7 to the
state +4, which means that three electrons from three
Co2+ ions participate in the reduction.

By the data of X-ray powder analysis, the layer
synthesized was amorphous; however, its X-ray
pattern contains a weak peak at 2q = 22.56o corre-
sponding to CoOOH [5].

The data of X-ray photoelectron spectroscopy and
X-ray powder analysis are in good agreement with
the data of Fourier transmission IR spectroscopy
(Fig. 3). Thus, in the range 150031400 cm31 of the
spectrum there are absorption bands of the bending
vibrations of O3H bonds in a metal hydroxide, most
likely in CoOOH, and the band with a maximum at
605 cm31 corresponding tob-MnO2 [6]. The spectrum
also contains a broad band in the range 40003

3000 cm31 (not shown in Fig. 3), corresponding to
the O3H stretching vibrations in OH groups and water
molecules transferred from solution into the layer.

n, cm31

Fig. 3. Fourier transmission IR spectrum of a Co3Mn3O-
containing layer synthesized on the surface of single-crystal
silicon by 30 successive ionic layer deposition cycles.
(T) Transmission and (n) wave number.
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Analysis of the synthesized layer containing hy-
drated manganese oxide MnO2 .nH2O and cobalt hy-
droxide CoOOH reveals incorporation of Li+ ions [7].
The lithium content was determined by atomic ab-
sorption spectroscopy, which showed that the Li : Mn
ratios after one, five, or ten cycles are the same (1 : 1).
According to the X-ray powder analysis, the resulting
layer is amorphous.

CONCLUSION

The composition of Co3Mn3O- and Li3Co3
Mn3O-containing nanolayers can be described as
Co3MnOx .nH2O and LiCo3MnOx .nH2O, respective-
ly, and the thickness of the layers can be precisely
specified by the number of layer deposition cycles.
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Abstract-The influence of the electrolysis regime and electrolyte composition on the cathodic current
efficiency by the palladium3zinc alloy and on the alloy composition was studied.

Coatings with alloys of palladium and a number of
metals have found application owing to lower con-
sumption of noble metal and enhanced physicomech-
anical and chemical properties [1]. A metallurgical
palladium3zinc alloy is a complex system consisting
of a solid solution at a zinc content of up to 6% and
of a few chemical compounds at higher zinc contents
[2]. In this work wee examined electrodeposition
of the palladium3zinc alloy, which was not studied
previously.

Electrodeposition was performed from the am-
monium chloride3Na2EDTA solution in a 100-ml
glassy rectangular bath using permanent graphite
anodes. Zinc in the alloy was determined by com-
plexometric titration after separating palladium in
the form of palladium dimethylglyoximate [3].

The influence of the electrolysis conditions and
electrolyte composition on the cathodic current effici-
ency (CE) by the alloy and the alloy composition
were studied in a solution containing (g l31) palladium
chloride 20 (in terms of metal), zinc oxide 5 (in terms
of metal), ammonium chloride 20, and Na2EDTA
40. The temperature was 20oC, current density,
0.5 A dm32, and pH 9.

As the zinc concentration in the electrolyte is in-
creased, its content in the coating increases and the
CE by the alloy decreases.

Zn concentration in 2 3 4 5
solution, g l31

Zn content of the alloy, % 2.7 4.1 5.5 7.8
Cathodic CE by the alloy, % 98 98 98 96

The dependence of the relative content of the alloy
metals on the relative concentration of their ions in

the electrolyte is described by the equation [4]

[Pd] [Pd2+]
logÄÄÄ = 0.4 + 1.16 logÄÄÄÄÄ.

[Zn] [Zn2+]

The correlation coefficient of the equation is 0.993.

At the zinc concentration in the electrolyte in-
creased to 10 g l31, the CE by the alloy decreases
from 96 to 33% and the zinc content in the alloy in-
creases from 7.8 to 31%. Decreasing palladium con-
centration in the electrolyte under the similar condi-
tions results in the deterioration of the deposit quality.

The influence of the current density, temperature,
and pH was studied in an electrolyte with a zinc con-
centration of 5 g l31. At the current density increased
from 0.25 to 1.25 A dm32, the CE by the alloy de-
creases from 96 to 83% and the zinc content in the
alloy, from 18 to 4.5% (Fig. 1, curves1 and2, respec-
tively). At higher current densities the coating quality
gets worse. As the temperature is increased from 10
to 40oC, the CE by the alloy grows from 74 to 98%

CE, % CZn, %

ic, A dm32

T, oC

Fig. 1. (1, 3) Current efficiency CE by the alloy and
(2) zinc content of the alloyCZn vs. (1, 2) cathodic current
density ic and (3) temperatureT.
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CE, % CZn, %

Fig. 2. (1) Current efficiency CE by the alloy and (2) zinc
content of the alloyCZn vs. pH.

(curve 3), with the alloy composition virtually unaf-
fected and the coating quality improved. With solu-
tion pH varied from 8 to 10 the CE increases from 88
to 96% (Fig. 2, curve1) and the zinc content in the
alloy, from 7.5 to 11% (curve2). In this case, the
deposit quality is unaffected.

Stirring of the electrolyte with a magnetic stirrer
decreases the CE by the alloy from 96 to 88%, with
the zinc content in the alloy slightly increased (from
7.8 to 8.5%).

Increasing the ammonium chloride concentration in
the electrolyte from 20 to 80 g l31 does not affect the
alloy composition. The increase in the Na2EDTA con-
centration from 30 to 40 g l31 inconsiderably increases
the cathodic CE by the alloy (from 92 to 96%) and
does not affect the alloy composition. At lower
Na2EDTA concentrations the deposit quality gets
worse.

Thus, for the deposition of semilustrous alloy coat-
ings with the zinc content from 3 to 8%, we can re-
commend an electrolyte containing (g l31) palladium
oxide 20 (in terms of metal), zinc oxide 235 (in terms
of metal), ammonium chloride 20, and Na2EDTA 303
40, with pH 9. The optimal conditions of deposition
are 20oC and the current density, 0.5 A dm32. Under

these conditions the CE by the alloy is 92396%. In the
course of the process, to compensate for exhaustion of
the components, the electrolyte composition should be
adjusted with palladium chloride and zinc oxide and
its pH, with an ammonia solution.

The study by method [5] of the transient electrical
resistance of the alloy coatings with a zinc content
of 7.8% showed that, with the load on the contact in-
creased from 0.5 to 3 N, the transient resistance de-
creases from 0.044 to 0.026W. Apparently, this is due
to the depression of a passivation film and increase in
the contact area. At a 1 N contact load the transient
electrical resistance surpasses that of pure palladium
coating (0.028 and 0.015W, respectively). This result
is ascribed to the growth of the alloy electrical resist-
ance and to a greater tendency to passivation of the
alloy-coated surface.

As the coating thickness is increased from 10 to
20 mm, the microhardness of the alloy coating con-
taining 7.8% zinc increases from 258 to 321 kg m32,
i.e., to a value exceeding 1.231.5 times that for pure
palladium coating.
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Abstract-Electrochemical characteristics of electrodes based on a combined matrix obtained in two ways:
by successive electrochemical deposition of polyaniline and electrolytic manganese dioxide and by mech-
anical mixing of these components, were studied.

Electrically conducting polymer polyaniline (PAN),
obtained by electrochemical synthesis from aniline, is
used as cathode material for chemical power cells
with salt electrolyte [134]. Its synthesis and electro-
chemical properties were described in [1, 5]. Previ-
ously, it has been shown that the working voltage can
be raised by addition of electrochemical manganese
dioxide (EMD) to the combined matrix of the air
electrode [6].

The aim of the present study was to analyze the
effect of methods of EMD introduction into a com-
ined PAN-based matrix on the electrochemical charac-
eristics of air electrodes in prototype zinc3air chemi-
al power cells.

The air electrode comprised a hydrophobic and an
active layer. The active layer is a combined matrix
based on PAN, EMD, and carbon fiber. Two ways to
introduce EMD were studied: mechanical mixing and
electrochemical deposition of manganese dioxide onto
a finished electrode, with or without preliminary
deposition of PAN. The electrochemical deposition of
EMD was done using a standard solution based on
manganese(II) sulfate and sulfuric acid. PAN was
deposited from sulfuric acid solutions of aniline.
The current used in anodic synthesis of manganese
dioxide and PAN was 5 mA cm32 per apparent surface
area of the electrode. The electrolysis duration was
chosen depending on the amount of substance to be
deposited. When the EMD layer was electrochemical-
ly deposited onto a preliminarily formed PAN layer,
the deposit was uniform and homogeneous. If first
EMD and then PAN were deposited, the obtained
PAN coating was nonuniform and contained groups of
clusters. The clusters were removed and ground after

washing and drying. If the mass of PAN was insuf-
ficient after this procedure, then the ground powder
was pressed onto the electrode. The amount of dep-
osited substance was determined gravimetrically after
washing and drying at 110oC before and after sub-
stance deposition.

Electrodes were fabricated by pressing in the form
of pellets 3 cm in diameter. The hydrophobic layer of
mass 0.4 g was the same in all electrodes. It was
composed of 75% acetylene black and 25% FD-4D
fluoroplastic emulsion in terms of dry substance. The
active layer compositions are presented in the table.
The compositions differ in the methods by which
EMD and PAN are introduced into the combined
matrix and in the order in which their layers are
deposited in the case of electrochemical introduction

Compositions of the active layer of the combined matrix
in the air electrode
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Composi-³ Compo-³ Mass,³ Method of EMD and
tion no. ³ nent ³ g ³ PAN introduction
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³PAN ³ 0.46 ³Mechanical mixture
³CF* ³ 0.14 ³

2 ³PAN ³ 0.32 ³
³EMD ³ 0.14 ³
³CF ³ 0.14 ³

3 ³PAN ³ 0.32 ³Electrochemical deposition
³EMD ³ 0.14 ³of EMD on a layer of PAN
³CF ³ 0.14 ³on CF

4 ³PAN ³ 0.32 ³Electrochemical deposition
³EMD ³ 0.14 ³of PAN on a layer of EMD
³CF ³ 0.14 ³on CF

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* CF is carbon fiber.
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U, V

I, mA cm32

Current3voltage characteristics of air electrodes based
on combined matrices obtained by (1) depositing PAN onto
carbon fiber, (2) mechanical mixing of components,
(3) depositing EMD onto PAN layer on carbon fiber, and
(4) depositing PAN onto EMD layer on carbon fiber.
(U) Voltage and (I) current density. Digits at curves cor-
respond to matrix composition numbers in the table.

of the components. The procedure used for electro-
chemical tests was described in [6].

The figure shows dependences of the voltage on
the working current density for air electrodes in a
prototype chemical power cell based on their com-
bined matrices. The compositions of these matrices
are presented in the table. Analysis of the obtained
characteristics shows that the highest current densities
can be achieved with a combined matrix obtained by
mechanical mixing of PAN deposited onto carbon
fiber with EMD (see figure, curve2). The electrode
matrix obtained by depositing EMD on a PAN layer
on carbon fiber gives better characteristics (curve3)
than that prepared by depositing PAN onto an EMD
layer preliminarily deposited on the carbon fiber
(curve 4). This difference in characteristics is due to
the fact that the coating obtained by depositing PAN
onto EMD is nonuniform and cluster-like because of
the low electrical conductivity of the EMD layer. In
depositing EMD onto a PAN layer, the electrical con-
ductivity of the latter is high and uniform over the

surface, with the result that the coating quality is high
in this case. The electrical characteristics of such an
air electrode are better than those of an electrode fab-
ricated by depositing PAN onto EMD, but worse than
the characteristics of an electrode formed by mech-
anical mixing of the components. This is presumably
due to PAN surface blocking by EMD in deposition
of EMD onto PAN, resulting in that not all EMD and
PAN particles interact with one another. Mechanical
mixing of the components results in more uniform
intermixing of EMD and PAN particles, with nearly
all particles interacting with one another and the elec-
trical characteristics improved.

Thus, it is shown that the electrical characteristics
can be improved through interaction between PAN
and EMD only by creating a homogeneous matrix of
PAN and EMD with uniform particle distribution.
Electrochemical deposition of PAN and EMD layers
fails to ensure their uniform distribution at any suc-
cession of the layers. This goal can be obtained by
mechanical mixing.
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Abstract-A diaphragm-separated electrolysis method was used for regeneration of spent phosphoric3sulfuric
acid solutions for electropolishing of chromium-containing steels (12Cr18Ni10Ti, 40Cr13, and others).
The process regime and the cathode materials were optimized.

In a number of processes [1, 2], electrochemical
polishing (ECP) is an irreplaceable method for treat-
ment of the surface of metallic parts, but its applic-
ability is impeded by the lack of practically acceptable
methods for regeneration of spent ECP solutions. The
previous sorption method [3] using activated carbons
for regeneration of spent polishing electrolytes is rela-
tively cheap and simple, but sometimes it is accom-
panied by considerable loss of concentrated solutions
(from 20 to 40 vol %).

In the course of ECP of chromium-containing
steels there occurs anodic dissolution of their com-
ponents. The strongest negative effect on the polishing
properties of phosphoric3sulfuric acid (PS) electrolyte
of ECP is produced by the iron(III) ions [3]. When
more than 25 g l31 of these ions is present, the degree
of polishing decreases by 20%, and at Fetot > 703
72 g l31 (Fetot is the total concentration of Fe ions),
the solution performance is lost completely [3]. The
Cr(III) and Cr(VI) ions present in ECP electrolyte did
not deteriorate the polishing quality.

In this work, we studied electrochemical regenera-
tion of spent ECP electrolytes of chromium-contain-
ing steels including cathodic reduction of Fe3+ ions
followed by removal of iron compounds from the
catholyte by freezing the latter in the form of iron(II)
sulfate monohydrate sparingly soluble in the PS elec-
trolyte [4].

EXPERIMENTAL

Spent PS electrolyte for ECP of chomium-contain-
ing steels (12Cr18Ni10Ti and 40Cr13) was regen-
erated electrochemically in an organic glass electro-
lyzer with its anode and cathode spaces separated

by an acid-resistant microporous plastic diaphragm
of lead batteries. The ratio of anolyte to catholyte
volumes was maintained at 1 : 5 [5]. The anode was
made of lead, and the cathode, of lead [5] or (and)
fibrous carbon material (FCM) with a specific surface
area of up to 5003600 cm2 cm33 and a ratio of anode
to cathode areasSa : Sc = 1 : 10 [6]. Regenerated (or
model) solution fed into the cathode space of the elec-
trolyzer had the folloring initial composition: H3PO4
10 M, H2SO4 4 M, Fetot 50 g l31, Fe3+ : Fe2+ = 4 : 1,
and Crtot 739 g l31. Into the anode space, a 20% solu-
tion of H2SO4 was fed.

The cathodic current density (per geometric surface)
was varied within 1310 A dm32. At each current den-
sity the similar quantity of electricity (22 A h per 1 l
catholyte) was passed through the solution. After puri-
fication, the solution was analyzed photocolorimetri-
cally for the content of Fe2+ and Fe3+ ions [7]. The
degree of metal ion extraction from the electrolyte (%)
was determined by the formula

h = (Ci
init 3 Ci

fin)/Ci
init 0 100,

where Ci
init and Ci

fin are concentrations of theith
metal ion in the solution before and after regeneration,
respectively.

The current efficiency (CE, %) of the cathodic
reduction of Fe3+ to Fe2+ and the specific power con-
sumptionW (W h) were calculated by the equations

CE = (CFe
init 3 CFe

fin)Vcath/QqFe
0 100,

W = QUav/(CFe
init 3 CFe

fin)Vcath,

where Q is the passed quantity of electricity (A h),
qFe is the electrochemical equivalent of Fe3+ ion re-
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duction (g A31 h31), CFe
init and CFe

fin are the Fe3+ ion
concentrations in the solution before and after re-
generation, respectively, andVcath is the catholyte
volume (l).

During electrochemical regeneration of solutions
for ECP of chromium-containing steels, the following
reactions can occur on the cathode:

Fe3+ + e 6 Fe2+, E0 = 0.771 V, (1)

Cr2O7
23 + 14H+ + 6e6 2Cr3+ + 7H2O, E0 = 1.36 V, (2)

2H+ + 2e 6 H2. (3)

In the solution bulk (mainly in the near-cathode
space), the Cr6+ ions are reduced to Cr3+:

Cr2O7
23 + 6Fe2+ + 14H+

6 2Cr3+ + 6Fe3+ + 7H2O, (4)

Reactions (2)3(4) lead to undesirable power con-
sumption for the conversion of Fe3+ ions in the
catholyte.

Reactions (2) and (3) are electrocatalytic, with their
rate dependent on the cathode material, electrolyte
composition, and electrolysis conditions (the observed
trends can strongly vary in such concentrated solu-
tions as polishing electrolytes). At the same time,
reactions (1) and (4) are mainly diffusion-controlled.
When two redox systems (Cr6+/Cr3+ and Fe3+/Fe2+)
are present in a solution, their redox potentials be-
come closer. This may be due to the differently con-
trolled processes and to reaction (4) occurring in the
near-cathode space of the solution.

It was unreasonable from the economical stand-
point to use monolithic lead cathodes because of
prolonged regeneration. If the operation time of the
chromium-plating solutions is 2803300 A h l31, then
at bulk and cathodic current densities of 1.1 A l31 and
0.5 A dm32, respectively, the time of cyclic operation
of a regeneration bath with monolithic Pb cathodes
reaches 14 h,i.e., a 124 A h l31 charge must be
passed to decrease by 32% the Fetot concentration
in a solution.

A considerable intensification of the electrochemi-
cal regeneration was attained using FCM cathode
instead of monolithic lead cathode. A strong increase
in the actual working surface area of such cathodes
allowed the bulk regeneration current density to be in-
creased considerably without marked decrease in the
cathodic current efficiency by the Fe3+ reaction.

The dependences of the regeneration parameters

(a)CFe, g l31CE, %

jc, A dm32

CE, %

jc, A dm32

CFe, g l31 (b)

W, W h

W, W h

Fig. 1. (1) Current efficiency CE, (2) power consumption
W, and (3) iron concentrationCFe vs. cathodic current
density jc. Initial solution: H3PO4 10 M, H2SO4 4 M;
Fetot 50 g l31, and Crtot 739 g l31. Steel: (a) 40Cr13 and
(b) 12Cr18Ni10Ti.

were taken for actual spent PS solutions of ECP of
40Cr13 and 12Cr18Ni10Ti steels with the initial con-
centration of Fetot ions of 50 g l31 (Fig. 1). For steels
of the first brand, the final concentration of Fetot

ions decreases with increasing cathodic regeneration
current to jc = 233 A dm32, when the current effi-
ciency by the target reaction is maximal (Fig. 1a).
A more marked effect with CFM cathodes was ob-
served in regeneration of spent solutions of ECP of
12Cr18Ni10Ti steels. In this case, the optimal regen-
eration current density was about 5 A dm32 (Fig. 1b).
The effect was higher by approximately one order of
magnitude than with monolithic Pb cathodes at virtu-
ally the similar specific power consumption.

The measured dependences of the total iron con-
centration on the quantity of electricity per liter of
electrolyte at optimal regeneration cathodic current
densities of ECP of 40Cr13 and 12Cr18Ni10Ti steels
(Fig. 1) showed that at the low quantity of the passed
electricity (up to 10320 A h l31) the efficiency of
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current utilization for exhaustive purification of ECP
solution to remove noxious impurities (iron salts) is
determined by the amount of the FeSO4 .H2O solid
phase separated from the solution in a crystallizer
cooled to 2773270 K. Crystallization of the solid
iron(II) salt was accelerated by dosed addition into the
solution of 0.0530.25 M of finely crystalline potassi-
um sulfate (seed). The degree of Fetot recovery from
the solution with FCM cathodes was 45354% at a
power consumption of 5.237.5 W h per gram of ex-
tracted iron(II) salt. After separation, iron(II) salt can
be used for technical purposes.

In the course of regeneration, the anolyte composi-
tion of the regenerator varied slightly owing to the
high acidity of the solutions (large transport numbers
of H+ cations) and slow anion migration, which did
not noticeably affect the overall regeneration process
during a few cycles. After regeneration, the ECP solu-
tion added with a new portion of adamantane (1 g l31)
[3] acquired additional polishing power corresponding
to the passage of 2403260 A h l31 of electricity.

CONCLUSIONS

(1) Solutions for ECP of chromium-containing
steels can be regenerated electrochemically by cath-
odic reduction of noxious impurity [iron(III) salts] in

a diaphragm-separated regenerator. As a cathode, we
recommend to use fibrous carbon material, allowing
regeneration of the solutions to be accelerated 53

10-fold.

(2) The contributions of the main reaction of cath-
odic reduction of Fe3+ ions and the side reactions of
Cr(VI) reduction and H2 evolution were studied. The
stage of freezing of the FeSO4 .H2O solid phase from
the catholyte of the regenerator was considered.
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Abstract-A method for recovery of heavy metals (Fe, Zn, Cu, Cr, Ni, Pb, Co) from excess activated sludge
is proposed, based on substitution of heavy metals in the cells of microorganisms by calcium after introducing
poorly soluble calcium salts into the system at 6337oC.

Industrial wastewater generally contains high con-
centration of heavy metals. Occasionally, this concen-
tration approaches tens milligrams per liter. In bio-
logical treatment of such wastewater or its mixtures
with residential wastewater at a treatment plant heavy
metals are accumulated by microorganisms of acti-
vated sludge [1].

Utilization of excess activated sludge, contami-
nated with heavy metals, as an organic fertilizer for
farming or raw material for biosynthesis of various
useful products becomes impractical. Disposal by in-
cineration is rather expensive, requiring thorough
cleaning of waste gases. By virtue of these factors ex-
cess activated sludge is often simply stored in sludge
sites. With time the amount of excess sludge in-
creases, which requires steadily growing areas for its
storage. Correspondingly increases the heavy-metal
contamination hazard for the environment. According
to the estimates of some German companies, the cost
needed for utilization of excess activated sludge by
drying with subsequent disposal approaches 4503

800 DM per ton dry substance; by warehousing,
600 DM; and by incineration, 80031200 DM. If the
utilization method provides the use of excess sludge
in farming, the cost may be reduced to 2503300 DM
per ton dry substance. Therefore, the problem of
treatment of excess sludge to remove heavy metals is
an issue of the day.

According to the existing regulations, the maximal
permissible concentrations of heavy metals in excess
sludge for use as a fertilizer in farming are as follows
(mg kg31 dry substance): Ni 100, Pb 100, Cr 300,
Cu 600, and Zn 1500 [2]. In excess activated sludge
of a municipal treatment plant before filter presses
(moisture content 96%), i.e.,before sludge thickening

to a 91% moisture content, the concentrations of
heavy metals were as follows (mg kg31 dry sub-
stance): Co 57, Pb 95, Ni 120, Cr 250, Cu 810, and
Zn 1710 (data obtained in 1997). The metal concentra-
tions in the aqueous phase (mg dm33) are as follows:
Co 0.6, Pb 1.7, Ni 3.5, Cr 3.3, Cu 5.4, and Zn 1.8.
After the filter presses the heavy metal concentrations
in excess activated sludge increased to the following
values (mg kg31 dry substance): Co 66, Pb 160,
Ni 220, Cr 320, Cu 1010, and Zn 2300; the concentra-
tions in the aqueous phase increased also. Uncondi-
tionally, such a sludge is unsuitable as a fertilizer. The
existing methods for recovery of heavy metals from
sludge [3, 4] find no wide application, and by now the
utilization of excess activated sludge is at a level of
about 1.5% of the total all over the world.

We developed a method for recovery of heavy met-
als from excess activated sludge, based on substitution
of heavy metals in the cells of microorganisms by
calcium after introducing poorly soluble calcium
material in the system at 6337oC. Activated sludge
was dried at 106oC to constant weight and analyzed
for heavy metals on a Saturn atomic absorption spec-
trophotometer and a Perkin3Elmer spectrophotometer.
Excess activated sludge before thickening (moisture
content 96%) or after thickening (moisture content
90392%) was mechanically mixed with poorly soluble
calcium salts, CaCO3 and CaSO4 .2H2O (both of
chemically pure grade), in the proportion 15 parts per
100 parts of sludge in open vessels for 336 h. The
pH 638 of the aqueous phase remained unchanged
throughout the experiment. The results obtained with
various ratios of salt to sludgea and mixing timest
are given in the table.

The results show that heavy metals can be effec-
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Heavy metal concentrations in sludge after treatment at 293 K
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Experimental conditions ³ Metal concentration, mg kg31 dry substance
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

salt ³ a ³ t, h ³ Fe ³ Zn ³ Cu ³ Ni ³ Cr ³ Pb ³ Co
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

Initial sludge before thickening

3 ³ 3 ³ 3 ³ 6060 ³ 1710 ³ 810 ³ 120 ³ 250 ³ 90 ³ 57
CaSO4 .2H2O ³ 5 : 100 ³ 4.5 ³ 2900 ³ 960 ³ 580 ³ 47 ³ 116 ³ 0 ³ 7

³ 5 : 100 ³ 6 ³ 2900 ³ 870 ³ 540 ³ 42 ³ 120 ³ 0 ³ 4
³ 10 : 100 ³ 6 ³ 1600 ³ 480 ³ 400 ³ 30 ³ 110 ³ 0 ³ 1
³ 15 : 100 ³ 6 ³ 900 ³ 320 ³ 350 ³ 16 ³ 95 ³ 1 ³ 1
³ 10 : 100 ³ 3 ³ 2000 ³ 750 ³ 460 ³ 40 ³ 135 ³ 0 ³ 6
³ 10 : 100 ³ 4.5 ³ 1700 ³ 580 ³ 420 ³ 31 ³ 105 ³ 1 ³ 4

Initial sludge after thickening

3 ³ 3 ³ 3 ³ 8100 ³ 2300 ³ 1010 ³ 220 ³ 320 ³ 160 ³ 66
CaCO3 ³ 5 : 100 ³ 6 ³ 2050 ³ 560 ³ 510 ³ 49 ³ 140 ³ 1 ³ 4

³ 10 : 100 ³ 6 ³ 1820 ³ 510 ³ 460 ³ 24 ³ 110 ³ 0 ³ 0
³ 15 : 100 ³ 6 ³ 1420 ³ 460 ³ 370 ³ 17 ³ 85 ³ 0 ³ 0
³ 10 : 100 ³ 3 ³ 2100 ³ 780 ³ 560 ³ 62 ³ 146 ³ 2 ³ 2
³ 10 : 100 ³ 4.5 ³ 1840 ³ 710 ³ 510 ³ 36 ³ 124 ³ 0 ³ 0

CaSO4 .2H2O ³ 10 : 100 ³ 4.5 ³ 1700 ³ 580 ³ 400 ³ 31 ³ 100 ³ 1 ³ 6
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

tively recovered from activated sludge using poorly
soluble Ca salts (Figs. 1, 2). In some experiments the
degree of recovery of Pb, Co, and Ni was over 90%.

The possible mechanism of recovery of heavy met-

a, %

T, oC
Fig. 1. Degree of recoverya of heavy metals from ac-
tivated sludge before thickening withCaSO4 .2H2O as
a function of the temperatureT: (1) Zn, (2) Cu, and (3) Ni;
the same for Fig. 2.

a, %

t, h
Fig. 2. Degree of recoverya of heavy metals from ac-
tivated sludge before thickening withCaSO4 .2H2O as
a function of the process timet.

als from sludge is as follows. The introduced poorly
soluble calcium salts serve as a mineral support for
immobilization of cells of the microorganisms and of
enzymes produced by them, which activates and sta-
bilizes all processes with participation of the enzymes,
including biodegradation of the sludge organic matter,
particularly that complexing heavy metals. Metals
transferred to the aqueous phase, for example, in the
form of hydroxo compounds, can be sorbed on the
porous surface of the support. Calcium salts provide
an increased concentration of Ca ions in the extracel-
lular space, resulting in opening of the potential-
dependent Ca2+ channels. Calcium ions penetrate into
the intracellular space by these channels and also with
the help of carrier proteins; the Ca concentration in-
creases there, initiating opening of Ca-dependent K+

and Na+ channels, by which heavy metals can be
discharged from the cells [6]. Furthermore, heavy
metals can be replaced by calcium by ion exchange on
the cell surface.

One part of heavy metals, recovered from activated
sludge in the form of sols, is sorbed on the solid ma-
terial surface and the other part passes to the aqueous
phase in soluble and colloidal forms. After phase
separation by settling sludge goes to further proces-
sing into an organomineral fertilizer, as now meeting
the requirements on the heavy metal concentrations.
The calcium material can be recycled after washing
with water or even without washing. Heavy metals,
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concentrated in the aqueous phase to tens or even
hundreds milligrams per liter, can be recovered by
precipitation or sorption.

CONCLUSIONS

(1) Treatment of excess activated sludge to remove
heavy metals is proved to be a pressing problem in
the context of utilization of sludge as a fertilizer for
farming needs.

(2) A method for recovery of heavy metals from
excess activated sludge is proposed, based on substitu-
tion of heavy metals in the cells of microorganisms by
calcium after introducing a poorly soluble calcium salt
in the system.

(3) The results obtained demonstrate that heavy
metals can be sufficiently effectively recovered from
activated sludge using poorly soluble Ca salts. The
resulting sludge meets the requirements on the residu-

al heavy metal content for sludge suitable for use
as a fertilizer for farming.
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Abstract-Quaternary ammonium salts containing a 4-penten-2-ynyl group in addition to the alkoxycar-
bonylmethyl group are synthesized. The surface activity and antimicrobial action of the resulting compounds
are studied.

The practical significance of surface-active quater-
nary ammonium salts (QASs) is caused by the possi-
bility of their use as emulsion stabilizers [133] and an-
timicrobial agents [4, 5]. Quaternary ammonium salts
containing acryloyl, acetylene, diene, and vynyl
groups as polymerizable fragments are of interest as
monomers for preparation of the corresponding poly-
electrolytes [6].

Previously we synthesized micelle-forming QAS
surfactants containing 5-methyl-2,4-hexadienyl group
in addition to a hydrophobic radical [7] and demon-
strated the antimicrobial activity of these compounds
with respect to Gram-positive and Gram-negative
microorganisms [8].

In this work we synthesized new surface-active
ionic complex monomers and characterized their
antimicrobial activity. Quaternary ammonium salts
I3IV containing 4-penten-2-ynyl group (see table)
were synthesized by the reaction

(CH3)2NCH2C=CCH=CH2 + ROCOCH2Cl

76 ROCOCH2N(CH3)2CH2C=CCH=CH2]+Cl3,
I3IV

where R = C7H15 (I ), C8H17 (II ), C10H21 (III ), and
C12H25 (IV ).

The critical micelle concentration (CMC) of com-
poundsI3IV was determined from the surface tension
isotherms [9]. The foaming power was estimated from
data on the foam stabilityh in aqueous QAS solutions

as the ratio of the height of the foam column 5 min
after its formation to the initial height [10]. It follows
from the table that CMC andsCMC decrease and the
foam stability increases with increasing length of the
alkyl radical in the QAS molecules.

The antimicrobial activity of compoundsI3IV was
studied by the method of disinfection of cambric test
objects [11] seeded with standard strains ofStaphylo-
coccus aurous(strain 906) andEscherichia coli
(strain 1257). Cambric test objects were infected with
a suspension of the indicated microorganisms, con-
taining 2 billions cells per ml. The exposure was 53

30 min at 20oC.

The results obtained show that compoundsI3IV
possess the bactericidal action (see table), which de-
pends on the length of the alkyl radical R. The maxi-
mal bactericidal action is shown by compoundIV .
A 0.2% aqueous solution of this compound kills
Escherichia coliandStaphylococcus aurousin 5 min.

EXPERIMENTAL

Infrared spectra were registered on UR-20 and
Specord 75-IR spectrometers in liquid paraffin or KBr,
and the1H NMR spectra, on a Mercury-300 Varian
spectrometer (300 MHz) in CD3OD or (CD3)2SO
using TMS an internal reference.

Ammonium saltsI3IV were synthesized as fol-
lows. An equimolar mixture of dimethyl(4-penten-
2-ynyl)amine and the corresponding alkyl chloroace-
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Physicochemical and antimicrobial characteristics of quaternary ammonium basesI3IV
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

QAS

³
Yield,

³ Found, % ³

Formula

³ Calculated, %³
sCMC,

³
CMC0

³

h

³

c, %

³ t,* min
³ ÃÄÄÄÄÂÄÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³ ³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ % ³

N
³

Cl3
³ ³

N
³

Cl3
³dyne cm31³ 103 ³ ³ ³ strain ³ strain

³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 906** ³1257***
ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ

I ³ 80 ³ 4.76³ 11.53³C16H28ClNO2³ 4.64 ³ 11.75³ 32 ³ 70.2 ³ 0.2 ³ 1 ³ 25 ³ 30
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³II ³ 85 ³ 4.25³ 11.00³C17H30ClNO2³ 4.43 ³ 11.22³ 30 ³ 31.7 ³ 0.3 ³ 2 ³ 5 ³ 5
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 1 ³ 5 ³ 5
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 0.5 ³ 30 ³ 30
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³III ³ 75 ³ 4.18³ 10.65³C19H34ClNO2³ 4.07 ³ 10.31³ 29 ³ 10.2 ³ 0.4 ³ 0.5 ³ 5 ³ 5
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 0.3 ³ 25 ³ 30
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 0.2 ³ >30 ³ >30
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³IV ³ 90 ³ 4.00³ 9.70³C21H38ClNO2³ 3.77 ³ 9.53³ 28 ³ 5.4 ³ 0.5 ³ 0.2 ³ 5 ³ 5
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 0.1 ³ 15 ³ 25
³ ³ ³ ³ ³ ³ ³ ³ ³ ³ 0.05 ³ 25 ³ 30

ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Life time of the microorganisms. **Staphylococcus aurous. *** Escherichia coli.

tate was allowed to stand for 536 days at room tem-
perature. Th resulting waxy mass was washed several
times with absolute diethyl ether and dried; mp of salt
IV 33334oC.

Along with complex multiplets typical of the alkyl
groups of an ester, in the1H NMR spectra of com-
poundsI3IV we found the following signals,d (ppm):
3.41 s (6H, NCH3), 3.9034.10 s (2H, CH2COO),
4.3034.45 s (2H, CH2C=), and 5.9336.00 m (3H,
CH=CH2).

The infrared spectra of compoundsI3IV show the
adsorption bands typical of the pentenyne and ester
groups at 1645 (CH=CH2), 2260 (C=C), 1180, and
1740 cm31 (COO).

CONCLUSIONS

(1) Surface-active ammonium salts containing a
4-penten-2-ynyl group in addition to the alkoxycar-
bonylmethyl group are synthesized. With increasing
length of the alkyl radical the critical micelle concen-
tration and sCMC decrease and the foam stability
increases.

(2) The ammonium compounds obtained demon-
strate a bactericidal action; their bactericidal activity
depends on the length of the alkyl radical R in the
ester group. The maximal bactericidal activity is
shown by dodecylcarbonylmethyldimethyl(4-penten-
2-ynyl)ammonium chloride.
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Abstract-Lithium salt of 4-oxo-2-thioxo-1,3-thiazolidine was phosphorylated with POCl3.

Phosphorylation of heterocyclic compounds is of
great interest as a route to valuable substances: curing
agents, vulcanization rate regulators [1], herbicides,
plant and microorganism growth regulators [2]. How-
ever, in most cases heterocyclic compounds are ambi-
functional and in reactions with phosphorylating
agents (phosphoric chlorides, POCl3, phosphoramidic
chlorides) yield difficultly separable isomer mixtures
[3, 4], often contaminated with side alkylation prod-
ucts [5]:
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Synthesis of phosphorylated heterocycles by cycli-
zation of phosphorylated fragments also yields com-
plex reaction mixtures from which the pure product
can be isolated difficultly and with a low yield [6].

By varying the factors that affect the reaction path-
ways of ambident compounds (solvent, counterion,
nature of substrate and reagent) [7], it is possible to
increase somewhat the yield of the target product, but
the impurities remain the same. At the same time, it
is known [8] that nucleophilic substitution reactions
of crystalline ambident substrates with gaseous elec-
trophiles occur more selectively, often yielding only
one of the isomers. We attempted phosphorylation of
ambident thiazolidones in the system gas3solid. As
substrate we took crystalline lithium salt of 4-oxo-
2-thioxo-1,3-thiazolidine, and as phosphorylating
agent, POCl3. The reaction was performed in an elec-
trically heated tubular reactor (1 cm diameter, 10 cm
height) in which the temperature could be adjusted in

the range 253250oC. A mixture of POCl3 vapor with
an inert gas (nitrogen, argon) was passed through a
fixed bed of the substrate. The reaction progress was
monitored by thin-layer chromatography (TLC). After
reaction completion, excess POCl3 was blown off,
and ethanol or diethylamine vapor was fed to replace
the chlorine atom and obtain, respectively, diethyl
4-oxo-2-thioxo-1,3-thiazolidine-3-phosphonateI and
tetraethyl 4-oxo-2-thioxo-1,3-thiazolidine-3-phosphon-
ic diamide II :
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The phosphorylation pathway was judged by the
hydrolysis products ofI and II . Phosphorylation of
the nitrogen atom of the heteroring is confirmed by
formation of 4-oxo-2-thioxo-1,3-thiazolidine. Hydrol-
ysis of the hypothetical product formed by phosphory-
lation of the exocyclic sulfur atom would yield 1,3-
thiazolidine-2,4-dione, but it was not detected.

4-Oxo-2-thioxo-1,3-thiazolidine was identified by
TLC (Silufol UV-254, eluent acetone3hexane3acetic
acid, 1 : 2 : 0.01) [7] and by comparison of its IR
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spectrum with that of an authentic sample [8] [n(C=O)
1760, n(C=S) 1100 cm31].

Diethyl 4-oxo-2-thioxo-1,3-thiazolidine-3-phos-
phonate I. Yield 97%, mp 29oC, Rf 0.54, lmax
294 nm (loge 4.01).

N,N,N,N-Tetraethyl-4-oxo-2-thioxo-1,3-thiazoli-
dine-3-phosphonic diamide II.Yield 94%, mp 72oC,
Rf 0.15, lmax 294 nm (loge 4.01).
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Andrei Georgievich Morachevskii
(to 75th Birthday Anniversary)

On October 1, 2001, Andrei Georgievich Mora-
chevskii, a known scientist working in the field of
physical chemistry of metals and alloys and high-tem-
perature electrochemistry, doctor of technical science,
professor, honored scientist and technologist of the
Russian Federation, head of Chair of Physical Chem-
istry at St. Petersburg Technical University, and
deputy Editor-in-Chief ofZhurnal Prikladnoi Khimii
was 75. He also accomplished 50 years of engineer-
ing, scientific, and pedagogical activities.

In 1950, A.G. Morachevskii graduated from Len-
sovet Technological Institute in Leningrad as a specia-
list in physical chemistry. In 195131953, he worked at
enterprises of the Ministry of Interior. At the Kras-
noyarsk plant of nonferrous metals he took direct
part, under supervision of profs. Ya.I. Bashilov and
R.L. Myller, in the development of a technology for
electrolytic manufacture of rhodium.

He became a postgraduate student at Kalinin Poly-
technic Institute in Leningrad (now St. Petersburg
State Technical University) in December 1953; an
assistant at the chair of physical chemistry at the same
institute, in 1956; a docent at the same chair, in 1961;
a professor, in 1970; and headed the chair of physical
chemistry in 1973. He backed his candidate disserta-
tion in 1957 and doctoral dissertation in 1969.

Andrei Georgievich has performed extensive in-
vestigations of thermodynamic and other properties of
binary, ternary, and more complex metal systems in
liquid and solid states. He studied in detail the ther-
modynamic properties of liquid alloys with strong
interatomic interaction and revealed characteristic
features of the concentration dependence of thermo-
dynamic functions in these alloys. Morachevskii and
co-workers were the first to study the thermodynamic
properties of dilute solutions of alkali and alkaline-
earth metals in various liquid3metal solvents and gave
detailed recommendations on how to calculate the
thermodynamic properties of ternary and more com-
plex metal systems from data on binary subsystems.
Morachevskii paid much attention in his works to
computer simulation of thermodynamic properties of
liquid metal systems with varied nature of component

interaction and gave recommendations on compiling
an appropriate database.

Morachevskii and co-workers studied the thermo-
dynamic properties of a great number of chalcoge-
nides and metal3chalcogen systems, developed new
investigation techniques, studied equilibria between
the chalcogenide and salt phases, and analyzed the
interaction of sulfur and sulfides with molten salts.
The thermodynamics and kinetics of alloying on
liquid and solid electrodes and processes of joint dis-
charge of impurities at liquid cathodes were studied in
detail on various objects.

In cooperation with a number of institutions, Mora-
chevskii took part in large-scale investigations in the
field of manufacture of high-purity metals, production
of alkali metals and their alloys, and development of
new chemical power sources for various purposes. In
recent years, the scientist has been paying much atten-
tion to creating an environmentally safe technology
for processing of secondary lead and to new methods
for refining of black lead.

In 1986, Morachevskii was awarded, as a member
of a group of researchers, a State Prize of the Ukraine
in science and technology for the study[Physico-
chemical Foundations, Technology, and Industrial
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Implementation of Manufacture of Ultra-High-Purity
Metals (Mercury, Cadmium, Zinc, Lead, Bismuth,
Gallium, Indium, Thallium, Tellurium).]

The results of his studies have been reported in
quite a number of monographs, including:Elektrody
sravneniya dlya rasplavlennykh solei(Reference Elec-
trodes for Molten Salts, Moscow: Metallurgiya, 1965,
translated in the United States);Zhidkie katody(Liquid
Cathodes, Tbilisi, 1978);Fizikokhimiya i metallurgiya
vysokochistogo svintsa(Physical Chemistry and
Metallurgy of High-Purity Lead, Moscow: Metallur-
giya, 1991);Natrii: Svoistva, proizvodstvo, primene-
nie (Sodium: Properties, Manufacture, and Use, St.
Petersburg: Khimiya, 1992);Pererabotka vtorichnogo
svintsovogo syr’ya(Processing of Secondary Lead,
St. Petersburg: Khimiya, 1993);Elektrokhimiya svin-
tsa v ionnykh rasplavakh(Electrochemistry of Lead
in Ionic Melts, St. Petersburg: Khimiya, 1994); and
Kalii: Svoistva, proizvodstvo, primenenie(Potassium:
Properties, Manufacture, and Use, Moscow: Ruda i
Metally, 2000). Morachevskii wrote a large number of
spacious reviews.

Together with staff member of his chair and specia-
lists from other institutions, Morachevskii received
more than 60 Inventor’s Certificates; he was awarded
a breastplate[Inventor of the USSR.]

During his entire scientific career, professor Mora-
chevskii has been paying much attention to prepara-
tion and publication of reference literature and to
problems of scientific information. Under his editor-
ship and with his supplements were published in
translation three volumes of the Reference Book of
Molten Salts (Leningrad: Khimiya, 1971, 1974). Also
published were (together with I.B. Sladkov)reference
books Termodinamicheskie raschety v metallurgii
(Thermodynamic Calculations in Metallurgy, Mos-
cow, 1985; supplemented edition 1993),Fiziko-khimi-
cheskie svoistva molekulyarnykh neorganicheskikh
soedinenii(Physicochemical Properties of Molecular
Inorganic Compounds, Leningrad: Khimiya, 1987;
translated into Japanese; supplemented edition 1996).
Morachevskii took part in compilation ofSpravochnik
po elektrokhimii (Handbook of Electrochemistry,
Leningrad: Khimiya, 1981, translated into Japanese).
In 195731967 Morachevskii annually published re-
views on electrochemistry of molten salts, which at-
tracted much interest of specialists in russia and other
countries. Morachevskii published in scientific jour-
nals more than 100 reviews of monographs, reference
books, and textbooks of domestic and foreign authors.

During the years of his pedagogical activities,
Andrei Georgievich wrote a great number of tutorials

and developed a number of special courses. The book
Termodinamika rasplavlennykh metallicheskikh i
solevykh sistem(Thermodynamics of Molten Metal
and Salt Systems, Moscow: Metallurgiya, 1987; trans-
lated into Polish) was highly appreciated by specia-
lists and recommended for students specializing in
physicochemical investigations of metallurgical proc-
esses. For students of the same specialty were written
tutorialsFizikokhimicheskie svoistva zhidkikh metallov
i splavov(Physicochemical Properties of Liquid Met-
als and Alloys, Leningrad: Leningr. Politekh. Inst.,
1986), Vysokotemperaturnaya elektrokhimiya(High-
Temperature Electrochemistry, Leningrad: Leningr.
Politekh. Inst., 1986), etc.

Under Morachevskii’s supervision, 47 candidate
dissertations have been prepared and successfully
backed, and this work is being continued now. Gradu-
ates from higher school institutions from all over the
country were Morachevskii’s postgraduate students,
and they are teaching now in Vologda and Chere-
povets, Volgograd and Vladikavkaz, Krasnoyarsk,
Irkutsk, Ulan-Ude. Four lecturers of the chair backed
their doctoral dissertation. Specialists from Poland,
Germany, Czechoslovakia, Italy, and China have been
trained at the chair. Morachevskii is a scientifically
broad-minded person possessing deep knowledge in
physical chemistry of metallurgical systems and proc-
esses, inorganic materials science, and applied electro-
chemistry. For a long time he was a member of spe-
cialized councils entitled to award the doctor-of-
science degree at Leningrad State University and Min-
ing Institute. More than 30 times he was an official
opponent at presentations of doctoral dissertations in
Moscow and St. Petersburg, Kiev and Sverdlovsk,
Tbilisi and Alma-Ata.

Morachevskii carries out extensive scientific-
organization work. Since 1980 he has been a member
of the Editorial Board ofZhurnal Prikladnoi Khimii
(deputy Editor-in-Chief since 1986) and a member of
the Editorial Board of Rasplavy (Melts) journal.
During many years he was a member of the editorial
boards of Izvestiya Vysshikh Uchebnykh Zavedenii:
Tsvetnaya Metallurgiya(Bulletin of Higher School
Institutions: Nonferrous Metallurgy) journal and
Fiziko-khimicheskie issledovaniya metallurgicheskikh
protsessov(Physicochemical Studies of Metallurgical
Processes) intercollegiate collection. Morachevskii
took active part in the work of the Scientific Council
of the Academy of Sciences of the USSR for physical
chemistry of ionic melts and solid electrolytes, and
headed a section of the Council. Also, he was a mem-
ber of Scientific Councils of the Academy of Sciences
of the USSR for chemical thermodynamics and ther-
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mochemistry and for electrochemistry and corrosion.
Morachevskii took part, as a member of the Organiz-
ing Committee, in preparing and holding All-Union
Symposia on physical chemistry of ionic melts and
solid electrolytes and on thermodynamics of metal
systems; he is one of organizers of the regularly held
Kola symposia on electrochemistry of less-common
metals.

In recent years, Morachevskii has been paying
much attention to the history of chemistry and chemi-
cal technology and published quite a number of works
concerned with this subject matter.

Andrei Georgievich originates from a St. Peters-
burg professor’s family, he is distinguished by high
working capacity, sense of duty, and readiness to help
colleagues, postgraduate students, and students.

The Editorial Board and Editorial Staff ofZhurnal
Prikladnoi Khimii congratulate Andrei Georgievich
Morachevskii on the jubilee and wish him sound
health and further creative success.

Editorial Board and Editorial Staff
of Zhurnal Prikladnoi Khimii
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AND CHEMICAL TECHNOLOGY

Andrei Egorovich Pereverzev
(to Centennial Birthday Anniversary)

In November 2001, Andrei Egorovich Pereverzev,
a prominent scientist, excellent pedagogue, talented
organizer and top manager, doctor of technical
science, professor, honored scientist and technologist
of the Russian Soviet Federative Republic and Tartar
Autonomous Soviet Socialist Republic, founder and
head of the chair of ammunition charging (19393

1972), and rector of the Technological Institute
(194531946), would be 100.

Andrei Egorovich Pereverzev was born on Novem-
ber 29, 1901, into a poor peasant family. In 1918,
when being 17, he joined Red Army as a volunteer.

Pereverzev created a scientific school that pre-
determined the development in the field of ammuni-
tion charging for many years and developed safe
methods of formation and use of charges of various-
purpose explosives. Many leading specialists and top
industry managers were, and still are, his pupils.

In his work, Andrei Egorovich always strove for
close relation of scientific research to the practical
needs of the industry. He was a prominent scientist
possessing a creative mind of researcher and com-
bined pedagogic talent with organization abilities.

In the severe years of the World War II, Andrei
Egorovich was appointed director of the Kazan Insti-
tute of Chemical Engineering (KKhTI) and simultane-
ously supervised important scientific research of great
military value. By Andrei Egorovich’s initiative, large
workshop for charging of varied-purpose ammunition
was organized.

After the war, Pereverzev, then director of LTI
im. Lensoveta (Leningrad Technological Institute),
much contributed to the reconstruction and consolida-
tion of the Institute as a scientific and pedagogical
center of Leningrad. Simultaneously, Andrei Egoro-
vich continued his scientific activities. In 1947, he
successfully backed his doctoral dissertation.

In 1926, Andrei Egorovich entered Leningrad
Technological Institute and graduated as engineer in
1934. Then he worked as deputy director of the Insti-
tute, was a post-graduate student, backed his candidate
dissertation, and, finally, organized in 1939 a chair of

technology of ammunition charging and headed it for
32 years. During this time, the chair became one of
the leading chairs of LTI im. Lensoveta. The scientific
interests of Andrei Egorovich started to take shape
under the influence of Semen Petrovich Vukolov,
professor of the Technological Institute and D.I. Men-
deleev’s pupil.

Under Pereversev’s supervision, blend formulations
based on high-power explosives and thermoplastic
(thermoreactive) polymers were developed and intro-
duced into practice. The formulations were used to
create charges with controllable energy and perfor-
mance characteristics. In particular, charges of unique
design and power, formed by casting under pressure,
were used for explosive pumping of chemical lasers.
The same formulations were used to create thin-
walled spherical charges and cumulative charges of
various purposes.

Andrei Egorovich possessed unique creative intui-
tion and was one of the first in the country to appre-
ciate the potentialities of computers, which were
widely used at his chair for calculating processes of
article fabrication and thermodynamic processes oc-
curring in explosion of explosive charges.

A particular place in this group of works is oc-
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cupied by investigations aimed at the development of
a continuous process for pressing of elongated charges
from elastic and plastic explosives.

A prominent contribution to the technology of
ammunition charging was made by Pereverzev’s
works concerned with the development of vibrational
and pneumatic methods for mixing of explosives and
blended solid propellants. These works laid founda-
tions of the theory and gave methods for calculation
of component mixing processes and demonstrated
advantages of the vibrational and pneumatic meth-
ods for manufacture of explosive mixtures and solid
propellants.

Being one of the leading scientists in the field of
ammunition charging technology, Andrei Egorovich
developed theoretical foundations of a number of
processes and reported on this issue in his lectures and
in the manualTekhnologiya snaryazheniya boepri-
pasov (Technology of Ammunition Charging).

Preverzev was the author of numerous scientific
papers and recipient of Inventor’s Certificates and
patents in chemical technology. Under Andrei Egoro-
vich’s supervision, more than 70 candidate and several
doctoral dissertations were prepared and backed. An-
drei Egorovich trained numerous cadre of engineers,

specialists in ammunition charging technology.

In 1999, St. Petersburg Technical Institute cele-
brated 60th anniversary of the foundation by professor
Pereverzev of the chair of chemical power engineer-
ing. The main results of the research and pedagogical
activities of the chair during this period of time were
generalized. Particular emphasis was placed on the
outstanding role played by Pereverzev in the creation
of a scientific school.

During the time of its existence, the chair trained
1700 specialists, of whom 10 became doctors of tech-
nical science, and 175, candidates of science.

The history of the chair includes periods of varied
significance; but its staff members always honestly
and skillfully performed its main task: trained stu-
dents, carried out research, and preserved and devel-
oped traditions of the institute, faculty, and chair,
founded by Pereverzev.

Andrei Egorovich Pereverzev did everything in his
power and gave all his knowledge for the welfare of
the domestic science in order to improve the defensive
capacity of the Motherland and train specialists in
ammunition charging.

B. V. Gidaspov and O. A. Ryzhukhin
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AND CHEMICAL TECHNOLOGY

Scientific, Pedagogical, and Public Activities
of Professor N.N. Sokolov

(to 175th Birthday Anniversary)

One of honorable places in the history of the
domestic chemical science of the XIX century belongs
to Nikolai Nikolaevich Sokolov, a talented scientist
and pedagogue, organizer of scientific investigations,
founder of the first Russian chemical journal.

N.N. Sokolov was born on December 13, 1826, in
Yaroslavl province into a merchant’s family. Having
entered, when being very young, St. Petersburg Uni-
versity, he graduated from the then existing cameral
department of the faculty of law, and later, in 1847,
from the natural department with a candidate degree.
At that time, chemistry was taught at the University
by a known scientist and excellent pedagogue,
A.A. Voskresenskii (180931880), who graduated in
1836 from the Central Pedagogical Institute in St. Pe-
tersburg and worked in 183631837 at the laboratory
of J. Liebig (180331873) at Giessen University
(Germany).

In 1848, to complete his education, Sokolov went
abroad and, at first, also worked at Liebig’s laboratory
and carried out quite a number of investigations there.
He, in particular, studied the behavior of creatinine in
products of vital activity of herbivorous animals and
birds. Together with A. Strecker (182231871), Lie-
big’s co-worker, he synthesized hippuric acid, con-
verted it into benzoglycolic acid, and for the first time
obtained glycolic acid by its hydrolysis (Ann. Chim.,
1851). At the same place, at Giessen University,
Sokolov studied crystallography and mineralogy
under supervision of Prof. H.F. Kopp (181731892).
Sokolov retained interest in crystals and minerals for
his whole life. In 1852, Nikolai Nikolaevich moved to
Paris and began investigations at the laboratory of
Prof. C.-F. Gerhardt (181631856) who in his time
(183631837) was taught by J. Liebig in Giessen.
Charles Gerhardt and another French chemist, Auguste
Laurent (180731853), made an outstanding contribu-
tion to the development of the atomic-molecular
theory. In his book Introduction to Study of Chemis-
try by the Unitary System (1848), Gerhardt substan-
tiated a novel concept of the molecule as an indivis-
ible integrated system of atoms,[unitary system,] and

clearly distinguished the concepts of atom, molecule,
and equivalent. He established that radicals do not
exist independently, being rather groups of atoms,
whose combination forms molecules. Sokolov com-
pletely adopted these and other new, by that time,
concepts of French scientists and, owing to him,
chemistry was taught in Russia in the framework of
the new scheme already in the late 1850s, earlier than
in other countries, including France [1].

In Paris, Sokolov also worked at the chemical
laboratory of Henri Regnault (181031878), an organic
chemist, also a representative of Liebig’s school, and
a foreign corresponding member of the St. Petersburg
Academy of Sciences (since 1848).

In 1854, Sokolov returned to Russia and started to
work at the Mining School (Mining Institute since
1866; founded in 1773) in St. Petersburg as teacher of
mineralogy and curator of the mineralogical museum.
In 1855, on the instructions of the Mining Department
he traveled across the Urals and exhibited much
interest in minerals formed in metallurgical processes.
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In 1857, he defended master of chemistry’s disserta-
tion in this field.

In 1857, Sokolov organized, together with A.N. En-
gel’gardt (183231893), the Russia’s first private
public chemical laboratory, at which all comers could
perform investigations for a relatively small fee. En-
gel’gardt graduated from Mikhail Artillery College;
in 185331865, he headed the chemical and foundry
laboratories of the St. Petersburg Arsenal; in 18663
1870, he was a professor of chemistry at the St. Pe-
tersburg Agricultural Institute (transformed into
Forestry Institute in 1877; later, Forestry Academy).

Sokolov and Engel’gardt’s chemical laboratory
existed for three years and was closed in 1860; the
laboratory equipment was passed, without compensa-
tion, to St. Petersburg University, where Sokolov
himself started to work, too.

In May 1859, Nikolai Nikolaevich successfully
backed at St. Petersburg University his doctoral
(Chem.) dissertation[Treatise of Hydrogen in Organic
Compounds.] The dissertation contained a vast ex-
perimental material and was a major contribution to
the development of organic chemistry of fatty com-
pounds. The author described for the first time syn-

thesis of glyceric acid by glycerol oxidation, con-
sidered alcohol oxidation processes in general, and
pointed to different functional features of hydrogen
in organic compounds. As mentioned in memoirs of
N.A. Menshutkin (184231907) [2], the concept of dif-
ference between hydrogen atoms is especially im-
portant. It was shown for the example of four acids:
glycolic, b-hydroxypriopionic, lactic, and glyceric,
that part of hydrogen atoms in hydroxy acids has
acidic, and another part, alcoholic nature, with the
relative amounts of these parts in the mentioned acids
correctly determined.

In 1859, Sokolov and Engel’gardt started to pub-
lish Russia’s first periodical in the field of chemistry:
Khimicheskii zhurnal N.N.Sokolova i A.N. Engel’-
gardta (Chemical Journal by N.N. Sokolov and
A.N. Engel’gardt). During the two years of its exist-
ence, 4 volumes containing 6 issues each were pub-
lished. The journal published both original articles
and abstracts in Russian of the most interesting works
of foreign authors, reports on dissertation presenta-
tions, and other information of value for chemists.
The journal, in particular, published Sokolov’s exten-
sive fundamental paper[On Modern Directions in
Chemistry,] the full text of his doctoral dissertation,
experimental works of the leading Russian chemists
D.I. Mendeleev (183431907), N.N. Beketov (18273
1911), A.M. Butlerov (182831886), and N.N. Zinin
(181231880). To the first Russian journal was devoted
Yu.S. Musabekov’s work [3].

In September 1860, as a member of the Russian
delegation together with Mendeleev, Zinin, A.P. Bo-
rodin (183331887), and other scientists, Sokolov took
part in the First International Chemical Congress in
Karlsruhe (Germany). The Congress clearly distin-
guished the fundamental notions of chemistry (those
of molecule, atom, equivalent, and valence). Sokolov
and Engel’gardt were members of the initiative group
which organized the Congress.

In view of Mendeleev’s going to a business trip
abroad in 1860, Nikolai Nikolaevich was invited to
St. Petersburg University as privatdocent, and then
extraordinary professor, to deliver lectures in organic
chemistry. Warm recollections of these lectures were
written by Menshutkin [2], who studied at the univer-
sity at that time. Sokolov managed to do much to ex-
pand the experimental facilities of the chemical labor-
atory at the university, but, unfortunately, because of
deteriorated health, he had to go to southern Europe
for treatment already in 1862.

The scientist continued his pedagogical and scien-
tific activities at the end of 1864 in Odessa, where
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Novorossiya University was opened at the beginning
of 1865. In May of the same year, a chair of chemistry
was organized at the university, and Sokolov was in-
vited there as its first professor [436]. The chair con-
ducted courses in inorganic, organic, and analytical
chemistry. During his relatively short stay in Odessa
(186431871), Sokolov, with gusto characteristic of
him, created and provided with equipment the chemi-
cal laboratory at the university, making it the best in
Russia, so that a new center of domestic chemical
science emerged in Russia. The closest Sokolov’s as-
sociate was A.A. Verigo (183731905), who became a
docent in 1866, extraordinary professor in 1871, and
head of the chemical laboratory at Novorossiya Uni-
versity in 1873. A known chemical school formed in
Odessa, to which belonged, in particular, V.M. Petria-
shvili (184531908), S.M. Tanatar (184931917),
P.G. Melikishvili (185031927), N.D. Zelinskii (18613
1953), and P.I. Petrenko-Kritchenko (186631944).

In Odessa, Sokolov performed a number of ex-
perimental studies. In particular, he continued studies
of lactic acid, commenced in St. Petersburg. In 1871,
Nikolai Nikolaevich left the chair of chemistry at No-
vorossiya University and returned, on completing his
treatment, to St. Petersburg, where he started teaching
at the Agricultural Institute in 1872, having replaced
Engel’gardt at the chair of chemistry. This period of
scientist’s life was described in recollections of his
closest associates P.A. Lachinov (183731891) and
M.G. Kucherov (185031911) [7, 8].

Nikolai Nikolaevich Sokolov died on July 13, 1877,
at the age of 51. The Russian Physicochemical Soci-
ety, whose member Sokolov was from the time of its
foundation, set up in 1880 the N.N Sokolov Prize to
be awarded to Russian scientists for outstanding works
in the field of chemistry. The prizes wee awardedtill
1888. The first of these was awarded in 1882 to Men-
shutkin for his work in the field of chemical kinetics:
[Effect of Isomerization of Alcohols and Acids on
Formation of Esters.] In 1883, the Sokolov Prize was
awarded to G.G. Gustavson (184331908), professor of
Peter’s Agricultural and Forestry Academy in Moscow
for studies of reactions involving organic compounds
in the presence of aluminum halides. In 1885, the
prize was awarded to M.G. Kucherov for the discovery
and investigation of reactions between acetylene
hydrocarbons and mercury compounds. In 1888, the
prize was awarded for the last time to A.E. Favorskii
(186031945) for the discovery and investigation of
isomerization of acetylene hydrocarbons.

Detailed evidence concerning Sokolov’s life and
activities can be found in works by Musabekov [3, 9]

and N.S. Kozlov [10]. His role in the development of
domestic chemistry was discussed in a monograph by
Yu.I. Solov’ev [11].

In a paper devoted to the history of the chair of
chemistry at Leningrad University (181931939) [12],
Academician V.E. Tishchenko (186131941) named
Sokolov [one of the most talented Russian chemists,
with his pupils having the warmest recollections of
him.] Sokolov’s activities were highly appreciated
by K.A. Timiryazev (184331920): [Hardly any other
teacher... has been equipped with such a full know-
ledge of modern science, had such broad views, and
demonstrated such exuberant versatile activities as
N.N. Sokolov. Brilliant, ingenious, with a somewhat
skeptical mind and implacable logic, he was a profes-
sor in the finest sense of the word] [10]. Nikolai
Nikolaevich Sokolov can be rightfully regarded as
one of the most prominent chemists of the second half
of the XIX century.
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REVIEWS

Utkin, N.I., Proizvodstvo tsvetnykh metallov
(Manufacture of Nonferrous Metals),

Moscow: Intermet Inzhiniring, 2000, 442 pp.

The book published in the framework of the Fed-
eral Special-Purpose Program of book publishing in
Russia is intended for specialists of widely varied
professional skills, working at nonferrous metallurgi-
cal plants. The author covered a wide variety of prob-
lems concerning the theory and technology of manu-
facture of the most important nonferrous metals. The
presented material is grouped into five sections. The
first of these (pp. 93112) contains general evidence,
including description of the main methods and opera-
tions for dressing of ores of nonferrous metals, charac-
terization of products and intermediates of metallurgi-
cal plants, preparation of raw materials for metal-
lurgical processing, and problems of environment
protection.

The second section (pp. 1123294) is devoted to
metallurgy of heavy nonferrous metals: copper, nickel,
lead, zinc, and gold. The third section (pp. 2943382)
discusses processes used in manufacture of alumi-
num, magnesium, and titanium. The fourth section
(pp. 3823417) presents evidence concerning the metal-
lurgy of two less-common metals: tungsten and mo-
lybdenum. A small concluding fifth section (pp. 4173

441) gives notion of the manufacture of a number of
nonferrous metals (copper, aluminum, lead, and tin)
and their alloys from secondary raw materials. The
recommended bibliographic list (p. 442) includes the
most important domestic publications in the field of
nonferrous metallurgy, which have mainly appeared
in the last 15320 years.

With the publication assessed, on the whole, posi-
tively and account taken of the fact that this book is
far from being the first concerned with manufacture of
nonferrous metals, it seems appropriate to express

some wishes. The presented material could be mar-
kedly enlivened by data on the scale of production
of various nonferrous metals in Russia as a whole and
at separate largest plants. In contrast to the recent
times, such evidence is accessible now, being regular-
ly published in our country and abroad. The book
gives virtually no data of economical nature. Some
materials presented by the author are markedly out-of-
date and fail to reflect the present state of affairs.
As a characteristic example can be mentioned data on
lead consumption. In our opinion, the book contains
insufficient amount of specific data concerning the
largest plants of different branches of nonferrous
metallurgy, such as, e.g., Norilsk combine or Bratsk
aluminum plant.

Of noble metals, the author considered only gold,
making absolutely no mention of platinum metals
whose manufacture is most closely associated with
processing of copper3nickel ores of the Norilsk depos-
it. The presented characteristics of the domestic ore
raw materials are insufficient.

Admittedly, the quality of much of the illustrative
material presented in the book is not too high. The
book of such a level needs clear schemes not burdened
with abundant minor details. Instead of, e.g., a general
scheme illustrating the operation principle of the shaft
furnace, the book presents its design with all details
and dimensions (Fig. 98). The same refers to many
other figures. It is hardly appropriate to use in materi-
al presentation such out-of-date terms as[vapor ten-
sion] or [dissociation tension.] The remarks made are,
naturally, debatable and do not cast doubt upon the
usefulness and high scientific level of the publication.

A. G. Morachevskii
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AND INDUSTRIAL INORGANIC CHEMISTRY

A Study of Calcium Nitrate Purification

A. A. Fakeev and A. I. Sukhanovskaya
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Abstract-Two methods of calcium nitrate purification were studied: crystallization from aqueous solutions
and joint precipitation of impurities from aqueous solutions onto inorganic collectors (calcium hydroxide or
carbonate and hydrated aluminum or zirconium oxides). The efficiency of purification of calcium nitrate
solutions was studied and the purification coefficients were calculated for hydrated aluminum or zirconium
oxides as collectors.

Calcium nitrate is widely used in metallurgical,
chemical, and food industries, glass manufacture,
agriculture, etc. [1].

In chemical industry, calcium nitrate is a key com-
pound for preparing the most practically significant
calcium products (carbonate, hydroxide, phosphate,
chromate, oxalate, etc.) [2, 3].

In recent years, ultrapure calcium compounds (car-
bonate, phosphate, and fluoride) have found applica-
tion in fabrication of optical fibers, optical glass,
single crystals, and phosphors. This required the dev-
elopment of a method for deep purification of calcium
nitrate, which is the most accessible raw material [2].
The great number of publications devoted to calcium
nitrate purification stems from the necessity for
preparing pure and ultrapure calcium salts.

The efficiency of crystallization purification of cal-
cium nitrate can be estimated from data on phase equi-
libria in water3salt systems. Analysis of the solubility
diagrams in the systems Ca(NO3)23Mn+(NO3)n3H2O,
where Mn+ is Sr, Ba [4], Be [5], Ni [6, 7], Ag [8],
Cu(II) [9], Fe(III) [10], Co [11, 12], or Mn(II) [12],
at 25oC indicates the lack of isomorphism (i.e., the
systems are of simple eutonic type), and the apparent
possibility of separating calcium nitrate and nitrates
of the above metals. However, joint crystallization of
nonisomorphous impurities is a much more complex
process, since the quantitative characteristics of the
component distribution at low concentrations of one
of the components cannot be, as a rule, predicted
solely on the basis of solubility diagrams [13]. It is
this fact that made necessary prolonged and rather
complex experimental studies.

Crystallization from aqueous solutions as a method
for purification of calcium nitrate was proposed in
[3, 14]. It was shown that double crystallization res-
ults in the removal of iron salts and makes the lead
concentration 15320 times lower.

The impurity distribution upon crystallization of
calcium nitrate from nitric acid solutions has not been
studied. However, by analogy with strontium and
barium nitrates, this process seems to be efficient for
calcium nitrate purification, with, however, the sol-
ubility of the compound being rather high (29.8 wt %
in 40% HNO3 at 25oC [4]). This necessitates treat-
ment of large volumes of mother liquors and makes
the technology more complex.

A way to purify 20% calcium nitrate solutions by
precipitation of sparingly soluble metal sulfides at
pH 4.535.0, addition of H2O2 at pH 7.6, and sub-
sequent adsorption of impurities onto glass wool has
been described [15]. The thus obtained product con-
tains 50 1036

35 0 1035 iron ions and 10 1035 wt %
manganese and heavy metal ions each.

Use of complexing reagents (sodium diethyldithio-
carbamate [16], sodium salt EDTA [17], lumogallion
IREA, and rubeanic acid [18]), with subsequent ad-
sorption of the formed complexes, excess amount of
complexing reagents, and products of their partial
decomposition onto ion-exchange resins or activated
carbon, is an efficient method for purification of cal-
cium nitrate solutions. However, the described meth-
ods involve introduction of complexing agents, which
makes necessary their thorough removal from the
purified solutions and special pretreatment of sorbents
(resin, carbon).
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Table 1. Impurity fractionation in crystallization of calcium
nitrate from aqueous solutions at 25oC
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Impurity, wt %³ a ³ Kpur

*

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Fe(III): ³ ³

5 0 1034 ³ 0.35 ³ 10.0+ 1.0
1 0 1033 ³ 0.35 ³ 9.6+ 1.0
5 0 1034 ³ 0.55 ³ 11.0+ 1.3
1 0 1033 ³ 0.55 ³ 10.0+ 1.2

Co(II): ³ ³
5 0 1035 ³ 0.35 ³ 8.5+ 1.2
1 0 1034 ³ 0.35 ³ 10.0+ 1.0
5 0 1035 ³ 0.55 ³ 9.0+ 1.0
1 0 1034 ³ 0.55 ³ 11.0+ 1.2

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Kpur is the purification factor for Ca(NO3)2 . 4H2O crystals.

The high efficiency, especially at low component
concentrations, and the feasibility of simultaneous
removal of a great number of impurities make joint
precipitation onto collectors a rather promising meth-
od for salt purification [19]. The joint precipitation of
impurities from solutions of calcium nitrate has been
studied with CaCO3 [15, 16, 18, 20], CaHPO4 [18],
hydrated titanium dioxide [21], and other collectors.
However, the technological aspect of these processes
has been studied insufficiently, and data on the im-
purity distribution are lacking.

Extraction of 8-oxyquinolinate of heavy metals
with chloroform [22] or with its mixture with isoamyl
alcohol [23] from calcium nitrate solutions is an ef-
ficient method. However, this technique is complex
and encounters considerable difficulties in removal of
the residual amounts of organic substances from a
purified solution.

Barium, strontium, iron, copper, and manganese
ions can be removed from Ca(NO3)2 . 4H2O by zone
smelting (at ~42oC) [24].

The analysis of the presented data on calcium ni-
trate purification shows that the crystallization from
aqueous solutions and joint precipitation of impurities
onto inorganic collectors are the most promising
methods.

The aim of the present study was to analyze the
process of calcium nitrate purification.

EXPERIMENTAL

We studied two methods of calcium nitrate purif-
ication: crystallization from aqueous solutions and
joint precipitation of impurities onto inorganic col-
lectors.

The distribution of iron and cobalt (typical triply
and doubly charged ion impurities) upon crystalliza-
tion of calcium nitrate from aqueous solutions was
studied using radioactive tracers. Into 75 ml of 40%
aqueous solution of calcium nitrate [chemically pure
grade, GOST (State Standard) 4142377] was intro-
duced59Fe iron or60Co cobalt isotope, and the mix-
ture was thoroughly stirred for 233 h. The solution
was evaporated on a water bath to obtain solid phase
in varied yield and cooled under continuous agitation.
The precipitated Ca(NO3)2 . 4H2O crystals were
carefully squeezed between two sheets of filtering
paper to remove mother liquor. The specific activities
were determined for the initial solution and squeezed
crystals (upon dissolution in water).

The gamma radiation was recorded using a BDIS-
3-05 sensor with a detector (thallium-activated sodium
iodide) and a PS-2 counter unit. Theaccuracy of the
radiometric measurements of activity was 233 rel.%.
The purification factors for the crystals (the ratio of
the crystal activities before and after crystallization)
and the degreea of precipitation of the main sub-
stance into the solid phase during crystallization were
calculated from the results of radiometric analysis [19].

Analysis of the obtained results shows that, with
the yield of the Ca(NO3)2 . 4H2O crystals increasing
from 0.35 to 0.55, the purification factors for iron
and cobalt impurity ions remain virtually unchanged
(Table 1). Unfortunately, experiments on crystal wash-
ing could not be carried out owing to the considerable
solubility of the salt in water and nitric acid [4]. The
use of saturated aqueous calcium hydrate solution or
organic solvents miscible with water used as washing
liquid led to changes in the crystal mass even upon
minor temperature fluctuations.

Apparently, the low degree of purification of
Ca(NO3)2 . 4H2O crystals to remove iron and cobalt
impurities (Table 1) is due to occlusion of the mother
liquor by crystals [14], which is confirmed by pub-
lished data [10, 11].

The results obtained (Table 1) are accounted for by
the high stability of the metastable supersaturated so-
lutions, characteristic of calcium nitrate, and by
changes in the crystal habitus, depending on the cool-
ing rate [25]. This leads to changes in the crystal
growth mechanism, facilitates formation of closed
cavities and capillaries, and causes surface damage,
which results in pronounced entrapment of mother
liquor (purification factors are about the same at
55360% yield).

Presently, the efficiency of solution purification
onto collectors cannot be calculated theoretically.
Therefore, the purification of calcium nitrate solutions



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 12 2001

A STUDY OF CALCIUM NITRATE PURIFICATION 1983

was studied experimentally. As inorganic collectors
served calcium hydroxide, calcium carbonate, and
hydrated oxides of aluminum or zirconium, which
were precipitated in a solution being purified by ad-
dition of calculated amounts of aqueous solutions
of sodium hydroxide, ammonia, or ammonium car-
bonate. The study was performed with use of radio-
active tracers for the example of iron and cobalt im-
purities (59Fe and60Co). To 50 ml of a 20% solu-
tion of calcium nitrate (chemically pure grade) were
added solutions containing radioactive isotopes of
the elements studied, the mixture was stirred, and
a sample was taken for the radiometric measurements.
Then, calculated amounts of a 20% aluminum nitrate
solution (17-3 special-purity grade, [TU (Technical
Specification) 6-09-3657374] or a 20% solution of
oxodichlorozirconium (chemically pure grade, TU 6-
09-3677374) were introduced into the solution to pre-
cipitate, respectively, hydrated oxide of aluminum
or zirconium, and the solution pH, monitored by a
pH262 pH-meter, was adjusted to 738 by gradual ad-
dition of 25% aqueous ammonia (17-4 special-purity
grade, TU 6-09-328237) under agitation, and the
mixture was stirred for 0.531.0 h. Calcium hydroxide
and calcium carbonate were precipitated from the in-
itial calcium nitrate solution by calculated amounts
of 25% solution of NaOH [18-3 ultrapure grade;
OST (All-Union Standard) 6-01-302374] or 20% solu-
tion of ammonium carbonate (chemically pure grade,
GOST 3770375). The precipitated collectors were
separated on a TsLN-2 centrifuge, and the purified
solution was sampled for radiometric analysis. The
methods for measuring the activity before and after
purification and the procedures for calculating the
purification factors are described above.

The preliminary estimates of the efficiency of in-
organic collectors for purification of calcium nitrate
solutions for the example of iron(III) and cobalt(II) im-
purities show (Table 2) that hydrated oxides of alumi-
num and zirconium are the most promising materials.
Calcium carbonate is efficient as collector solely for
purification to remove iron(III) impurity, in satisfac-
tory agreement with published data [15, 16, 18, 20].

Comparison of the obtained results (Table 2) and
published data, with account taken of accessibility and
cost of collector-forming materials, shows the prac-
ticability of using aluminum hydroxide as collector
for deep purification of aqueous calcium nitrate solu-
tion.

The obtained results show that heteronuclear
hydroxo complexes of complex composition are
formed in the nitrate systems Al(III)3Mn+

3NO3
3
3H2O

[Mn+ = Fe(III), Cr(III), Co(II), Ni(II), or Cu(II)]
[26328]. ESR spectroscopy revealed formation of

Table 2. Impurity distribution in purification of Ca(NO3)2
solution on inorganic collectors
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

³ ³Specific activity of so-³

Collector,
³ ³lution, pulse min31g31³
³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´

% ³ ³ before ³ after ³
³ ³ purifica- ³ purifica- ³
³ ³ tion A1 ³ tion A2 ³

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
Ca(OH)2: ³ ³ ³ ³

9 ³Fe(III) ³ 92000 ³ 70000 ³ 1.3+ 0.2
18 ³ ³ 84000 ³ 52200 ³ 1.6+ 0.2
8 ³Co(II) ³ 115000 ³ 95900 ³ 1.2+ 0.2

18 ³ ³ 121000 ³ 70010 ³ 1.7+ 0.2³ ³ ³ ³
CaCO3, 8 ³Fe(III) ³ 172000 ³ 600 ³300+ 30

³Co(II) ³ 300840 ³ 230410 ³ 1.3+ 0.2³ ³ ³ ³
Al2O3 . nH2O,³Fe(III) ³ 129410 ³ 432 ³300+ 35
1.0, pH 738 ³Co(II) ³ 92830 ³ 1862 ³ 50 + 5³ ³ ³ ³
ZrO2 . nH2O, ³Fe(III) ³ 62400 ³ 780 ³ 80 + 10
2.0, pH 738 ³Co(II) ³ 22750 ³ 650 ³ 35 + 4
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Concentration (wt %): solution 20, impurities (135) 0 1034;

time of contact between solution and collector 0.5 h; tempera-
ture 25+ 1oC.

Table 3. Quality of initial and purified calcium nitrate
samples and the best foreign products (according to
catalogues)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ Content, C 0 106, wt %
ÃÄÄÄÄÂÄÄÄÂÄÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄ
³ Fe ³Mn ³ Cu ³ Cr ³ Ni ³ Co

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄ
Laboratory: ³ ³ ³ ³ ³ ³

initial ³ 200 ³ 50 ³ 70 ³ 50 ³ 20 ³ 5
purified ³ 30 ³ <5 ³ 6 ³ 4 ³ <1 ³<1

Chemically pure ³ 100 ³ ³ ³ ³ ³
grade, GOST 41423³ ³ ³ ³ ³ ³
77, Russia ³ ³ ³ ³ ³ ³
Aldrich, USA ³ 40 ³ ³ 10 ³ ³ ³
RPE, C.Erba, Italy³ 300 ³ ³ 200 ³ ³ ³
Suprapur, E.Merck,³ 5 ³ 1 ³ 1 ³ ³ 1 ³ 1
Germany ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄ

three paramagnetic complexes in the system Al(III)3

Fe(III)3NO3
3
3H2O at low iron(III) concentrations and

pH 7310 [29]. Apparently, the forming heteronuclear
hydroxo complexes of iron(III) and aluminum(III) of
complex composition have a chain-like structure
[28330].

The processes of coprecipitation of impurities onto
aluminum hydroxide as a result of heteronuclear com-
plexation are of great practical importance and require
further investigation.

Larger-scale experiments on calcium nitrate pur-
ification by crystallization from aqueous solutions



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 12 2001

1984 FAKEEV, SUKHANOVSKAYA

were performed in laboratory. The conditions of
the experiment are described above. The quality of
the obtained samples was analyzed chemically and
spectroscopically [31].

Comparison of the quality of the initial calcium
nitrate samples and those purified by crystallization
from aqueous solutions (Table 3) confirmed that this
method is promising for preparing rather pure samples
of the product.

CONCLUSIONS

(1) Purification of calcium nitrate by crystallization
from aqueous solutions was studied using radioactive
tracers. The purification factors were calculated. It
was shown for the example of iron(III) and cobalt(II)
impurity ions that the moderate values of the purifica-
tion factors are due to occlusion of the mother liquor.

(2) The purification of aqueous calcium nitrate so-
lutions by the coprecipitation of impurities onto in-
organic collectors (calcium hydroxide, calcium car-
bonate, and hydrated oxides of aluminum or zirconi-
um) was studied by the method of radioisotope trac-
ers. The high efficiency of hydrated oxides of alu-
minum and zirconium was demonstrated.
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Abstract-The kinetics of water absorption by samples taken from facades of buildings (marbled footing
limestone, bricks, plaster), both in initial state and those treated with solutions of classical water repellents
and new hydrophilic and hydrophobic colloid silicates, was studied, and the state of the initial material
was assessed. Recommendations on how to stabilize stone and protect it from the destructive influence of
the humid atmosphere are given.

The mechanism of disintegration of stone materials
is well known [133]. Hydrophilic pores of the stone
surface take up excess atmospheric moisture, favorable
for life activity of bacteria promoting the dissolution
of minerals constituting stone. The dissolved compo-
nents may migrate and be deposited in pores as new
formations when water evaporates or freezes as a re-
sult of atmospheric changes in the environment. The
presence of alkaline or acid components in the liquid
phase on the porous surface accelerates dissolution
of minerals and structural disintegration of stone.
For example, limestone building materials are car-
bonized in the course of time under the action of
carbon dioxide contained in air. In addition, the car-
bonate-containing surface of stone used to build city
monuments of architecture is continuously subject to
the action of sulfur dioxide; the stone destruction is
especially intensive in the presence of nitrogen oxides
contained in industrial and exhaust gases [4].

An effective way to protect stone materials from
the aggressive action of the atmosphere is to treat
their surface with solutions of water-repellent or-
ganosilicon liquids [5, 6]. Silicone molecules pen-
etrating into pores interact with minerals constituting
the surface, imparting to it water-repellent (hydro-
phobic) properties. Water can penetrate into such
pores only under pressure. The excess moisture is
easily removed from stone pores. As a result, the frost
resistance of the stone is improved, its heat conduc-
tivity decreases, and life activities of bacteria are
terminated.

In the 1950s, a technique was developed [7] for
modifying the facade surface of the Marble Palace and

other historical monuments of St. Petersburg by treat-
ment with a nonaqueous solution of trimethylchloro-
silane:

2CaCO3 + 2(CH3)3SiCl 6 Ca[OSi(CH3)3]2

+ CaCl2 + 2CO2. (1)

The treated facades have retained up to now fresher
appearance (natural color) as compared with other,
untreated objects. However, organochlorosilane solu-
tions have limited applicability because of their be-
ing toxic. Sodium alkyl siliconates (SAS), which are
well soluble in water and low-toxic, are used for hy-
drophobization of building materials (including cal-
careous, silicate, carbonate, and sulfate materials) [6,
8]. The reaction of carbonate surface modification
with SAS solution occurs to give sodium carbonate
in solution:

CaCO3 + 2NaOSi(OH)2(C2H5)

6 Ca[OSi(OH)2(C2H5)]2 + Na2CO3. (2)

The longevity of the hydrophobic effect of such
a surface layer does not exceed 234 years [9], since
the alkali metal cation makes higher the solubility
of components and favors their transport, which leads
to development of a porous structure in the stone
and its disintegration [10]. Poly(ethoxyhydrosiloxane)
(PEHS) is used in the form of aqueous emulsions
or nonaqueous solutions [5] for hydrophobization of
concrete, roofing slate, and lime-sand and ceramic
brick:
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n[=SiOH] + [HÄSiÄOEt]n 6 [=SiÄOÄSiÄOEt]n + nH2.
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For calcium carbonates (marble, limestone), and
especially for calcium sulfate (gypsum), PEHS solu-
tions are inefficient as water repellents for the sur-
face layer, compared with SASsolutions [6].

These circumstances stimulate a search for more
effective silicate solutions for obtaining protective
coatings on stone materials [11, 12].

The aim of the present study was to perform com-
parison tests of classical (SAS, PEHS) and new col-
loid silicate solutions in desulfurization and hydro-
phobization of stone materials in some buildings of
the historical center of St. Petersburg.

EXPERIMENTAL

Experiments were done with typical stone mate-
rial samples (footing materials, red brick and its
binder, plaster), taken from facades of buildings in
St. Petersburg along the Nevsky Avenue and Fon-
tanka River embankment. These buildings had been
in use under St. Petersburg conditions for more than
100 years and were not heated for several recent years
in expectation of reconstruction. Samples of stone
material were taken in the form of pieces with
weight ranging from 20 to 100 g into plastic sa-
chets, weighed in laboratory, and left to dry indoors
(commonly for 3 days at 20oC and 50% relative
humidity) to constant weight. A sample of each re-
presentative of a stone facade material included no
less than 435 pieces for tests, treatment, and charac-
terization. The phase composition of facade samples
(and presence of calcium sulfate dihydrate) was de-
termined by comparing X-ray patterns obtained on
a DRON-2 instrument and reference data from the
ASTM file.

To treat the stone material, the following solutions
were prepared: (1) aqueous solution of 10 wt % SAS
(GKZh-10; Khimprom AO, Novocherkassk); (2) iso-
propanol solution of 5 wt % PEHS (GKZh-136-41;
Silan ZAO, Dankov); (3) aqueous colloid solution
of 10 wt % sodium polysilicate Na2O . 4SiO2 (Gol-
tar OOO, St. Petersburg); and (4) aqueous-alcoholic
sol of hydrophobic silica (10 wt %), prepared by
the sol3gel technology [13, 14]. Dried samples were
treated with solutions nos. 1 and 2 by full submersion
for 15320 min at 20oC. The samples were weighed
before and after submersion. Drying of the samples

was done under room conditions (20oC, 50% relative
humidity) to constant weight. Samples were treated
with sols nos. 3 and 4 as follows. The samples were
submerged in an aqueous weakly alkaline silicate sol
no. 3 for 15320 min and then dried under room con-
ditions for 1 day, submerged in water for 15320 min,
again dried under room temperature conditions for
1 day, and submerged in water for 15320 min. Then
the samples were again dried for 3 days and sub-
merged in water for 15320 min. After that the samples
were dried under room temperature conditions for
7 days and impregnated with aqueous3alcoholic sol
of hydrophobic silica (no. 4), dried under room tem-
perature conditions for 1 day, and placed on an at-
mospheric stand. After 7 days and 3 and 12 months,
the kinetics of water absorption by samples (pre-
liminarily kept under room temperature conditions
for 1 day) was determined.

The samples were weighed in air and in water (at
a depth of 15 mm at 20oC). The difference of weights
of dry sample in air,m1, and that saturated with water
(having densityr of 1 g cm33), m2, allows evaluation
of the sample volumeV and calculation of its density
m1/V: m1 = m2 3 Vr. The technique enables recording
of the course of sample saturation with water. At
the initial instant of complete submersion in water
a sample has massm0 and contains a certain volume
of pores,V0, filled with air (and giving rise to buoy-
ancy force). This volume is filled, during a certain
period of time, with water, and the mass of the sub-
merged sample increases tom2. The pore volume is
equal to the difference between masses of submerged
samples in the initial and final stages of the process of
saturation with water, divided by the density of water:
V0 = (m2 3 m0)/r. The ratio of water volume absorbed
by a sample to its dry mass is shown as a function of
time elapsed upon sample submersion into water in
Fig. 1. The total time of sample submersion was no
less than 1 day. The increase in the mass of absorbed
water with time can also be followed by weighing
a sample in air and its periodic submersion for a cer-
tain time.

Table 1 presents the results of determining the
moisture content in initial samples, those saturated
with water, and those treated with various solutions.
The content of moisture in the initial samples of foot-
ing limestone from different parts of a building was in
the range 0.631.8 wt %, and increased, 5 min after full
submersion in water, to 1.534.5 wt % and then re-
mained virtually unchanged for 24 h. The sample
density was 2.8 g cm33. The phase composition of
the samples is mainly represented by calcite, wol-
lastonite, and admixture of quartz and gypsum. The
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Table 1. Moisture content in various samples of facade materials
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Moisture content (wt %) in indicated samples
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³

initial
³ hydrophobized

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄSample
³ ³ GKZh-10, 10% ³ GKZh-136-41, 5% ³ silicate sols
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
³ F ³ I ³ W0.2 ³ W3 ³ W12 ³ W0.2 ³ W3 ³ W12 ³ W0.2 ³ W3 ³ W12

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
Limestone³ 1.9 ³ 4.5 ³ 2.5 ³ 2.7 ³ 3.5 ³ 2.1 ³ 2.2 ³ 2.2 ³ 1.6 ³ 1.7 ³ 1.8
Brick ³ 5.1 ³ 15 ³ 8.9 ³ 9.0 ³ 12 ³ 6.4 ³ 7.2 ³ 8.4 ³ 4.6 ³ 4.5 ³ 4.5
Binder ³ 9.9 ³ 20 ³ 12 ³ 13 ³ 16 ³ 17 ³ 17 ³ 18 ³ 5.8 ³ 5.7 ³ 5.8
Plaster ³ 2.7 ³ 18 ³ 6 ³ 8 ³ 16 ³ 12.5 ³ 14 ³ 16 ³ 5.0 ³ 5.1 ³ 5.2
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ
* (F) Samples from a building facade and (Wn) samples submerged in water for 24 h aftern months of additional keeping under

atmospheric conditions.

density and the phase composition of the samples
indicate that the footing material is composed of
partly marbled limestone (sedimentary limestone sub-
jected to high temperature and pressure). The differ-
ence between the saturating amounts of water for
samples taken from different parts of a building pre-
sumably indicates different conditions of stone weath-
ering. Red brick samples were humid (12317 wt %)
and porous (saturating amount of moisture 173

20 wt % upon 24 h of full submersion in water) near
building drains. In moisture-protected parts of the
building, samples were less humid (337 wt % water),
stronger, and less porous (saturating amount of water
13316 wt %). The mineral phase composition of
brick mainly included quartz and kaolin. Brickwork
binder samples contained 8310 wt % moisture in
the initial state and up to 17 wt % upon saturation.
The phase composition of the binder mainly includes

Fig. 1. Water absorptionw by (1) initial and (234) hydrophobized samples of facade material vs. timet. Sample: (a) plaster,
(b) limestone, (c) brick, and (d) binder. Water repellent (wt %): (2) GKZh-10, 10; (3) GKZh-136-41, 5; and (4) Goltar silicate
sols, 10.
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Table 2. X-ray diffraction pattern of facade plaster and
reference samples
ÄÄÄÄÄÄÂÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄ

d, A ³ I, % º d, A ³ I, % º d, A ³ I, %
ÄÄÄÄÄÄÅÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÄÄÄ
7.5413 ³ 31.4 º 2.7772³ 4 º 2.1220³ 28.37
7.611 ³ 451 º 2.7881 ³ 201 º 2.0809³ 8.59
4.2378 ³ 77 º 2.7330³ 2.3 º 2.0871 ³ 141

4.282 ³ 902 º 2.7190³ 2.6 º 2.092 ³ 272

4.263 ³ 223 º 2.4861 ³ 201 º 2.0708³ 7.05
3.8408 ³ 3.3 º 2.6745³ 12 º 2.0731 ³ 201

3.7797 ³ 7.5 º 2.6841 ³ 501 º 2.0421³ 2.4
3.852 ³ 292 º 2.5879³ 2.7 º 1.9883³ 2.7
3.5564 ³ 3 º 2.4879³ 8.5 º 1.9747³ 3.6
3.3306 ³100 º 2.4504³ 16.2 º 1.9094³ 3.6
3.343 ³1003 º 2.463 ³ 83 º 1.912 ³ 172

3.2282 ³ 23 º 2.3953³ 2 º 1.8952³ 5.25
3.1736 ³ 16 º 2.2764³ 16 º 1.8752³ 7.04
3.0527 ³ 33 º 2.282 ³ 182 º 1.872 ³ 342

3.071 ³ 301 º 2.283 ³ 83 º 1.8551³ 4.24
3.032 ³1002 º 2.2301³ 5.7 º 1.8149³ 13.79
3.0276 ³ 26.72º 2.2129³ 5.8 º 1.823 ³ 143

2.8631 ³ 18 º 2.1878³ 1.6 º 1.7927³ 3
2.8711 ³1001 º ³ º ³
ÄÄÄÄÄÄÁÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÁÄÄÄÄÄÄ
Note: Superscripts: (1) gypsum, (2) calcite, and (3) quartz.

quartz and calcite. Samples of facade plaster contained
1.538 wt % moisture in the initial state and up to
13318 wt % upon saturation. The phase composition
of the plaster mainly includes quartz, calcite, and
gypsum (Table 2).

Figure 1 shows the kinetics of water absorption
by selected samples of limestone, brick, binder, and
plaster on their submersion in water. Pores in the ini-
tial samples are virtually completely filled with water
during the first 5 min. The amount of moisture ab-
sorbed by samples upon submersion in water both
during the first 5 min and in 24 h can be reduced by
treating the initial samples of the stone material both
with conventional solutions nos. 1 and 2 and with new
sols nos. 3 and 4 (seeFig. 1, Table 1). A comparison
of how treatment with the conventional solutions af-
fects the moisture-protective properties of samples
demonstrated that solution no. 1 has advantage for
the binder and plaster, and solution no. 2 for marbled
limestone and, especially, brick. The amount of ab-
sorbed moisture is reduced to the maximum extent for
all samples after their technological treatment with
silicate sols nos. 3 and 4. The reason for such a dif-
ference in efficiency between the hydrophobizing so-
lutions is that the plaster and binder contain calcium
carbonates and sulfates. These minerals react with
SAS in solution no. 1 by reaction (2), whereas PEHS
in solution no. 2 mainly reacts with surface hydroxy

groups [reaction (3)] of minerals, e.g., kaolin, quartz
(brick), and wollastonite (limestone). Impregnation of
sulfated samples with an aqueous sol of sodium sil-
icate Na2O . 4SiO2 . nH2O leads to an exchange re-
action between the sulfate on the stone surface and
hydroxylated silicate of the aqueous-alkaline liquid
phase of sol in the stone pores:

CaSO4 . 2H2O + 2Na+ + SiO2(OH)2
23 + 3SiO2

6 CaSiO2(OH)2 . 3SiO2 . 2H2O + 2Na+ + SO4
23. (4)

Subsequent washing of the surface with water re-
moves sodium sulfate from the poorly soluble gel of
calcium hydrosilicate and silica formed in the stone
pores. Pores in the surface layer of the stone decrease
in size, but remain hydrophilic, i.e.,covered with hy-
droxy groups. To hydrophobize the surface, the pores
in the surface layer were dried and impregnated with
active sol no. 4 of hydrophobic silica [13]. This proce-
dure leads to reaction of the hydroxy groups in the
surface layer with active radicals of hydrophobic
particles of sol in colloid solution no. 4

=SiOH + C2H5OSi(O)3[SiO2]nO3SiC2H5

6 =SiOSiO3[SiO2]nO3SiC2H5 + C2H5OH, (5)

pore filling with hydrophobic silica, and the corre-
sponding decrease in pore radius. In this case, in ac-
cordance with the Jurene formula [15], a much higher
pressure is necessary for water to penetrate into hy-
drophobic pores of smaller diameter.

The durability of moisture-protective properties of
the surface layer of various samples can be illustrated
by the data in Table 1. The moisture-protective prop-
erties of the surface layer of samples treated with so-
lution no. 1 deteriorate by 40350% after 1 year of
keeping under atmospheric conditions. Apparently,
introduction of the alkali metal cation into the sur-
face layer of stone withsolution no. 1 makes higher
the solubility of its components and favors their
transport, development of a porous structure in the
stone, and stone decomposition. For example, calcium
silicate decomposes under the action of sodium hy-
drocarbonate solution to give calcite and soluble sodi-
um silicate:

2CaO. SiO2 + 2NaHCO3 6 2CaCO3

+ Na2[SiO2(OH)2]. (6)

The presence of an alkaline component favors orig-
ination and development of cracks and disintegration
of concrete constructions [10].
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The moisture-protective properties of the surface
layer of samples treated with colloid solutions nos. 3
and 4 remained unchanged after a year of keeping
under atmospheric conditions.

It should be noted that, under the atmospheric con-
ditions, the stone surface is continuously subjected
to abrasive action of specks of dust and grains of
sand driven by wind, which impairs the hydrophobic
effect of the surface. Moreover, mutual diffusion of
the components of the surface layer will also impair
its moisture-protective properties in the course of
time. Therefore, treatment of the surface layer of stone
should be repeated every 10320 years.

CONCLUSIONS

(1) It was found, with the historical center of
St. Petersburg serving as an example, that plaster over
brickwork and binder in brick walls of buildings are
subject to deep sulfation and fail to accomplish their
moisture-protective functions. In spring, pores in brick
walls of buildings are filled with moisture to no less
than 50%.

(2) It is recommended that, prior to impregnation
with a sol of hydrophobic silicate, the sulfated and
carbonized surface layer of stone materials should be
treated with a weakly alkaline aqueous silicate sol and
dried under atmospheric conditions in summer.
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Abstract-Conditions for obtaining stable colloid solutions for synthesis of alkali-silicate glass coatings based
on lithium, sodium, and potassium liquid glass were studied. The influence of the solution pH and the nature
and concentration of liquid glass on the gel formation was established.

The sol-gel method is one of the most promising
and universal among a number methods for obtaining
glass coatings. In many cases, sols [1, 2], colloid solu-
tions [3, 4], gels, or their dried powders [5, 6] are
used. The choice of a specific solution state or solu-
tion-based products for the formation of glass coatings
depends on a support material and its final destina-
tion. In each case, the technological process starts
from solution preparation. The preparation of a highly
homogeneous and stable solution with required com-
position and concentration is an important and com-
plicated task.

The main problem in obtaining homogeneous col-
loid solutions based on liquid glass arises from
the fact that addition of even insignificant amounts
of solutions of IIA and IIIA group elements to silicate
solutions breaks the homogeneity of the correspond-
ing systems due to the formation of difficulty soluble
silicates of most of metals. Obviously, addition of
boron-containing compounds gives rise to precipita-
tion of amorphous silicic acid.

It is known [1, 7] that the ability of colloid solu-
tions to be in fluid state for a long time determines
their stability and depends on a number of factors,
in particular, on their composition, concentration, pH,
and the order of component mixing. Therefore, the
conditions of solution preparation are of paramount
significance.

The aim of this work was to find optimal compo-
nent concentrations and technological parameters for
obtaining high-quality colloid solutions for synthesis
of coatings of various technical destinations.

EXPERIMENTAL

Boron aluminosilicate glasses and, in some cases,
silicophosphate glasses form the base of the majority
of glass coatings. Thus, the main problem is to obtain
a colloid solution containing liquid glass, aluminum
salts, and also salts of boric and phosphoric acids.

A specific character of silicates of alkali metals re-
quires use of an unconventional approach to the choice
of aluminum-, boron-, and phosphorus-containing
compounds for obtaining stable colloid solutions.
These compounds must satisfy a number of require-
ments: 1) absence of reactions with alkali metal sili-
cates resulting in the formation of heterogeneous sys-
tems; 2) high water-solubility and low decomposition
or melting point; 3) high content of a required oxide
(Al2O3, B2O3, P2O5, etc.) in solution.

A glass formed in the system Na2O(K2O)3Al2O33

B2O33SiO2 is used for obtaining protective corrosion-
resistant coatings. Sodium and potassium liquid glasses
with a modulus ofM = 234 were used as bases for
preparation of colloid solutions. The concentration of
alkali metal silicates was 5.5310 wt %.

Hydroxoaluminates are appropriate for use as alu-
minum-containing compounds. It is the hydroxo com-
plex R[Al(OH)4(H2O)2] or similar compounds that
are alkali metal aluminates obtained in solutions.
Therefore, we further use the general formula
Rn[Al(OH)m] for alkali metal aluminates. The com-
position of a resulting compound depends on pH and
the concentration of reacting solutions.

As shown in [8], among boron-containing reagents,
only boric acid meets the above-mentioned require-
ments.
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Presently, it is agreed that monoborate ions and
polymeric forms of boric acid are present in its so-
lutions with concentrations greater than 0.130.2 M.
Therefore, silicic acids are very likely to precipitate
upon pouring together liquid glass and H3BO3 solu-
tions under the action of both H3BO3 and polyboric
acids.

To obtain high-concentrated (5312 wt %) colloid
solutions, we used a sodium aluminate solution with
concentrations of aluminum ions and boric acid of 0.6
and 0.1 M, respectively. Depending on a modulus, the
pH of liquid glass solution was 12.0313.4, and the pH
of sodium aluminate solution was fixed at 13.1.

Addition of an even insignificant amount of an
aluminate solution (0.531.0 ml) to 10 ml of liquid
glass results in the formation of a gelatinous sub-
stance at the boundary between these liquids, whereas
dropwise introduction of this solution does not give
rise to this phenomenon. Taking this fact into account,
we prepared colloid solutions by adding small por-
tions of the sodium aluminate solution under vig-
orous stirring to liquid glass. However, it is worth
noting that the solution homogeneity was retained
only up to a certain critical aluminate concentration,
which, in turn, depends on the nature of an alkali
metal cation and on the liquid glass modulus. For the
same modulus (M = 3), gelatination is observed upon
addition of 10.6 and 8.0 ml of the aluminate solution
to potassium and sodium liquid glass solutions, re-
spectively. The liquid glass modulus has the most
pronounced effect on this process: an increase in
the modulus to four leads to gel formation on ad-
dition of only 3.2 ml of the aluminate solution.

Thus we have determined the critical content of
alkali metal aluminate in terms of Al2O3 which can
be introduced in the liquid glass composition before
gelatination occurs:

x in Na2O .xSiO2 3 3.5 4
Al2O3(critical), wt % 8.0 6.3 3.2
x in K2O .xSiO2 2 2.5 3
Al2O3(critical), wt % 14.1 12.3 10.6

The resulting critical content of Al2O3 is suffi-
cient for obtaining glass coatings with high service
characteristics [9].

As already mentioned, the system K2O . nSiO23

Nan[Al(OH)m] is more stable toward gelatination than
the system Na2O . nSiO23Nan[Al(OH)m]. At the same
modulus (M = 3) and concentration, the critical con-
tent of Al2O3 in the potassium system is significantly

higher. This trend is likely to be first of all related to
the nature of cation and to the structure of solutions of
alkali metal silicates. It should be noted that the dif-
ference in coagulation action of various single-charged
ions was observed also in [10]. An increase in stabil-
ity of systems based on liquid glass with low mod-
ulus results from a decrease in the amount of high-
polymeric SiO2 forms.

The oxide B2O3 was introduced into the system in
the form of boric acid solution. A white jelly-like
precipitate was formed upon addition of H3BO3 as
a result of the pH decrease from 12313.4 to 10.

An examination of the data obtained suggests that
the addition of aluminate to alkali metal silicates gives
rise to an interaction between the system components
in solution. Along with an increase in size of SiO2 col-
loid particles in such a solution, a three-dimensional
gel skeleton is formed from these particles, Si(OH)4
groups, and negatively charged Al(OH)4

3 particles.
Addition of an H3BO3 solution to the system re-
sults in the formation of a precipitate owing to de-
creasing pH of the R2O . nSiO23Nan[Al(OH)m]3H3BO3
system. It is evident that Al(OH)3 is first precipitated
due to decreasing aluminate stability at low pH values.
It is necessary to note that the[coagulation threshold]
(pH value at which a precipitate starts to form) for po-
tassium systems is 11.6, whereas for sodium it is 12.
This fact once more confirms the greater stability of
the system based on potassium liquid glass.

The stability of such solutions strongly depends on
the order in which the components are poured together
when preparing colloid solutions. It is necessary to
note that we added to the solutions soluble salts that
do not react with solution components in order to ob-
tain coatings with specified technological parameters
(low melting point, adhesion, and color). The optimal
order of pouring together component of the colloid
solutions, as found experimentally, is: Na2O . 2SiO2 +
NanK[Al(OH) m] + H3BO3 + adhesion promoters +
pigments.

The system Li2O3K2O3BaO3Al2O33B2O33SiO2 is
of great importance for the production of electrically
insulating glass materials. Aluminum oxide was in-
troduced into the solution in the form of potassium
aluminate. In addition, we studied the behavior of
aluminum and barium nitrates.

A mixture of lithium (M = 10) and potassium (M =
3.5) liquid glasses was prepared in a preliminary stage.
The total mixture concentration was 13 wt % and pH
was 11.8. It should be noted that suspended particles
were present in lithium liquid glass. Mixing these
components does not break the solution homogeneity,
and no precipitate is formed. However, an additional
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pouring of both the aluminate and aluminum or bar-
ium nitrate (c = 0.3 M) results in the immediate for-
mation of a precipitate, and a little later the entire so-
lution is transformed to a gel. An increase in pH to
11.6 does not improve its stability.

One of effective means for stabilization of colloid
solutions is variation of their concentration [11]; there-
fore, the prepared lithium-potassium liquid glass was
gradually diluted with water to a concentration of
6.5 wt %. In this case, further addition of required
components (aluminum and barium salts) does not
give rise to gel formation. In so doing an insignificant
precipitate is formed, which dissolves in the course
of time.

Our experiments have proved that the probability
of gelatination grows with increasing concentrations
of silicate ions SiO3

23 and also of SiO2 colloid par-
ticles. In order to avoid formation of precipitates in
the colloid solutions, liquid glass must contain no
more than 6.5 wt % of salts.

The general sequence of component pouring to-
gether and solution preparation is the following:
K2O . 3.5SiO2 + Li2O . 10SiO2 + LiOH + Al(NO3)2 +
H3BO3 + Ba(NO3)2.

Using X-ray diffraction analysis, we found that
the powder obtained on drying the solution contains
aluminum and barium nitrates. Thus, the data obtained
prove the absence of chemical reactions between the
solution components.

A glass of the system K2O3Al2O33B2O33SiO23

P2O5 is used in production of low-melting decorative
coatings. To prepare the solutions, we used potassium
liquid glass (M = 3.5, c = 14.47 wt %) and the fol-
lowing solutions (M): KOH 9, (NH4)2HPO4 1.5, and
H3BO3 0.7. The total concentration of the colloid so-
lution was 17.7 wt %, pH 9.1.

Solutions of this system show strong tendency to-
ward gelatinization. This tendency is rather sensitive
to the concentration of hydrogen ions. We found ex-
perimentally that a drastic change in the solution
behavior takes place at pH close to 10. Therefore, it
was of importance to find conditions for obtaining so-
lutions of this system at various pH values. We estab-
lished specific features of preparation of each partic-
ular solution. For the case of solution with pH < 10,
the order of pouring together components is asfollows:
(NH4)2HPO4 + H3BO3 + KOH + K2O . 3.5SiO2 +
Kn[Al(OH)m].

When liquid glass is added in the course of solu-
tion preparation, a gel of orthosilicic acid H4SiO4 is

precipitated, and, upon addition of an aluminate solu-
tion, Al(OH)3 flakes also appear.

We found by X-ray diffraction analysis that a crys-
talline phase of 0.73NH4H2PO4 . 0.27KH2PO4 com-
position is formed during drying of the gel at 50oC
[12].

The time during which the solution is in the fluid
state depends on concentration and may be as long
as 20 days.

To obtain a colloid solution of the system under
study with pH > 10, we added aqueous ammonia so-
lution to the (NH4)2HPO4 + H3BO3 mixture, which
resulted in the formation of a precipitate. Therefore,
we changed the order of pouring together the compo-
nents and found the following appropriate sequence:
Kn[Al(OH)m] + KOH + K2O . 3.5SiO2 + [H3BO3 +
(NH4)2HPO4].

With increasing pH, the lifetime of the solutions
grows up to 40 days.

CONCLUSIONS

(1) The procedure for obtaining glass coatings in-
cludes high-temperature treatment of finely dispersed
raw powder mixtures. Mostly the quality of the coat-
ings depends on the homogeneity of colloid solu-
tions.

(2) The preparation of colloid homogeneous solu-
tions based on liquid glass differs fundamentally
from the preparation involving tetraethoxysilane. As
the solution composition becomes more complex, the
probability of formation of an insoluble precipitate
or of instantaneous gelatination appears. The stability
of the solutions depends on their composition, con-
centration, and pH. This problem should be specifical-
ly solved in each particular case. The order of pouring
together the components depends on their composition
and pH value.

(3) To avoid precipitate formation, it is neces-
sary to add aluminum ions to solution in an an-
ionic form. If aluminum and barium ions are added
in the form of nitrates, the resulting solution must
be diluted as much as possible. Solutions based on
liquid potassium glass are more stable than sodium-
based solutions. Their stability increases with decreas-
ing silicate modulus.
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Abstract-Data on the thermodynamic properties of liquid and solid phases in the system lithium3sulfur
are compared and discussed.

Only one congruently melting compound Li2S is
formed in the system lithium3sulfur. The sulfur-rich
part of the system has a stratification region. Sev-
eral, virtually simultaneous studies [1, 2] of the phase
diagram of this system gave rather close results. The
phase diagram of the system, taken from Janz and
Tomkins’ handbook [3], is presented in Fig. 1. The
melting point of the compound Li2S lies in the range
from 1367 to 1382oC, and the monotectic horizontal,
at 362+ 3oC. At this temperature, the liquid phase,
containing 34.5 mol % Li, is in equilibrium with
a phase of virtually pure sulfur (containing less than
0.035 mol % Li). The upper critical temperature of
separation is estimated to be within 8383860oC. No
lithium polysulfides were found in the system. No
essential differences in the main parameters of the
phase diagram of the Li3S system have been found
in later studies [4, 5].

The emf value of a Li3S cell in the separation re-
gion (0.026 < xLi < 0.346, 11 compositions, 4003
445oC, xLi is the molar fraction of lithium in the sys-
tem) was determined using a solid glassy electrolyte
with lithium-ion conductivity [6, 7]. The average emf
at 420oC is 2.215+ 0.007 V. Correspondingly, the
lithium activity in this region of compositions is
(7.95+ 0.97)0 10317. The partial molar Gibbs energy
of lithium DGLi is 3213.7+ 0.7 kJ mol31.

In [8], the cathode potential of a sulfur electrode in
the LiNO33LiNO23LiOH melt was determined by
measuring polarization curves in pulsed galvanostatic
mode. At 150oC, below the monotectic horizontal,
the potential of the sulfur electrode relative to lithium
reference is constant (2.216+ 0.002 V at a confidence
probability of 0.95) over the entire polarization range.
In this case, the electrochemical reaction reduces

to the formation of lithium sulfide from pure com-
ponents:

2Li(s) + S(l) = Li2S(s). (1)

The change in the Gibbs energy, corresponding
to reaction (1), is3427.6+ 0.6 kJ, and that corre-
sponding to the formation of one mole of Li0.667S0.333
equals3142.5+ 0.2 kJ (423 K). Only a single poten-
tial plateau (2.215+ 0.003 V relative to lithium re-
ference electrode) is clearly observed in the switch-
off curves recorded upon cathodic polarization of the
electrode in the above electrolyte (at 150oC).

Fig. 1. Phase diagram of the lithium3sulfur system.
(T) temperature, (xLi) lithium content in the system, and
(L1 and L2) liquid phases.
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At higher temperatures (377oC, above the mono-
tectic horizontal) the polarization curve of the halide
melt LiF3LiCl3LiI also shows a potential plateau
(2.195+ 0.009 V relative to lithium reference). In
the given case, the potential is associated with the
occurrence of the reaction:

2Li(l) + S(l) = Li 2S(s), (2)

with a change in the Gibbs energy of3423.6+ 1.7 kJ
(650 K). Correspondingly, for one mole of Li0.667S0.333,
DG = 3141.2+ 0.6 kJ.

A reference book [9] contains evidence concerning
the thermodynamic properties of the compound Li2S.
The authors are mainly based on the results of calo-
rimetric measurements of the enthalpy of formation
of the compound [10] and on estimates of the standard
entropy and heat capacity of Li2S in terms of different
models [11]. As noted in [9], the presented data need
refinement.

In [10], the enthalpy of formation of the compound
Li2S was determined by means of dissolution calorim-
etry to be (DH0

298 = 3445.6 kJ mol31). The enthalpy
of formation of not only Li2S, but also a hypothetical
compound Li2S2 was determined by dissolution calo-
rimetry in a later study [12]. The following results
were obtained:DH0

298 = 3427.4+ 4.6 kJ mol31 for
Li2S andDH0

298 = 3432.6+ 5.4 kJ mol31 for Li2S2.

The thermodynamic properties of lithium sulfide
have been analyzed in detail by Khachkuruzov [13].
The author used experimental data and approximate
methods to determine the thermodynamic functions of
Li2S in crystalline and liquid state in the range 2983

3000 K with a step of 200 K. The following values
were obtained for Li2S under the standard conditions:

H0
298 3 H0

0 = 10.1+ 0.2 kJ mol31,

S0
298 = 62+ 2 J mol31 K31,

C0
p ,298 = 61+ 3 J mol31 K31.

The above value of the standard entropy is in good
agreement withS0

298 = 60.67 J mol31 K31 from re-
ference book [9]. However, according to [13], the
heat capacity of crystalline Li2S varies with increasing
temperature more strongly than it is accepted in [9].
In the temperature range 29831450 K, theCp = f (T)
dependence is expressed by the equation (J mol31 K31)
[13]:

Cp(T) = 24.48 + 0.1157T + 2.2690 1035T2.

Thermodynamic functions for lithium sulfide Li2S
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Function
³ Data of [9] ³ Data of [13]
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ 400 K ³ 600 K ³ 400 K ³ 600 K

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
H, ³ 3438.96³ 3423.68³ 3440.41 ³ 3422.79
kJ mol31 ³ ³ ³ ³
S, ³ 82.21 ³ 113.13³ 81.785³ 117.119
J mol31 K31³ ³ ³ ³
G, ³ 3471.85³ 3491.56³ 3473.12 ³ 3493.06
kJ mol31 ³ ³ ³ ³
DG0

T, ³ 3434.56³ 3424.60³ 3435.83 ³ 3426.10
kJ mol31 ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

At the relatively low temperatures of interest (up
to 700oC) the data of [13] give the following heat ca-
pacities (J mol31 K31): 74.39 (400 K), 88.00 (500 K),
102.07 (600 K), and 116.59 (700 K). In referencebook
[9], the following Cp values are given: 74.38 (400 K),
76.40 (500 K), 78.48 (600 K), 80.43 J mol31 K31

(700 K).

The difference in heat capacities tells upon the
standard entropies of crystalline Li2S. According to
[13], S0

T (J mol31 K31) is 81.785 (at 400 K), 117.119
(600 K), and 150.478 (800 K). At the same time,
the following values were reported in [9]: 82.21 (at
400 K), 113.13 (600 K), and 136.24 J mol31 K31

(800 K).

The reference book [14] gives the following ther-
modynamic characteristics for Li2S in the standard
state:DH0

298 = 3447.3+ 1.3 kJ mol31, S0
298 = 62.8+

8.4 J mol31 K31, andDG0
298 = 3439.1+ 2.8 kJ mol31.

The melting point of Li2S is reported to be 1370+
10oC.

Taking into account the scarcity of data on the
temperature dependence of the lithium sulfide ther-
modynamic properties and the fact that the thermo-
dynamic functions reported in [9, 13] are to a certain
extent based on different approaches, let us consider
in more detail the feasibility of using data [9, 13] for
estimating the standard Gibbs energy of Li2S forma-
tion from pure components. TheH, S, andG functions
for chemical compounds and individual substances at
various temperatures with a step of 100oK are pres-
ented in the tabulated form in a reference book [9].

H = DH0
298 + (HT 3 H298),

S = S0
T, G = H 3 TS.
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Fig 2. Integral molar Gibbs energyDGT vs. composition.
(1) Data of [6], 420oC; (2) calculated from data of [9],
420oC; (3) data of [8], 377oC.

The DG0
T value for reactions (1) or (2) is obtained

by algebraic summation of the functionsG for Li 2S
and pure components (lithium and sulfur) in the cor-
responding aggregate state. TheH, S, andG functions
at 400 and 600 K [9, 13] are given in the table. The
discrepancy between theDG0

T values is very small.

Calculation of DG0
423 for reaction (1) from the

data of [9] yields3433.66 kJ, i.e., the deviation from
the experimental value (3427.6 kJ) [8] does not ex-
ceed 1.4%. Correspondingly, the calculatedDG0

650 for
reaction (2) is3421.75 kJ, i.e., the deviation from
the experimental value (3423.6 kJ) [8] is less than
0.5%. Thus, determining the standard Gibbs energy
of Li2S formation from pure components by means
of polarization measurements gives reasonably reli-
able results. Also, these measurements indirectly con-
firm the absence of an intermediate phase (Li2S2) at
the experimental temperatures (4233650 K).

The activity of sulfur in the system Li3S was de-
termined in [5] by the emf method with solid electro-
lyte for a number of compositions both in the homo-
geneity region, which is very narrow at 400oC, and
in the separation region. Unfortunately, no numerical
data were given, but, as follows from the presented
plots, the activity of sulfur in the separation region is
0.90. Since pure sulfur is taken as the standard state,
and one of equilibrium phases is virtually pure sulfur,
the above value of its activity is probably somewhat
underestimated. According to [6], the activity of sul-
fur in the separation region at 420oC is 0.947+ 0.011.

At 420oC the plot of the molar Gibbs energy of
the Li3S system against composition shows no ho-
mogeneity region (Fig. 2).

The emf of the cell (3) Li ³ Li+ ³ Li, S (+), ob-
served in the separation region (2.215 V at 420oC),
differs only slightly from the emf established at the
corresponding temperature in the two-phase region
Li2S(s) + liquid. The results of the performed ther-
modynamic analysis of the Li3S system are not in
quite good agreement with the emf of a lithium3sul-
fur circuit, reported in [5].
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Abstract-Thermal properties of a binary systemn-hexane3water were studied by the constant-volume-
piezometer method for seven concentrations of water on the basis of isochores at temperatures of 372.753
620.55 K, homogeneous phase densities in the range 66.873834.30 kg m33, and pressures of up to
65 MPa.

Studying the thermal properties onn-alkane3water
mixtures is of not only theoretical, but also practical
interest, since natural hydrocarbon mixtures are, as
a rule, in contact with water. In addition, stratifying
water3hydrocarbon systems are widely used in chem-
ical technology, petroleum and petrochemical indus-
tries, and power engineering.

The properties (PVT) of then-hexane3water binary
system, which can be considered a simple model of
a stratal mixture, were studied in a number of works
[137]. However, data on phase liquid3liquid and
liquid3vapor equilibria are scarce.

In this work, thermal properties of then-hexane3
water binary system was studied by the constant-
volume piezometer method at temperatures of 372.753
620.55 K, homogeneous phase densitiesr of 66.873
834.30 kg m33, and pressures of up to 65.34 MPa for
seven concentrationsx of water (mol fraction): 0.166,
0.257, 0.347, 0.615, 0.827, 0.935, and 0.964. The
measurements cover a parameter range between the
liquid3liquid and liquid3vapor phase equilibria.

The temperature of the system was maintained au-
tomatically within +0.01 K by means of three heat
controllers. The pressure was controlled using a
membrane transducer with sensitivity of 0.005 MPa
and measured with standard pressure-gage at pressures
below 1 MPa and MP-600 deadweight gage with ac-
curacy of 0.05% at pressures exceeding 1 MPa. The
piezometer volume (21.160+ 0.025 cm3) was deter-
mined by calibration against water. The piezometer
was filled under vacuum through a valve at the pie-
zometer edge. Mixtures were prepared using degassed

twice-distilled water andn-hexane of 99.94% purity.
The mixture components were weighed on analytical
balance with an error not exceeding 0.5 mg. The error
in density measurements was 0.1230.15%. The setup
was described in detail in [8].

The measurements were made using isochores.
For each composition, 739 isochores were obtained,
which covered a wide range of densities. The depen-
dences of pressureP on temperatureT along the iso-
chores exhibit inflections corresponding to liquid3
liquid and liquid3vapor phase transitions. A typical
P3T dependence along different isochores for a com-
position withx = 0.935 is given in Fig. 1. Lines con-
necting the inflection points are phase equilibrium

Fig. 1. Dependence ofP on temperatureT for n-hexane3
water binary system of compositionx = 0.935 along iso-
chores. r (kg m33): (1) 205.1, (2) 273.4, (3) 341.7,
(4) 410.1, (5) 478.4, (6) 546.8, (7) 615.1, and (8) 649.3.
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Table 1. Temperature and pressure corresponding to liquid3liquid and liquid3vapor phase transitions in then-hexane3
water binary system
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

x, ³ ³ ³ ³ ³ º x, ³ ³ ³ ³ ³
mole ³ r, ³ Tll , ³ Pll , ³ Tlg, ³ Plg, º mole ³ r, ³ Tll , ³ Pll , ³ Tlg, ³ Plg,

fraction³ kg m33³ K ³ MPa ³ K ³ MPa º fraction ³ kg m33³ K ³ MPa ³ K ³ MPa
of H2O³ ³ ³ ³ ³ º of H2O ³ ³ ³ ³ ³
ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

0.166 ³ 66.9 ³ 420.01³ 0.994³ 469.25³ 1.853 º 0.615 ³ 546.8 ³ 456.35³ 2.576³ ³
³ 133.7 ³ 440.51³ 1.307³ 484.04³ 2.669 º ³ 615.1 ³ 415.02³ 1.623³ ³
³ 200.6 ³ 456.01³ 1.760³ 488.45³ 3.043 º ³ 649.3 ³ 385.55³ 0.459³ ³
³ 267.5* ³ 458.90*³ 1.974*³ 500.45*³ 3.627* º ³ 702.4 ³ 327.05³ 0.098³ ³
³ 334.3 ³ 457.60³ 2.251³ 499.46³ 3.782 º ³ 720.8 ³ 305.95³ 0.034³ ³
³ 401.2 ³ 453.90³ 2.169³ 462.95³ 2.528 º 0.827 ³ 159.0 ³ 454.40³ 2.196³ 566.95³ 10.41
³ 468.1 ³ 446.00³ 1.942³ 450.25³ 2.004 º ³ 238.0 ³ 474.45³ 3.682³ 603.85³ 19.67
³ 534.9 ³ 427.75³ 1.315³ 427.75³ 1.315 º ³ 317.7 ³ 493.41³ 5.241³ 610.15³ 23.22
³ 601.8 ³ 372.75³ 0.401³ 372.75³ 0.401 º ³ 397.2* ³ 494.76*³ 5.724*³ 617.25³ 31.71

0.257 ³ 135.0 ³ 455.05³ 2.125³ 579.75³ 7.201 º ³ 476.6 ³ 481.06³ 4.870³ 621.65³ 42.10
³ 202.5 ³ 482.65³ 3.574³ 518.55³ 5.355 º ³ 556.1 ³ 462.65³ 3.425³ 625.65³ 60.23
³ 270.0 ³ 493.85³ 4.933³ 497.65³ 5.071 º ³ 635.5 ³ 447.27³ 2.632³ ³
³ 286.8* ³ 494.55*³ 5.010*³ 494.55*³ 5.010* º ³ 714.9 ³ 395.65³ 0.817³ ³
³ 337.5 ³ 490.55³ 4.776³ 499.55³ 5.483 º 0.935 ³ 176.9 ³ 433.75³ 1.392³ 620.55³ 18.53
³ 405.0 ³ 477.75³ 4.062³ 533.05³ 8.902 º ³ 265.4 ³ 454.62³ 2.189³ 629.15³ 22.94
³ 435.7 ³ 468.65³ 3.646³ ³ º ³ 353.9* ³ 464.76*³ 2.583*³ 631.65*³ 25.86*

³ 472.5 ³ 456.15³ 2.884³ ³ º ³ 442.4 ³ 461.25³ 2.687³ 630.65³ 29.61
³ 540.0 ³ 425.95³ 1.672³ ³ º ³ 530.9 ³ 454.19³ 2.403³ 621.15³ 33.04
³ 607.5 ³ 382.35³ 0.596³ ³ º ³ 619.3 ³ 443.51³ 1.951³ 646.65³ 63.55

0.347 ³ 137.5 ³ 465.45³ 2.835³ 507.35³ 5.000 º ³ 707.8 ³ 433.15³ 1.430³ ³
³ 204.8 ³ 487.15³ 4.463³ 519.30³ 6.280 º ³ 796.3 ³ 428.41³ 1.351³ ³
³ 273.1* ³ 494.55*³ 5.281*³ 522.15³ 7.340 º 0.964 ³ 92.7 ³ 418.16³ 0.834³ 581.45³ 9.826
³ 341.4 ³ 489.52³ 4.830³ 533.15³ 10.82 º ³ 185.4 ³ 442.15³ 1.803³ 607.25³ 14.72
³ 409.7 ³ 477.65³ 4.034³ 550.25³ 17.82 º ³ 298.1 ³ 455.15³ 2.470³ 634.55³ 21.53
³ 477.9 ³ 462.95³ 2.984³ 570.15³ 33.21 º ³ 370.8* ³ 455.30*³ 2.554*³ 632.15*³ 23.71*

³ 546.2 ³ 428.45³ 1.400³ 581.25³ 59.15 º ³ 463.5 ³ 455.25³ 2.603³ 627.95³ 25.83
0.615 ³ 205.1 ³ 452.90³ 1.974³ 562.45³ 11.39 º ³ 556.2 ³ 455.15³ 2.575³ 626.15³ 32.70

³ 273.4 ³ 472.85³ 3.089³ 575.15³ 15.53 º ³ 648.9 ³ 452.05³ 2.517³ 628.15³ 37.80
³ 341.7 ³ 492.30³ 5.153³ 594.65³ 23.50 º ³ 741.6 ³ 447.65³ 2.336³ ³
³ 410.1* ³ 494.62*³ 5.611*³ 611.65³ 33.25 º ³ 834.3 ³ 425.95³ 1.390³ ³
³ 478.4 ³ 486.63³ 4.836³ 625.15³ 47.75 º ³ ³ ³ ³ ³

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Critical parameters.

Table 2. Critical parameterb, amplitudesB0, B1, B2, B3 and region of approximation with Eq. (1) for liquid3liquid
coexistence curves in then-hexane3water mixture
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
x, mole frac-³ ³ ³ ³ ³ ³ Approximation

tion H2O ³ b ³ B0 ³ B1 ³ B2 ³ B3 ³ region
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ

0.166 (r)* ³ 0.320+ 0.021 ³ 2.217+ 0.143 ³ 0.507+ 0.047 ³ 3 ³ 3 ³ 8 0 103236 0 1035

0.166 (l) ³ 0.370+ 0.044 ³ 1.493+ 0.122 ³ 0.954+ 0.092 ³ 3 ³ 3 ³ 8 0 103236 0 1035

0.257 (r) ³ 0.344+ 0.018 ³ 1.676+ 0.102 ³ 0.575+ 0.061 ³ 3 ³ 3 ³ 7 0 103236 0 1035

0.257 (l) ³ 0.382+ 0.050 ³ 1.198+ 0.088 ³ 0.434+ 0.048 ³ 3 ³ 3 ³ 7 0 103236 0 1035

0.347 (r) ³ 0.341+ 0.016 ³ 0.925+ 0.076 ³ 0.590+ 0.059 ³ 4.166+ 1.234 ³ 30.750+ 0.302³ 6 0 103231 0 1034

0.347 (l) ³ 0.357+ 0.029 ³ 1.217+ 0.133 ³ 0.361+ 0.042 ³ 3 ³ 3 ³ 6 0 103231 0 1034

0.615 (r) ³ 0.352+ 0.030 ³ 0.647+ 0.051 ³ 0.261+ 0.033 ³ 1.398+ 0.409 ³ 31.234+ 0.511³ 6 0 103234 0 1035

0.615 (l) ³ 0.301+ 0.027 ³ 0.753+ 0.079 ³ 0.334+ 0.037 ³ 1.309+ 0.441 ³ 31.479+ 0.672³ 6 0 103234 0 1035

0.827 (r) ³ 0.430+ 0.082 ³ 0.613+ 0.054 ³ 0.567+ 0.064 ³ 2.410+ 0.700 ³ 31.032+ 0.503³ 6 0 103238 0 1035

0.827 (l) ³ 0.349+ 0.044 ³ 1.189+ 0.102 ³ 0.643+ 0.071 ³ 1.213+ 0.389 ³ 31.245+ 0.576³ 6 0 103238 0 1035

0.935 (r) ³ 0.422+ 0.056 ³ 1.728+ 0.158 ³ 0.741+ 0.089 ³ 4.876+ 1.284 ³ 31.991+ 0.809³ 6 0 103239 0 1035

0.935 (l) ³ 0.437+ 0.062 ³ 1.333+ 0.124 ³ 0.578+ 0.074 ³ 1.098+ 0.255 ³ 31.731+ 0.774³ 6 0 103239 0 1035

0.964 (r) ³ 0.291+ 0.033 ³ 3.088+ 0.311 ³ 0.796+ 0.091 ³ 5.193+ 1.998 ³ 310.67+ 4.23 ³ 7 0 103232 0 1035

0.964 (l) ³ 0.291+ 0.035 ³ 1.422+ 0.152 ³ 0.643+ 0.077 ³ 2.000+ 0.366 ³ 31.901+ 0.794³ 7 0 103232 0 1035
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Indices [r] and [l] refer to, respectively, right and left branches of the liquid3liquid coexistence curve.
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lines separating the triple-phase region from the dou-
ble-phase region, and the latter from the single-phase
one. An isochore without inflection passes through the
point of maximum temperature-cricondentherm of
the phase equilibrium line. The thus obtained temper-
atures and pressures, corresponding to liquid3liquid
(Tll , Pll ) and liquid3vapor (Tlg, Plg) phase transitions
along different isochores for all of the measured
compositions of then-hexane3water binary system,
are given in Table 1.

Figure 2 presents critical point lines in theT3x
coordinates for then-hexane3water binary mixture.
According to van Koninenburg and Scott’s classifica-
tion [9], the phase diagram of then-hexane3water
binary system belongs to type III. This means that
the liquid3vapor critical state does not exist in the
concentration range 0.25730.882 mol fraction of wa-
ter. The lower locus of the liquid3vapor critical line
1 begins at the critical point ofn-hexane CP1 and
ends in the upper terminal critical point (UTCP) cor-
responding tox = 0.257 mol fraction of water. The
upper part begins at the critical point of water, CP2,
passes through the double critical point (DCP;x =
0.935), and, with decreasing concentration of water,
goes to the region of higher values. The dashed
line represents the line of discontinuity of liquid3
vapor critical points. This line is so designated be-
cause theP3T line shows an inflection despite the
absence of a critical state. The same is indicated by
investigations of the caloric properties [6] in which
an abrupt change in isochoric heat capacity is ob-
served in intersecting line3.

The curve of liquid3liquid phase equilibrium was
approximated by the expression [10, 11]

777 = + B09t9b + B19t9b + D + B29t91 3 a
+ B3t,

r _ rc
rc

(1)

whereb, D, anda are the critical indices, withD and
a fixed [9] (D = 0.50,a = 0.11); B0, B1, B2, andB3
are the critical amplitudes;t = (Tc 3 T) /Tc is the re-
duced temperature;rc andTc are, respectively, the crit-
ical density and temperature; the signs plus and minus
refer to, respectively, the right- and left-hand branches
of the liquid3liquid coexistence curve (Fig. 3).

Table 2 presents calculated values of the critical
index b, critical amplitudesB0, B1, B2, and B3, and
the region of approximation by Eq. (1) for the liquid3
liquid equilibrium curves for then-hexane3water mix-
ture of various compositions. The results of calcula-
tions indicate that for the liquid3liquid phase transi-
tion the critical indicesb are close (within calculation
error) to 0.325. This confirms the validity of the con-

Fig. 2. Lines of critical points in then-hexane3water
binary system. (T) Temperature and (x) water content.
(1) Liquid3vapor, (2) liquid3liquid, (3) [pseudocritical]
curve; CP1 and CP2 are the critical points of, respectively,
straight n-hexane and water;UTCP is the upperterminal
critical point, and DCP is the double critical point.

Fig. 3. Phase diagramT3r of the n-hexane3water binary
mixture of compositionx = 0.257. (1) Liquid3liquid and
(2) liquid3vapor.

clusion that, near the liquid3liquid phase transition
point, the liquids belong to universal three-dimen-
sional Ising systems.

The liquid3vapor coexistence curve was described
in accordance with the equation [10, 12]

777 = B9t9b,
r

l
_ rg

2rc

(2)

where r1 and r2 are, respectively, the liquid and
vapor phase densities; andB is the critical amplitude.

The results of calculations for four compositions
(for which the liquid3vapor critical point exists) of



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 12 2001

2000 A. RASULOV, S. RASULOV

Table 3. Calculated values of the critical indexb,
amplitude B, and the region of approximation with
respect tot by Eq. (2) for the liquid3vapor coexistence
curve for the n-hexane3water binary mixture
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
x, mole³ ³ ³ Approximationfraction³ b ³ B ³

H2O ³ ³ ³ region

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
0.166³ 0.478+ 0.012³ 2.638+ 0.024³1 0 103239 0 1034

0.257³ 0.317+ 0.030³ 0.620+ 0.030³1 0 103231 0 1033

0.935³ 0.556+ 0.083³ 5.421+ 0.346³8 0 103338 0 1034

0.964³ 0.331+ 0.047³ 1.060+ 0.045³5 0 103338 0 1034

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

the n-hexane3water binary mixture are presented in
Table 3. It can be seen that the critical indexb ob-
tained for compositions withx = 0.257 and 0.964 is
close to 0.325, a value characteristic of three-dimen-
sional Ising systems. The valueb = 0.556 for x =
0.964 corresponds (within calculation error) to the
assumption of [13] that critical indices are doubled
in the double critical point.

The thermodynamic properties of then-hexane3
water binary system near the liquid3vapor critical line
were described using the crossover equation of state
[14, 15]. This method consists in obtaining crossover
functions transforming the six-term Landau expansion
into Wegner expansion for the Helmholtz free energy
of liquid in the near-critical region.

The specific Helmholtz energyA(t, r, z) is written
as [14]

(3)A(t, r, z) = 777 [DA(t, r, z) + A0(t, z) + rh0(t, z)],
Pc(z)

RTc(z)

where z is the field variable corresponding to the
concentrationx, R the molar gas constant,Pc the crit-

Fig. 4. Deviation of the calculated pressuresPcalc from
the experimental valuesPexp for the n-hexane3water bi-
nary mixture. x (mole fraction): (1) 0.166, (2) 0.257,
(3) 0.935, and (4) 0.964.

ical pressure,t = [T 3 Tc(z)] / T, DA(t, r, z) the sin-
gular part of the free Helmholtz energy, h0(t, z) and
A(t, z) regular functions represented as truncated
Taylor series.

The quantityDA(t, r, z) depends on the so-called
crossover functionY; according to the value of this
function, the singular part of the Helmholtz free
energy transforms into a Wegner expansion (in close
vicinity of the critical point) or into classical Landau
series (far from the critical point). To identify the de-
pendences of the critical parameters on the variablez
as dependences onx, a condition thatx = z along
the critical line is imposed.

The asymmetry of the real liquid is taken into ac-
count on passing from model to physical variables.
Nonuniversal constants of substance, characterizing
the individual properties of the system, were calcu-
lated on the basis of published data and authors’
PVTx experimental investigations [16].

The critical parameters forn-hexane were taken
from [17]: Tc = 507.20 K, Pc = 3.025 MPa,
rc = 233.5 kg m33; and for water, from [18]:Tc =
647.047 K,Pc = 22.046 MPa,rc = 322.788 kg m33.
The concentration dependences of the critical param-
eters, necessary for calculations, were approximated
by polynomials and splines.

Figure 4 shows deviations of the calculated pres-
sures Pcalc from the experimental valuesPexp. The
crossover equation of state makes it possible to de-
scribe the pressure of then-hexane3water binary mix-
ture with an error not exceeding 3% for densities in
the range 0.50rc < r < 1.7rc (at T = Tc) and temper-
atures in the range 0.95Tc < T < 1.7Tc (at r = rc).
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Abstract-The interrelation between the experimental heights of the potential barrier to internal rotation
about the C3C bond and those calculated by the semiempirical and nonempirical quantum-chemical methods
for 25 compounds was studied. The height of the potential barrier to internal rotation about the C3C bond
can be determined by the AM1 semiempirical method with correction introduced according to the correla-
tion dependence established.

Studies of thermomechanical characteristics and
deformation of polymers have long been utilizing the
rotamer theory [1]. To determine the statistical weights
of rotamers, it is necessary to know the difference in
the free energiesDG for these conformers. In the case
that the entropy difference for the rotamers is negli-
gible, it is possible to use for rotamers the energy
difference DE instead ofDG. The internal rotation
barrier U for polymers is typically determined from
the DG or DE values for low-molecular-weight ana-
logs, found experimentally or by quantum-chemical
calculations. However, in the latter case the results
obtained by semiempirical methods strongly differ
from experimental data, and nonempirical calculations
require elucidating how the basis affects the results,
which consumes much computer time.

In this work, we propose a technique for promptly
calculating the parameterU. This technique is based
on the correlation betweenUexp and Ucalc, established
for 25 low-molecular-weight compounds (see figure
and Tables 1, 2).

The figure presents the correlation dependences

Ucalc = cUexp + d. (1)

Here, c and d are coefficients yielded by calcula-
tions for low-molecular-weight compounds listed in
Table 2 by various quantum-chemical methods: semi-
empirical methods AM1, MNDO, and PM3 and non-
empirical methods in the 3-21G* basis which affords
adequate results for the problem and the class of com-
pounds under consideration [12, 13].

For a compound for which the experimental value
Uexp is unknown, we propose to determine the height

of internal rotation barrier by the inverse relation-
ship

U = aUcalc + b. (2)

The coefficientsa andb are listed in Table 3. In ex-
pressions (1) and (2) for semiempirical methods AM1,
MNDO, and PM3, we used the relation

Ucalc = Df H
0
max 3 Df H

0
min.

Here, DfH
0
min is the enthalpy of formation calcu-

lated from the optimal geometry of the molecule,
DfH

0
max is the enthalpy of formation calculated for

the maximum in the dependence of the enthalpy on
the internal rotation angleDfH

0(j).

Correlation between the experimental (Uexp) and calculated,
by various quantum-chemical methods, (Ucalc) heights
of potential barrier to internal rotation about the C3C
bond in molecules (Table 2). (1) AM1, (2) MNDO, (3)
PM3, (4) 3-21G* (E), and (5) 3-21G* (G).
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Table 1. Height of internal rotation barrier in ethane
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
DG#, kJ mol31 ³ Measurement method* ³ References º DG#, kJ mol31 ³ Measurement method* ³ References
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

12.029 ³ T, VS ³ [2] º 12.058 ³ MW ³ [5]
12.13 ³ MW ³ [3] º 12.26 ³ VS ³ [6]
12.68 ³ VS ³ [4] º ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* VS vibrational spectroscopy, MW microwave spectroscopy, and T thermodynamic methods.

Table 2. Experimental and calculated heights of the potential barrier to internal rotation about the C3C bond
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound

³ Ucalc, kJ mol31 ³ Uexp, kJ mol31

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³

AM1
³

MNDO
³

PM3
³ 3-21G* ³

U
³ measure-³

³ ³ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³ ³³ ³ ³ ³ ³ ³ ment ³ references
³ ³ ³ ³ U1

* ³ U2
** ³ ³ method ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
CH3CH3 ³ 5.23 ³ 4.24 ³ 5.98 ³ 11.51 ³ 12.30 ³ 12.23 ³ Uav

*** ³ [235]
CH3CH2CN ³ 5.56 ³ 5.49 ³ 6.29 ³ 13.30 ³ 14.74 ³ 12.7 ³ VS ³ [2]
CH3CH2F ³ 4.46 ³ 4.79 ³ 5.84 ³ 13.93 ³ 14.79 ³ 13.93 ³ MW ³ [3]
CH3CH2Cl ³ 5.98 ³ 5.62 ³ 6.00 ³ 15.28 ³ 16.45 ³ 14.76 ³ MW ³ [4]
CH3CH2OH ³ 4.61 ³ 4.99 ³ 5.67 ³ 14.94 ³ 16.12 ³ 15.9 ³ MW ³ [5]
CH3CH2CH3 ³ 5.54 ³ 5.19 ³ 6.46 ³ 13.64 ³ 15.27 ³ 14.2 ³ MW ³ [6]
CH3CH(CH3)2 ³ 6.02 ³ 6.64 ³ 6.87 ³ 16.12 ³ 17.81 ³ 16.3 ³ MW ³ [3]
CH3C(CH3)3 ³ 6.71 ³ 9.18 ³ 7.27 ³ 19.04 ³ 20.66 ³ 19.7 ³ T ³ [3]
CH3CHCl2 ³ 7.11 ³ 7.30 ³ 5.67 ³ 19.26 ³ 20.11 ³ 22.18 ³ VS ³ [7]
CH3CH2C(CH3)3 ³ 9.36 ³ 12.38 ³ 13.54 ³ 22.68 ³ 28.95 ³ 21.8 ³ NMR ³ [8]
ClCH2C(CH3)3 ³ 11.53 ³ 14.17 ³ 13.08 ³ 28.52 ³ 33.23 ³ 24.7 ³ NMR ³ [8]
C(CH3)2CNC(CH3)3 ³ 16.81 ³ 27.57 ³ 28.33 ³ 36.97 ³ 48.29 ³ 36.4 ³ NMR ³ [9]
C(CH3)2ClC(CH3)3 ³ 22.26 ³ 29.17 ³ 29.40 ³ 41.58 ³ 53.37 ³ 43.64 ³ NMR ³ [10]
C(CH3)2FC(CH3)3 ³ 17.72 ³ 26.25 ³ 30.01 ³ 31.70 ³ 41.82 ³ 33.64 ³ NMR ³ [9]
CH(CH3)ClC(CH3)3 ³ 16.05 ³ 19.55 ³ 20.10 ³ 33.49 ³ 41.31 ³ 32.93 ³ NMR ³ [10]
CH(CH3)2C(CH3)3 ³ 12.95 ³ 17.52 ³ 21.28 ³ 27.08 ³ 38.98 ³ 29.16 ³ NMR ³ [10]
C(CH3)3C(CH3)3 ³ 17.35 ³ 28.20 ³ 33.24 ³ 34.00 ³ 40.07 ³ 36.8 ³ NMR ³ [8]
trans-CH3CH=CHCl ³ 2.41 ³ 0.79 ³ 2.82 ³ 7.51 ³ 9.20 ³ 9.08 ³ MW ³ [3]
cis-CH3CH=CHCl ³ 0.59 ³ 0.85 ³ 1.82 ³ 2.33 ³ 5.49 ³ 2.59 ³ MW ³ [3]
trans-CH3CH=CHCH3 ³ 2.22 ³ 0.62 ³ 2.67 ³ 7.49 ³ 9.15 ³ 3.97 ³ MW ³ [3]
cis-CH3CH=CHCH3 ³ 0.19 ³ 1.21 ³ 4.44 ³ 2.04 ³ 4.41 ³ 3.12 ³ MW ³ [11]
trans-CH3CH=CHCN ³ 2.31 ³ 0.68 ³ 2.90 ³ 7.05 ³ 8.89 ³ 8.12 ³ MW ³ [11]
cis-CH3CH=CHCN ³ 2.27 ³ 0.26 ³ 2.28 ³ 5.23 ³ 7.38 ³ 5.86 ³ MW ³ [3]
trans-CH3CH=CHF ³ 2.41 ³ 0.67 ³ 2.98 ³ 7.80 ³ 9.38 ³ 9.20 ³ MW ³ [3]
CH3CH=CH2 ³ 2.31 ³ 0.73 ³ 2.82 ³ 7.41 ³ 9.00 ³ 8.28 ³ MW ³ [11]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

* Calculated by formula (3),** calculated by formula (4),*** the average value according to data in Table 1.

Table 3. Parameters of the correlation dependenceaUcalc + b in calculation of Ucalc
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Calc. ³
a + Da

³ b + Db, ³
R2 ³ DU,* º Calc. ³

a + Da
³ b + Db, ³

R2 ³ DU,*

method³ ³ kJ mol31 ³ ³ kJ mol31 º method ³ ³ kJ mol31 ³ ³ kJ mol31

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
AM1 ³ 1.85+ 0.07³ 3.97+ 0.68³ 0.9719³ 0.83 º 3-12G** ³ 1.01+ 0.03³ 0.26+ 0.61³ 0.9810³ 0.98
MNDO ³ 1.16+ 0.06³ 7.17+ 0.82³ 0.9403³ 0.86 º 3-12G*** ³ 0.78+ 0.03³ 1.26+ 0.82³ 0.9639³ 1.02
PM3 ³ 1.09+ 0.09³ 6.43+ 1.30³ 0.8737³ 1.41 º ³ ³ ³ ³
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

*
DU calculated by formula (5) for ethane,** Ucalc calculated by formula (3),*** Ucalc calculated by formula (4).
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In the case of nonempirical calculation in the
3-21G* basis, the barrier height was determined ei-
ther as difference of total energies

Ucalc = Emax
total 3 Emin

total, (3)

or that of free energies

Ucalc = Gmax 3 Gmin. (4)

The criterion of the transition state was the occur-
rence of a single negative value of the force constant
of the chemical bond. The parameters of dependence
(2) for the quantum-chemical methods utilized are
given in Table 3.

The choice of quantum-chemical method for cal-
culating Ucalc is dictated by the following criteria
(Table 3): correlation factorR2, coefficientsa and b
(ideally, a = 1, b = 0), inaccuracyDU, and the com-
puter time spent.

As regards the first criterion, namely, the correla-
tion factor, the most suitable are AM1 method among
semiempirical methods and, certainly, nonempirical
method in the 3-21G* basis. It should be noted that
from the viewpoint of all the criteria, calculation of
the height of the internal rotation barrier as difference
of total energies yields better results than calculation
as difference of free energies (Table 3). The reason
can be that in certain experimental works, especially
those utilizing NMR method, specifically the height
of the potential barrier was determined rather than the
difference free of energies for conformers.

As regards the second criterion, namely, the coef-
fiicents a and b, the first place is, naturally, occupied
by the nonempiirical method (a = 1.01, b = 0.26).

As to the third criterion, namely, inaccuracy in
U, we calculated the standard inaccuracyDU by
the formula

DU = HU2
Da2 + Db2

calc

cccccccccccc

. (5)

Hence,DU depends not only on the inaccuracies
Da andDb, which are close for all the quantum-chem-
ical methods applied (Table 3), but also on the calcu-
lated Ucalc parameter, which is at a minimum for the
AM1 method. The drawback of the AM1 method,
namely, major underestimation ofUcalc, compared
with the experimental values, turns to advantage in

the given case, as the accuracy in determiningU in-
creases.

Lastly, nonempirical calculations consume an or-
der of magnitude longer computer time than semi-
empirical calculations.

CONCLUSION

The height of the potential barrier to internal rota-
tion about the C3C bond can be calculated by semi-
empirical (AM1, MNDO, and PM3) or nonempirical
methods with correction introduced according to
the correlation dependences established. Among the
methods considered the most suitable from the view-
point of both accuracy and required computer time
is AM1. This technique determines the height of
the internal rotation barreir to within 1 kJ mol31,
which is comparable with the accuracy of experi-
mental methods.
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Abstract-Features of sorption3desorption in solid-phase microextraction of aromatic hydrocarbons are
considered in terms of the model with two consecutive steps. The data processing method proposed is based on
determination of the steady-state microextraction parameters from experimental data obtained in the initial
stage of the process.

Sorbent trapping of ecotoxicants from the atmo-
sphere or air of production areas finds a wide practical
use. It is realized with either total absorption of ana-
lytes on a sorbing material or establishment of steady-
state mode of the gas flow as a result of sorption3de-
sorption [1]. Finding out this mode may require full
calibration of the peak area of a sorbed component
against the gas3vapor mixture volume contacted with
the sorbent. Competition between individual compo-
nents for sorption sites may result in appearance of
maxima in the calibration curves [2]. It is evident
also that determination of the steady-state mode of
sorption becomes complicated with increasing num-
ber of analytes.

In this study, we analyzed the possibility of pre-
dicting the solid-phase microextraction on the basis
of experimental data obtained only in the initial stages
of the process in terms of the second-order autore-
gressive model. Previously, this model has been suc-
cessfully used in studying slow chemical and mass-
exchange processes by interrupted or flow perturba-
tion GC [3, 4].

EXPERIMENTAL

Gas-vapor mixtures of aromatic hydrocarbons C63

C8 (benzene, toluene, ethylbenzene, andp-xylene)
in high-purity nitrogen with concentrations of 40350
and 435 mg m33 were prepared using a certified
vapor generator (Monitoring Research and Produc-
tion Association) or the original laboratory setup
operating on the principle of phase distribution of
volatiles between the coexisting gas and condensed

phases [5, 6]. As a sorbing material we used domes-
tically produced sorbent PDF-1 [poly(diphenylphthal-
ide), Ssp ~250 m2 g31, grain size 0.2030.25 mm, sor-
bent bed 1 cm)] packed in a steel capillary (internal
diameter about 0.5 mm).

Solid-phase microextraction of aromatic hydrocar-
bons was performed by passing the gas3vapor mixture
through the sorbent bed at a rate of 5 to 20 ml min31.
The flow rate was monitored and kept constant with
an IRG-10 electronic flow meter/controller (Tsvet
Public Corporation). The sorption time was measured
with a stopwatch.

The amounts of individual hydrocarbons in the
sorbent phase were estimated from data on their ex-
haustive desorption in a vaporizer of a gas chromato-
graph (nitrogen carrier gas, temperature 300oC). The
response of the flame-ionization detector was mea-
sured with a Multichrom automatic chromatographic
system. To separate the analytes, we used a quartz
capillary column (20 m0 0.2 mm) with DB-1 station-
ary phase (analog of SE-30). The column temperature
was 65oC, and the carrier gas (high-purity nitrogen)
flow rate, 0.9 ml min31. The readings were taken at
equal 100-ml intervals of the gas3vapor mixture passed
through the sorbent. The calibration curve represented
the dependence of the volume of the gas3vapor mix-
ture passed through the sorbent on the peak area in the
strippant chromatogram.

The table presents the results as a set of equi-
distant chromatographic peak areasA (equispaced by
DVg, whereVg is the volume of the gas3vapor mix-
ture). Such data files are often treated in the frame-
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work of the second-order autoregressive model (AR-2)
correlating any three neighboring readingsA(Vg +
2DVg), A(Vg + DVg), and A(Vg):

A(Vg) + 2DVg) = pA(Vg + DVg) + qA(Vg) + r, (1)

where p and q are the so-called slopes andr is the
absolute term of the AR-2 model.

The difference equation (1) has a general solution

A(Vg) = A(0) + C1exp(3k1Vg) + C2exp(3k2Vg), (2)

if the roots of the characteristic equation

z2 + pz + q = 0 (3)

are real numbers (z1 andz2). Modeling of sampled data
as a linear combination of exponentials is known in
the literature as Prony’s method [7]. Note that in the
chemical kinetics [8, 9], when considering consecutive
two-step reactions of the type (B1 76

k1 B2 76
k2 B3),

the current concentration of compound B3 [B3] as a
function of timet is described by a similar expression:

[B3](t) = b0 [1 3 777 exp (_ k1t)
k2

k2
_ k1

+ 777 exp (_ k2t)] ,
k1

k2
_ k1

(4)

whereb0 is the initial concentration of B1 (t = 0) and
k1 and k2 are the rate constants of the corresponding
stages.

The similarity of Eqs. (2) and (4) is evident, which
will be used in the subsequent analysis of experimen-
tal data. In the case of complex roots (z1, 2 = m+ nH

7

31),
the difference equation (2) has a general solution (5).

A(Vg) = A(0) + exp(3kVg)[C1cos(jVg) + C2sin(jVg)]. (5)

The constantsk1 andk2 in Eq. (2) are estimated as

ki = _ 777 (i = 1, 2).
DVg

ln zi

The constants in Eq. (5) can be expressed as

k = _ 777777 , j = 77777 .
arctan(n/m)
DVg

ln(Hm2 + n2 )
cccccc

DVg

The linear coefficientsA(0), C1, andC2 in Eqs. (1)
and (2) can be easily estimated by the least-squares
method {A(0) can be also estimated asA(0) =
r/(1 + p + q) [10]}.

It should be noted that,just in processing equidistant
data with AR-2 model, it becomes possible to obtain
unique solutions for all target values (of course, if the
model is adequate, i.e., has high coefficients ofvaria-
tion or determination), despite that Eqs. (2) and (5)
are nonlinear in some of them.

Below are given equations similar to Eqs. (2) or
(5), obtained by processing the

-

A(Vg) data taken
from the table according to the proposed procedure. In
the parentheses are presented the mean (s) and stan-
dard deviations (S) of the absolute values of the dif-
ferences between the experimental [

-

A(Vg)] and
estimated values [

^

A(Vg)].

For gas3vapor mixture I (see table) the expressions
are as follows (coefficients of determination >0.95):
for benzene (s 0.2, S 0.2)

Â(Vg) = 31.5 + exp(30.0014Vg)[313.1 cos(0.0090Vg)

+ 14.0 sin(0.0090Vg)],

for toluene (s 1.1, S 1.5)

Â(Vg) = 171.3 + exp(30.0086Vg)[105.7 cos(0.011Vg)

3 341.4sin (0.011Vg)],

for p-xylene (s 9, S 6)

Â(Vg) = 14583 1477exp(30.0006Vg) + 20 exp (30.005Vg),

and for ethylbenzene (s 6, S 6)

Â(Vg) = 727 3 751exp(30.00088Vg) + 28 exp(30.0058Vg).

For mixture II (see table) the expressions are as
follows: for benzene (s 0.6, S 0.8)

Â(Vg) = 51.9 + exp(30.015Vg)[3247.1 cos(0.0088Vg)

+ 836.6 sin(0.0088Vg)],

for toluene (s 1.3, S 1.4)

Â(Vg) = 391.4 + exp(30.0092Vg)[31657 cos(0.0086Vg)

+ 1405 sin(0.0086Vg)],

and for p-xylene (s 16, S 14)

Â(Vg) = 18923 4331exp(30.0084Vg) + 3858exp(30.020Vg).

The results demonstrate a satisfactory agreement
of the theoretical

^

A(Vg) and experimental peak areas
-

A(Vg) (see table). Note also that forp-xylene and eth-
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Analysis of gas3vapor mixtures of hydrocarbons* [mixture composition (mg m33): (I) benzene 5.8, toluene 4.6, ethyl-
benzene 4.5, andp-xylene 4.1 and (II) benzene 49, toluene 42, andp-xylene 51]
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Peak areaA(Vg), mV s
³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Component ³ Vg, ml ³
run no. 1

³
run no. 2

³
run no. 3

³
run no. 4

³ mean ³ theoretical
³ ³ ³ ³ ³ ³

-

A(Vg) ³ ^A(Vg)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Mixture I

Benzene ³ 100 ³ 33.7 ³ 35.5 ³ 32.7 ³ 33.9 ³ 34.0 ³ 34.0
Toluene ³ 100 ³ 62.8 ³ 61.5 ³ 59.4 ³ 61.9 ³ 61.4 ³ 61.2
Ethylbenzene ³ 100 ³ 57.9 ³ 57.7 ³ 52.9 ³ 55.8 ³ 56.0 ³ 55.0
p-Xylene ³ 100 ³ 76.0 ³ 74.7 ³ 71.7 ³ 79.3 ³ 75.4 ³ 75.0
Benzene ³ 200 ³ 43.0 ³ 44.0 ³ 45.1 ³ 43.3 ³ 43.9 ³ 44.0
Toluene ³ 200 ³ 111.6 ³ 114.5 ³ 108.8 ³ 113.7 ³ 112.1 ³ 112.1
Ethylbenzene ³ 200 ³ 98.6 ³ 109.5 ³ 100.5 ³ 104.5 ³ 103.0 ³ 106.0
p-Xylene ³ 200 ³ 143.9 ³ 142.8 ³ 138.7 ³ 143.4 ³ 142 ³ 148.0
Benzene ³ 300 ³ 44.3 ³ 43.2 ³ 43.8 ³ 42.8 ³ 43.5 ³ 43.0
Toluene ³ 300 ³ 176.7 ³ 164.3 ³ 165.6 ³ 170.4 ³ 169.2 ³ 169.2
Ethylbenzene ³ 300 ³ 182.6 ³ 158.5 ³ 161.7 ³ 171.4 ³ 169.0 ³ 155.0
p-Xylene ³ 300 ³ 243.7 ³ 214.5 ³ 240.8 ³ 241.9 ³ 235.0 ³ 218.0
Benzene ³ 400 ³ 31.6 ³ 31.5 ³ 35.4 ³ 37.6 ³ 34.0 ³ 34.5
Toluene ³ 400 ³ 184.8 ³ 172.3 ³ 183.3 ³ 179.5 ³ 180.0 ³ 181.1
Ethylbenzene ³ 400 ³ 208.0 ³ 211.4 ³ 201.1 ³ 199.5 ³ 205.0 ³ 202.0
p-Xylene ³ 400 ³ 287.0 ³ 281.0 ³ 259.1 ³ 269.3 ³ 274.0 ³ 286.0
Benzene ³ 500 ³ 25.4 ³ 24.4 ³ 28.7 ³ 26.8 ³ 26.3 ³ 26.0
Toluene ³ 500 ³ 188.9 ³ 160.3 ³ 178.5 ³ 188.9 ³ 179.1 ³ 175.3
Ethylbenzene ³ 500 ³ 267.3 ³ 235.3 ³ 236.0 ³ 255.2 ³ 248.0 ³ 245.0
p-Xylene ³ 500 ³ 381.8 ³ 326.3 ³ 306.5 ³ 346.2 ³ 340.0 ³ 350.0
Benzene ³ 600 ³ 21.3 ³ 24.1 ³ 24.0 ³ 24.3 ³ 23.4 ³ 23.3
Toluene ³ 600 ³ 164.3 ³ 170.9 ³ 169.2 ³ 172.8 ³ 169.3 ³ 171.1
Ethylbenzene ³ 600 ³ 304.3 ³ 298.1 ³ 304.8 ³ 286.9 ³ 298.0 ³ 285.0
p-Xylene ³ 600 ³ 442.4 ³ 446.5 ³ 402.1 ³ 391.4 ³ 421.0 ³ 411.0

Mixture II

Benzene ³ 100 ³ 194.0 ³ 177.3 ³ 163.5 ³ 148.9 ³ 157.9 ³ 155.9
Toluene ³ 100 ³ 399.7 ³ 409.0 ³ 389.6 ³ 381.8 ³ 387.0 ³ 386.6
p-Xylene ³ 100 ³ 552.2 ³ 580.9 ³ 545.4 ³ 563.7 ³ 557.0 ³ 553.0
Benzene ³ 200 ³ 188.2 ³ 92.7 ³ 92.8 ³ 90.0 ³ 93.3 ³ 92.1
Toluene ³ 200 ³ 389.5 ³ 641.6 ³ 632.4 ³ 665.6 ³ 651.5 ³ 651.5
p-Xylene ³ 200 ³ 530.3 ³ 1099.3 ³ 1133.3 ³ 1139.4 ³ 1128.0 ³ 1153.0
Benzene ³ 300 ³ 61.8 ³ 58.8 ³ 59.4 ³ 53.7 ³ 58.4 ³ 58.2
Toluene ³ 300 ³ 511.5 ³ 517.1 ³ 553.0 ³ 527.9 ³ 527.4 ³ 527.0
p-Xylene ³ 300 ³ 1567.8 ³ 1588.9 ³ 1600.3 ³ 1593.6 ³ 1588.0 ³ 1550.0
Benzene ³ 400 ³ 56.7 ³ 53.5 ³ 50.4 ³ 46.7 ³ 51.8 ³ 51.7
Toluene ³ 400 ³ 416.9 ³ 414.4 ³ 417.1 ³ 425.1 ³ 418.4 ³ 420.4
p-Xylene ³ 400 ³ 1787.2 ³ 1742.2 ³ 1767.0 ³ 1734.1 ³ 1758.0 ³ 1741.0
Benzene ³ 500 ³ 55.4 ³ 53.4 ³ 49.6 ³ 46.6 ³ 51.3 ³ 51.5
Toluene ³ 500 ³ 388.2 ³ 393.4 ³ 386.8 ³ 386.8 ³ 388.8 ³ 384.9
p-Xylene ³ 500 ³ 1812.4 ³ 1859.1 ³ 1822.1 ³ 1825.8 ³ 1830 ³ 1826.0
Benzene ³ 600 ³ 53.5 ³ 54.9 ³ 51.4 ³ 47.7 ³ 51.9 ³ 51.8
Toluene ³ 600 ³ 377.4 ³ 384.4 ³ 386.9 ³ 380.8 ³ 382.4 ³ 383.4
p-Xylene ³ 600 ³ 1819.5 ³ 1891.1 ³ 1888.3 ³ 1877.6 ³ 1869.0 ³ 1864.0
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Sorbent bed about 1 cm; gas3vapor mixture feed rate 20 ml min31.
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ylbenzene the dependences of the peak area onVg are
described by expressions like Eq. (2) and for benzene
and toluene, by expressions like Eq. (4).

Let us consider the features of sorption ofp-xylene
and ethylbenzene. A process described by the AR-2
model may be stationary or nonstationary [11]. Math-
ematically, the stationary condition is that roots of
the characteristic equation should be within a unit
disk, i.e., |zi| < 1. Starting from certainVg

*,
^

A(Vg > Vg
*)

remains practically constant and equal to the absolute
term of the regression equation (in other words, steady-
state mode is established). Just such a mode is realized
for both p-xylene and ethylbenzene. Drawing an anal-
ogy with a consecutive two-step process, one may
accept that these steps are sorption of a hydrocarbon
on, and its desorption from the sorbent, and the in-
strumental signalA(Vg) reflects here the concentration
of the hydrocarbon that participated in sorption3de-
sorption in the carrier gas that passed through the sor-
bent bed. Assuming that the sorption stage is re-
flected in the equations as the exponential term with
the minus sign, one can recognize that the exponential
indices (sorption rate constants) in the equations for
p-xylene and ethylbenzene are different, whereas those
in the terms with the plus sign appear to be close
for these components (they can be regarded as the
characteristics of desorption).

By virtue of complex roots of the characteristic
equations, the regression equations obtained for ben-
zene and toluene describe an oscillating (occasionally
called pseudoperiodic) process [11].

To conclude, the model with two consecutive steps
for sorption3desorption processes allows thorough

characterization of the sorption behavior of each ana-
lyte of a complex gas3vapor mixture, making it pos-
sible to determine what volume of the gas3vapor mix-
ture should be passed through the sorbent bed for
the process to become stationary.
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Abstract-Water desorption from wheat cereals was studied by thermogravimetry, IR spectroscopy, and NMR
relaxation in the temperature range 943220oC. The process kinetics were described in terms of polychromic
reactions. The kinetic parameters of the process were determined.

Sorption of water vapor by wheat cereals and oth-
er plant products and reverse desorption are of sci-
entific and practical importance. The most commonly
used method for determining the moisture content
of cereals is based on measurements of water desorp-
tion and involves measurement of weight loss under
thermostatic control (in the case of wheat cereals) at
130oC for 40 min [GOST (State Standard) 13586.53
93]. Moisture is desorbed in the course of drying of
cereals. Water contained in cereals is actively involved
in various physiological processes, and the features of
sorption and desorption are closely related to these
processes. From the purely chemical standpoint, sorp-
tion and desorption of water in cereals is a special
case of hydration and dehydration of solids. These
reactions are extremely widespread (in particular, for
crystal hydrates [1]); in the case of cereals, the spe-
cific feature of hydration and dehydration consists
in that these processes occur in essentially hetero-
geneous solids.

Here we report the kinetic features of water de-
sorption from wheat1 that was not subjected to pre-
milling.

EXPERIMENTAL

The main characteristics of wheat were as follows:
type IV, subtype 4, class 5, nature 760, passing through
a sieve 1.70 20, the gluten amount corresponds to the
second group; content of impurities (%): weedy, 0.8
and cereal, 1.2.

The drying kinetic were monitored by the varia-
tion of the wheat weight, using ATV-13R automatic
thermal balance designed and manufactured at the
ÄÄÄÄÄÄÄÄÄÄ

1 Wheat from Tula oblast (harvest 1998, Mironovskii-88 sort)
was used.

Institute for Problems of Chemical Physics. The ex-
periments were carried out in the temperature range
943220oC. At a temperature of 110oC and above,
the typical weighed portion of wheat was 40350 mg,
i.e., a single wheatcereal was studied. At lower
temperatures, when the reaction proceeds extremely
slowly, larger weighed portions, up to 1 g, were used.

When the samples were heated to high tempera-
ture, irreversible chemical transformations occurred
in wheat in addition to water desorption. The com-
position of gaseous products formed in these trans-
formations was determined by IR spectroscopy. For
this purpose, the gaseous products were condensed
in a glass trap cooled to3196oC. After defrosting,
the products were extracted with ether, the ether so-
lution was applied on a KBr window, and ether was
allowed to evaporate. Then, the window was placed
in a Specord M82 spectrometer and a spectrum was
recorded.

The NMR spectra were recorded on an RI-23-03
pulse spectrometer operating at 60 MHz for protons.
The spin3spin relaxation timeT2 was measured. The
pulse length was 1.532 ms. The time interval of sig-
nal strobbing was 1ms. The measurements were car-
ried out in the temperature range from3150 to 150oC.

The typical kinetic curves of water desorption from
wheat are shown in Fig. 1. It is seen that the process
includes two clearly pronounced macroscopic stages:
the first stage is very fast and then the process sub-
stantially self-decelerates. For example, at 110oC
(curve 1) the desorption rate at a 67% degree of de-
sorption is a factor of 32 lower than the initial rate.

The kinetic curve of desorption is complicated and
cannot be described by a simple kinetic equation (e.g.,
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Fig. 1. Gravimetric kinetic curves of dehydration of wheat
cereals: [a = (m0 3 m)/m0] degree of conversion, (m0) ini-
tial weighed portion, (m) sample weight, and (t) time.
Temperature (oC): (1) 110, (2) 130, (3) 160, and (4) 220.
(Dashed line) total moisture content in cereals; (points)
data on desorption kinetics obtained by the NMR relaxation.

Fig. 2. Rate of water desorption from wheat cereals vs.
the current water content in cereals. Temperature 130oC.

Fig. 3. Apparent activation energyEa of water desorption
from wheat cereals with initial moisture content of 11.25%
vs. the amount of the released moisture.

equation of annth-order reaction). Actually, when the
reaction is described by annth-order kinetic equation

(1)log(1 3 a) = f [log(da /dt)],

wherea = (m0 3 m)/m0 is the degree of conversion,
m0 is the initial weighed portion of the substance, and
m is the current weight of the sample, a straight line
with a slope equal ton should be obtained. It is seen
from Fig. 2 that the actual plot is essentially nonlinear.
That is, the reaction ordern determined as the slope in
the coordinates of Eq. (1) is not constant but varies in
the course of the reaction. In the initial stage,n is close
to 0, and then it passes through a maximum (nmax ; 7)
and tends to 1 at high degrees of dehydration.

This complicated kinetic behavior of the system
does not allow determination of the activation ener-
gies with the standard procedures. Therefore, the ac-
tivation energy of the process was found as follows.
At a given temperatureT1 and degree of desorption
a (corresponding to the reaction ratew1) the system
was heated to a higher temperatureT2, and the process
rate w2 was measured. Since the system was heated
up rapidly (in approximately 3 min), we assumed that
w1 and w2 values correspond to the same value ofa.
Then, the activation energy was determined from the
expression

(Ea/R)[(1/T1) 3 (1/T2)] = ln(w2/w1). (2)

This method was detailed and substantiated in [2].

It was found that the apparent activation energy
of desorption is not constant but varies during the
process. For example, for wheat cereals with mois-
ture content of 8.45% (determined from the weight
loss at 130oC in 40 min), the activation energy in-
creases from 5.9 in the initial stage of the process to
9.4 kcal mol31 at a degree of dehydration of 80.5%
(Fig. 3). At highera, attempts to measure the activa-
tion energy failed, since under these conditions the
reaction is extremely slow. In this case, an increase
in temperature (which can noticeably accelerate de-
hydration at these values ofa) is impossible, since
this requires a heating that results in irreversible
chemical transformations. In the special series of
experiments, we studied the dependence of the ac-
tivation energy at givena on temperature at which
this a value was reached. For this purpose, thereac-
tion was brought toa = 0.04 at 91, 110, and 130oC
and then the temperature was abruptly raised by 20oC.
It was found that the activation energy was practically
constant within the limits of experimental error; at the
above temperatures it was 8.2, 7.9, and 7.1 kcal mol31.

As seen from Fig. 1,water is completely removed
from wheat cereals within several hours only at ap-
proximately 160oC. At a higher temperature the re-
action also proceeds in two stages (Fig. 1, curve4).
However, in this case, the second slower stage of
the reaction involves not dehydration but irreversible
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chemical transformations. Actually, in this run the
cereals were carbonized and various organic com-
pounds were present in gaseous reaction products.
In the IR spectrum of these products, absorption
bands at 3620 (weak hydrogen bonds), 330033400
(water and alcohols), 3220 (OH or NH), 2930 (meth-
yl groups), 2860 (methylene and methyl groups), 2500
(carboxy groups), and 1710 cm31 (C=O stretching
modes) were found. It should be noted that, accord-
ing to IR data, dehydration of cereals at 160oC for
1 h is accompanied by transition of only water to
the gas phase. The stage corresponding to chemical
transformations in cereals has higher activation en-
ergy, which is close to 25 kcal mol31 for the temper-
ature range 1803220oC.

The results of NMR relaxation studies of wheat
cereals are presented inFig. 4. Curve1 was obtained
for the initial cereals, and curve2, for cereals sub-
jected to heating at 130oC for 100 min. In both curves,
there are two portions corresponding to fast and slow
proton relaxation (A is fraction of oriented spins).
The fast decay corresponds to the low-mobile protons
of starch, and slow decay, to mobile protons of wa-
ter molecules. Computer simulation showed that the
slow decay in curve2 is exponential and the decay
in curve 1 is two-exponential. A computer extrapola-
tion of the two-exponential portion to the initial in-
stant of time showed that the amount of water protons
in the initial cereals is about 30% of the total amount
of protons in cereals. At the same time, for curve2
(i.e., after heat treatment) this fraction decreases to
8310%. The kinetic curve describing the decrease in
the amount of mobile protonsb (%) during heating
of wheat cereals at 130oC is presented in Fig. 5.

The kinetic curve of water desorption from wheat
cereals at 130oC, obtained from NMR data, is shown
in Fig. 1 in the form of experimental points. Com-
parison of this curve with curve2 (Fig. 1) shows
that the results of gravimetric and NMR measure-
ments are in reasonable agreement.

In discussing the results obtained, it is appropriate
to consider only the processes related to water desorp-
tion and not to irreversible chemical transformations
accompanied by formation of various organic prod-
ucts. The above data suggest that in wheat cereals
there are at least two types of water molecules, rela-
tively weakly and relatively strongly bonded. As seen
from Fig. 3, the boundary between these two types
corresponds toa = 6.6% and activation energy of
9.4 kcal mol31. It is interesting that the latter value is
close to the heat of water vaporization, 9.7 kcal mol31

[3]. In the initial stages of dehydration, the apparent
activation energy is noticeably lower than the heat of

Fig. 4. Free induction decayA of (1) the initial wheat
cereals and (2) cereals preliminarily heated at 130oC for
100 min. (t) Time.

Fig. 5. Fraction of mobile protons in wheat cerealsb vs.
time t at 130oC.

water vaporization. Hence, water desorption from
wheat is controlled in these stages not by vaporiza-
tion (i.e., rupture of several hydrogen bonds is not
limiting stage), but, evidently, by diffusion. By con-
trast, whena > 6.6%, the activation energy is higher
than the heat of water vaporization,i.e., in this case,
dehydration is controlled not only by water diffusion
but also involves overcoming of the difficulties pro-
duced by the material of wheat cereals.

Thus, it is reasonable to speak about distribution of
water molecules with respect to their reactivity dur-
ing dehydration of wheat. Similar phenomena, name-
ly, different reactivities of molecules of the same sub-
stance in different sites of the reaction mixture, are
common in chemistry of solids and are termed[poly-
chromic processes] [4]. The kinetic curves presented
in Fig. 1 are typical of such reactions [5].

As already mentioned, the right branch of curve
4 (Fig. 1) corresponds to chemical degradation of
cereals, rather than to water desorption. Therefore,
extrapolation of this curve to zero time must cor-
respond to weight loss due to dehydration only. In
Fig. 1, the corresponding weight loss is shown by
dashed line; it characterizes the true moisture content
of cereals, equal to 11.25% for this specific case. It
is of interest that the same line is the asymptote for
kinetic curve 3 obtained at 160oC. In other words,
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Fig. 6. Kinetic curves of water desorption from wheat
cereals in the coordinates of the Elovich equation. (t) Time.
Temperature (oC): (1) 110, (2) 130, and (3) 150.

this curve describes only dehydration (without chem-
ical destruction); in this case, virtually complete re-
moval of water is attained within several hours. Thus,
the kinetic approach to water desorption from wheat
cereals allows determination of the total content of
water in cereals with high accuracy without grinding
required by GOST 13586.5393.

It was already noted that there is a qualitative
agreement between the gravimetric and NMR relaxa-
tion data. However, there is no close similarity. As
seen from Fig. 1, the process described by the NMR
relaxation is somewhat faster and is finished earlier
than it follows from gravimetric measurements. In
addition, this process is very complex: at high degrees
of desorption the process becomes multistage (Fig. 5).
This disagreement with data of gravimetric measure-
ments suggests that during heating water molecules
not only leave cereals but are also subjected to trans-
formations involving, in particular, the loss of their
mobility.

Considering two types of water molecules in wheat
cereals (weakly and strongly bonded), we somewhat
simplified the situation. The point is that water mo-
lecules differ in activation energy even within each
type (Fig. 3). In the simplest case, polychromic ki-
netics can be described by the Elovich equation [6],
in which it is assumed that the activation energy de-
pends linearly on the degree of conversion. In the case
in hand, it would be expected that two straight por-
tions corresponding to one or another type of water
molecules can be obtained in the coordinates of this
equation. The data obtained in the temperature range
1103150oC are presented in Fig. 6. As seen, the
linear dependence is actually obeyed up toa ; 7%,
i.e., practically to thedegree of conversion corre-
sponding, according to Fig. 3, to the boundary be-
tween different types of water molecules. It should be
noted that this degree of conversion, up to which the
Elovich equation is obeyed, is temperature-indepen-

dent within experimental error. Then, there is a bend
in the curve, and, after short transition portion, the
Elovich equation is obeyed again, but with another
slope corresponding to the other type of water mol-
ecules (strongly bound water).

CONCLUSIONS

(1) Water desorption from wheat cereals not sub-
jected to grinding was studied by gravimetry, IR
spectroscopy, and NMR relaxation in the tempera-
ture range 943220oC. At temperatures below 160oC
and heating time of about several hours, water de-
sorption from wheat cereals is the only process; at
higher temperatures, along with water desorption, ir-
reversible chemical transformations occur, accompa-
nied by release of various organic substances.

(2) The kinetic data suggest that water is present
in wheat cereals in two forms: weakly and strongly
bound. The kinetics of desorption of both weakly and
strongly bound water were described in terms of the
model of polychromic reactions, according to which
the activation energy is a function of the degree of
desorption. The kinetic parameters of the process were
determined.

(3) Kinetic data on water desorption can be ef-
fectively used for determination of the moisture con-
tent of wheat cereals.
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Abstract-Sorption of Cu(II) and Ni(II) complexes with ammonia, aminoacetic acid, and EDTA and sorption
of chromium(VI) by shells ofMusca Domesticalarvas was studied.

Metal complexes are widely used in various branches
of industry (electroplating, textile industry, production
of dyes and drugs, radioelectronics, etc.). The pres-
ence of ligands forming strong complexes with these
metals prevents precipitation of the metals from so-
lutions. In this case, to remove metal ions from solu-
tions, these ligands are decomposed. In solutions con-
taining carboxylate anions, coprecipitation of metal
hydroxides and carboxylates provides almost complete
removal of the metal from solutions [1]. To precipitate
bivalent metal ions in the form of oxalates from so-
lutions of their amino complexes, the solutions are
acidified to pH 031. The degree of removal of metals
from these solutions is 95398% [2]. Removal of met-
als from solutions by their reduction or electrodeposi-
tion is also incomplete. In this case, additional puri-
fication is required after removal of the major portion.

Natural sorbents or industrial wastes, such as peat
and wood sawdust, are widely used to remove heavy
metals from dilute solutions [3, 4]. Among these sor-
bents is the material of Shells ofMusca Domestica
larvas (SMDL) which is produced by biological treat-
ment of protein raw materials.1 These shells contain
40% of natural polysaccharide [(164)-2-acetamido-2-
deoxy-b-D-glucan] exhibiting good sorption proper-
ties with respect to heavy metal ions [537]. It should
be noted that sorption of metal complexes on both syn-
thetic and natural sorbents has been poorly studied.
Previously, we have studied [8] the sorption properties
of chitin prepared by conventional treatment of SMDL
ÄÄÄÄÄÄÄÄÄÄ
1 About 20 kg of SMDL is formed daily during processing of

food wastes withMusca Domesticaat Chitinas Joint Stock
Company (Vilnius).

with HCl and NaOH solutions [8]. It was found that
this chitin sorbs only freeheavy metal cations, whereas
degreased SMDL do not sorb free ions of most of heavy
metals at all [9]. Relatively good sorption of metal
complexes form solutions on SMDL was surprising.

In this work, sorption of metal complexes from so-
lutions on SMDL was studied in detail.

EXPERIMENTAL

To make SMDL wettable, they were degreased by
treatment with a 40 g l31 NaOH solution at room
temperature for 24 h. During this treatment, proteins
partially dissolved, as indicated by a decrease in the
nitrogen content from 7.8 to 6.2 wt %. The study of
the sorption kinetics showed that, with stirring, the
equilibrium between the solid and liquid phases was
attained within 233 h, although an insignificant de-
crease in metal concentration was observed through-
out the experiment (up to 20 days). A metal complex
solution containing washed and dried shells was stirred
at room temperature for 4 h. When sorption isotherms
were studied, the shells were additionally kept in the
solution for 5 days with intermittent stirring to attain
the true equilibrium. The pH was adjusted with NaOH
or H2SO4 solutions. The sorption of metal ions and
glycine was estimated from the difference of their
concentrations before and after the experiment, which,
in their turn, were determined by complexometric ti-
tration and, at trace level, by colorimetry.

Since the metal sorption is almost independent of
the degree of SMDL grinding, we used partially ground
shells in the form of 0.532.0 mm2 flakes, which are
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Table 1. Metal sorption on SMDL*
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Metal ion
³

Ligand, mM
³

pH
³ Metal ion concentration, mg l31 ³ SC,**³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´

³ ³ ³ initial ³ residual ³ mmol g31

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Cu(II) ³ 3 ³ 4.0 ³ 635 ³ 635 ³ 0

³ NH3: ³ ³ ³ ³
³ 30 ³ 4.0 ³ 635 ³ 457 ³ 0.7
³ 1000 ³ 4.0 ³ 635 ³ 463 ³ 0.7
³ 30 ³ 4.0 ³ 635 ³ 0.3 ³
³ Glycine: ³ ³ ³ ³
³ 60 ³ 5.5 ³ 128 ³ 76.5 ³ 0.2
³ 60 ³ 5.0 ³ 128 ³ 0.2 ³ 0.6
³ 6 ³ 5.5 ³ 12.7 ³ < 0.1 ³
³ Tartrate: ³ ³ ³ ³
³ 10 ³ 6.7 ³ 130 ³ 0.4 ³ 0.6
³ 5 ³ 9.0 ³ 7.5 ³ < 0.1 ³

Ni(II) ³ Citrate: ³ ³ ³ ³
³ 20 ³ 4.5 ³ 840 ³ 670 ³ 0.7
³ 2 ³ 9.0 ³ 8.4 ³ < 0.05 ³
³ Glycine: ³ ³ ³ ³
³ 1 ³ 9.0 ³ 6.6 ³ < 0.05 ³
³ 30 ³ 5.2 ³ 590 ³ 510 ³ 0.3
³ 3 ³ 5.2 ³ 59 ³ 35 ³ 0.1

Cr(VI) ³ 3 ³ 3.3 ³ 162 ³ 162 ³ 0
³ 3 ³ 3.3 ³ 50 ³ < 0.1 Cr(VI) ³
³ ³ ³ ³ 7.5 Cr(III) ³
³ 3 ³ 7.8 ³ 50 ³ 36 Cr(VI) ³
³ ³ ³ ³ < 0.1 Cr(III) ³

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Shell content 4 g l31.

** SC denotes sorption capacity.

Table 2. Sorption capacity of SMDL at pH 3.2 in solutions containing Ni(II) and glycine*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
Initial concentration ³ Residual Ni(II)³ SC, º Initial concentration ³Residual Ni(II)³ SC,ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³ ÇÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³³ concentration,³ º ³ concentration,³

Ni(II), mg l31 ³ glycine, mM³ mg l31 ³mmol g31
ºNi(II), mg l31 ³ glycine, mM³ mg l31 ³mmol g31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
125 ³ 4 ³ 0.7 ³ 0.4 º 2500 ³ 40 ³ 1650 ³ 2.8
250 ³ 4 ³ 68 ³ 0.6 º 610 ³ 400 ³ 150 ³ 1.5
250 ³ 40 ³ 3.4 ³ 0.8 º 2500 ³ 400 ³ 1920 ³ 2.0
610 ³ 40 ³ 35 ³ 1.9 º ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Shell content 10 g l31.

Fig. 1. Residual concentration of nickel ions after sorption
CNi(II) vs. solution pH. Amount of SMDL 10 g l31, initial
Ni(II) concentration 0.1 mM Glycine concentration (mM):
(1) 0.4, (2) 4.0, (3) 40, and (4) 400.

readily stirrable, filterable and washable. The shells
were repeatedly used after regenration with 336 M
acetic acid. After this treatment, their sorption ca-
pacity even slightly increased.

We studied sorption of metal complexes widely
used in electroplating and production of printed-cir-
cuit boats. The results presented in Table 1 show that
SMDL, to a greater or lesser extent, sorb metal com-
plexes from solutions. The metal sorption depends on
both pH and the ligand concentration in the solution.
In acidic solutions, the shells probably reduce Cr(VI)
to Cr(III), which is not the case at higher pH.

A study of the sorption of Ni(II) glycine (amino-
acetate) complexes widely used in nickel plating
showed a rather complex dependence of the residual
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N(II) concentration on the solution pH. The sorp-
tion is maximal at pH 336 and ~12 (Fig. 1). This
may be due to the pH dependence of the composition
of Ni glycinate complexes [10]. In acidic solutions,
[Ni(gly)] + is formed. At higher pH, [Ni(gly)2] ex-
ists in solution. At pH > 10, [Ni(gly)3]

3 is detected.
The ligand concentration also affects the metal sorp-
tion (Fig. 1, Table 2). The sorption of nickel ions
decreases with increasing ligand concentration in the
solution. Strong effect of glycine on the sorption prop-
erties of SMDL suggests cosorption of nickel ions
with the ligand. Determination of the glycine content
in the solutions showed that the sorption of glycine
on SMDL is even higher than that of nickel ions
(Fig. 2).

Sorption on SMDL of Cu(II)3EDTA complexes
used for electroless copper plating of perforations
in printed-circuit boards differs somewhat (Fig. 3, 4).
When the EDTA concentration in the solution is low-
er than the Cu(II) concentration, SMDL sorb copper
ions only from alkaline solutions (pH; 12). In this
case, [Cu(EDTA)(OH)]33, rather than [Cu(EDTA)]23,
is probably sorbed [11].

As the EDTA-to-Cu(II) ratio increases, the cop-
per sorption grows. When this ratio is in the range
10031000, copper is readily sorbed at pH 3312. In
more acidic solutions (pH 032), EDTA exists in the
form of difficulty soluble acid H4EDTA, which de-
creases the copper sorption.

Since EDTA enhances copper sorption, SMDL can
be used for additional removal of copper ions from
electroless copper plating solutions. These solutions
contain, after preliminary copper removal by precip-
itation with oxalate or reduction on active CuO, 103
250 and 0.130.5 mM ligand and copper, respectively.

Our previous experimental results [9] suggest that
metal complexes are not sorbed by chitin, which is the
main component of the shells. The sorption involves
formation of complexes with other compounds present
in the shell, such as keratins, melanins, inorganic com-
pounds, etc. [6]. This agrees with the fact that sorp-
tion of heavy metals on Khizit (waste of processing of
crab armors) is about 8 times higher [4] than on chitin.

CONCLUSIONS

(1) Shells ofMusca Domesticalarvas sorb ammo-
nia, citrate, tartrate, glycinate, and EDTA complexes
of nickel and copper, which are difficultly removed
from solutions.

(2) The sorption capacity and degree of metal re-
moval depend in the complex manner on the ligand

Fig. 2. Sorption isotherms of (133) nickel and (1`33`) gly-
cine at nickel(II)-to-glycine molar ratio of (1, 1`) 4 : 1,
(2, 2`) 40 : 1, and (3, 3`) 200 : 1. Amount of SMDL
10 g l31, pH 3.6.

Fig. 3. Residual copper concentrationCCu(II) after sorption
vs. the solution pH. Amount of SMDL 10 g l31, initial
Cu(II) concentration 0.1 mM.EDTA concentration (mM):
(1) 0.2 and (2) 200.

Fig. 4. Residual Cu(II) concentrationCCu(II) (mg l31) after
sorption vs.EDTA concentrationCEDTA in the solution.
Amount of SMDL 10 g l31, pH 12.4. Initial Cu(II) con-
centration (mM): (1) 0.1, (2) 0.5, and (3) 1.

concentration in the solution and on pH. An increase
in the ligand fraction suppresses nickel sorption from
glycine solutions and enhances copper sorption from
EDTA solutions.
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Sorption Modification of Fine Silica with Polyvinylpyrrolidone
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Abstract-The interaction of fine silica with polyvinylpyrrolidone in aqueous medium was studied by
IR spectroscopy.

Due to its specific properties, fine amorphous silica
is widely used in biotechnology, agriculture, medicine,
and pharmaceutics [1, 2]. Silica sorbents with required
properties can be prepared by their chemical modifica-
tion. Modification involves substitution of the initial
functional surface groups of silica by other groups
or coating of the surface by a monomolecular layer
of the corresponding polymer. Modification of the
surface of fine silica with polyvinylpyrrolidone (PVP)
allows preparation of silica sorbents with new prop-
erties [3].

Polyvinylpyrrolidone is used in medicine, phar-
macy, and cosmetics. This hydrophilic polymer is
soluble in water and other solvents and can participate
in complex formation. Such PVP properties as stabi-
lization of emulsions and suspensions, prolongation
of the effect of some drugs, and nontoxicity [2] are
important in the pharmaceutical industry.

In our study, we used A-300 brand Aerosil with
specific surface area of 287 m2 g31, containing spher-
ical primary particles (9310 nm in diameter). The sur-
face of these particle contains isolated hydroxy groups
=Si3OH (silanol groups), hydroxy groups linked by
hydrogen bonds in various combinations, and molec-
ular water in various forms, from coordination-bound
to physically sorbed. The concentration of silanol
groups, which are the main sorption centers, on the
surface of the silica studied was 0.65 mmol g31, and
the total water content, 435 wt %. Owing to hydro-
gen bonds, these primary Aerosil particles form sec-
ondary particles or aggregates 2003500 nm in diam-
eter [1, 4].

As modifying agent we used a 5% aqueous solu-
tion of pharmacopeia grade PVP (molecular weight
about 12000). Since PVP is rather hygroscopic, PVP
solutions are more convenient for experimental work

than powders. Aqueous PVP solutions are stable for
a long time after their sterilization for 15320 min.

In this work, we studied the interaction of fine sil-
ica with PVP and the effect of sorption modification
of the surface on some sorbent properties.

EXPERIMENTAL

The PVP sorption was performed under static
conditions at room temperature. Solutions of PVP
(initial concentration 0.130.6 wt %) were mixed with
a 5% silica suspension so that the solution : sorbent
ratio was constant, 10 ml : 100 mg. After 1-h contact
the mixture was centrifuged for 30 min at 8000 rpm.
The amount of sorbed PVP was determined photocol-
orimetrically with iodine [5] from the difference in the
PVP concentrations in solution before and after inter-
action with silica.

The curve of PVP sorption on the fine silica sur-
face is described by the Langmuir isotherm(Fig. 1).
In the Ce/A3Ce coordinates, whereCe is the equilib-

Fig. 1. Isotherm of PVP sorption on the fine silica surface
(A) PVP sorption and (Ce) equilibrium PVP concentration.
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Fig. 2. Amount of irreversibly sorbed PVP on the silica
surface vs. initial content of the polymer on the silica
surface C0. (Airr) Irreversible PVP sorption.

Fig. 3. IR spectra of silica samples after contact with (1)
water and (2, 3) PVP solutions and drying in air at 20oC.
(T) Transmission and (n) wave number. Initial concentra-
tion of the PVP solution: (2) 100 and (3) 200.

rium concentration of a dissolved compound andA
is the PVP sorption, this isotherm is a straight line.
This allows evaluation of the maximal sorption of
the PVP polymerAmax [6], equal to 200 mg g31. Ac-
cording to the Langmuir theory,Amax corresponds to
the monolayer capacity.

In amounts of up to 100 mg g31, PVP is irrevers-
ibly sorbed on the Aerosil surface and is not removed
from the sample upon contact with pure water. At
higher PVP content the polymer is partially desorbed.
It was found that, with increasing initial PVP con-
tent, the degree of its desorption increases, simulta-
neously the absolute amount of the irreversibly sorbed
polymer increases also (Fig. 2). Since the stability of
composition and properties of sorbents in the course
of their operation is an important requirement [7], we
should distinguish, for more correct characterization
of the sorbents in question, two parameters. These are

the PVP sorptionAPVP (total content of polymer in the
surface layer) and the degree of surface modification
qmod, namely, the ratio of the amount of irreversibly
sorbed PVP to a value of 100 mg g31, which, taking
into account the above data (Figs. 1, 2), can be con-
sidered 100% modification (qmod = 100%).

To analyze the structure of the adsorption layers
and conformation of macromolecules in them, we
must know the fraction of fragments of the polymer-
ic chains directly interacting with the silica surface,
because, in contrast to the sorption of low-molecu-
lar-weight compounds, simultaneous interaction of all
the fragments of macromolecular chain with the sor-
bent surface is impossible. In this case, the parame-
ter p is used, namely, the ratio of the number of frag-
ments directly interacting with the sorbent surface to
the total number of fragments in the polymer sorbed.

The number of fragments in the macromolecular
chains directly interacting with silica surface can be
effectively determined by IR spectroscopy [6]. As
seen from Fig. 3, the intensity of the absorption
band at 3750 cm31, belonging to free silanol groups
=Si3OH, decreases with increasing coverage of the
silica surface withPVP, and a new absorption band
appears at 3350 cm31, which belongs to the silanol
groups linked by hydrogen bonds. The absorption
bands at 135031550 and 280033000 cm31 belong,
respectively, to the bending and stretching vibrations
of the C3H bonds in the polymer, whereas the ab-
sorption in the 160031750 cm31 range is typical of
the C=O carbonyl groups [8].

The degree of participation of the surface OH
groups in the interaction with PVP can be determined
from the ratio of the optical densities of the band at
3750 cm31 before and after sorption (D0 and D, re-
spectively) using the following expression:

q = 1 3 D/D0.

Analysis of the structures of the silica surface and
PVP molecule and the experimental IR data suggest
that the polymer adsorption proceeds predominantly
through formation of hydrogen bonds between the
oxygen atom of the carbonyl group in the PVP mol-
ecule and hydrogen of the silanol group:

Si OHc

Si OHc[CH2 CH ]cn

i
g
g

i
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ig
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It is often assumed that strong sorption of PVP on
silica is also due to the formation of an additional hy-
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drogen bond between the hydrogen atom of the silanol
surface group and nitrogen atom of the pyrrolidone
ring =Si3OH_N(PVP) [9]. However, we found no
characteristic absorption bands in the IR spectra attrib-
utable to the interaction of the PVP nitrogen atom with
the silica surface (Fig. 3). Analysis of the chemical
properties of lactams (such as PVP) suggests that nitro-
gen atom in the pyrrolidone ring loses its electron-do-
nor power and thus cannot form hydrogen bonds [10].

To determine the quantitative ratio between the
sorbent and sorbate, we regard the polymer macro-
molecule as a sum of vinylpyrrolidone (VP) units.
Then, using the data on the PVP sorptionAPVP for
each sample, we can determine the total concentration
of the carbonyl groupsaCO in the polymer layer,
which is obviously equal to the content of VP units
on the surface:

aCO = aVP = APVP/MVP,

where aCO is the total content of the carbonyl
groups (mmol g31), aVP the content of the VP frag-
ments (mmol g31), APVP the PVP sorption (mg g31),
and MVP the molecular weight of the VP unit
(111 mg mmol31).

Since a single VP unit forms bond with a single
silanol group on the silica surface, the number of the
carbonyl groups,aC̀O, participating in the linking is
equal to the number of the hydroxy groups,aÒH, and
can be determined from the following equation:

aC̀O = aÒH = aOHq,

where aC̀O is the concentration of the carbonyl
groups interacting with the silica surface (mmol g31),
aÒH the concentration of the excited silanol groups
(mmol g31), aOH the initial concentration of the sur-
face silanol groups (0.65mmol g31), and q the de-
gree of involvement of the silanol groups in hydro-
gen bonding with VP units.

Thus, the criterionp describing the conformation
of the adsorbed macromolecules can be calculated by
the following expression:

p = aC̀O/aCO = aOHq/(APVP/MVP)

0.65q/(APVP/111) = 72.15q/APVP.

As seen from our calculations (Fig. 4),p depends
on the PVP content at the silica surface. At low
polymer sorption,p = 0.8, which corresponds to
a highly compact sorption layer [6]. At higher degrees
of coverage,p decreases, which suggests formation
of looser structure of the adsorption layer with satu-

Fig. 4. Fraction of bound carbonyl groupsp vs. PVP
sorption APVP.

Fig. 5. Efflux time of 5% suspensiont vs. PVP sorption
APVP. Solvent: (1) distilled water and (2) 0.9% NaCl
solution.

ration of the sorbent surface. At higher coverage of
the surface the sorption layer undergoes certain rear-
rangement.

The appearance of free carbonyl groups on the sur-
face would obviously cause certain changes in the
sorption and other properties of the modified silica
sorbents.

We studied the rheological properties of the silica
suspensions in relation to the degree of their sur-
face modification. The viscosity of suspensions was
determined using a VZ-4 viscometer designed as a
100-ml plastic beaker in which the conical bottom
had a calibrated 4-mm outlet.

The measurements were performed as follows. The
viscometer was filled with a suspension and the efflux
time, which is inversely proportional to the viscosity
of the sample, was determined at 20oC. It was found
that the viscosity of our suspensions is almost inde-
pendent of the PVP content and is only slightly higher
than that of water. However, when the suspensions
were prepared using normal saline (0.9% NaCl solu-
tion), the dependence of the suspension viscosity on
the degree of modification passes through a maximum
(Fig. 5). With increasing degree of Aerosil modifica-
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Fig. 6. Sorption of quercetinA on the (1) initial and
(2) PVP-modified (qmod = 100%) sorbents vs. the sus-
pension pH.

tion with PVP, the suspension viscosity first increases,
reaching a maximum atqmod = 50%, and then gradu-
ally decreases. We assume that such a dependence is
due to the interaction of free carbonyl groups appear-
ing at the surface of a silanol particle with the silanol
groups still preserved on the surface of another silica
particle. Apparently, the strongest interaction is ob-
served when the number of the silanol and carbonyl
groups on thesilica particles is close. At complete fill-
ing of the sorbent surface with PVP the interaction be-
tween the Aerosil particles would rather be similar to
contacts between polymer macromolecules.

A question arises as to why such a significant in-
crease in the interparticle interaction is observed only
in the presence of NaCl. We assume that the effective
interaction between partially modified Aerosil aggre-
gates is hindered by certain, most probably steric
factors. However, according to [1], cations occurring
in silica colloids or suspensions can act as linking
agents forming bridges between particles. Hence, ap-
pearance of hydrated sodium cations in the suspen-
sions in question promotes linking of the particles and
leads to formation of three-dimensional networks,
which, in turn, increases the suspension viscosity.

Since PVP easily forms complexes with various
(including aromatic) compounds, we suggested that
modification of the silica surface with PVP would
affect the sorption properties of modified sorbents
with respect to phenols, which are not noticeably
sorbed on the initial silica. We studied sorption of
natural polyphenol quercetin from aqueous alcohol on
Aerosil containing 100 mg g31 of PVP (qmod = 100%).

The sorption was performed under static condi-
tions: the solution : sorbent ratio was 10 ml : 100 mg,
the initial quercetin concentration wasC0 = 3.20
1035 M, the suspension pH was adjusted using HNO3

and NaOH. After 1-h contact the mixture was centri-
fuged for 30 min at 8000 rpm. The sorption capacity
was evaluated from the difference of the quercetin
concentrations in solution before and after interaction
with silica by spectrophotometry (l = 367 nm [11]).

The isotherms of the quercetin sorption (Fig. 6)
show that modification of the silica surface with PVP
strongly affects its sorption properties, especially in
weakly acidic solutions. No quercetin is sorbed on
the initial silica at pH < 4, whereas in the case of
the modified sorbent the highest sorption capacity
is observed at pH 334.

CONCLUSION

Our experimental results show that sorption modi-
fication with polyvinylpyrrolidone allows control of
the properties of fine silica and composites based on it.
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and D-Glucaric Acids Catalyzed by Sodium Nitrite
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Abstract-Kinetics of catalytic oxidation ofD-glucose in the HClO43H2O3sulfolane system containing
NaNO2 was studied. Kinetic equations of the process were derived. A scheme for oxidation ofD-glucose with
oxygen in the presence of NaNO2 was proposed.

Conventional oxidation of organic compounds with
oxygen in the presence of metal complexes is not al-
ways selective. Recently, alternative catalytic proce-
dures have been proposed, involving, in particular,
oxygen-containing nitrogen compounds [1, 2].

Previously, we showed that alcohols are selectively
oxidized by oxygen in stronly acidic solutions con-
taining catalytic amounts of NaNO2 [3]. The reaction
rate and yield of the products increase in the presence
of organic sulfones [4].

In this study, we used this procedure for oxidation
of monosaccharides, withD-glucose as an example,
since the products of its selective oxidation are widely
used in pharmaceutics.

EXPERIMENTAL

The kinetics of the process was studied by the gas-
ometric procedure described in [5]. The concentrations
of D-glucose,D-gluconic acid, NaNO2, and HClO4
were varied in the following ranges (M): 0.531.5, 0.53
1.5, 0.0130.25, and 4.036.0, respectively. The partial
oxygen pressure in the gas phase,pO2

, was varied
from 0.20 105 to 1.00 105 Pa, and temperature, from
313 to 343 K. A mixture of HClO4, water, and sul-
folane was used as solvent. The total pressure in the
system was kept constant at 10 105 Pa. The volume
of the liquid Vl and gas phaseVg was 5 and 80 ml,
respectively. The fact that the rate of oxygen uptake is
independent of thehydrodynamic parameters(reactor
volume, shape of its walls, frequency and amplitude
of rocking) indicates that the rate-determining step of
the process in the chemical reaction.

The quantitative and qualitative composition of
the oxidation products was determined by GLC [6].
The structure of the products was confirmed by ele-

mental analysis,1H NMR, and chromato-mass spec-
trometry. The total equilibrium concentration of N(III)
compounds in the liquid phase {[N(III)], M} was
determined by spectrophotometry [7] and chromato-
mass spectrometry.

We found that oxidation ofD-glucose under these
conditions is described by the equation

RCHO + ÄO2 76 RCOOH + O2
1
2 H+
c

NaNO2

D-gluconic
acid

R1(COOH)2 + H2O.776
NaNO2

H+

D-glucose

D-glucaric
acid

(I)

The results of GLC and gasometry showed that
the volume of oxygen taken up and the concentration
of the oxidation products correspond to the stoichi-
ometry of Eq. (I). Therefore, in further studies, the
volume of oxygen taken up was recalculated to the
concentration of the reactants by Eq. (I).

In the absence of sodium nitrite, all other condi-
tions being the same,D-glucose is not noticeably
oxidized. At NaNO2 concentration from 0.075 to
0.25 M, D-glucose is almost quantitatively converted
within 2 min into D-gluconic acid, which is slowly
oxidized toD-glucaric acid (Fig. 1a). This makes im-
possible a kinetic study of oxidation ofD-glucose to
D-gluconic acid (the first step) under these conditions.
At catalyst concentration of 0.0130.05 M, reaction
(I) is appreciably slower (Fig. 1b), with the rate of the
second step (oxidation ofD-gluconic acid toD-glu-
caric acid) being negligible as compared with that of
the first step up to 60% conversion ofD-glucose. This
allowed kinetic study of the first step of reaction (I) at
the initial NaNO2 concentration from 0.01 to 0.05 M.
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Fig. 1. Kinetic curves ofD-glucose oxidation by oxygen
at (a) high (2.50 1031 M) and (b) low (20 1032 M) NaNO2
concentration. Initial concentrations ofRCHO, HClO4, and
sulfolane 1.0, 6.0, and 2.6 M, respectively;T = 333.2 K;
the same for Figs. 234. pO2

= 1 0 105 Pa; the same
for Fig. 3. (C) Current concentration of (1) RCHO,
(2) RCOOH, and (3) R1(COOH)2; (4) amount of oxygen
up-take, nO2;

(t) time.

Fig. 2. Kinetic curves of D-glucose oxidation at partial
oxygen pressurepO2

of (1) 0.210 105, (2) 0.38 105, and
(3) 1.00 105 Pa. NaNO2 concentration 20 1032 M;
the same for Fig. 4. (C) Current concentration of gluconic
acid, (t) time; the same for Fig. 3.

The experimental kinetic curves ofD-glucose ox-
idation to D-gluconic acid are shown in Figs. 2, 3.
The following dependences of the initial rate of
D-glucose oxidationW0 (mol l31 s31) on the reaction
conditions was derived by mathematical processing
of these results:

Fig. 3. Kinetic curves ofD-glucose oxidation at NaNO2 con-
centrationCcat of (1) 1.00 1032, (2) 1.50 1032, (3) 2.00
1032, and (4) 2.50 1032 M; the same for Fig. 6.

Fig. 4. Initial rate of D-glucose oxidationW0 vs. the partial
oxygen pressurepO2.

Fig. 5. Initial rate of oxidationW0 of (1) D-glucose and
(2) D-gluconic acid as a function of the NaNO2 concentra-
tion Ccat. Initial concentration of (1) RCHO, (2) RCOOH,
HClO4, and sulfolane 1.0, 1.0, 6, and 2.6 M, respectively.
T = 333.2 K, pO2

= 1 0 105 Pa; the same for Fig. 6.

77 = 0, 77 = 0, 77 = 0,
§W0

§Cg

§W0

§T
§W0

§Ca
77 > 0, 77 > 0,
§W0

§Ccat

§W0

§pO2

(1)

where Cg, Ca, and Ccat are the initial concentra-
tions (M) of glucose, perchloric acid, and sodium ni-
trite, respectively.
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Processing of the data presented in Figs. 4, 5 gives

W0 = kexpC
2
catpO2

, (2)

where kexp = (0.42+ 0.08)0 1034 mol31 l s31 Pa31.

To explain these kinetic dependences, let us con-
sider the composition of the catalytic sustem and pos-
sible reactions of its compounds. Chemical transfor-
mations of sodium nitrite in 439 M aqueous solutions
of perchloric acid can be described by the following
scheme [8]:

NO3

2 + H+ 6
4 HNO2, (II)

HNO2 + H+ 76
47

KNO+

NO+ + H2O, (III)

NO3

2 + NO+ 6
4 NO + NO2. (IV)

Bayliss and Watts found [8] that equilibrium (III)
is almost completely shifted to the right. Thus, we
suggest that, in the liquid phase of the catalytic sys-
tem, the catalyst occurs partially in the form of HNO2
and NO+. The gas phase probably contains nitrogen
oxides NO and NO2. Since the system is closed, the
mass balance must be fulfilled:

n(NaNO2) = n(HNO2) + n(NO+)

+ n(NO) + n(NO2), (3)

where n(NaNO2) is the initial amount of sodium ni-
trite (mole); n(HNO2), n(NO+), n(NO), and n(NO2)
are the amounts (mole) of the respective components
of the catalytic system in the course of oxidation.

Then

Ccat = [HNO2] + [NO+] + 7777777 ,
Vl 0 103RT

Vg( pNO + pNO2
)

(4)

[N(III)] = [HNO 2] + [NO+], (5)

where pNO and pNO2
are the partial vapor pressures

(Pa) of the nitrogen oxides, and [HNO2] and [NO+]
are the equilibrium concentrations (M) of nitrous acid
and nitrosonium cation, respectively.

It is known [3, 4, 8313] that, in aqueous solutions
of nitric and nitrous acids, the nitrosonium cation
NO+ is an oxidizing agent with respect to a wide
range of organic compounds. Based on analysis of
published data and kinetic relationships obtained in
this work, we propose the following scheme of cat-
alytic oxidation ofD-glucose by oxygen in the pres-

Table 1. Rate of D-glucose oxidation toD-gluconic acid
at different NaNO2 amounts
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Vl, ³ Ccat0 102, ³ n(NaNO2) 0 104 ³ WO2
,

ml ³ M ³ mol ³ ml min31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
5 ³ 2 ³ 1 ³ 1.4

10 ³ 2 ³ 2 ³ 2.7
15 ³ 2 ³ 3 ³ 4.0
10 ³ 1 ³ 1 ³ 1.3
20 ³ 0.5 ³ 1 ³ 1.4

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Initial concentration ofRCHO and HClO4 1.0 and 6.0 M, re-

spectively; T = 333 K; P = 1 0 105 Pa; t = 20 min.

ence of sodium nitrite in a strongly acidic solution:
reactions (II)3(IV), then

RCHO + NO+
76
k2 [3R3HC+

3O3N=O]

6 NO + [R3CHO]
+., (V)

NO(l)
6
4 NO(g), (VI)

2NO(g) + O2 76
k1 2NO2(g), (VII)

NO2(g)
6
4 NO2(l), (VIII)

[RCHO]
+. + NO2 76

k3 HNO2 + [R3C=O]+, (IX)

[R3C=O]+ + H2O 76
k4 RCOOH + H+. (X)

The experimental dependence (2) obtained at a con-
stant volume of the liquid phase in the system,Vl =
5 ml, and unusual dependence of the oxygen uptake
rateWO2

on the volume of the liquid phase at constant
initial concentration of NaNO2 (Table 1) indicate that
the rate-determining step of the process is gas3phase
reaction (VII). As seen from Table 1, at a constant
volume of the liquid phase,WO2

depends on the
initial NaNO2 concentration, which, in its turn, deter-
mines n(NaNO2) and the partial vapor pressures of
the gaseous components (e.g.,pNO). Variation of Vl
at constant initial concentration of NaNO2 also af-
fects n(NaNO2) and pNO in the system, withWO2
changing significantly. At simultaneous variation
of Vl and the initial NaNO2 concentration, it was pos-
sible to keepn(NaNO2) constant. In this caseWO2

did
not change noticeably. Thus,WO2

is determined
by the absolute amount of sodium nitrite introduced
into the reactor, rather than by its initial concentration.
The experiments with differentVl were performed
with Vg varying by no more than 19%, which had vir-
tually no effect on the partial pressure of the gaseous
components. ThepNO depends mainly onn(NaNO2).
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Table 2. Initial rate of D-glucose oxidation (t = 233 min) under various conditions*

ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Ccat ³ [N(III)] 0 103 ³ ³ ³ W0 exp0 103 ³ W0 calc0 103

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ³ pO2
0 1035, Pa ³ T, K ³

M ³ ³ ³ mol l31 s31

ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0.025 ³ 8.1 ³ 1.0 ³ 333.2 ³ 1.70 ³ 1.75
0.020 ³ 6.2 ³ 1.0 ³ 333.2 ³ 1.25 ³ 1.63
0.015 ³ 3.0 ³ 1.0 ³ 333.2 ³ 0.88 ³ 0.82
0.010 ³ 1.8 ³ 1.0 ³ 333.2 ³ 0.52 ³ 0.41
0.02 ³ 4.5 ³ 0.4 ³ 333.2 ³ 0.71 ³ 0.59
0.02 ³ 1.6 ³ 0.2 ³ 333.2 ³ 0.48 ³ 0.42
0.02 ³ 7.0 ³ 1.0 ³ 323.2 ³ 1.18 ³ 1.11
0.02 ³ 7.5 ³ 1.0 ³ 313.2 ³ 1.21 ³ 1.09

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* Initial concentration ofRCHO and HClO4 1.0 and 6.0 M, respectively;Vl = 5, Vg = 80 ml.

These data suggest that the rate3determining step of
D-glucose oxidation under the examined conditions
is step (VII). The kinetic equation of gas-phase reac-
tion (VII) is as follows [14]:

WO2
= k1pO2

p2
NO (Pa s31), (6)

where k1 = 2.620 10310exp(644/T ) (Pa32 s31).

It is known [13] that reactions of NO2 with organic
radical cations are considerably faster than reaction
(VII). We assume that

(7)§pNO2
/§ t = 0, hence,pNO >> pNO2

.

Taking into account Eqs. (4), (5), and (7)

pNO = 7777 (Ccat
_ [N(III)]).

Vg

103VlRT
(8)

Recalculation of the oxygen uptake rateWO2
[Eq. (6)] to the rate ofD-glucose oxidation in the
liquid phase,W (mol l31 s31), gives

Fig. 6. Kinetic curves ofD-gluconic acid oxidation at (134)
different NaNO2 concentrations. Initial concentration of
D-gluconic acid, M: (3) (I) 1.2, (II ) 1.0, and (III ) 0.5 M;
(1, 2, 4) 1.0. (C) Concentration of glucaric acid; (t) time.
Initial concentrations of HClO4 and sulfolane 6.0 and
2.6 M, respectively.

W = 2k1 pO2
(Ccat 3 [N(III)]) 2

7777 .
103Vl RT

Vg
(9)

The initial rate of glucose oxidationW0 was cal-
culated by Eq. (9) from the N(III) concentration in the
liquid phase, determined spectrophotometrically. The
N(III) concentrations in the first oxidation steps (t =
233 min) are presented in Table 2. The initial rates
of D-glucose oxidation, calculated by Eq. (9) at var-
ious initial NaNO2 concentrations,pO2

, and T, are
close to the experimental values (Table 2). This con-
firms our conclusion about the rate-determining step
and assumption (7). According to [14], reaction (VII)
decelerates with increasing temperature. However, as
seen from Eq. (1),W0 is almost independent of tem-
perature. This discrepancy is due to the fact that the
solubility of N(III) in the liquid phase decreases with
temperature (Table 2), and hencepNO increases.
The decrease ink1 is compensated for by an increase
in pNO.

The nonlinearity of the kinetic curves (Fig. 2, 3) of
the first step of reaction (I) suggests that the oxidation
product,D-gluconic acid, reacts with the catalyst and
removes it from the catalytic cycle. In addition, oxida-
tion of D-gluconic acid toD-glucaric acid (second
step ofD-glucose oxidation) can also affect the shape
of the kinetic curves. To understand these phenomena,
we studied the kinetics of oxidation ofD-gluconic
acid to D-glucaric acid under conditions similar to
those of oxidation ofD-glucose toD-gluconic acid.

The kinetic curves ofD-gluconic acid oxidation
are shown in Fig. 6. In all cases, the oxidationrate
is independent of theD-gluconic acid concentration
and coincides, all reaction conditions being the same,
with that of the second step or reaction (I), when
D-glucose is completely spent and theD-gluconic acid
accumulated is oxidized (Fig. 1b). Thus, reaction (I)
involves consecutive oxidation ofD-glucose to
D-gluconic acid and ofD-gluconic acid toD-glucaric
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Table 3. Kinetic parameters ofD-gluconic acid oxidation with oxygen under different reaction conditions*

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
Cga

** ³ Ccat ³ pO2
0 1035, ³ Wexp 0 104, ³ [N(III)] sp 0 103 ³ [N(III)] exp 0 103 ³ [N(III)] calc0 103

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
M ³ Pa ³ mol l31 s31

³ M
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

1.0 ³ 0.025 ³ 1.0 ³ 1.45 ³ 11.2 ³ 20.7 ³ 20.1
1.0 ³ 0.020 ³ 1.0 ³ 1.18 ³ 8.0 ³ 14.0 ³ 15.6
1.0 ³ 0.015 ³ 1.0 ³ 0.78 ³ 5.9 ³ 10.4 ³ 11.4
1.0 ³ 0.010 ³ 1.0 ³ 0.52 ³ 5.1 ³ 8.1 ³ 7.4
0.5 ³ 0.020 ³ 0.2 ³ 0.61 ³ 7.9 ³ 13.9 ³ 16.8
0.5 ³ 0.020 ³ 0.4 ³ 0.82 ³ 8.5 ³ 14.5 ³ 16.4
0.5 ³ 0.020 ³ 1.0 ³ 1.10 ³ 8.6 ³ 14.6 ³ 15.8
1.5 ³ 0.020 ³ 1.0 ³ 1.23 ³ 7.2 ³ 13.2 ³ 15.5

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* Initial concentration of HClO4 6.0 M; T = 333.2 K; Vl = 5, Vg = 80 ml.

** Cga is the initial concentration ofD-gluconic acid.

acid. The dependence of the initial rate ofD-gluconic
acid oxidation W0 on the initial concentration of the
catalyst is shown in Fig. 5(curve 2).

The rate ofD-gluconic acid oxidation is also de-
scribed by Eqs. (1) and (2); however,kexp =
(0.25+ 0.05)0 1035 mol31 l s31 Pa31, i.e., kexp is lower
by an order of magnitude than that ofD-glucose ox-
idation to D-gluconic acid.

A nitrite derivative ofD-gluconic acid was detected
among the oxidation products by chromato-mass spec-
metry. Since its amount is approximately 0.5% of the
initial content of D-gluconic acid, about 30+ 8% of
the catalysts is converted into the nitrite derivative
of D-gluconic acid, i.e., is removed from thecata-
lytic cycle by the reaction

R2CH2OH + NO+ 6
4 R2CH2ONO + H+, (XI)

where R2CH2OH is D-gluconic acid, RCOOH and
sssssss

sssssss
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The kinetics ofD-gluconic acid oxidation can be
described by the scheme proposed forD-glucose ox-
idation [reactions (II)3(X)] with additional step (XI).
Taking into account the stoichiometry of reaction (I)
and assumption (7), the rate ofD-gluconic acid oxida-
tion in the liquid phase (mol l31 s31) is described by
the equation

W = k1 pO2
(Ccat 3 [N(III)] ) 2

7777 ,
Vl

103Vg RT
(10)

[N(III)] = [HNO 2] + [NO+] + [R2CH2ONO]. (11)

The total concentration [N(III)] in the liquid phase
was calculated by Eq. (10), using the kinetic data ob-
tained (Table 3). This concentration was also measured
over the course of the whole process ofD-gluconic acid
oxidation. The concentrations [N(III)]sp = [HNO2] +
[NO+] and [R2CH2ONO] were determined by spectro-
photometry and chromato-mass spectrometry, respec-
tively. The concentration [N(III)]exp remains con-
stant up to~60% conversion ofD-gluconic acid. As
seen from Table 3, the [N(III)]calc values are close to
[N(III)] exp. In addition, the N(III) concentration in
the case ofD-gluconic acid oxidation is considerab-
ly higher than that in the initial steps ofD-glucose
oxidation (Table 2, 3),pO2

, and T, being the same.
Hence,pNO is higher in the course ofD-glucose ox-
idation than that in the course ofD-gluconic acid ox-
idation [Eq. (8)]. In the course ofD-glucose oxidation,
the N(III) concentration increases owing to accumula-
tion of the nitrite derivative ofD-gluconic acid, and
pNO decreases, thus decelerating the rate-determining
step (VII). The decrease inpNO may be due to the
fact that the rate constant of reaction (V) is higher
than that of the reaction

R2CH2OH + NO+
76

k2̀ [R2CH2OH]+ + NO. (XII)
D-gluconic

acid

Hence, the initial rate ofD-glucose oxidation is
higher than that ofD-gluconic acid oxidation to
D-glucaric acid, with the rate-determining step be-
ing the same. The nonlinearity of the kinetic curves
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of the first step of reaction (I) is due to a decrease in
pNO and D-glucose concentration.

CONCLUSION

Sodium nitrite catalyzes oxidation ofD-glucose
by oxygen in strongly acidic HClO43H2O3sulfolane
solution. Under these conditions,D-glucose is suc-
cessively oxidized toD-gluconic and then toD-glu-
caric acid. The rate-determining step of the process is
oxidation of nitrogen monoxide to nitrogen dioxide in
the gas phase. A scheme of catalytic oxidation was
proposed. The kinetic equation of the process was
derived.
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Abstract-A new generalized dimensionless electrochemical factor of corrosive alloy cracking was developed
and a quantitative theory of corrosive-mechanical destruction was constructed on its base. The existence of
a threshold value of the proposed factor, above which there is no corrosion cracking, was revealed.

One of the most dangerous and frequently occur-
ring kinds of corrosion, leading to severe emergency
damage to machine and metalwork parts, is corrosion
cracking (CC) [134]. In view of the complexity of
physicochemical phenomena associated with CC (local
anodic dissolution, hydrogen embrittlement, adsorp-
tion-induced deterioration of the surface strength)
[538] and specificity of the process (not all materials
are subject to CC, not at any tensile stresses, and not
in any media [9]), no unified theoretical concept of
CC has been constructed and the main cause of CC
has not been revealed. As a result, there is no satis-
factory mathematical description of corrosive-mech-
anical destruction, despite numerous theoretical and
experimental investigations.

The aim of the present study was to develop a gen-
eralized dimensionless electrochemical factor of CC
of metallic materials and construct on its base a math-
ematical model of CC. For this purpose, account was
taken of the recommendations of [10313] concerning
the most important role of the electrochemical aspects
of CC. In particular, the conditions of, and processes
occurring in CC are closely associated with the con-
ditions of, and processes in other kinds of local cor-
rosion: crevice, pitting, etc. Therefore, in develop-
ing the mechanism of local anodic dissolution (LAD)
of materials on the basis of the known mechanisms
[13315], we assume that the main cause of CC is
the nonuniform electric field distribution over the sur-
face of metal, affecting not only the rate of LAD, but
also the amount of surfactant adsorption and the rate
of possible hydrogen pickup. The development and
experimental verification of the generalized electro-

chemical factor of CC were done with the use of the
basic electrochemical characteristic of a material-its
anodic polarization curve.

It was shown in [15] that the electrochemical length
X (cm), corresponding to nonuniformity of electric
field distribution in crevice corrosion, depends on
metal nature [slope of the anodic polarization curve,
k (A cm32 V31), near the steady-state potential], na-
ture of electrolyte [conductivityk (Ohm31 cm31)], and
geometric size of the system [crevice widtha (cm)]
and is defined by

X = [ka/(4k)]1/2. (1)

It is known [16] that the most important geometric
factor of CC of metallic materials is the ratio of
the cross-section area to the perimeter,S/Per (cm).
Replacing in (1) the quantitya with the ratioS/Per,
characterizing geometric changes in the system in the
case of CC, we obtain an expression for the current
electrochemical lengthg (cm) corresponding to non-
uniformity of the electric field distribution in CC at
an arbitrary instant of time:

g = [k(S/per)/(4k)]1/2, (2)

wherek and k are current values of the electrochem-
ical characteristics of the system.

Beginning with the instant of time when strained
metal is brought in contact with a medium, not onlyk
and k, but also the geometric size of the system,
S/Per, may change as a result of, e.g., formation of
protective films on the surface and their possible local
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destruction under the action of tensile stresses under
conditions of CC. Therefore, let us consider now the
initial period of the process and take kinetic features
into account later. Denoting the fraction of the surface
area covered with a protectivefilm by q and introduc-
ing notions of the base system (q = 0) and that under
study (0 <q < 1), we obtain respective expressions for
the electrochemical lengths corresponding to non-
uniformity of electric field distribution under the con-
ditions of CC at the initial instant of time:

g0 = [k0(S/Per)0/(4k0)]1/2, (3)

g`0 = [k`0(S/Per)0(1 3 q)/(4k`0)]1/2, (4)

wherek0, k0, (S/Per)0, k0̀, k0̀, and (S/Per)̀0(1 3 q) are
the initial values of the electrochemical characteristics
and geometric sizes of the base system and that under
study, respectively; (13 q) is the fraction of the sur-
face not occupied by the protectivefilm.

Under the general corrosion conditions, the fraction
of the surface area not occupied by the protectivefilm
can be described by [17]

1 3 q = j`a, 0/ ja, 0, (5)

where ja, 0 and j à, 0 are the anode current densities at
the steady-state potentialEs without and with an in-
hibitor present in the medium, respectively.

With account taken of the possible changes in po-
tential,DE, in the case of local kinds of corrosion [18],
including that by 0.2 V in corrosion cracking [19], it
seems appropriate to replace the ratio of current den-
sities in (5) with the ratio of areas under anodic po-
arization curves,N0̀/N0, at potentials in the range
030.2 V, i.e.,

1 3 q = N0̀ /N0, (6)

where N0 and N 0̀ are the areas under the anodic po-
larization curve at potentials of 030.2 V without and
with inhibitor.

Substituting (6) into Eq. (4), we obtain an expres-
sion for the initial electrochemical length in any sys-
tem studied:

g`0 = {[k`0(S/Per)0(N0̀ /N0)]/(4k0̀)} 1/2. (7)

Let us assume that the ratio of left-hand sides of
expressions (7) and (3) can be used to describe the
corrosion-mechanical behavior of any system studied
not only at the initial stage of the process, but also at
any arbitrary instant of time. Let us denote byz this

quantity, which is a generalized dimensionless elec-
trochemical factor simultaneously taking into account
the nature of metal, corrosive medium, and, in part,
the role played by tensile stresses (via changes in
the geometric size of the system). For the initial in-
stant of time, we can write

z = g 0̀ /g0 = (3k 3N/3k)1/2, 0 < z < 1, (8)

k = 3
k`0/k0, (9)

3k = k0̀ /k0, 3k �
3k(DE = 25375 mV), (10)

3N = N0̀ /N0, 3N �
3N(DE = 03200 mV). (11)

It can be seen from formulas (8)3(11) that the num-
erical values of the dimensionless factor correspond-
ing to condition (8) can be found from a set of three
dimensionless electrochemical characteristics cal-
culated using expressions (9)3(11).

To verify experimentally the above assumptions,
we carried out a set of corrosion-mechanical and elec-
trochemical measurements under the conditions of
natural aeration of solutions at room temperature. We
passed from one system to another by changing the
composition of a medium by introducing into the base
solution various CC-inhibiting additives (see table,
systems nos. 4310, 12, 13) or by diluting the base
solution with distilled water (systems nos. 2, 3, 11).
As material was used St.70 high-strength carbon steel
[GOST (State Standard) 9389360]. The choice of
the base system was governed by the high sensitivity
of St.70 to CC in acid sulfide-containing media [20].

The electrical conductivityk of the solutions was
measured with R5058 high-frequency ac bridge and
an Arrhenius vessel with platinum-plated electrodes
under conditions of thermostating at 25oC [21]. The
obtainedk values are presented in the table.

Polarization measurements were done with a
P-5827M potentiostat with separated cathode and
anode spaces in the potentiodynamic mode with po-
tential sweep rate of 2 mV s31. The inoperative
surfaces of the unstrained electrodes under study were
insulated with a 1 : 1 mixture of wax and rosin. Plat-
inum was used as auxiliary electrode, and silver chlo-
ride electrode, as reference. The potentials are given
relative to a standard hydrogen electrode. Prior to
measuring anodic polarization curves, samples were
subjected to cathodic activation atE = 31.2 V for
10 min. The anodic polarization curves obtained on
St.70 in the media under study are presented in Fig. 1,
and the table lists the results of their processing
(values of k and N) and, in descending order, the
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Effect of the systems studied and their characteristics on CC of St.70 steel
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
System³

System* ³ k, ³ k, ³ N 0 104, ³
t, h

³
z

³
ano. ³ ³Ohm31 cm31³ A cm32 V31 ³ A V cm32 ³ ³ ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
1 ³B ³ 0.0844 ³ 0.1172 ³ 20.0 ³ (0.13+0.09)** ³ 1.0 ³ 3

2 ³B : H2O: ³ ³ ³ ³ ³ ³
³ 1 : 1 ³ 0.0487 ³ 0.0306 ³ 5.9 ³ 0.45 ³ 0.807³ 3.5

3 ³ 1 : 3 ³ 0.0267 ³ 0.0239 ³ 7.0 ³ 1.32 ³ 0.737³ 10.1
4 ³B + urotropine, 1 g l31 ³ 0.0513 ³ 0.0680 ³ 9.3 ³ 1.33 ³ 0.698³ 10.2
5 ³B + 25% solution NH4OH, ³ 0.0374 ³ 0.0397 ³ 7.23 ³ 1.50 ³ 0.688³ 11.5

³40 ml l31 ³ ³ ³ ³ ³ ³
6 ³B + MEA, 20 ml l31 ³ 0.0281 ³ 0.0176 ³ 3.79 ³ (2.9+0.6)*** ³ 0.648³ 22.3
7 ³B + benzotriazole, 5 g l31 ³ 0.068 ³ 0.0188 ³ 1.2 ³ 19 ³ 0.549³ 146

³B + 25% solution NH4OH, ³ ³ ³ ³ ³ ³
³ml l31: ³ ³ ³ ³ ³ ³

8 ³ 80 ³ 0.0343 ³ 0.0213 ³ 1.5 ³ (505+130)*** ³ 0.422³ 3885
9 ³ 160 ³ 0.0311 ³ 0.1183 ³ 9.4 ³ (648+128)*** ³ 0.414³ 4985

10 ³ 320 ³ 0.0250 ³ 0.0050 ³ 0.48 ³ (1088+400)*** ³ 0.408³ 8369
11 ³B : H2O = 1 : 10 ³ 0.0123 ³ 0.0274 ³ 5.3 ³ 7000**** ³ 0.406³>53846

³B + MEA, ml l31: ³ ³ ³ ³ ³ ³
12 ³ 160 ³ 0.0165 ³ 0.0341 ³ 4.5 ³ 7000**** ³ 0.389³>53846
13 ³ 320 ³ 0.0085 ³ 0.0340 ³ 7.9 ³ 7000**** ³ 0.370³>53846

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* B is the base solution of composition (M): H2SO4 0.25, Na2S 60 1034; MEA is monoethanolamine.

** Average of 12 runs.
*** Average of 13 runs.

**** No sample destruction occurs.

numerical values of the factorz, calculated using
formulas (8)3(11) for the systems studied.

The corrosion-mechanical tests of St.70 wire sam-
ples 0.09 cm in diameter were carried out under con-
stant strain conditions [20, 22] without polarization
and with a waterline at stresses exceeding the elastic
limit and corresponding to approximately 74% of
the ultimate strength. For this purpose, a sample
110 mm long without stress concentrator was bent,
after standard pretreatment, in its middle part, fixed in
apertures of the support plank, thoroughly degreased,
and submerged in a solution under study (50 ml),
and the time to cracking,t (h), was determined at
the chosen test duration of 7000 h, exceeding the av-
eraget in the base system St.703H2SO4 (0.25 M)3
Na2S (60 1034 M (see table,Es = 30.32 V, z = 1)
more than 50 104-fold. Cells with samples were cov-
ered with a special glass case to prevent changes in
solution composition in the course of the tests. The
distance between the apertures of the support plank,h,
and the sample curvature radiusRw were, respective-
ly, 32 and 16 mm, which ensured a tensile stress in
the lower, U-shaped, part of a sample in solution, cor-
responding to metal deformation in the case of metal
corrosion under strain. The occurrence of plastic de-

Fig. 1. Anode current densityja vs. potential shiftDE
reckoned from the steady-state valueEs for St.70 in solu-
tions of various compositions.Digits at curvescorrespond
to system numbers in the table.
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Fig. 2. Schematic of the process of corrosion cracking as
a complex system.C1 and C2, elements of the system:
C1 electrochemical process;C2, mechanical process;
(1, 2) external couplings of the system: (1) z, (2) s;
(3, 4) internal couplings between the elements of the sys-
tem; (5) output (result of functioning) of the system
(tin, tc.g., t, a).

formation was confirmed in a blank run: on removing
the sample from the support plank it retained a U-bent
shape (R > Rw). The numerical value of the tensile
stressunder theconditions of constant strain (~0.74su)
was found on performing an additional set of exper-
iments (under conditions of constant, as measured
with dynamometer, axial tension in the base system,
z = 1) ensuring close values of the time to cracking,
t. The effecta of protection against CC upon intro-
duction of an inhibiting additive into the base solution
was calculated using the formula

a = t /t0, (12)

where t0 and t are the times to cracking of, respec-
tively, the base system (z = 1) and that under study
(0 < z < 1).

The results of corrosion-mechanical tests are pres-
ented in the table. It can be seen that a correlation is
clearly traced between the generalized factorz and
susceptibility of St.70 to CC: with decreasingz,
the time t to cracking becomes longer. It should be
noted that no other separately taken characteristic of
the system (k, k, N) exerts such an influence. Also,
the factorz has a threshold valuezth, which accounts
for the specific course of the CC process: atz < zth
(systems nos. 11313) there is no cracking and the ma-
terial can be assessed under these conditions (at
the same level of tensile stress) as stable against CC.
For example, high susceptibility of St.70 to CC in
acid sulfide-containing media (system no. 1) is com-
pletely suppressed by introduction of MEA into so-
lutions, in concentrations ensuring a generalized factor
valuez < zth (systems nos. 12, 13). Low concentration
of MEA (system no. 6), not ensuring a threshold value
of the factorz, fails to rule out CC, even though prod-
ucing a substantial protective inhibiting effect (see
table). It should be emphasized that the error of ex-

perimental determination ofzth does not exceed 0.5%
since thezth value corresponds to a rather narrow in-
terval 0.406 < z < 0.408.

To develop a quantitative theory of the CC process,
based on the nonuniformity of electric field distribu-
tion over the surface of strained metal in a corrosive
medium and on the general principles of systems anal-
ysis [23325], we proceed from the assumption that
the total time to destruction is a sum of two times [5]:

t = tin + tc.g, (13)

wheretin is the incubation time in which a stress con-
centrator of the type of a crack is formed under con-
ditions of a corrosive-mechanical process, andtc.g
is the time of crack growth in strained metal to a
critical value corresponding to its destruction in a cor-
rosive medium.

The corrosion-mechanical process will be regarded
as a complex deterministic dynamic system with dis-
tributed parameters (factors), comprising an electro-
chemical and a mechanical processes (Fig. 2) with
inequiprobable couplings in different stages of CC.
In the stage of crack formation, the electrochemical
process exerts strong influence on the mechanical
process, whereas the reverse influence is less sig-
nificant and can be neglected. By contrast, in the crack
growth stage, only the mechanical process affects the
CC substantially. Let us assume that the dimension-
less factors of these elementary processes are, respec-
tively, the mean dimensionless electrochemical length
corresponding to nonuniformity of the electric field
distribution in the system (z = g`/g0, where 0 <z < 1),
and the mean dimensionless externally applied (or in-
ternal residual) tensile stress (s = s/su, wheresu is
the ultimate strength of the metal). Applying the sys-
tems principle of kinetic hierarchy [24, 25] to CC,
we reduce the problem of a kinetic description of
the system to a study of the behavior of the slowest
stage. We assume, with account of the data of [26],
that under the CC conditions

tin >> tc.g, (14)

i.e., the rate V of the corrosive-mechanical process
is determined by the stage of stress concentrator for-
mation, Vin. Then, taking as a measure of the rate of
stress concentrator formation under the CC conditions
the rate of change (increase) in the dimensionless elec-
trochemical length,Vin, we obtain the following kinet-
ic equation for the incubation period of CC:

(15)+§z/§t = (1/T ) f (z, 3s ),
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where 1/T is a positive variable factor accounting for
the possible low CC rates (0 < 1/T << 1), and+ is
the sign of the partial derivative§z/§t, depending on
the chosen initial condition [(+) ifz(0) = zmin, and
(3) if z(0) = zmax = 1].

Applying another systems principle-decomposi-
tion [24], and the known Fourier method, we can re-
present the rate of the incubation period of CC as
a product of three functions, two of which are mutual-
ly independent, and the third,F (z, 3s ), accounts for
the interaction of elementary processes:

3§z/§t = F (z, 3s ) f (z) f (3s ), (16)

z � j (z), j (z) = z 3 zth > 0, (17)

3s � Y(3s ), Y(3s ) = 3s 3 3sth > 0, (18)

z(0) = zmax = 1, (19)

wheref (z) is the nonstationarity function of thez field;
f (3s ) is the nonstationarity function of the3s field
[ f (3s ) = f (z, 3s )/ f(z)]; F (z, (3s )) is the nonuniformity
function of thez ands fields [F (z, (3s )) = 1/T]; and
zth and 3sth are the mean threshold values of dimen-
sionless factors, beginning with which there is no CC.

Assuming a relationship between the electrochem-
ical and mechanical processes in the form

zth = F (3s ), (20)

3sth = Y(z, zth), (21)

we have

F (z, 3s ) = F (z, zth). (22)

If we take that the nonuniformity functionF (z, zth)
contains graddivz (or gradz), the mathematical con-
struction (16)3(19) can be solved for a system with
distributed parameters only numerically, on a com-
puter. To obtain an analytical solution to (16)3(19),
we assume [with account of the experimentally rev-
ealed strong influence ofz on the rate of CC (see
table)] that the mathematical expectation of the dis-
tribution function of the dimensionless factors with
respect to their mean values (22) is described by the
exponential Poisson distribution, which is widely used
in practice [28]:

F(z, zth) = [F (zth)/z]exp{3[F (zth)/z]}, (23)

where F (zth)/z is the parameter of the distribution,
assuming at any particular instant of time a unique

value, with F (zth)/z >> 1; F (zth) is a dimensionless
function accounting for tensile stresses.

Combination of conditions (20) and (23) makes it
possible to replacef (s) in (16) with a new function
Y(zth) taking into account tensile stresses:

Y(zth) = f (3s )F (zth). (24)

Further, takingf (z) = z3, i.e., assuming that the ef-
fect of z on the CC rate is similar, with account of
(23), to the effect of temperature on the rate of chem-
ical processes [29] and passing from a partial to total
derivative with the use of the initial condition (19),
we obtain a kinetic equation of CC

3dz/dt = Y(zth)z2exp{3[F (zth)/z]}, (25)

whose boundary and initial conditions are, respective-
ly, expressions (17) and (19).

Provided that the tensile stresses are constant (or
strain is constant, which is the case in the experimental
part of this study), the functionsY(zth) and F (zth) in
expression (25) remain invariable. Denoting these
functions by the constants

c = Y(zth) = j(3s ), (26)

B = F (zth) = F(3s ), (27)

we pass to a particular case of a kinetic equation de-
scribing the incubation period of CC

3dz/dt = cz2exp(3B/z), (28)

wherec has the meaning of the rate constant of the in-
cubation period (h31).

Separating the variables, we obtain

(31/z2)exp(B/z)dz = cdt, (29)

exp(B/z)d(1/z) = cdt. (30)

Upon integration with the initial condition (19) we
have the following expression for the duration of
the incubation period of CC:

tin = [1/(cB)]exp(B/z) 3 [1/(cB)]expB, (31)

where zth < z < 1.

Introducing the following designation

(32)A = 1/(cB) = g(zth) = b(3s )
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Fig. 3. Dependence of the time to cracking,t, on the gen-
eralized parameter (1/z 3 1) for the systems studied.
(1) Experiment, (2) calculations using model (33), and
(3) no sample destruction during the chosen testing time.
(I, II ) Regions of model applicability and absence of CC,
respectively.

and comparing (31) and (13), we find expressions for
calculating the time of crack growth and the total time
to destruction under CC conditions:

tc.g = AexpB, (33)

t = Aexp (B/z), (34)

where zth < z < 1.

The data obtained in our corrosion-mechanical in-
vestigations (see table) made it possible to find par-
ticular values of the applicability threshold of model
(34) and its parameters:

zth(3s = 0.74) = 0.407, (35)

B(3s = 0.74) = 6.036, (36)

A(3s = 0.74) = 3.110 1034 h, (37)

and then establish general expressions for functions
(27) and (32), describing the relationship between the
model parameters and the threshold value of the pro-
posed factor:

B = 1/z2
th, (38)

A = t0/expB = t0/exp(1/z2
th), (39)

where t0 is the total time to metal destruction in
the base system withzmax = 1 [see table,t0(

3s = 0.74) =
0.13 h].

In this connection, the mathematical model (34)
describing the total time to destruction under the con-
ditions of plastic deformation of a metal in a corro-
sive medium (3s = const) assumes, on substitution
of expression (39), with account of the clear physical
meaning of the pre-exponential factort0, a more con-
venient form

t = t0exp[B(1/z 3 1)], (40)

wherez is the proposed generalized factor (zth < z < 1);
B andt0 are the obtained parameters of the model.

The results of a calculation relying upon the lin-
earized model (40) (Fig. 3) are in satisfactoryagree-
ment with the obtained experimental data. A verifica-
tion by means of Fisher’s test [23325] demonstrated
the adequacy of the constructed model [F calc(9, 10) =
0.19], with mean calculation error not exceeding 17%
at average experimental error in determining the time
to destruction equal to 34%. Therefore, the obtained
mathematical model (40) of the CC process and its
variety (34) can be used to prognosticate CC, pro-
vided that all the conditions specified in the study are
satisfied.

The adequacy of the model described by expression
(40) for evaluating the durability of a metallic material
under the CC conditions also makes it possible to
analyze a number of dependences and parameters ob-
tained in its derivation. For example, it follows from
a comparison of (33) and (39) that the duration of
the crack growth period in a metal at arbitrary value
of the factorz (zth < z < 1) can be evaluated using the
total time to metal destruction under the conditions
corresponding tozmax = 1 and the same fixed tensile
stress3s. The exponential in (40) is the factor by which
the total time to destruction exceeds the crack growth
time at a given stress3s. Another meaning of the
exponential follows from a comparison of expres-
sions (12) and (40). It reflects the protective (CC-in-
hibiting) effect, a, and can be used to evaluate this
characteristic:

a = exp[B(1/z 3 1)] = exp[(1/z2
th)(1/z 3 1)]. (41)

In addition, comparison of dependences (32), (38),
and (39) gives a general expression for the function
(26) describing the rate constant of CC:

c = 1/(t0B)expB = (z2
th/t0)exp(1/z2

th). (42)

It should be noted that the adequacy of the math-
ematical model described by expression (40) apparent-
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ly confirms the validity of the hypotheses put forward
and assumptions made in this study for developing
not only the generalized electrochemical factor of CC,
z, but also a quantitative theory of CC in metallic
materials in electrolyte solutions in general. The last
circumstance requires additional experimental verifica-
tion, which, in particular, refers to the quantitative
condition (2).

CONCLUSIONS

(1) A new generalized dimensionless electrochem-
ical factor of corrosion cracking, which takes into
account the metal nature and the type of corrosive
medium simultaneously, was developed and exper-
imentally verified under conditions of constant plastic
strain and test duration of 7000 h.

(2) A correlation between the generalized factor
and the susceptibility of a material to corrosion crack-
ing and the existence of the threshold value of this
factor, above which there is no cracking, were estab-
lished.

(3) A quantitative theory of corrosion cracking of
alloys in electrolyte solutions was proposed, andmath-
ematical models for evaluating the durability of a
metallic material and the effect of inhibition of the
corrosion cracking, adequately describing experimental
data, were developed on its base.
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Abstract-The electrolytic deposition of composite copper-based coatings with an ultradispersed phase
(TiN or Al2O3) was studied. Conditions for obtaining coatings with the maximum microhardness were de-
termined.

To improve the chemical and mechanical properties
of electrolytic coatings, composite deposition of me-
tallic layers with powdered high-melting compounds
(nitrides, carbides, oxides, etc.) is commonly used
[136]. However, with commercial coarse-grained
(1330 mm) powders, formation of composite elec-
trolytic coatings with particles uniformly distributed
on the microscopic level over the surface and across
the thickness cannot be achieved, and the mechanical
and chemical resistance of the coatings is improved
only slightly.

It is known that formation of composite electrolytic
coatings is essentially affected by particle size [1].
With crystalline ultradispersed powders (UDPs) hav-
ing particle size in the range from tens to hundreds of
nanometers, composite materials and coatings with
improved physicochemical and mechanical properties
can be obtained.

Ultradispersed powders are characterized by phys-
icochemical properties different from those of macro-
powders (high surface energy, enhanced energy excita-
tion of the crystal lattice, etc.). Studies are known, in
which composite electrolytic coatings were obtained
on the basis of nickel and chromium with the use of
using UDPs. Analysis of published data shows that
that the use of UDPs of niobium or titanium nitride
[7, 8], tantalum nitride [9, 10], silicon carbide [11],
or silicon nitride [12] as components of a composite
electrolyte gives coatings with uniform finely grained
structure and improved corrosion and mechanical
properties (wear resistance, hardness, etc.).

In the present study, we analyzed the effect of
UDP on the microhardness of copper coatings and
pressed powder crystalline precipitates obtained from
electrolytes widely used in industry.

Ultradispersed powders of titanium nitride and
aluminum oxide with particle size of about 60 and

80 nm, respectively, were used in the study. Titanium
nitride was obtained by decomposition of TiH2 in arc-
discharge nitrogen plasma, and Al2O3, by oxidation of
ASD-4 aluminum powder in arc-discharge air plasma
[13, 14].

EXPERIMENTAL

The coatings were deposited from simple copper-
plating acid electrolytes containing (g l31): Cu(BF4)2
400+ 50, HBF4 30, H3BO3 15 [fluoroborate elec-
trolyte (I)]; CuSO4 . 5H2O 220, H2SO4 60, ethanol 8
[sulfate electrolyte (II)].

An ultradispersed powder was poured in an elec-
trolyte prepared with distilled water, and the mix-
ture was stirred. The electrolysis was carried out at
room temperature with constant stirring of the elec-
trolyte in a 2-l electrolytic bath (Fig. 1). Anodes
were made of copper, as a cathode served a copper
plate 150 150 1 mm in size, on which a coating was

Fig. 1. Electrolytic bath. (1) Copper rods, (2) sample (cop-
per plate), and (3) anodes.
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Table 1. Effect of the TiN content in electrolyte on Ti contentCTi in a coating and on microhardnessHm
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Electrolyte
³ CTi, mg g31 / Hm, HPa, at TiN content in electrolyte, g l31 ³

i, A dm32ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´
³ 0 ³ 0.2 ³ 0.4 ³ 1.0 ³ 2.0 ³ 2.5 ³ 10 ³ 100 ³

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
(I) ³ 3/0.93 ³ 0.09/3 ³ 3/3 ³ 0.61/1.11³ 0.67/1.10³ 1.10/1.11³ 3/3 ³ 3/3 ³ 7.4

³ 3/1.08 ³ 3/3 ³ 3/1.18³ 3/1.23 ³ 3/1.24 ³ 3/1.27 ³ 3/3 ³ 3/3 ³ 11.0³ ³ ³ ³ ³ ³ ³ ³ ³
(II) ³ 3/0.74 ³ 3/3 ³ 3/3 ³ 3/3 ³ 3/0.77 ³ 3/3 ³ 0.76/0.74³ 1.48/0.86³ 7.4

³ 3/0.74 ³ 3/3 ³ 3/3 ³ 3/3 ³ 0.11/0.87³ 0.22/3 ³ 0.77/0.90³ 7.60/1.06³ 11.0
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

deposited. Prior to electrolysis, the copper plates
were treated as described in [15] to remove an oxide
layer and various impurities. The treatment involved:
(1) etching in a 10% solution of H2SO4 at 60370oC
to remove oxides, (2) etching at room temperature
in a mixture of equal volumes of concentrated HNO3
and H2SO4 with addition of 5310 g l31 of NaCl to
obtain a glossy, to the point of being lustrous, surface.
Before etching, the copper plates were ground to
luster with a micropowder.

The microhardness of the coatings was determined
by the method of static indentation of a diamond
pyramid under a load of 50 g on a Neophot device
with measured diagonal values averaged over 10312
indentations for each sample. The coating thickness
was 1003200 mm.

The elemental compositions of the electrolyte and
coatings were determined by means of chemical anal-
ysis. The high reactivity of UDPs and, in particular,
TiN could result in their reaction with the electrolyte,
and, therefore, we determined the content of dissolved
titanium species in the composite electrolyte. The
content of titanium and aluminum was determined in
coatings and crystalline deposits. The content of the
dispersed phase in composite coatings was calculated
from the chemical analysis data. It is known that
coarse powder of titanium nitride is sparingly soluble
in acids. In particular, the solubility of TiN in dilute
and concentrated sulfuric acid is 2%. To estimate
the electrolyte stability, we determined the solubility
of TiN UDPs in electrolyte (II) at varied content of
the nitride:

TiN content 2 10 100
in the electrolyte, g l31

Concentration of Ti(IV) 0.27 0.43 1.13
ions in the electrolyte, mg ml31

The enhanced UDP solubility, compared with that
of coarse-grained powders, seems to be associated
with the large specific surface area ofUDPs, with dis-
solution involving the oxidized surface layer covering

the particles. It should be noted that the oxidation
proceeds slowly and has a continuous nature, which
was confirmed by X-ray phase analysis. X-ray dif-
fraction patterns of the deposits taken from the bottom
of the electrolytic bath within several months show
that the deposits consist of TiN. Within three years,
TiN in the deposit is almost completely converted into
TiO2 (all TiO2 reflections and a single, the highest-in-
tensity TiN reflection withhkl [200] were present in
the diffraction pattern). This circumstance should be
taken into consideration when working with the elec-
trolyte.

Table 1 presents data on the content of titanium
(mg per 1 g of coating) in coatings obtained in both
electrolytes in relation to powder content in an elec-
trolyte. The content of titanium is greater in the coat-
ings, although the deposition rate in electrolyte (I)
exceeds that in electrolyte (II). For the coatings ob-
tained in electrolyte (I) at TiN content of 2.5 g l31,
the content of the second phase in terms of TiN is
0.15 wt %, which is the highest value, since, accord-
ing to X-ray phase analysis, a coating contains in-
clusions of the Cu2O phase at greater TiN content in
the electrolyte.

Despite the considerable increase in Ti content
(0.1930.98 wt % of TiN) in coatings obtained in elec-
trolyte (II) at powder content of 100 g l31, this mode
was not used further, as outgrowths are formed in
large quantities on the edges of coatings. These out-
growths are easily chopped off, and the coating flakes
away in places.

We optimized the current density for each elec-
trolyte in obtaining composite electrolytic coatings.
For this purpose, we determined the current density
ranges, in which the titanium content in coatings is
the highest and high-quality coatings are formed.
In the range 7.4311.0 A dm32, the average content of
titanium nitride in coating (I) is 0.23 wt %. Beyond
this range, the content of the second phase decreases,
and, in addition, coatings with a rough crystalline
surface are formed at current densities exceeding
11 A dm32.
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In the same range of current densities, the titanium
nitride content of 0.1030.11 wt % in coatings remains
unchanged in the case of electrolyte (II) with titanium
nitride content of 10 g l31.

The microhardness of coatingsHm was measured
at various concentrations of titanium nitride in elec-
trolytes and at current densities of 7.4 and 11.0 A dm32

(Table 1). The microhardness of coatings obtained in
electrolyte (I) varies between 0.93 (simple electrolyte)
and 1.11 (i = 7.4 A dm32) and between 1.08 and
1.27 HPa (i = 11.0 A dm32), i.e., it is 1.331.5 times
that of pure copper (0.85 HPa).

The microhardness of coatings obtained in elec-
trolyte (II) has a maximum value of 1.06 HPa at TiN
content of 100 g l31, which is 1.2 times the micro-
hardness of pure copper. However, poorquality coat-
ings were obtained in this case.

Coatings with Al2O3 UDPs were obtained in elec-
trolyte (II) at powder content of 12.5 g l31 and current
densities of 7.4, 11.0, and 14.8 A dm32. The max-
imum current density was determined by the outward
appearance of coatings (finely crystalline surface).
Above the indicated current density, a rough surface
and, according to X-ray diffraction patterns, the Cu2O
phase are formed. According to chemical analysis,
the aluminum content in the coating is 0.22 wt % (or
0.41 wt % in terms of Al2O3; Table 2), irrespective of
the current density. However, in contrast to coatings
containing titanium nitride, the microhardness in-
creases twofold, compared with that in pure copper
(Table 2), being equal to 1.77 HPa ati = 14.8 A dm32.

Apart from deposition of strengthened coatings, it
was of interest to obtain three-dimensional samples
modified with an ultradispersed phase. For this pur-
pose, we obtained powder crystalline precipitates,
pressed to obtain compact samples.

Composite copper plating was carried out on six
copper wire electrodes of diameter 0.18 mm and
length 10 mm in electrolyte (II) containing 12.5 g l31

of the Al2O3 UDP. The current strength was varied
between 1 and 4 A, which provided the formation of
easily removed deposits.

The resulting crystals were washed with distilled
water and dried. To measure the microhardness, the
crystals were pressed in a mold (cold pressing) under
a pressure of 1.7 HPa. The fillets obtained were 8 mm
in diameter, 3 mm in height and had porosity of 1.8%.

With the current strength raised from 1 to 4 A, the
content of aluminum in crystalline copper precipitates
increases from 0.21 to 0.84 wt % (or from 0.41 to

Table 2. Effect of current density on the composition and
microhardness of coatings
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

i, A dm32
³ Content in a coating, %³

Hm, HPaÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³ Al ³ Al2O3 ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
7.4 ³ 0.22 ³ 0.41 ³ 1.31

11.0 ³ 0.17 ³ 0.32 ³ 1.68
14.8 ³ 0.21 ³ 0.40 ³ 1.77

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

1.6 wt % in terms of Al2O3; Fig. 2, curve 1). Corre-
spondingly, the microhardness of pressed crystals
grows from 1.37 to 1.75 HPa (Fig. 3, curve1).

Thus, the microhardness of coatings and compact
(pressed) finely crystalline precipitates containing
Al2O3 UDP as the second phase increases twofold as
compared with the microhardness of pure copper.

To reveal the possibility to vary the microhardness
of cast copper by its modification with Al2O3 UDP,
a sample was subjected to vacuum melting (1100oC).
The sample was pressed from crystalline precipitates
obtained at current strength of 1 A. Measurements of
the microhardness of pressed and cast samples de-
monstrated that the microhardness of a cast sample is
lower by 40%. The microhardness of the cold-pressed
sample is 1.42, and that of the cast sample, 0.85 HPa,

Fig. 2. Effect of current strengthI on the Ti (Al) content in
crystalline powder precipitates obtained in electrolyte (II).
Content of UDP in electrolyte (g l31): Al2O3 12.5, TiN 10.
Metal: (1) Al, (2) Ti; the same for Fig. 3.

Fig. 3. MicrohardnessHm of pressed crystalline precipitates
vs. the Ti (Al) content.
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Table 3. Calculated contents of particles of the second phase in a unit volume of coating
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Condition
³

Phase
³

d, mm
³

Vp 0 1012, cm3
³ Nc ³

Nc / Vc 0 10310³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´
³ ³ ³ ³ wt % ³ vol % ³

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
1 ³ TiN ³ 0.06 ³ 1.10 1034 ³ 0.15 ³ 0.88 ³ 104

³ Al2O3 ³ 0.08 ³ 2.40 1034 ³ 0.41 ³ 1.6 ³ 104
³ ³ ³ ³ ³ ³

2 ³ TiN ³ 135 ³ 0.52365.4 ³ 0.15 ³ 0.88 ³ 231032

³ Al2O3 ³ 135 ³ 0.52365.4 ³ 0.41 ³ 1.6 ³ 3312 0 1032
³ ³ ³ ³ ³ ³

3 ³ TiN ³ 135 ³ 0.52365.4 ³ 10 ³ 63 ³ 1.20 102
31

³ Al2O3 ³ 135 ³ 0.52365.4 ³ 10 ³ 40 ³ 0.80 102
30.6

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

which corresponds to the microhardness of pure
copper.

After vacuum melting, a gray powder in amount of
0.47 wt % relative to the weight of the initial sample
was present in an ampule alongside with the sample.
According to chemical analysis, the content of alumi-
num in crystals obtained as a result of electrolytic
copper plating at a current strength of 1 A was
0.21 wt % (0.41 wt % in terms of Al2O3). Thus,
the decrease in the microhardness of the cast sample is
related to the removal of Al2O3 from it. Upon melt-
ing, Al2O3 was isolated from the bulk sample owing
to the low wettability of Al2O3.

The titanium content of crystalline deposits ob-
tained from electrolyte (II) with 10 g l31 of TiN grows
from 0.33 to 0.70 wt % (from 0.42 to 0.93 wt % in
terms of TiN) with the current strength increasing in
the range 135 A (Fig. 2, curve2). In this case, the
microhardness of pressed compacts increases from
1.26 to 1.37 HPa (Fig. 3, curve2), i.e., by afactor of
1.6 as compared with the microhardness of pure cop-
per, being somewhat greater than that in coatings.

It is known that the content of Al2O3 in coatings
obtained from a sulfate composite electrolyte with
coarse powders is 0.230.5 wt % at powder concentra-
tions in the electrolyte of 503200 g l31 [1]. In practice,
the microhardness of Cu3Al2O3 coatings obtained
from a sulfate composite electrolyte can be raised to
2.432.9 HPa by introducing special additives into the
electrolyte [1], with the Al2O3 content increasing up
to 5.537.3 wt %.

To find the content of the second phase in the coat-
ing, we calculated the contentNc of particles in the
formulation bulk at a known percentageXp and
average particle volumeVp [3]:

Nc = VcXp / 1000Vp.

The calculation was performed under the following
conditions: (1) size of TiN particles 0.06mm, that of
Al2O3 particles3 0.08mm; content of TiN and Al2O3
0.15 and 0.41 wt %, respectively (experimental data);
(2) content of the second phase the same, but with
particle size assumed to be 135 mm; (3) particle size
135 mm, content of the second phase 10 wt % (as-
sumption).

The calculation demonstrated (Table 3) that the use
of UDPs without special additives at small content
of the second phase (0.1530.41 wt %) gives the con-
tent of particles in a coating of about 1014, whereas
the content of 135-mm particles is 1010

3108, i.e.,
the content of ultradisperse particles is greater by
436 orders of magnitude. When the content of the
second phase is 10 wt %, the content of 135-mm par-
ticles is 1010

31012, i.e., under the same conditions
the content of ultradisperse particles is greater by
234 orders of magnitude. In this case, the microhard-
ness is 1.532 times higher.

The mechanism of strengthening of the electro-
plated metal by dispersed particles was considered in
[3]. The dispersed particles, being incorporated in
a metal being deposited, distort its crystal structure
and form defects (dislocations), which results in coat-
ing strengthening, since the action of force on the
metal causes a shear deformation of the crystal, which
propagates along the least distorted directions of the
crystal lattice. The dispersed particles incorporated
into coatings take up the shear stress and also hinder
displacement of microlayers. The presence in the elec-
trolyte of particles in direct contact with the cathode
also results in coating strengthening, since at the in-
stance of impact a particle screens the cathode, thereby
disrupting the original sequence of atomic layers.

The use of UDPs at low content of the second
phase in coatings and deposits gives rise to a signif-
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icant number of dislocations hindering the propaga-
tion of the shear deformation and making the elec-
trolytic deposits stronger, which results in higher
microhardness of coatings and powder crystalline
deposits. We can assume that the electrical conduc-
tivity of copper coatings remains unchanged at the
indicated content of the second phase in the coatings.

CONCLUSIONS

(1) Introduction of ultradispersed powder of titan-
ium nitride and aluminum oxide with particle size of
0.0630.08 mm in a composite electrolyte, instead of
the commonly used coarse powders (135 mm), allows
the microhardness of copper coatings and precipitates
to be raised by a factor of 1.5 (with TiN) and 2 (with
Al2O3), compared with pure copper coatings.

(2) The increase in microhardness was achieved:
(a) at lower content of the ultradispersed phase in elec-
trolytes (TiN 2.5 and Al2O3 12.5 g l31), compared
with the content of coarse powders (503200 g l31); and
(b) at lower content of the second phase in coatings
and deposits (0.1531.6 wt %), compared with the case
of coarse powders (2310 wt %). This makes it pos-
sible to largely retain in a coating the properties in-
herent in the copper substrates.

(3) The calculation demonstrated that the number
of ultradispersed particles in unit coating volume is
436 orders of magnitude greater than that of par-
ticles 135 mm in size. As a consequence, a signif-
icant amount of dislocations is formed, which hinders
propagation of shear deformation and makes elec-
trolytic deposits stronger.
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Abstract-The influence of the material of an inert electrode on the coulometric reversibility of electro-
deposition and dissolution of copper in a cell with Rb4Cu16C13I7 solid electrolyte was studied. The reasons
for time instability of the electrolyte and coulometric reversibility were analyzed.

Compared with analogous liquid-phase systems,
solid-electrolyte (SE) electrochemical cells have a
number of advantages: they are manufactured by sim-
pler technology, are more suitable for miniaturization,
have high resistance to mechanical action, can operate
in a wide temperature range (3603200oC), possess long
service and storage life (up to 10 years), and can be
manufactured in a single run with fabrication of an elec-
tronic unit. As a rule, the known coulometers are based
on silver systems [1]. A study of copper-conducting
electrochemical systems is necessitated by their pos-
sible application to exclude use of precious metals. In
this case, the ability of a coulometer to preserve coulo-
metric reversibility in the course of time is a key issue.

EXPERIMENTAL

Coulometer samples were prepared in a box in dry
argon. The copper electrode was a mixture of pow-
dered copper and copper-ion-conducting electrolyte of
composition Rb4Cu16Cl13I7 (mass ratio 1 : 1). As inert
electrodes were used platinum, carbon black3graphite
mixture with polyacrylonitrile (PAN) binder, and glassy
carbon. As current lead served titanium wire. The in-
ternal ac resistance of the samples was within 8312W.

The nonequivalence of the quantities of electricity
passed during the cathodic and anodic processes for
all the three inert electrodes is illustrated in the table.
The presented data show that, except in the case of

Nonequivalence of the quantities of electricity passed in deposition and dissolution of copper on various electrodes
at 25oC
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Current,³ Nonequivalence of the quantity of electricity, %, in indicated cycle

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
mA ³ 1st ³ 2nd ³ 3rd ³ 4th ³ 5th ³ 6th ³ 7th ³ 8th ³ 9th ³ 10th

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
Graphite electrode

50 ³ 31.2 ³ 29.7 ³ 28.2 ³ 27.5 ³ 27.2 ³ 26.7 ³ 24.4 ³ 23.6 ³ 23.1 ³ 22.2
100 ³ 12.5 ³ 10.7 ³ 8.8 ³ 8.2 ³ 7.8 ³ 7.0 ³ 6.6 ³ 6.2 ³ 5.4 ³ 5.3
500 ³ 10.9 ³ 11.5 ³ 12.5 ³ 13.5 ³ 14.2 ³ 14.4 ³ 14.0 ³ 15.0 ³ 15.1 ³ 15.1

Glassy carbon electrode
50 ³ 14.3 ³ 13.7 ³ 13.4 ³ 13.0 ³ 13.4 ³ 12.4 ³ 12.4 ³ 12.0 ³ 11.9 ³ 11.8

100 ³ 10.5 ³ 10.7 ³ 10.8 ³ 11.0 ³ 11.0 ³ 11.0 ³ 11.0 ³ 10.9 ³ 10.9 ³ 10.7
500 ³ 3 ³ 3 ³ 3.0 ³ 2.7 ³ 2.5 ³ 2.2 ³ 2.2 ³ 2.0 ³ 2.0 ³ 2.0

1000 ³ 4.5 ³ 3.5 ³ 3.0 ³ 2.4 ³ 2.0 ³ 1.6 ³ 1.5 ³ 1.1 ³ 1.3 ³ 1.1

Platinum electrode
50 ³ 37.0 ³ 36.0 ³ 35.3 ³ 35.0 ³ 34.7 ³ 34.0 ³ 33.7 ³ 33.3 ³ 33.0 ³ 32.0

100 ³ 18.2 ³ 17.0 ³ 18.1 ³ 15.7 ³ 15.4 ³ 15.3 ³ 15.2 ³ 14.8 ³ 14.7 ³ 14.5
500 ³ 10.7 ³ 10.0 ³ 9.0 ³ 8.5 ³ 8.1 ³ 7.5 ³ 7.1 ³ 6.9 ³ 6.6 ³ 6.4

1000 ³ 6.9 ³ 3.7 ³ 3.4 ³ 3.2 ³ 3.0 ³ 2.9 ³ 2.8 ³ 2.3 ³ 2.1 ³ 2.0
ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
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the graphite electrode, the nonequivalence is high dur-
ing several first cycles and decreases approximately
linearly with cycling and increasing current density.
The best reversibility of cathodic and anodic processes
is characteristic of the inert glassy carbon electrode.

If copper is deposited onto a mixture of graphite
with PAN binder and the deposit is anodically dis-
solved after 1 h, then the nonequivalence of the cath-
odic and anodic quantities of electricity will be 35%.
This value decreases somewhat in further cycling of
the electrode. When copper deposit is dissolved 2 h
after its preparation, the coulometric nonequivalence
becomes as high as 50%. The same was observed on
the platinum electrode. For a deposit stored for 1 day
after preparation, the nonequivalence increases to 80%
and remains large till the 10th cycle.

The cells cycled continuously for a long time
(~1 month) degraded, which was manifested in an in-
crease in their internal resistance and impossibility to
pass high current densities through the cells.

The stationary potentials of the inert electrodes
were 0.54530.550, 0.5330.538, and 0.51930.525 V for
graphite, platinum, and glassy carbon, respectively.
The closeness of these potentials to the potential of
the iodine electrode suggests that the solid electrolyte
decomposes at the interface with inert electrodes or,
at least, the concentration of free iodine in the near-
electrode layer of the electrolyte is noticeable. This
assumption is corroborated by the fact that, when
the potential of the inert electrode of an assembled
cell is shifted from the stationary value toward pos-
itive potentials, high currents are observed in the cur-
rent3voltage characteristic (Fig. 1). The polariza-
tion resistances, calculated using the initial parts of
the curves, were 640, 1660, and 133W cm2, on the
average, for graphite, platinum, and glassy carbon
electrodes, respectively, at 25oC.

The cyclic polarization curves of solid electrolyte
oxidation and reduction of electrolyte oxidation prod-
ucts at the interface between the solid electrolyte
and the platinum electrode are presented in Fig. 2.
The character of these curves reflects the stage-by-
stage nature of oxidation3reduction processes in the
solid electrolyte.

The observed dependence of the oxidation and re-
duction current peak potentials on the potential sweep
rate indicates the irreversibility of these processes.

The whole set of the presented data shows that
the electrolyte decomposes at some rate even at poten-
tials close to 0.5 V. This instability of the electrolyte
was also manifested in that, despite the termination of

Fig. 1. Initial portions of cyclic potentiodynamic curves
in the first cycle for various inert electrodes. Electrode:
(1) Carbon black3graphite + PAN and (2) Pt.

Fig. 2. Cyclic potentiodynamic curves of the SE(Cu+)|Pt
interface at different potentials of potential sweep direction
switching, ER. Vs = 8 0 1034 V s31, T = 25oC; the same
for Fig. 3. ER (V): (1) 0.72 and (2) 0.65.

cell cycling each time after the cathodic semi-cycle,
ensuring reduction of the oxidation products, and even
after deposition and subsequent dissolution of copper
on an inert electrode, prolonged storage of the cell
(~1 month) led to complete degradation of the solid
electrolyte. This is manifested, in the first place, in
a drastic decrease in currents in electrode polarization.
The change in the phase composition of SE was con-
firmed by X-ray phase analysis.

Noteworthy is the presence nearE = 0.6 V of
a weakly pronounced peak of current of electrolyte
oxidation on the platinum electrode in the initial
portion of curve2, possibly associated with copper
dissolution occurring independently of electrolyte ox-
idation. With account taken of the small capacity
(536 mC cm32) under the peak, it may be suggested
that this current peak corresponds to dissolution of a
copper microphase layer from the surface of platinum
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Fig. 3. Potentiodynamic curves of copper deposit dissolu-
tion from glassy carbon. Curve numbers: (1) taken to a po-
tential of 0.055 V; (2, 2̀) anodic semi-cycle to 0.022 V;
and (3) obtained immediately after measuring curve2.

(adsorption layer). The differenceDEd of the peak
potentials of macro- and microphase dissolution is
linearly related to the difference of the electron work
functions, DF, of deposited metal and material of
the inert electrode by the equation [2]

DEd = aDF, (1)

where a = 0.5 V eV31.

Estimation ofDEd by means of Eq. (1) atDF =
0.85 eV gives 0.425 V, a value rather close to
the experimentalDEd = 0.576 V.

The coulometric reversibility of copper deposition
onto, and dissolution from an inert glassy carbon
electrode was studied by chronovoltammetry at cop-
per amounts deposited onto electrode, ensuring the
microphase formation. In this case, the amount of
the deposit, expressed in charge units, varied between
37.5 and 750 mC cm32. The minimum thickness of
the layer formed by the reaction

Cu+ + e = Cu0,

was 2003300 monolayers. It was found that copper
dissolution from the glassy carbon surface occurs
in two stages, which is indicated by the presence of
two current peaks in the potentiodynamic curves
of copper dissolution (Fig. 3). These two processes
occur in parallel to a +0.022 V potential. The transfer
coefficients b, calculated from the dependences
ln{3i/exp(3nFh/RT) 3 1]}3h plotted for the initial
portions of curves1 and 2 at n = 1 and 2, are con-
siderably higher than unity (1.2233.87). Such large
coefficients, and also the nonlinearity of the de-
pendences at low overvoltages, can be accounted for
by the control exerted over the process by the rate of

dissolution of two-dimensional nuclei. In the over-
voltage range in question, this mechanism of control
is not replaced yet by the charge-transfer-controlled
mechanism. Analysis of the dependences of the dis-
solution current peak potentials on lnVs allowed cal-
culation of the number of electrons involved in the
reaction, which was found to be approximately 2, i.e.,
two electrons are transferred in the second, reversible
stage of copper dissolution.

Storage of an electrode with copper deposit for sev-
eral days leads to a decrease in the intensity of the cur-
rent peaks and to a nonlinear dependence of the peak
potential on the logarithm of the potential sweep rate,
which may be due to electrolyte degradation.

Owing to the large amount of deposit on the inert
electrode, it is difficult to account for the presence of
two peaks in the potentiodynamic curves of copper
dissolution by the existence of two energy states of
copper on the glassy carbon surface. It is reasonable
to assume that the second peak corresponds to the re-
action

Cu0 3 2e = Cu2+. (2)

The assumption that the first peak is attributable to
the reaction

Cu0 3 e = Cu+, (3)

is at variance with the data ofFig. 3. Since only
a minor portion of the deposit dissolves during the
anodic semi-cycle at potentials of up to 0.022 V,
the activity of the copper electrode and the phase
composition at the metall3electrolyte interface do not
alter. Then, two peaks should have also been observed
in subsequent anodic semi-cycle, which is not the case
in the experiment. Apparently, it is more reasonable to
assume that the first peak corresponds to oxidation of
Cu+ to Cu2+.

The proposed interpretation of the potentiodynamic
curves of copper dissolution in a solid electrolyte with
conduction by copper cations is in agreement with
the mechanism of the well-known instability of cop-
per-conducting solid electrolytes [3]. This mechanism
is based on the possibility of electrochemical or chem-
ical oxidation of the conducting ions of the solid elec-
trolyte from Cu+ to Cu2+. The concomitant increase
in the hole concentration makes higher the hole con-
ductivity of SE. As a result, copper cations can be
reduced not only at the electrode surface, but also in
the near-electrode layer of ES. This results in the
formation of a thin electrolyte layer with high elec-
tron-hole conductivity. The copper atoms in this layer
are uniformly distributed in the bulk. Evidently,
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the current peaks in copper dissolution in such a layer
will be dependent on the amount of preliminarily de-
posited copper.

Apparently, the patterns of anodic dissolution from
such a layer must be similar to those observed in dis-
solution of metals from thin films of their amalgams,
characterized by a proportional dependence of the peak
current onVs

l, wherel may assume, depending on
film thickness, values ranging from 0.5 to 1.0 (for
thick and thin films, respectively). In accordance with
this assumption, the dependence of lnid on ln Vs
must be linear with a slope equal tol. The con-
structed plots are well described by a linear depen-
dence (Fig. 4). A calculation ofl by the least-
squares method yielded a value of 0.83+ 0.03, 0.95
for Q0 = 75 mC cm32 and 0.712+ 0.025, 0.95 for
Q0 = 150 mC cm32 at correlation coefficients of
0.9988 and 0.9996, respectively. The presented data
show thatl increases with decreasingQ0, and, there-
fore, with decreasing layer thickness, in line with
the behavior of amalgam films.

It follows from the proposed model that, if the
anodic dissolution of copper yields Cu2+ ions and the
main conducting ions of ES are oxidized (from Cu+

to Cu2+), degradation of the solid electrolyte (i.e.,
a decrease in its ionic conductivity and increase in
hole conductivity) is inevitable. This degradation is
inherent, to some extent, to all solid electrolytes with
conduction by Cu+ ions. It may be assumed that,
owing to the weak binding of Cu+ cations to the SE
anion sublattice, the rates of these processes will
depend only slightly on the composition of the sub-
lattice.

It is difficult to account for the comparatively high
peak current densities of copper dissolution by the
large diffusion coefficient of doubly charged cations
in SE. More likely, they can be accounted for by
the high hole diffusion rate in the electrolyte, with
hole motion accompanied by transfer of unit charge
from Cu2+ to a neighboring Cu+ cation. Macroscop-
ically, this is perceived as diffusion of doubly charged
cations.

If the electrolyte were free from Cu2+ cations,
then, owing to the conversion of a copper atom into
a doubly charged cation, capacities markedly larger
than Q0 would be observed during anodic semicycles
in deposit dissolution from the surface of the inert
electrode. At the same time, the experimental coulo-
metric reversibility was usually less than, and close
to unity. This suggests that either a high concentra-
tion (comparable with that of Cu+) of doubly charged
copper cations discharging in deposition is present in
the electrolyte, or the Cu+ 6 Cu2+ and Cu6 Cu2+

Fig. 4. Current densityid at peaks of the potentiodynamic
polarization curves of copper dissolution from the surface
of glassy carbon vs. potential sweep rateVs. Deposition
current density 2.5 mA cm32, T = 25oC. Q0 (mC cm32):
(1) 75 and (2) 150.

transitions make small (as regards the current and
capacity) contribution to the potentiodynamic curves
of deposit dissolution, and the peak shape is mainly
determined by the Cu6 Cu+ process. As shown by
the presented data, the last process is irreversible, i.e.,
is controlled by charge transfer, andbn ; 0.5, which
gives b = 0.5 at n = 1.

The presence of an amalgam-like layer inevitably
leads to the loss of capacity in dissolution, which
occurs, at least, owing to deterioration of the electrical
contact between the grains of the layer and between
grains and electrode, or owing to a decrease in the
copper concentration in the layer in the course of dis-
solution, which makes lower its electronic conduc-
tivity. This fact can account for, in particular, the ex-
istence of noticeable currents in the potentiodynamic
curves at potentials much exceeding the current peak
potentials, just at which the residual copper in the
layer is oxidized. This range of potentials is directly
responsible for the abrupt change in potential in gal-
vanostatic curves of copper dissolution from the sur-
face of the inert electrode.

Evidently, such a layer will undergo recrystalliza-
tion when in storage. As a result, the electrical contact
between copper in the layer and the electrode may be
deteriorated, and the area of contact between copper
in the layer and the solid electrolyte, may decrease.

The given near-electrode layer of electrolyte may
be formed not only by the above mechanism, but also
as a result of the difference in energies of binding be-
tween metal and inert electrode and between atoms
of deposited metal [4].

Probably, a similar electrochemical behavior will
be also observed in other copper-conducting solid
electrolytes, which impairs the feasibility of preparing
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systems with high coulometric reversibility on their
basis.

CONCLUSION

The model of anodic oxidation and cathodic reduc-
tion of copper on the surface of an inert electrode was
proposed. The model is based on the assumption that
redox processes may occur not only on the electrode
surface but also in the near-electrode layer of solid
electrolyte owing to its comparatively high hole con-
ductivity. This assumption furnishes a qualitative ex-
planation for specific features of processes occurring
at the interface between the inert electrode and cop-
per-conducting solid electrolyte.
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Abstract-The reaction of nickel(II) and copper(II) sulfate solutions with carbonate flour prepared from
carbonatite was simulated thermodynamically and studied experimentally. The conditions under which
open systems and those isolated from the atmosphere attain stationary state (carbonatite consumption and
grain size, pH of the medium) were determined. The ionic and mineral composition of new formations and
the theoretically possible degree of purification were found.

In the affected zones by mining-and-smelting plants
in natural basins, a substantial increase in the content
of acid oxides and ions of a number of heavy metals
exerting negative influence on living organisms is
observed in some cases [1]. These contaminants may
adversely affect the human health if such water basins
are sources of drinking water.

The contamination is caused by acid rains and un-
controllable discharges from tailing dumps and waste
piles, containing sulfides of nonferrous metals and
iron.

A liter of acid rain with pH in the range from 3.6
to 4.7 contains from 0.002 to 1.15 mg l31 of nickel(II),
0.003 to 2.36 mg l31 of copper(II), and a number of
other ions of toxic metals, and also 2.1 to 52.7 mg l31

of the sulfate ion. In winter, the contaminants are ac-
cumulated in the snow cover and are discharged to
water basins during snow thawing. During this period
of time, the content of acid oxides and heavy metal
ions in water much exceeds the maximum permissible
concentration (MPC) [1, 2].

During storage of mining wastes, the constituent
sulfides are oxidized and nonferrous metals pass into
readily soluble sulfates. This process is particularly
intensive in the case of alternating moistening and
drying [335]. The MPC may be exceeded 18-fold for
cobalt(II) ions, 180-fold for copper(II), and 880-fold
for nickel(II) [6].

Water basins can be decontaminated to remove
metal ions and inorganic acids with the use of car-
bonate flour prepared from carbonatite [7]. Use of
more active reagents, e.g., suspended Ca(OH)2 is in-
admissible for open water basins because of the im-
possibility of stirring, with the result that the local
concentration of the reagent may exceed the MPC
and, therefore, adversely affect the ecosystem of a
water basin. The optimal acidity (for fish) is with-
in 6.5 < pH < 8.5, with relativelysafe conditions
achieved at 5.5 < pH < 9.0 [8].

It has also been found that the carbonate flour can
be used to remove such contaminants as ions of some
heavy metals and nickel(II) and copper(II), in partic-
ular. However, the purification methods are somewhat
different in this case.

In the case of near-surface water contamination with
only sulfur oxides (SO2, SO3), it is recommended to
use for purification a finely dispersed carbonate flour
having large specific surface area [436, 9]. This en-
sures a high rate of the reaction and the minimum con-
sumption of the reagent. The use of finely dispersed
reagents for purification to remove nickel(II) and cop-
per(II) ions leads to formation of even more finely
dispersed secondary products, which stay suspended
for a long time. Therefore, it is appropriate to use
a reagent with coarser grain and raise its expenditure,
to achieve incomplete dissolution of carbonate parti-
cles and their settling out together with hydroxides
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Table 1. Variation of residual concentrations, pH value, and content of solid phases in reaction of nickel(II) ions with
calcite (initial Ni(II) concentration 2.9 mg l31, T = 25oC, P = 1 atm)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Calcite ³ Content of solid phase, mg l31 ³ Residual concentration in solution, mg l31 ³
consumption,³ ³ ³ pH valueÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´

mg l31 ³ CaCO3 ³ Ni(OH)2 ³ NiS ³ Ni2+ ³ Ni(OH)+ ³ NiO ³
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

Open system

0.01 ³ 3 ³ 3 ³ 3 ³ 3.00 ³ 9.530 1036 ³ 1.480 10310 ³ 5.67
0.0136 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 1.10 1035 ³ 2.970 10310 ³ 5.74
0.100 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 1.50 1035 ³ 3.890 10310 ³ 5.88
0.316 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 3.10 1035 ³ 5.850 1039 ³ 6.20
1.00 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 9.10 1035 ³ 5.020 1038 ³ 6.63
3.16 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 1.640 1034 ³ 4.730 1037 ³ 7.14

10.0 ³ 3 ³ 3 ³ 3 ³ 2.99 ³ 8.800 1034 ³ 4.500 1036 ³ 7.64
31.6 ³ 3 ³1.030 1034³ 3 ³ 2.99 ³ 2.740 1033 ³ 4.60 1035 ³ 8.14
56.3 ³ 7.51 ³ 1.30 ³ 3 ³ 2.18 ³ 2.940 1033 ³ 7.30 1035 ³ 8.32

Closed system

0.01 ³ 3 ³ 3 ³ 0.0366 ³ 2.96 ³ 1.40 1035 ³ 1.540 1039 ³ 5.98
0.0316 ³ 3 ³ 3 ³ 3 ³ 2.95 ³ 4.60 1035 ³ 1.800 1038 ³ 6.658
0.100 ³ 3 ³ 3 ³ 0.0132 ³ 2.94 ³ 8.470 1034 ³ 3.20 1036 ³ 7.63
0.316 ³ 3 ³ 0.0601 ³ 3 ³ 2.89 ³ 3.200 1033 ³ 6.60 1035 ³ 8.25
1.00 ³ 3 ³ 0.362 ³ 3 ³ 2.70 ³ 3.800 1033 ³ 8.60 1035 ³ 8.25
3.16 ³ 3 ³ 1.39 ³ 3 ³ 2.08 ³ 2.930 1033 ³ 7.40 1035 ³ 8.32

10.0 ³ 3 ³ 4.26 ³ 3 ³ 0.263 ³ 1.040 1033 ³ 7.40 1035 ³ 8.77
31.6 ³ 14.8 ³ 4.63 ³ 3 ³ 0.00597 ³ 1.570 1034 ³ 7.40 1035 ³ 9.59

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

and basic sulfates and carbonates of heavy metals,
formed on their surface. A certain excess of carbon-
ates will hinder reverse reactions in both settled and
stirred sludge.

To optimize the purification of natural and waste-
water to remove nickel and copper ions, computer
simulation of the reaction of dilute solutions with
carbonate flour prepared from carbonatite, whose ac-
tive component is calcite CaCO3, was performed and
a set of laboratory experiments was carried out. The
computer simulation was done with Selektor PC [10].
The method of physicochemical simulation of natural
mineral formation processes is based on finding the
minimum Gibbs energy. The reaction of the solid
phase with a solution may give a new secondary prod-
uct compatible with the solution. In this case, de-
spite the established equilibrium between the second-
ary products and the solution, the primary rock con-
tinues to react with the liquid phase and the process
goes on [11]. The process of irreversible dissolution
can be represented as a sequence of elementary stages,
which yields eventually the chronological or spatial
succession of changes occurring in the system on its
way to equilibrium. The thermodynamic data were
taken from [12315].

The computer simulation was used to study the
nature of the reaction of nickel-containing solutions
with calcite in open and closed (isolated from the
atmosphere) systems at different salt concentrations.
The conditions of nickel(II) precipitation from so-
lutions with varied concentration of nickel(II) sul-
fate were modeled by the thermodynamic system
N3C3Ca3Ni3S3O3H3e, containing 32 components
in the aqueous phase, including Ni2+, Ni(OH)+, NiO,
HNiO2

3; 10 components in the gas phase; and 14 solid
phases. The system included nickel and calcium car-
bonates, oxides, sulfides, and sulfates, and nickel
hydroxide Ni(OH)2. According to the results of cal-
culation, precipitation of nickel hydroxide starts in
an open system at an initial NiSO4 concentration of
5 0 1035 M (2.9 mg l31 Ni2+) at pH 8.14 (Table 1),
with pH tending to 8.3, and thedegree of purifica-
tion is 24%. Raising the reagent concentration in
the system leads to its precipitation, with neither
the amount of Ni(OH)2, nor residual concentrations
of nickel ions in solution changed. A study of this
system in isolation from the atmosphere at the same
concentration of nickel(II) ions in solution demon-
strated that nickel hydroxide is formed at lower re-
agent expenditure of 1.780 1034 g l31 at pH 8.059.
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Raising the calcite content in the system further leads
to a rise in pH, increase in the Ni(OH)2 concentration,
decrease in the residual concentration of nickel ions
in solution, and transition of the system to a steady
state.

In a solution with initial Ni(II) concentration of
1 0 1035, no Ni(OH)2 precipitation occurs. The theo-
retically possible minimum nickel(II) concentration
in an open system is 3.80 1035 M (2.23 mg l31), which
corresponds to pH 8.32 of a solution saturated with
CaCO3.

In a closed system (Table 1), the maximum pH
value in CaCO3-containing solutions (9.85) is higher
than that in the open system. The nickel ion concen-
tration in the pH range 839.5 is 132 orders of magni-
tude lower than that in the open system, and virtually
the entire amount of nickel passes into the solid phase
at pH 9.75 and 9.58, and initial nickel concentrations
of 1 0 1035 and 50 1035 M (0.6 and 2.9 mg l31), re-
spectively. Water purification to remove nickel with
calcium carbonate in a closed system is much more
efficient as compared with that in the open system.
The maximum degree of purification of a NiSO4
solution with initial concentration of 50 1035 M is 25
and 99.8% in open and closed systems, respectively.
At an initial Ni(II) concentration of 10 1035 M, no
nickel precipitation occurs in the open system, with
the degree of purification being as high as 99.7% in
the closed system.

The kinetics of reagent reaction with solutions was
studied experimentally under laboratory conditions.
To avoid reverse reactions, the reagent with products
should be precipitated as soon as possible. At the
same time, the residence of each grain in the bulk
of water being purified must be long enough for the
forward reaction to occur. Figure 1 presents a kinet-
ic curve of carbonatite dissolution in distilled water
(consumption 0.5 g l31, fraction 0.4 mm), and Fig. 2,
that of carbonatite reaction with a nickel sulfate solu-
tion [Ni(II) concentration 2.91 mg l31]. It can be seen
from Fig. 2 that the reaction is virtually complete in
20 min, when the maximumdegree of solution pu-
rification to remove nickel ions is reached. This ap-
proximately corresponds to the time of attainment
of the maximum pH value in carbonatite dissolution.
Further reaction of the solution with calcium carbon-
ate leads to a slight increase in Ni(II) concentration,
which is possibly due to partial dissolution of the
newly formed phase.

The number of newly formed phases is small,
since the reagent is taken in gross excess. Their pre-
cise identification is impossible, since they are char-

Fig. 1. Variation of pH in the course of carbonate flour
dissolution. Grain size 0.4 mm, consumption 0.5 g l31.
(t) Time.

Fig. 2. Kinetic curves describing the reaction of (1) nickel
sulfate and (2) copper sulfate solutions with carbonate
flour. (C) Metal ion concentration and (t) time.

Fig. 3. Residual metal ion concentrationC in solution vs.
carbonate flour consumptionB. Initial concentration
(mg l31): Cu(II): (1) 5.10, (2) 3.22, and (3) 1.42; Ni(II):
(4) 0.3; the same for Fig. 4.

acterized by high dispersity and low ordering of the
crystal lattice. However, comprehensive studies, in-
cluding optical and X-ray determinations, revealed
that the newly formed phases are close to zaratite
Ni3[(OH)4CO3] . 4H2O.
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Table 2. Change in residual concentrations, pH values, and concentrations of solid phases in reaction of copper(II) ions
with calcite (initial Cu(II) concentration 5.1 mg l31, T = 25oC, P = 1 atm)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Calcite ³Content of solid phase, mg l31³ Residual concentration in solution, mg l31 ³ pHconsumption,³ ³ ³ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´
mg l31 ³ CaCO3 ³ brochantite ³ Cu2+ ³ Cu+ ³ CuOH+ ³ Cu(CO3)2

23 ³ value

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
Open system

0.001 ³ 3 ³ 3 ³ 5.222 ³ 3 ³ 0.0337 ³ 3.460 10310 ³ 5.65
0.032 ³ 3 ³ 3 ³ 5.18 ³ 3 ³ 0.0368 ³ 4.840 10310 ³ 5.69
0.1 ³ 3 ³ 3 ³ 5.17 ³ 3 ³ 0.0490 ³ 6.870 10310 ³ 5.81
0.32 ³ 3 ³ 0.00016 ³ 5.06 ³ 3 ³ 0.0694 ³ 6.480 1039 ³ 6.00
1.00 ³ 3 ³ 0.00117 ³ 4.48 ³ 3 ³ 0.0674 ³ 8.040 1039 ³ 6.02
3.16 ³ 3 ³ 0.00426 ³ 2.71 ³ 3 ³ 0.0582 ³ 2.010 1038 ³ 6.16

10.0 ³ 3 ³ 0.00905 ³ 0.0674 ³ 3 ³ 0.0174 ³ 0.000011 ³ 7.25
31.6 ³ 3 ³ 0.00905 ³ 0.00433³ 3 ³ 0.00696³ 0.00114 ³ 8.05

100 ³ 0.0485 ³ 0.00905 ³ 0.00187³ 3 ³ 0.00528³ 0.00480 ³ 8.30

Closed system

0.001 ³ 3 ³ 3 ³ 4.97 ³ 0.135 ³ 0.028 ³ 3 ³ 5.59
0.032 ³ 3 ³ 3 ³ 4.79 ³ 0.378 ³ 0.013 ³ 3 ³ 5.20
0.1 ³ 3 ³ 3 ³ 4.91 ³ 0.238 ³ 0.021 ³ 3 ³ 5.46
0.32 ³ 3 ³ 0.00025 ³ 4.90 ³ 0.00284 ³ 0.068 ³ 3 ³ 5.99
1.00 ³ 3 ³ 0.00075 ³ 4.61 ³ 0.016 ³ 0.069 ³ 3 ³ 6.00
3.16 ³ 3 ³ 0.00239 ³ 3.71 ³ 3.520 10312 ³ 0.065 ³ 3 ³ 6.07

10.0 ³ 3 ³ 0.00769 ³ 0.842 ³ 1.720 10312 ³ 0.04 ³ 3 ³ 6.52
31.6 ³ 0.0136 ³ 0.00905 ³ 2.70 1035 ³ 0 ³ 0.00128³ 3 ³ 9.52

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

As seen in Figs. 3 and 4, at initial Ni(II) concen-
trations of 0.3 mg l31, corresponding to contamination
in the immediate vicinity of a source, adding even
a minor amount of carbonate flour leads to a dramatic
decrease in the content of nickel(II). The degree of pu-
rification at reagent consumption of 2 g l31 is 76.67%.
With the reagent expenditure raised to 10 g l31, the
degree of purification can be made as high as 83.3%.
However, further increase in reagent expenditure is
inefficient. The MPC values adopted for fishing ba-

Fig. 4. Degree of solution purification,A, vs. carbonate flour
consumptionB at different initial metal ion concentrations.

sins (0.01 mg l31) could not be achieved even at re-
agent consumption of 20 g l31. Presumably, the re-
sidual concentration of nickel(II) ions in water being
purified is comparable in this case with the solubility
limit of the newly formed phases.

A comparison of the experimental data with results
of computer simulation demonstrated that equilibrium
is not attained in the system as a whole in reaction
of nickel(II) with calcite in real solutions. Local equi-
libria are created near the surface of grains, simulat-
ing conditions that are intermediate between those for
the open and closed systems. As a result, the mea-
sured residual concentrations of nickel(II) were found
to be lower than the calculated values for the cor-
responding pH values in the open system.

The conditions of copper(II) precipitation from
sulfate solutions were found on studying the thermo-
dynamic system N3C3Ca3Cu3S3O3H3e, containing
34 components in the aqueous phase, including Cu2+,
Cu+, Cu(OH)+, HCuO2

3, CuO2
23, and Cu(CO3)2

23; 10
components in the gas phase; and 18 solid phases.
As also in the case of nickel sulfate solutions, the
nature of reaction of copper sulfate solutions with
calcite in open and closed systems at Cu(II) concen-
trations of 1.4 and 5.1 mg l31 was studied by means
of computer simulation. At initial Cu(II) concentra-
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tion of 5.1 mg l31 in a system open to the action of
atmosphere, brochantite Cu4SO4(OH)6 is formed at
5.97 < pH < 7.24 (Table 2). Raising the calcite con-
tent in the system further does not change the amount
of brochantite, with the pH of the system becoming
8.3. Under the conditions when a system is isolated
from the atmosphere, brochantite is formed at the same
calcite consumption (Table 2). Its concentration grows
gradually with increasing reagent consumption and
tends to a constant value. The residual concentrations
of copper-containing ions are much lower than in the
case of an open system. At initial salt concentration
of 1.4 mg l31 in an open system, brochantite is formed
at pH 6.47 and calcite consumption of 0.001 g l31,
and, additionally, malachite Cu2(OH)2CO3, at pH 8.1
and calcite consumption of approximately 0.03 g l31.
The concentrations of copper-containing ions decrease
by 233 orders of magnitude.

Figure 2 presents a kinetic curve of calcium
carbonate reaction with copper sulfate solution
[Cu(II) concentration 1.90 mg l31]. It can be seen
that the reaction is virtually complete in 30 min. In
contrast to the similar curve for nickel sulfate, no rise
in the Cu(II) concentration with increasing reaction
time is observed.

As in the preceding case, the number of newly
formed phases is small, and their structure is exceed-
ingly imperfect. As a result, they could not be iden-
tified precisely. However, comprehensive studies, in-
cluding optical and X-ray determinations, established
that the newly formed phases are close to the natural
pozdnyakite and langite [16, 17], with composition
Cu4SO4(OH)6 . H2O. The newly formed phase has
finely crystalline structure, and, therefore, only aver-
aged refractive index could be evaluated, which gave
no way of performing a more precise identification.
The X-ray pattern shows only the strongest lines, hav-
ing close positions in both minerals. Interestingly,
pozdnyakite and langite are insoluble in water in con-
trast to copper sulfates. At the same time, artificial
analogs of pozdnyakite or langite could not be syn-
thesized in the system CuO3SO33H2O [18]. Presum-
ably, minerals of this kind can only be formed in
strongly diluted solutions.

As it can be seen from Figs. 3 and 4, at initial
Cu(II) concentrations of 1.435.1 mg l31, addition of
even minor amounts of carbonate flour leads to a
dramatic decrease in the content of copper ions. The
degree of purification at reagent consumption of 2 g l31

is 75395%. With the reagent expenditure raised to
10 g l31, the degree of purification can be made as
high as 95399%. However, at lower contaminant con-

centrations, the efficiency of the reagent decreases
drastically. The MPC values adopted for fishing ba-
sins (0.001 mg l31) could be achieved even at reagent
consumption of 20 g l31. Presumably, the residual
concentration of copper ions in water being purified
is comparable in this case with the solubilitylimit
of the newly formed phases. As shown by investiga-
tions on natural objects, the solubility of basic cop-
per sulfates depends on the pH value: the sulfates
are virtually insoluble at pH > 7, but their solubility
increases dramatically at lower pH values.

CONCLUSIONS

(1) A comparison of the results of a thermodynam-
ic simulation with experimental data on the reaction
of dilute nickel and copper sulfate solutions with car-
bonate flour demonstrated that the nature of the pro-
cess is determined by kinetic factors and local equi-
libria between solution and newly formed phases on the
surface of carbonate grains, and between these phases
and carbonates, which are established 20330 min after
the beginning of the reaction. In this case, the max-
imum degree of purification is achieved. The grain
size of the carbonate flour must ensure settling out,
during this time, of the excess amount of the reagent
together with newly formed phases.

(2) The thermodynamic computer simulation was
used to find the conditions (carbonatite consumption,
pH of the medium) for transition of an open or iso-
lated (from the atmosphere) system to a steady state,
establish the ionic and newly formed mineral com-
position, and determine the theoretically possible de-
gree of purification. The obtained theoretical and ex-
perimental data are compared. It is shown that, even
though local pH values may be as high as 9.6, the
value of this parameter in the water basin bulk does
not exceed8.3, which is safe for living organisms.
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Abstract-The possibility of determining the aluminum(III) concentration in aqueous solutions in the form
of a complex compound with lumogallion by means of fluorometry with a portable analyzer and the effect
of impurities on the accuracy of determining this concentration were studied.

The fluorometric analytical technique, based on
measuring the intensity of fluorescence of a complex
compound of aluminum with lumogallion [1] under
the action of short-wavelength visible or UV light, is
widely used to find the content of aluminum(III) in
various media. Owing to its high sensitivity and selec-
tivity, this method is frequently employed to analyze
water, eatables, various biological media, etc. [238].

Devices for fluorometric analysis frequently use
as light sources gas-discharge lamps, halogen in-
candescent lamps, or lasers [9], with the result that
these devices are bulky, power-consuming, and electric
mains3dependent. However, it is desirable in many
cases to have a precise portable instrument with low
power consumption, weight, and size. Such a device
could be designed owing to the fact that the fluores-
cence peak of the aluminum(III) complex with lumo-
gallion is observed at 576 nm, and the wavelength of
exciting light must be 4503500 nm [1]. This allowed
use of a blue LED with emission peak at 473 nm and
brightness of 1 cd at nominal current of 20 mA, in-
stead of power-consuming sources of excitation light.
The device is based on adouble-beamscheme with the
illuminance of a glass measuring cell monitored and
maintained constant and account taken of the fluores-
cence decay with increasing temperature and the pos-
sibility of working under scattered daylight.

The aim of this study was to determine the inten-
sity of fluorescence in relation to the aluminum con-
centration in solution and also to analyze the effect
of impurities present in natural water on the accuracy
of determining the aluminum concentration.

In view of the high sensitivity of the fluorometric
analytical technique, particular attention was given
to the purity of laboratory vessels and reagents. State
standard aluminum(III) samples of precisely known
concentration, reagents of special-purity and chemi-
cally pure grades, and lumogallion of pure grade were
used.

Working solutions were prepared by pouring ap-
proximately 10 ml of distilled water in a clean 50-ml
flask and adding by means of a calibrated pipette
a calculated amount of a solution containing an alu-
minum compound. Further, a second pipette was used
to introduce 6 ml of a solution containing lumogallion
and acetate buffer, with a prescribed amount of a so-
lution of impurity compound introduced when nec-
essary, and the volume of the solution in flask was
brought to the mark with distilled water.

Measuring vessels with the solutions were heated.
For this purpose, they were placed in a vessel with
boiling water for 5 min and then cooled in cold water
to room temperature. This procedure was necessary
since the fluorescent complex compound is formed
at room temperature in several hours (and, correspond-
ingly, the intensity of fluorescence gradually grows
during this time), but this process is markedly accel-
erated at elevated temperatures. Heating for 5 min was
sufficient for converting all forms of aluminum(III)
into an analytical form.

The main components of the auxiliary solution
were as follows (M): lumogallion (0.00012, acetic
acid 1.1, and sodium acetate 0.167. Prior to mea-
surements, glass cuvettes were thrice rinsed, with all
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Fig. 1. Output signal of fluorescence,U, vs. aluminum(III)
concentrationC in solution.

Fig. 2. Output signal of fluorescence,U, vs. concentration
C of (1) fluoride ins and (2) iron(III) in solution at constant
aluminum(III) concentration of 0.11 mg l31.

necessary precautions, with a solution to be analyzed
and then charged with this same solution, by always
pouring-in one and the same volume of 5 ml with
a pipette. The total volume of the measuring cuvette
was about 7 ml. The cuvette with a solution to be
analyzed was inserted into the optical compartment
of the measuring cell and the intensity of fluorescence
was measured. To assess more precisely the repro-
ducibility of the results, three vessels with solution
of the same composition were prepared and each so-
lution was analyzed two or three times. On the whole,
the experimental procedure had no fundamental dif-
ferences from that described in [1].

EXPERIMENTAL

In order to use the device for measuring the alu-
minum(III) concentration, it was necessary to find the
dependence of the fluorescence intensity on the con-
centration of aluminum(III) in a solution being ana-
lyzed and determine the concentration range in which
this dependence is linear,i.e., to plot the calibration
curve. For this purpose, a set of solutions with varied
aluminum(III) concentration and the same constant
concentration of lumogallion were prepared and then
the dependence of the output signal (in volts) on the
aluminum(III) concentration in solution was plotted.
The data obtained are presented in Fig. 1.

It can be seen that a linear rise in fluorescence
signal is observed at aluminum(III) concentrations in
the range 030.22 mg l31. At higher concentrations
of aluminum(III) this dependence exhibits deviation
from linear behavior, and then the fluorescence in-
tensity starts to decrease gradually. In a blank sample
without aluminum(III) in solution, the output signal
intensity was as low as 0.06+0.02 V, on the average,
which may be due to the presence of trace amounts of
aluminum(III) in the sample and also to luminescence
of glass in the measuring cuvettes etc.

In the linear portion of the calibration curve (Fig. 1),
the dependence of the fluorescence signal on the con-
centration of aluminum(III) in solution is expressed
by a straight line with a slope of 23.32 V mg31 alu-
minum(III) per liter. The scatter of the results of par-
allel runs did not exceed+(0.0330.04) V, i.e., the ac-
curacy of determining the aluminum(III) concentration
in the upper linear portion of the calibration curve
was+0.6%. The detection limit of aluminum(III) was
about 0.004 mg l31.

It is known that fluoride ions hinder photometric
determination of the aluminum(II) concentration with
aluminon [10]. As shown by preliminary experiments,
the presence of fluoride ions in solution also leads to
a pronounced distortion of results obtained in fluoro-
metric determination of aluminum(III) concentration,
and, therefore, the effect of fluoride ions was studied in
more detail. For this purpose, solutions were prepared
containing 0.11 mg l31 of aluminum(III), which cor-
responds to the middle of the linear portion of the
calibration curve (Fig. 1), with addition of 0.05, 0.1,
0.15, 0.3, 0.6, and 1.5 mg l31 of fluoride ions.

The results obtained in determining the alumi-
num(III) concentration in the presence of fluoride ions
are presented in Fig. 2. As seen from the figure,
curve 1, the measured aluminum(III) concentrations
become significantly underestimated with increasing
content of fluoride ions. In particular, at a fluoride
concentration of fluorides of 1.5 mg l31 in a sample
being analyzed (which corresponds to maximum per-
missible concentration in drinking water [11]) the
actual concentration of aluminum(III) is underestimat-
ed approximately 60-fold. This is probably due to de-
composition of the colored fluorescent complex com-
pound of aluminum with lumogallion to give more
stable colorless nonluminescing fluoride complex
compound of aluminum [AlF6]

33. Therefore, if a solu-
tion being analyzed contains fluoride ions, the results
of aluminum(III) concentration measurements may be
distorted.
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In a similar way was studied the influence of other
anions that are frequently present in natural water.
It was found that the accuracy of aluminum(III) de-
termination in water is not affected by the following
ions in the concentration ranges (mg l31): chloride
ions 03500, sulfate ions up to 2000, phosphate ions
up to 10, hydrocarbonate ions up to 1000, and nitrate
ions up to 100 (in the form of sodium salts).

The accuracy of aluminum(III) determination in
water is not affected, either, by the following cations
in the concentration ranges (mg l31): sodium 031000,
potassium up to 500, calcium up to 1000, ammonium
up to 500, and magnesium up to 500 (in the form
of acetates or sulfates). However, a strong influence
is exerted by the presence in water of ions of iron-

one of the most widely occurring impurities.

To study the effect of iron(III) concentration, solu-
tions containing 0.11 mg l31 of aluminum(III) and
0.01, 0.02, 0.06, 0.1, 0.3, 0.5, 0.7, and 1.0 mg l31

of iron(III) were prepared. The results of determining
the concentration of aluminum(III) in the presence of
iron(III) ions are presented in Fig. 2,curve 2.

It can be seen that the output signal decreases with
increasing concentration of iron(III); however, the na-
ture of the influence exerted by iron(III) on the accu-
racy of aluminum(III) determination is fundamentally
different from that of fluoride ions. In a solution being
analyzed at pH 8, iron(III) is present mainly in col-
loid form as brown hydroxide Fe(OH)3, which absorbs
the exciting blue light, thereby leading to an under-
estimated measured concentration of aluminum(III).

Thus, fluorometric analysis for the content of alu-
minum(III) in natural water is not hindered by phos-
phate, chloride, sulfate, hydrocarbonate, and nitrate
ions in concentrations as high as their maximum per-
missible concentrations in drinking water, and by high

water hardness caused by presence of calcium and
magnesium compounds.

At the same time, presence of fluoride ions or
iron(III) leads to underestimated measurement results,
which requires that appropriate methods to mask the
hindering ions should be used.

The use of a miniature LED as light source allowed
the development of a portable and sufficiently accu-
rate instrument for fluorometric analysis of solutions
in field conditions.
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Abstract-A model is constructed describing the hydrodynamics of a polydisperse gas-fluid jet outflowing
from a single-plume atomizer in a spray scrubber. Results of a calculation of hydrodynamic characteristics of
a polydisperse plume, obtained using the proposed model, are presented and assessed.

Description of flowing gas-fluid jets in spray mass-
exchange apparatus is an essential component of mod-
els of adsorption processes carried out in these ap-
paratus. In a number of studies [1, 2], models of such
jets were constructed, assuming that drops in the gas-
fluid jet are monodisperse. However, it is known that
the amount of a component sorbed by absorber drop
strongly depends on the size of a drop and time of
its contact with the gas flow. Therefore, a model of
a mass-exchange process in the gas-fluid jet must take
into account the polydisperse drop-size composition.
Correspondingly, a model of a flowing gas-fluid jet,
which is an important component of the model of
a mass-exchange process, must take account of the
effect of the polydisperse drop composition on specific
features of the flow of a gas-fluid jet.

The aim of this study was to construct a model of
a flowing gas-fluid jet that would take into account
the effect of the polydisperse drop composition on
the jet dynamics. To solve this problem, we use as
a basis the previously developed hydrodynamic mod-
el of a free plume of atomized fluid [2] whose main
advantages over the known models consist in that
there is no necessity for determining preliminarily
the gas jet boundaries in calculating the flow and in
the possibility of taking into account the nonuniform
gas velocity distribution in the jet.

In this study, the model taking into account the
drop polidispersity is constructed for that region of
the gas-fluid jet in which the process of fluid flow
breakup into drops may be considered complete. In
constructing the model, we make the following as-
sumptions. There is no drop breakup or coagulation.
The jet flow is stationary. The distribution of all

parameters of the gas-fluid jet is axially symmetric.
There is no heat exchange in the dispersed system.
The stress in the gas jet developing within the plume
of dispersed fluid is negligible as compared with the
stresses created in this jet by the drop flow. The drops
are polydisperse and have spherical shape. The gas-
fluid jet is directed vertically downwards.

Equations describing the flow of a polydisperse
gas-fluid jet are derived using the following consid-
erations. We assume that the jet plume can be re-
presented as a certain combination ofm interpene-
trating plumes, each constituted by drops of the same
size. Let us introduce in the space a cylindrical system
of coordinatesj, Y, Z. In accordance with the assump-
tion that the plume is axially symmetric, we consider
in what follows that all flow parameters are indepen-
dent of the anglej.

Let us divide each of the abovem plumes inton
cone jets in such a way that the fluid flow rateGkj
within each of these jets is constant. We also assume
that the fluid is uniformly distributed over the cross-
section of each so-defined jet. Thus, the following
conditions are satisfied:

Gkj = const, k = 1, 2, ..., n; j = 1, 2, ..., m; (1)

77 = const,dG
dS

if dG � Gkj,

where indicesk and j are, respectively, the number of
fluid jet in spatial partitioning of the plume and the
number of fraction of drops with certain size;S is the
cross-sectional area of thejet.

The total number of jet in such partitioning of the
gas-fluid plume is given by the productmn. Appar-
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ently, the trajectories of drops of different sizes are
dissimilar, which gives rise to a shift of jets com-
posed of drops of one size with respect to jets con-
stituted by drops of other sizes. We assume that such
a shift begins at a distanceL from the atomizer
nozzle exit, where breakup of the fluid flow into
drops is complete.

Figure 1 shows a cross-section of a polydisperse
plume with a plane passing through theZ axis. The
scheme shown in Fig. 1 illustrates the above-described
partitioning of a polydisperse axially symmetric
plume of a gas-fluid flow by monodisperse jets and
their relative shift. The scheme shows streamlines
delimiting jets with constant flow rate. The index
belonging to jet is assigned to a streamline delimit-
ing the corresponding jet from its outer side. Let
us derive the equation of momentum conservation
in a gas-fluid jet for the coordinatesz andy. For this
purpose, let us single out at an arbitrary distancez
from the jet cross-sectionL (Fig. 1) an elementary
layer of height dz. Let us consider a part of this layer,
delimited by lateral surfacesac and bd, chosen in
such a way that they coincide with the streamlines
delimiting the jet k,m. In what follows, we name
the volume abcd the ith part of the distinguished
layer of height Dz (Fig. 1).

Let us determine the flow rateQi of fluid passing
through the cross-section of the elementary volume
abcd. We represent this flow rate as a sum of com-
ponents defined by fluid jets passing throughab ei-
ther entirely (as, e.g., jetk,m composed of drops of
the largest size, forming the fraction denoted bym)
or partially (as, e.g., jetk, j and jetk+1, j composed
of drops belonging to the fraction denoted byj).

With account of of the previously made assumption
that the distribution of spraying density is uniform
within each jetk, j, it may be considered that the flow
rate of fluid in jet k, j through sectionab is given by

Gikj = Gkj 77777 ,
(b`)2 3 (a`)2
(b`)2 3 a2

(2)

whereGikj is part of fluid in jet k, j passing through
section ab.

For convenience of further transformation, we re-
place the quantities,a, b, a`, b` by the corresponding
values of the radial coordinatey. The relation (2)
takes the form

(3)Gikj = Gkj 777777 .
ykj 3 yk 3 1, my2 y2

ykm 3 yk 3 1, my2 y2

Fig. 1. Scheme of partitioning of a polydisperse plume of
a gas-fluid flow into monodisperse jets. (1) Line drawn
at a distanceL from the atomizer nozzle exit-that bound-
ary of the gas-fluid jet flow, at which the fluid flow break-
up into drops is considered to be complete; (2) streamline
of fluid jet k, j, where k = 1, 2, ..., n, j = 1, 2, ..., m
are indices denoting, respectively, the number of fluid jet
and that of some drop fraction; m is the index denoting
the fraction number of drops having the maximum size;
(3) streamline of fluid jet atj = m, distinguishing i-th
element of the plume space in a layer.

In a similar way can be written an expression for
that part of the fluid flow rate which belongs to jet
k+1, j and passes through sectionab

Gi, k + 1, j = Gk + 1, j 777777 .
yk + 1, j 3 yk, jy2 y2

ykm 3 ykjy2 y2

(4)

Let us introduce coefficientqij defined by

qijk = Gijk /Gkj. (5)

This coefficient defines that part of the flow rate
of fluid in jet k, j which passed throughith part of
the plume layer. Then the total flow rateGi of fluid
passing through sectionab can be written as

Gi = S
n

k = 1
S
m

j = 1
qikjGkj. (6)

Apparently, the coefficientqikj, defined as the ratio
of flow rates Gikj and Gkj, generally depends on the
y value. In this case, four ways to calculate theqikj
are possible, chosen depending on how a particular
jet passes throughith layer of the plume, e.g., with
its left- or right-hand side coinciding with, or passing
within, or by-passing this layer. To these cases cor-
respond the following formulas for calculatingqikj:
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yi > yki > yi 3 1 and yk 3 1, j < yi 3 1,

qikj = 77777 ;
ykj 3 yk 3 1, j

ykj 3 yi 3 1y2 y2

y2 y2
c (7)

yi > ykj > yi 3 1 and yk 3 1, j > yi 3 1,

qikj = 1; (8)

yi > yk 3 1, j > yi 3 1 and ykj > yi,

qikj = 777777 ;
yi 3 yk 3 1, j

ykj 3 yk 3 1, j

y2

y2 y2

y2

(9)

ykj < yi 3 1 or yk 3 1, j > yi,

qikj = 0. (10)

We assume that the variation of the coefficientq
across the layerDz is negligible. Then the change in
the fluid momentumWi in ith part of the elementary
layer of the plume will depend only on a change in
fluid velocity, dukj, which occurs as a result of drop
deceleration in the gas-fluid jet and can be described
as follows:

7Wzi S S qikj Gkj 77 ,
dz
d

k = 1

n m duzkj

dzj = 1

(11)

7Wyi S S qikj Gkj 77 ,
dz
d

k = 1

n m duykj

dzj = 1

(12)

It should be noted that the componentsuzkj and
uykj of the fluid velocity ukj in jet k, j, appearing
in expressions (11) and (12), are defined as quantities
averaged over the entire sectionz of the elementary
layer in jet k, j. These can be found from the expres-
sions

77 = S qikj 77 ,
n

i = 1dz

duzkj duzikj

dz
(13)

77 = S qikj 77 ,
n

i = 1dz

duykj duyikj

dz
(14)

where duzikj and duyikj are the components of changes
in the velocity ukj of jet k, j in elementary layeri
in the directions of theZ and Y axes, respectively.

The sought-for equations for describing the changes
in momentum in a layer dz of the gas-fluid jet in
the case of a polydisperse drop composition, written
for the coordinatesz and y, will differ from similar
equations derived in [2] for monodisperse drops only

in the term Wi expressing the momentum flux of
ith fluid jet. Therefore, they can be written as

7 S (rgQgivzi) 3 rgvz i + 1 S 7 Qgdz
d

i = 1

i

+ S 7Wzi + S Si 7 = 0,
i = 1

i

i = 1

id
dz dz

dPi

dzi = 1

i d

(15)

2p(Pi + 1 3 Pi)yi + 7 Wyi = 0,d
dz

(16)

where rg is the gas density (kg m33), Qgi the volu-
metric flow rate of gas (m3 s31), vi the gas velocity
(m s31), Pi pressure (kg m32), and Si the cross-sec-
tional area of ith layer (m2).

In developing a model of gas-fluid jet flow, which
would take into account the polydisperse drop com-
position, Eqs. (13) and (14) must be supplemented
with gas flow continuity equations, equations describ-
ing fluid drop motion, and fluid streamline equations,
and also with closing relations derived in [2]. Let us
write these additional equations and closing relations
with the use of indexation introduced in the present
study.

The gas flow continuity equation has the form

S 7 Qgi = 32pyi + 1vy, i + 1.
i

i = 1

d
dz

(17)

Equation describing the fluid drop motion

77 = 3xikj 7777 cosaikj + 77 ,
dz

3rg(uikj)
2relduzikj

4dkjuzkjrl uzkj

g
(18)

77 = 3xikj 7777 cosaikj ,
dz

3rg(uikj)
2relduyikj

4dkjuzkjrl
(19)

wherexikj is the coefficient of resistance to drop mo-
tion in the gas medium,aikj the angle between the
z axis and the direction of the resistance force, and
uikj

rel the relative velocity of motion of drops belong-
ing to jet k, j in the gas flow of layeri.

The equations of fluid streamlines coinciding with
the trajectories of drop motion have the form

77 = 77
dykj

dz

uykj

uzkj
(20)

The obtained system of equations, describing the
hydrodynamics of a polydisperse gas-fluid jet, can be
supplemented with closing relations

(21)Qgi = Si vzi,
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Si = p(y2
i 3 y2

i 3 1), (22)

vikj = (uykj 3 vyj)
2 + (uzkj 3 vzi)

2 ,rel H
cccccccccccccccccc

(23)

aikj = arctg 7777 ,
uykj 3 vyi

uzkj 3 vzi

�
�

�
�

(24)

xikj = 77 (1 + 0.125Reikj ).
0.72

Reikj

24 (25)

Relation (25) is valid for the region 0.1 < Re < 1000.
The boundary conditions for the closed system of
equations of the model, obtained here, have the form

at z = L, Gkj = Gkj, uzkj = uzkj, uykj = uykj,
(L) (L)(L)

vzi = vzi, vyi = vyi, yi = yi, ykj = yi,
(L) (L)

dj = dj, k = i;

(L) (L)

(L)
(26)

at y = 0 vyi = 0. (27)

At the outer boundary of the jet, aty = yn + 1

vz, n + 1 = 0, Pn + 1 = Pa, (28)

where Pa is the atmospheric pressure (Pa).

To calculate the quantities appearing in relations
(26), it is necessary to use the distribution functions
of spraying density and disperse composition. The
experimentally observed spraying density distributions
over the cross-section of a gas-fluid jet outflowing
from a single-plume atomizer can be described using
the distribution function

I = 7777 3 7777
a0 c0

1 + b0rh0 1 + d0rh0
(29)

(I is the dimensionless spraying density;r the di-
mensionless radius;a0, b0, c0, d0, and h0 constants),

I = J/J
3

, r = y/yR, J
3

= 0.95Gn / (py2
R), (30)

whereJ is the spraying density (m s31), J
3

the average
spraying density in a cross-section of a plume with
radiusyR, andyR the radius of a plume within which
passes 95% of fluid,Gn, outflowing in unit time from
the nozzle.

Using function (29), we obtain an expression for
determining the fluid flow rate inith jet at a dis-
tance L from the atomizer nozzle exit:

(31)Gi = S Gkj = 1.9Gn Irdr,
m

j = 1

{
}

ri

ri 3 1

where ri are the initial values of the dimensionless
radius.

These values make it possible to find the initial co-
ordinatesykj of the jets distinguished, using the formula

ykj = yi = riYR. (32)

the yR value is determined from the maximum spray-
ing density Imax in accordance with the relation

yR = Rn H Tmax/b,
ccccc

(33)

where Rn is the atomizer nozzle radius andb is the
volume content of fluid, taken to be 0.02.

The L value can be found, with account of (33),
using the formula

L = 7777 ,
yR 3 Rn

tg a (34)

which enables calculation of the initial values of the
gas and fluid velocities. The anglea determines the
boundary of that part of the gas-fluid jet, which con-
tains 95% of the fluid.

If we neglect the deceleration of fluid in the first
zone, the velocity distribution can be set as follows

vzi = uzkj = 7777 ,
HL2 + y2

i

cccccc

Lu (35)

vyi = uykj = 7777 ,
HL2 + y2

i

cccccc

yiu (36)

whereu is the velocity of fluid outflow from the atom-
izer nozzle, determined using the Bernoulli formula

u = mH2Pf /rf ,
ccccc

(37)

where Pf is the fluid pressure before the atomizer,
and m is the coefficient of fluid outflow velocity.

The initial values of the fluid flow rateGkj can
be conveniently found using the integral drop volume
distribution S with respect to drop size. It is known
that the best fit to the real distribution in fluid spray-
ing by atomizers is given by the Rosin3Rammler dis-
tribution

SRR = 1 3 e3(d/a)l
, (38)

where a and l are the characteristic constants of the
given distribution.

Formula (38) can be used to determine the part
of fluid volume, Sj, constituted by drops having di-
ameter less thandj.
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Fig. 2. Distribution of gas velocitiesvz across the plume.
Distancez (m) from sectionL: (1) 0.2, (2) 0.5, and (3) 1.0.

With account of (38), the flow rateGkj of fluid in
jet kj can be expressed as

Gkj = Gi (Sj 3 Sj 3 1). (39)

The constanta in the formula describing the Rosin3
Rammler distribution (38) is found from the average
volume-surface diameter (Sauter diameter)

a = 1.3542d32. (40)

If the sprayed fluid is water, then thed32 value
can be found by the formula [3]

d32 = 0.154Pl
30.44(2Rn)0.23, (41)

where the quantitiesd32 and Rn are expressed in mil-
limeters, andPl, in megapascals.

We define the quantitiesdj
(L) as average volume-

surface diameters of drops of each fraction, necessary
for calculating the hydrodynamic parameters:

dj
(L) = 77777 ,

{
}

7 7 dxdS
dx x

1
xj

xj 3 1

Sj 3 Sj 3 1
(42)

wheredj is the Sauter diameter for drops ofjth frac-
tion, x the drop diameter, andxj the boundary value
of the diameter of drops belonging tojth fraction.

The constructed closed system of Eqs. (1), (6)3(29)
with boundary conditions (26), describing the hydro-
dynamics of a polydisperse plume of the gas-fluid
jet, can be solved only numerically. To find the solu-
tion, this system of first-order differential equations
was preliminarily reduced to the canonical form and
then solved by the Adams3Bashfort method. The so-
lution was obtained for the following values of the

Fig. 3. Comparison of distributions of gas velocityvz
for (1) polydisperse and (2) monodisperse gas-fluid flows
at z = 1 m.

parameters determining the fluid spraying mode:Pl =
0.6 MPa,Rn = 1.5 mm,a = 12.5o, a

Z
= 3.0,b = 49.0,

c = 1.06,d = 32544,h = 6.4, Imax = 2.87,m = 0.96,
l = 3, rg = 1.2 kg m33, ng = 1.510 1035 m2 s31,
whereng is the kinematic viscosity of air, necessary
for determining the Reynolds number Re.

The curves plotted using the result of numerical
solution of the equations of the model are presented
in Figs. 235. Figure 2 shows gas velocity distribution
across the plume. It is similar to the known distribu-
tion of this parameter across the gas jet. A distribu-
tion of the same kind was obtained in an experimen-
tal study of a gas-fluid jet [4]. This means that the
theoretical results obtained in the present study are
sound. The calculation results presented in Fig. 2
confirm the possibility of finding gas velocity fields
without setting boundaries of the gas jet inside the
fluid flow.

Figures 335 present calculated dependences which
reveal the influence of taking the flow polydispersity
into account on the results obtained in calculating the
hydrodynamic parameters. Figure 3 shows gas ve-
locity distribution curves obtained for a polydisperse
flow of drops, and also those for a monodisperse flow.
These latter were calculated at a volume-surface Sauter
diameterd32 = 0.248 mm. Comparison of these curves
suggests that taking the polydisperse nature of the
drop flow into account markedly affects the results
obtained in calculating the gas velocity. For example,
in the near-axis region of the flow, the gas velocity
calculated using the model taking into account the
polydispersity of the drop flow is higher than that
calculated in terms of the model based on the as-
sumption that this flow is monodisperse.

In the region close to plume boundaries, the cal-
culated gas velocity in a monodisperse flow is lower
than that in a polydisperse flow. The differences in
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Fig. 4. Variation of drop velocity uz along the plume
length. Drop motion: (133) along the plume boundary and
(4, 5) along the plume axis. Drop diameterdj (mm):
(1, 4) 0.117, (2) 0.202, and (3, 5) 0.453.

the nature of curves presented in Fig. 3 indicate that
the calculated width of the gas jet is smaller for the
monodisperse plume, compared with the polydisperse
one.

Figure 4 presents calculated curves characterizing
changes in the velocity of drops with different di-
ameters, which started their motion in the second
zone from two different points in the sectionL of
the plume. One of these points lies on the plume axis,
and the other, on its boundary.

According to formula (35) the velocityuz at points
lying on the plume axis is higher than that at points
on its boundary. This boundary was found from the
condition that the amount of fluid flowing in unit time
within the region delimited by this boundary consti-
tutes 99% of the total rate of fluid outflow from the
atomizer.

The specificity of drop motion in a polydisperse
plume consists, as follows from Fig. 4, in that,irre-
spective of how the above points in the sectionL
are chosen, the motion velocities of drops having dif-
ferent sizes rapidly become markedly different in the
initial stage of the deceleration process. Fine drops
are decelerated in their motion faster than large drops.
In the case illustrated byFig. 4, this feature is char-
acteristic of all particles in the zone delimited by
distancez = 0.3 m along theZ axis.

Another hydrodynamic feature of the polydisperse
plume, which is illustrated in Fig. 4, consists in that
fine drops beginning their motion at points lying on
plume boundaries start to increase their velocity at
z > 0.3 m (Fig. 4, curves1 and2). This phenomenon
occurs because of the displacement of fine drops in

Fig. 5. Trajectory of drops starting their motion at
the plume boundary. Drop diameterdj (mm): (1) 0.117,
(2) 0.202, and (3) 0.453.

their motion toward the middle of the plume, where
the gas velocity is higher, which leads to acceleration
of just fine drops.

The calculated trajectories of drops whose motion
is characterized by curves133 in Fig. 4 are presented
in Fig. 5. It can be seen that trajectories of fine drops
do show a significant displacement toward the plume
axis at distancesz > 0.3 from sectionL. In the pro-
cess, the drops shift from the near-boundary region
with low gas velocities to a flow region with higher
gas velocity. It is this circumstance that is the reason
why fine drops starting to move from the near-bound-
ary region of the plume exhibit the above specific
feature of motion.

The results obtained in this study suggest that,
compared with the model of monodisperse gas-fluid
jet, the model constructed here yields significantly
different calculated values of such highly important
hydrodynamic characteristics of the system in ques-
tion as the relative velocity and time of drop motion,
and their spatial coordinates in relation to their ini-
tial position in the plume cross-section, drop size,
and initial velocity of drop motion. Thus, taking in-
to account the polydisperse nature of the drop flow
in constructing a hydrodynamic model of the dis-
persed system in question exerts strong influence on
the quantitative description of mass-exchange pro-
cess occurring in systems of this kind and, in par-
ticular, absorption process.

For example, in the case when the absorption rate
is limited by resistance in the fluid phase, the cal-
culation of this velocity is strongly affected by the
results of calculation of the drop motion time and
coordinates. The time of drop motion is determined
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by the time of absorption, and drop coordinates yield
information about the filed of concentration of a com-
ponent being absorbed around a drop. In those cases
when the absorption rate is limited by resistance in
the gas phase, the procedure for calculation of the
absorption process is, in addition, markedly affected
by the result of calculation of the relative velocity of
phase motion. The last hydrodynamic characteristic
determines, through the Reynolds number entering
into the Sherwood number, the calculated intensity
of mass transfer.

CONCLUSIONS

(1) The results of the study enable calculation of
hydrodynamic characteristics of both poly- and mono-
disperse gas-fluid jets, without a preliminary setting
of the gas jet boundaries, on the basis of the real
shape of the spraying density distribution across
the plume.

(2) The size distribution of drops strongly affects
the results of calculation of the most important hy-
drodynamic characteristics of a gas-fluid jet outflow-
ing from a single-plume atomizer.
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Abstract-Wave development on the drop surface in the course of fluid dispersion in a spray apparatus is
analyzed theoretically. The equation derived allows calculation of the process of drop breakup in relation
to wavelength.

Solution drying frequently poses the problem of
obtaining grains uniform in size, which can be solved
if drops of solution outflowing from atomizer have
approximately equal sizes. The problem of creating
a flow of drops having the same size in dispersion of
a fluid in apparatus of chemical technology invites
a theoretical analysis of drop breakup in a gas flow
under the action of surface tension forces. In perform-
ing the analysis, account should be taken of the fact
that a solution drop moving in a gas flow can be de-
formed by this same flow, with waves of different
lengths and amplitudes formed on its surface. Break-
up of a drop is associated with the appearance on its
surface of waves having length at which the rate of
wave amplitude rise will be the highest. Hence the
necessity for employing in calculations of the hy-
drodynamic modes of the apparatus in question of
an equation relating the mentioned wavelength to the
amplitude of the wave, Reynolds number, and Weber
number. Deriving an equation of this kind by means
of a theoretical analysis of wave development on
the drop surface is the aim of this study.

It is assumed that a fluid drop acquires an initial,
nonuniform along its length, velocity distribution and
is deformed under the action of inertia forces. As
a result of elongation, the drop loses stability with
respect to capillary forces, so that secondary drop
breakup can be observed. This process can be de-
scribed using a theory based on investigations of cap-
illary waves on the surface of a cylindrical fluid jet
[1]. The problem of stability of a viscous fluid jet
subjected to uniaxial tension and flowing into an-
other viscous fluid, immiscible with the former, was
first considered by Tomotika [2]. In [3], the problem

of the stability of an elongate cylindrical drop in
an external shear flow was considered. In both these
studies [2, 3], it was assumed that inertia forces are
negligible as compared with viscous friction and sur-
face tension forces, so that the fluid flow, both in-
side and outside the jet, can be described using linear
Stokes equations. Another important case of flows of
this kind, when the inertia and surface tension forces
are the most important and viscous friction forces can
be neglected, was considered in [1, 4].

In the case when both inertia and surface tension
forces and viscous friction forces are to be taken
into account, the problem of perturbation develop-
ment on the surface of a fluid jet is more compli-
cated. Even when the perturbation amplitude is small
and linearized equations can be used, it is difficult
to construct an analytical solution to the problem.
Therefore, of particular importance is the question
as to whether or not it is possible to construct such
an approximate solution that would describe the
most essential features of the phenomenon under
study.

As shown in [1], the behavior of a sinusoidal per-
turbation of the surface of a cylindrical jet of ideal
fluid depends on the initial perturbation wave-length.
Long-wavelength perturbations, whose wave-length
exceeds the circumference of the jet cross-section
at the initial instant of time, start to build-up im-
mediately; however the rate of their build-up is rel-
atively low because of the comparatively strong in-
fluence of fluid inertia on the development of per-
turbations. If a perturbation is short-wavelength,
the jet surface executes oscillatory motion during



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 12 2001

2062 CHESNOKOV

the initial period of time, with the amplitude of oscil-
lations changing only slightly and their period in-
creasing.

The aim of this study was to analyze long-wave-
length perturbations on the surface of a cylindrical
viscous fluid jet. In the course of time the radius
of the cylindrical jet decreases, and the perturbation
wavelength, contrariwise, increases. Therefore, what-
ever the initial perturbation wavelength, any pertur-
bation can be considered longwavelength after a cer-
tain interval of time. Consequently, the results ob-
tained in this study are valid not only for perturba-
tions with large initial wavelength, but also for any
other perturbations. However, the results become ap-
plicable to short-wavelength perturbations only after
the current wavelength exceeds the current jet radius.

Long-wavelength perturbations can be described in
terms of an approximate theory based on application
of approximate one-dimensional (1D) equations of jet
dynamics. These 1D equations are derived on the as-
sumption that the transverse scale of variation of hy-
dromechanical quantities is small as compared with
the scale of variation along the jet axis. Approximate
1D equations of this kind have been considered in
numerous studies. For example, approximate 1D equa-
tions describing the dynamics of a capillary jet of
ideal fluid were proposed in [5, 6]. More exact 1D
equations (so-called Kosser equations) were used in
[739] to describe capillary waves on the surface of a
semi-bounded jet. In [10], equations were constructed
in a next approximation in small parameter for ideal
fluid jet. One-dimensional equations were also used to
describe the development of perturbations in viscous
fluid jets. For example, such equations were used in
[11] to numerically simulate the dynamics of a capil-
lary jet. In [12], 1D equations were applied to study
nonlinear development of capillary waves in a viscous
fluid jet by expanding the solution to the problem in
a small parameter (perturbation amplitude). Various
kinds of approximate 1D equations were compared in
[13]. A method for constructing approximate equa-
tions, which can, in principle, be used to obtain ap-
proximate equations in any approximation in small
parameter (transverse to longitudinal flow scale ratio),
was developed in [14].

Let us assume that the fluid jet has cylindrical
shape, with the shape preserved in the course of time
and the jet radius possibly changing. The surfacearea
of the jet decreases as a result of development of
axially symmetric perturbations on its surface. There-
fore, jet breakup into drops may occur as a result of
evolution of just these perturbations, and the present
study is concerned with perturbations of this kind. In

the case when the fluid velocity in the jet is suf-
ficiently high, the effect of the gravity force on
the process of jet breakup into drops can be neglected.
This condition will be considered satisfied. Let us
introduce dimensionless variables. We denote the jet
radius at the initial instant of time byr0, time by t,
and the derivative of the jet radius with respect to
time at the initial instant of time byrt (0). The quantity
r0 can be used as characteristic linear scale of the
problem, andt0 = 3r0[2rt (0)], as time scale. The quan-
tity r0/t0 can be used as velocity scale, and the quan-
tity p0 = s/r0, wheres is the surface tension at the
interface between the jet and its environment (gas), as
the pressure scale. Let us introduce a cylindrical sys-
tem of coordinates (r, J, z) whose z axis coincides
with the jet axis. Let us denote the axial and radial
components of the fluid velocity vector by, respective-
ly, u andv; and pressure byp. Then equations describ-
ing fluid motion in a jet, which are the continuity
equation and projections of the Navier3Stokes equa-
tion onto the axesz andr of the cylindrical system of
coordinates, can be written as

vt + vvr + uvz = _ 77 pr + 7797 (rvr)r
_ 7 + vzz9.

We Re r
1 1 1 v

r2

�
� �

�

vr + 7 + uz = 0,v
r

ut + vur + uuz = _ 77 pz + 7797(rur)r + uzz9,1 1 1
We Re r

�
� �

�

vt + vvr + uvz = _ 77 pr + 7797 (rvr)r
_ 7 + vzz9.

We Re r
1 1 1 v

r2

�
� �

�

vr + 7 + uz = 0,v
r

ut + vur + uuz = _ 77 pz + 7797(rur)r + uzz9,1 1 1
We Re r

�
� �

�

In writing the equations, the symbol subscripts of
the variables denote differentiation with respect to
the corresponding variable, e.g.,ut = §u/§t etc. The
Reynolds and Weber numbers Re and We in these
equations are introduced as follows

Re = 77 , We = 77,
rh0

2

mt0
2

rh0
3

st0
2

Re = 77 , We = 77,
rh0

2

mt0
2

rh0
3

st0
2

where m is fluid viscosity.

The jet surface can be defined by the following
relation

r = h(z, t).

Three boundary conditions are to be set on this sur-
face. The kinematic boundary condition is as follows:

ht + uhz = v at r = h.

The existence of surface tension forces results in
that the normal stresses at the jet surface on the sides
of liquid and gas differ bys(1/R1 + 1/R2), whereR1
and R2 are the principal radii of surface curvature in
the longitudinal and transverse directions. Therefore,
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one of the boundary conditions on the jet surface has
the form

p _ 7 [2vr
_ (ur + vz)hz] = pe + 7 + 7 ,We

Re
c

1
R1

1
R2

p _ 7 [2vr
_ (ur + vz)hz] = pe + 7 + 7 ,We

Re
c

1
R1

1
R2

where pe is the environment pressure.

This quantity is assumed to be constant. In the cy-
lindrical system of coordinates, the principal radii of
curvature are calculated as follows:

7 = 77777 , 7 = _ 77777 .
h(1 + hz)

1/2R1

1 1
R2

1

h(1 + hz)
3/22 2

hzz7 = 77777 , 7 = _ 77777 .
h(1 + hz)

1/2R1

1 1
R2

1

h(1 + hz)
3/22 2

hzz

The third boundary condition means that the tan-
gential (to the jet surface) component of the viscous
strain vanishes on this surface:

2vrhz + (ur + vz)(1 3 hz
2) 3 2uzhz = 0 at r = h.

Let us assume that the jet radius changes, but the
jet retains its cylindrical shape, i.e.,hz = 0 at any t.
The above-formulated problem has a solution of the
following kind

u = u(0) = 7 , v = v(0) = _ 7 , h = h(0) = t
_1/2,z

t
r
2t

p = p0 = pe + t1/2 + 77 (1 _ tr2) _ 77,3We
8t3

We
Ret

u = u(0) = 7 , v = v(0) = _ 7 , h = h(0) = t
_1/2,z

t
r
2t

p = p0 = pe + t1/2 + 77 (1 _ tr2) _ 77,3We
8t3

We
Ret

where t = 1 + t.

This solution describes the uniaxial tension of
the jet. The solution differs from that considered in
[1] only in the additional term in the expression for
pressure.

The development of small perturbations in the
given flow can be described using linearized equations
and boundary conditions. However, in the case of
a viscous fluid, solutions to these equations are dif-
ficult to obtain. The present study is concerned with
long-wavelength perturbations. Such perturbations can
be described using approximate 1D equations. Here,
we use the following equations [13]:

ht + whz = _ 7 hwz,
1
2

(1)

(2)+ 77 3h2wz + 7 h3hzzwz
_ 7 h2h2wz

9
4 z

z9
,�

�Reh2
1 �

�9 4
3

wt + wwz
_ 7 9h49wzt + wwzz

_ 7 wz99
1

8h2
c

�
�

�
� �

�
z

�
�2

1

hz hzhzz
h777 _+

�
�9

1
We

77= 77 + hzzz�
�
9

hz
3

h2 2h2

+ 77 3h2wz + 7 h3hzzwz
_ 7 h2h2wz

9
4 z

z9
,�

�Reh2
1 �

�9 4
3

wt + wwz
_ 7 9h49wzt + wwzz

_ 7 wz99
1

8h2
c

�
�

�
� �

�
z

�
�2

1

hz hzhzz
h777 _+

�
�9

1
We

77= 77 + hzzz�
�
9

hz
3

h2 2h2

where w is the cross-section-averaged axial com-
ponent of the fluid velocity.

The written equations have a solution describing
the uniaxial tension of the jet

h(0) = t1/2, w(0) = z/t.

Let us assume that at the initial instant of time
there exists a small-amplitude perturbation of the
mentioned flow. Solution to Eqs. (1) and (2) will be
sought in the form

h = h(0) + dh, w = w(0) + dw. (3)

The quantitiesdh anddw are assumed to be small.
Substituting (3) into Eqs. (1) and (2) and neglecting
products of small quantities, we obtain equations for
small perturbations of the main flow

dht + 7 dhz + 7 t
_1/2dwz + 7t

_1dh = 0,z
t 22

1 1 (4)

dwt + Ä dwz
_
Ä9Ä9dwtz + Ä dwzz

_
Ä dwz9

z
t

1
8 �
�1
t �
� z

t
1
t �

� _ 7 dh96
c

t5/2 z

�
�

= 7 9tdhz + dhzzz9��
� �1

We
c

+ 7 9dwz + 77 dh + 7 t
_3/2dhzz9.

Re
3 2

t1/2
1
4�

�
z
�
�

(5)

Let us consider a sinusoidal perturbation. A solu-
tion to equations for small perturbations will be
sought in the form

dh = t31/2h(t)exp(ikz), dw = t31s(t)exp(ikz), (6)

where k(t) is the wave number,i is imaginary unit,
and multiplierst31/2 and t31 are introduced for con-
venience. The variablez is eliminated from the equa-
tions if the wave number varies with time following
the law

k = k0/t,

where k0 is the initial wave number.

Substituting (6) into Eqs. (4) and (5), we obtain
two ordinary differential equations forh(t) and s(t):

ht = _ 7 ,iks
2t (7)

(8)

st + 797 _ 79 + 77k2

8
st
t

2s

t2�
�

�
� 3ikh

t24
= 77791 _ 79ikt3/2h

We �
� k2

t �
�

+ 79_k2s + 2ikh _
7 9.

Re
3
�
� ik3h

t4
c

�
�
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Fig. 1. Development of perturbations on the surface of
ideal fluid jet, calculated using (1) exact and (2) approx-
imate theories. Weber number 0.1, initial wave number 2.7.
(h) Amplitude of jet radius perturbation and (t) time;
the same for Fig. 2.

Fig. 2. Effect of Reynolds number on the rate of build-up
of the amplitude of jet radius perturbation at small Weber
number (We = 0.01) and comparatively (a) large and
(b) small initial wave numberk0. Wave numberk0: (a) 2.5
and (b) 0.8. Reynolds number: (a): (1) 20, (2) 3, and
(3) 1; (b): (1) 20, (2) 0.5, and (3) 0.2.

Eliminating the variables(t) from Eq. (8) with
the use of Eq. (7), we obtain a second-order ordinary
differential equation forh(t)

(9)+ 9 7 _ 7 91 _ 79 _ 77 91 _ 799h = 0.3k2

8t
k2t1/2

2We
k2

Ret
�

�

�

�
3k2

8t2
cc

�
� k2

�
�
c

�
�

t �
�

91 + 79htt + 97 + 7 9ht�
�

8t
k2

�
�

�
� 2
t

3k2

Re�
�
c

Equation (9) is applicable to describing the evolu-
tion of jet radius perturbations for which the initial
wave number is sufficiently small. For an ideal fluid,
a comparison can be made with the exact solution ob-
tained in [1]. As it can be seen from Fig. 1, theexact
and approximate solutions are in good agreement even
at comparatively largek0. The solution was con-
structed using the following initial conditions:

h = 1, ht = 0 at t = 0.

In the case when the initial wave number is not
small, the obtained equation for the amplitude of jet
radius perturbation remains applicable, but only
beginning with that instant of time when the current
wavelength becomes larger than the current jet radius.

The type of solution is determined by values of
the following three parameters: Weber and Reynolds
numbers and initial wave number. The effect of vis-
cosity forces on the development of perturbations is
manifested in different ways, depending on the Weber
number. If the Weber number is small,i.e., surface
tension forces are important, the following pattern is
observed. At relatively large initial wave numbers in
the initial period of time, the solution has oscillatory
nature (Fig. 2a). In the course of time, the current
perturbation wavelength increases (in inverse propor-
tion to t). Simultaneously, the current jet radius de-
creases in proportion tot31/2. Therefore, after a certain
time elapses, the fluid flow in the jet loses stability
and the amplitude of the jet radius perturbation starts
to grow fast. The effect of viscosity is manifested in
that, in the initial period of time, the oscillation am-
plitude decreases in the course of time with decreas-
ing Reynolds number. Simultaneously, with decreas-
ing Reynolds number, the instant of time when the
perturbation amplitude starts to grow steadily comes
later. At small Weber numbers and relatively small
wave numbers, the amplitude of jet radius perturba-
tion starts to grow immediately (Fig. 2b).Here too,
the effect of viscosity is manifested in that the de-
velopment of perturbations is slower at smaller Rey-
nolds numbers. However, the situation changes with
increasing Weber number. Initially, the amplitude of
jet radius perturbation is larger for those perturbations,
which are characterized by smaller Reynolds numbers
(Fig. 3a). In the course of time, the amplitude of those
perturbations for which the Reynolds number is larger
starts to grow faster and their amplitude becomes
higher than that of perturbations characterized by
smaller Reynolds numbers (Fig. 3b). Thus, at com-
paratively small Weber numbers, the viscosity exerts
stabilizing influence on the development of perturba-
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Fig. 3. Amplitude of jet radius perturbation,h, vs. time t at k0 = 0.8. Weber number: (a) 0.08 and (b) 2.0. Reynolds number:
(1) 50, (2) 0.1, and (3) 0.03.

tions. However, with increasingWeber number, the
presence of viscous strain in a jet leads to its insta-
bility.

It should be noted that the derived equation de-
scribing the mechanism of fluid jet breakup in a spray
apparatus can be used not only for describing the dis-
integration of this jet in the case of long-wavelength
perturbations of the jet radius, but also for perturba-
tions with arbitrary initial wave number.

CONCLUSIONS

(1) An equation is derived on the basis of a theoret-
ical analysis of how a drop disintegrates as an element
of a dispersed system in a spray apparatus. This equa-
tion relates the amplitude of the fluid jet radius per-
turbation, wave number, and Weber and Reynolds
numbers.

(2) The equation obtained allows calculation of
the time necessary for a fluid jet to breakup into drops
in a spray apparatus.
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Abstract-A mathematical model of convective mass exchange between dispersed flows in a valve-pulsatory
apparatus with permeable partition for carrying out processes with finely dispersed solid phase is proposed.
The mass exchange between flows of aqueous Na2CO3 solution and distilled water, or pearlite suspension
in water and aqueous solution of NaCl was studied on a pilot apparatus.

Interaction of different phases in technological ap-
paratus commonly yields hydro- or aerodispersed het-
erogeneous systems composed of a continuous and
a dispersed phases. The output capacity of a unit vol-
ume of the reaction space depends on parameters of
the intercomponent interaction, interfacial contact area
per unit volume, and rates of transfer within phases
and exchange between phases. The interfacial area per
unit volume is determined by the concentration and
dispersity of phases; and the rates of transfer within
phases and between phases are governed by, among
other things, the particle size in the dispersed phase
and hydrodynamics of the flow of the continuous
phase about the particles. All other conditions being
the same, the smaller the particle size and the higher
the velocity of the flow about them, the higher the
intensity of a process. However, the known scheme
of technological processes-counterflow of the dis-
persed and continuous phases-has limitations im-
posed by the laws of particle motion in a medium.
The maximum achievable velocity of flow about par-
ticles in counterflow of phases depends on the par-
ticle size, difference in density between the particles
and the medium, and viscosity of the medium, being
small for fine particles of the dispersed phase. At
high flow rate of the continuous phase the dispersed
phase is carried away from the reaction space and
the counterflow of phases is disrupted. This is the
reason why, e.g., washing or extraction of a compo-
nent from a finely dispersed solid phase is common-
ly carried out by mixing it with an extracting agent
and subsequent multistage counterflow mixing3sep-
aration of solid and liquid phases in apparatus com-

prising several mixers, decanters, pumps, and trans-
porters.

The essence of the previously proposed methods
for carrying out extraction in the solid3liquid system
[1], chemical reactions yielding a dispersed solid
phase [2], sorption and ion exchange in the solid3li-
quid system [3], and heat exchange between media
[4] consists in the use of convective mass and heat
exchange between dispersed flows separated by a
permeable partition (permeable to continuous, and
impermeable to dispersed phases in the flows). In
the course of extraction, convective mass exchange
occurs between the flow of a suspended dispersed
solid material and that of an extracting agent; in car-
rying out chemical reactions, between the flow of
a sediment suspension, catalyst, or reagent and the
flow of a medium to be treated; and in performing
sorption or ion exchange, between the flow of sus-
pended sorbent or ion exchanger and that of a me-
dium to be treated. In the proposed technique, con-
vective heat exchange is carried out between dis-
persed flows through a permeable partition without
mixing of their dispersed phases. The above-men-
tioned convective mass exchange is also carried out
with a combination of extraction and sorption, when
suspended sorbent or ion exchanger is used as ex-
tracting agent, in performing chemical reactions,
sorption, or ion exchange, with hydro- or aerodis-
persed media.

For example, it is proposed to carry out extraction
as follows (Fig. 1). The solid phase containing a sol-
uble component is mixed in reactor R with a part of
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extracting agent to form a suspension. During the time
of suspension residence in reactor R, the component
is extracted from dispersed particles into the liquid
phase. Further, continuous counterflow convective
mass exchange between the flows of this suspension
and the main part of the extracting agent is carried
out through a permeable partition in a valve-pulsatory
mass-exchange apparatus (VPMEA). By the convec-
tive mass exchange between flows through a perme-
able partition is meant, in the given case, exchange
of components dissolved in liquid phases without
mixing of the dispersed phases of the flows. This
process replaces several stages of phase mixing3sep-
aration. Component-depleted washed suspension is
obtained at the output of channel2 of VPMEA, and
component-enriched extract, at the output of chan-
nel 1. Compared with multiple mixing3separation of
phases, the proposed process has technological ad-
vantages: possibility of working with finely dispersed
kinetically favorable phases at high counterflow ve-
locities, smaller number of technological procedures
and employed equipment units, compactness, and high
specific volume output capacity [134].

The outcome of the process is defined by the
achieved degree of component extraction from parti-
cles of the solid phase into the liquid continuous
phase of suspension in reactor R and also by the de-
gree of convective transfer of the component from
the suspension flow in channel2 into the flow of a
liquid extracting agent in channel1 of VPMEA. The
processes of phase interaction in stirred displacement
reactor have been studied in sufficient detail.

The task to be accomplished consists in establish-
ing the fundamental aspects of convective mass ex-
change between dispersed flows, in developing calcu-
lation procedures, and in designing efficient VPMEAs.
Previously, a procedure for calculating the mass-trans-
fer coefficient and a mathematical model of mass-
transfer in a shell-and-tube extractor of the[tube-in-
tube] type with permeable inner tube and piston pul-
sator have been reported [5, 6]. The present commu-
nication is concerned with the case when the exchange
between flows separated by a permeable partition in
VPMEA is achieved by creating sign-alternating pres-
sure differential between the flows with the use of more
advanced, computer-controlled valve-pulsatory system.

The operation of VPMEA (Fig. 1) consists in al-
ternating stages defined by positions of valves437.
The duration of each stage ists. In the first stage,
valves4 and 7 are open, and valves5 and 6, closed.
In this case, the first suspension (the general case
of convective mass exchange between flows of two
suspensions is considered) with initial concentration

Fig. 1. Schematic of the unit. R is reactor; VPMEA, val-
vepulsatory mass-exchange apparatus; (1, 2) VPMEA chan-
nels; (3) permeable partition; (437) valves; (8) valve con-
trol unit; and (9, 10) pumps.

of the componentc1in = c1(0, t) is delivered by pump
9 through valve4 into channel1 and filtered through
permeable partition3, creating a flow in channel2,
discharged with concentrationc2out = c2(0, t) through
valve 7. In the second stage, valves4 and 7 are
closed, and valves5 and 6, opened. In this case, the
second suspension with initial concentrationc2in =
c2(l, t) is delivered from the reactor through valve
6 into channel2 and filtered through partition3, creat-
ing a flow in channel1, discharged with outlet con-
centrationc1out = c1(l, t) through valve5. Here,c is
the mass of the component in unit volume of the li-
quid phase,l is the channel length, andt is time.
Thus, sign-alternating pressure differentials between
the channels are created. In the course of such a pul-
satory motion, the first and second suspensions re-
peatedly exchange portions of liquid phases, without
mixing of their dispersed phases. As a result of this
counterflow (P scheme of flow) convective mass ex-
change, the concentrationc2out is close toc1in, and
c1out, to c2in.

The aim of the present study was to study con-
vective mass exchange between flows of suspension
and liquid (both Newtonian) in the VPMEA. In do-
ing so, mass-transfer or any other interaction between
the solid and liquid phases within VPMEA was dis-
regarded. Let us write a system of equations of con-
vective mass exchange in the form

II wds = 0, II rw(wds) + II pds 3 II sds = 0,�� �� ����
s s s

III ÄÄ dw + II ewds = 0,
w
§t
§e ��

s

III ÄÄÄ dw + II ecwds = 0,
w

§(ec)
§t

��
s

(1)

where w, r, and e are the velocity, density, and po-
rosity of the suspension;w ands are an arbitrary vol-
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ume and closed surface delimiting it;s is the friction
stress tensor, andp is pressure.

It is assumed that the densityrl and viscosityml of
the liquid phase are independent of concentrationc,
and the volume of the dissolved component can be
neglected, compared with the volume of the liquid
phase. We also neglect the time of hydrodynamic re-
laxation in passing from one stage to another, com-
pared with the stage durationts.

Let us apply system (1) to a suspension flow along
a permeable channel [7]. We direct thex axis along
the channel and choose a closed surfaces formed by
two sectionsf of the channel and part of lateral sur-
face between the sections. We then perform integra-
tion in system (1) and find projections onto thex axis,
divide the equations by the distance dx between the
section, and make dx approach zero. The layer of de-
posit formed on the partition will be considered thin
as compared with the equivalent channel diameter
dequiv. Therefore, the sectionf is considered constant
along the entire channel. Let us assume that the lon-
gitudinal velocity wx is zero at channel walls [8, 9].
Let, also, the pressure p be constant over the section
f [10]. We assume that the concentrationc and po-
rosity e are also constant over the sectionf. This as-
sumption is, in part, justified by the fact that trans-
verse sign-alternating flows are created in VPMEA.
Using the coefficients of friction,x, and momentum
flux, b [11313], we write

(2)
ÄÄ + rÄÄ (bu2) + euÄÄ Ä ru2 = 0,
dp
dx dx

d pf

f
x

8

ÄÄ + ÄÄ v = 0,
du
dx

pv
f

7 (ec) + 7 (ecu) + 7 cdv = 0,§ §

§x§t
pv
f

7 + 7 (eu) + 7 v = 0,§e

§t
§

§x
pv
f

where pf and pv are the perimeter of the channel
cross-section and its permeable part,u is the cross-
section-average longitudinal velocity, andv is the
filtration rate averaged over the permeable part of the
perimeter, eu = u/ |u|.

The c
d

value depends on the sign of the filtration
rate v. At v > 0 (filtration from the channel)c

d
= c,

at v < 0 (filtration into the channel)c
d

is equal to
the component concentration in the liquid phase in the
partition pores at the boundary of the channel under
consideration. If the partition thickness can be ne-
glected, then, atv < 0, c

d
is equal to the component

concentration in the liquid phase outside the channel
and, in particular, in an adjacent channel.

The pressure in the channel can be related to the
filtration rate by the Darcy law:

v(x) = 7777 , ref = r pdp + rddd ,
ml ref

p(x) _ p0 (3)

where p0 is the pressure outside the channel, e.g., in
an adjacent channel;ref is the filtration resistance
(m31); rp, rd, dp, anddd are the resistances (m32) and
thicknesses (m) of the partition and deposit. The ex-
pression forref in (3) is valid for the case of a planar
wall. Passing to dimensionless variables in Eqs. (2),
we obtain

ÄÄÄ + rrel ÄÄ (bU2) + euÄÄÄÄ Ä rrelU
2 = 0,

dEu
dX dX 2

xl
dequiv

ÄÄ + ÄÄÄÄ ÄÄÄEu = 0,
dX dequiv

Re0
Ref

ldU

d

(4)

ÄÄ + U ÄÄ

_
ÄÄÄ (Cd

_ C ) = 0,
§X
§C

Ä

§Ho
dU
dX

§C 1
e

ÄÄ + U ÄÄ

_
ÄÄ (1 _ e) = 0,

§X
§e§e

Ä

§Ho
dU
dX

where X = x/l, U = u/u0, V = v/u0, C(X, Ho) =
[c(x, t) 3 c`]/(c`` 3 c`), c` andc`` are arbitrary constants,
Ho = tu0/l is the homochronicity number, Eu(X) =
[p(x) 3 p0]/(rlu0

2) is the Euler number,rrel = r/rl,
u0 = u(0), Ref = fref/pv, and C

d
= (c 3 c`)/(c`` 3 c`).

Let us consider two adjacent channels separated by
a permeable wall. For each channel we write Eqs. (4)
and take into account that the liquid cross-flow occurs
because of the pressure difference between the chan-
nels. Then we have

ÄÄÄ + ÄÄ ÄÄÄ = 0,
dX dX dequiv 1f1

dU2
dX

dU1
ÄÄÄ + ÄÄÄÄÄ ÄÄÄEuv = 0,

l Re01

Ref 1

dU1 f2
ÄÄÄ + ÄÄ ÄÄÄ = 0,
dX dX dequiv 1f1

dU2
dX

dU1
ÄÄÄ + ÄÄÄÄÄ ÄÄÄEuv = 0,

l Re01

Ref 1

dU1 f2

+ ÄÄÄÄÄ rrel 1x1U1
_
ÄÄÄÄÄ rrel 2x2U2 = 0,

2dequiv1

eu1l 2 eu2l
2dequiv2

2

ÄÄÄ + ÄÄ (rrel 1b1U1
_ rrel 2b2U2)

dEuv d
dXdX

2 2

+ ÄÄÄÄÄ rrel 1x1U1
_
ÄÄÄÄÄ rrel 2x2U2 = 0,

2dequiv1

eu1l 2 eu2l
2dequiv2

2

ÄÄÄ + ÄÄ (rrel 1b1U1
_ rrel 2b2U2)

dEuv d
dXdX

2 2

ÄÄÄ + U1ÄÄÄ
_
Ä ÄÄÄ (Cd1

_ C1) = 0,
§C1 dU1§C1
§Ho §X dXe1

1

§e1
§Ho
ÄÄÄ + U1ÄÄÄ

_
ÄÄÄ (1 _ e1) = 0,
dU1§e1

§X dX

ÄÄÄ + U1ÄÄÄ
_
Ä ÄÄÄ (Cd1

_ C1) = 0,
§C1 dU1§C1
§Ho §X dXe1

1

§e1
§Ho
ÄÄÄ + U1ÄÄÄ

_
ÄÄÄ (1 _ e1) = 0,
dU1§e1

§X dX
(5)

ÄÄÄ + U2ÄÄÄ
_
Ä ÄÄÄ (Cd2

_ C2) = 0,
§C2 dU2§C1
§Ho §X dXe2

1

§e2
§Ho
ÄÄÄ + U2ÄÄÄ

_
ÄÄÄ (1 _ e2) = 0,
dU2§e2

§X dX

ÄÄÄ + U2ÄÄÄ
_
Ä ÄÄÄ (Cd2

_ C2) = 0,
§C2 dU2§C1
§Ho §X dXe2

1

§e2
§Ho
ÄÄÄ + U2ÄÄÄ

_
ÄÄÄ (1 _ e2) = 0,
dU2§e2

§X dX

where index denotes the channel number, and Euv(X) =
[p1(x) 3 p2(x)]/(rlu0

2).
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Fig. 2. Schematic of experimental setup for studying convective mass exchange in VPMEA: (1, 2) first and second channels of
VPMEA, (3) permeable partition, (439) controlled valves, (10) computer interface, (11) microcomputer, (12, 13) pumps,
(14, 15, 17, 18) vessels, (16) stirrer, (19) differential pressure gages, (20) expansion vessels, and (21) standard pressure gage.

So, we obtained the system of equations (5) for
U1(X), U2(X), Euv(X), C1(X, Ho), C2(X, Ho),
e1(X, Ho), e2(X, Ho). Setting the boundary [U1(0),
U2(0), U1(1), U2(1), C1(0, Ho), C2(1, Ho), e1(0, Ho),
e2 (1, Ho)] and initial [C1(X, 0), C2(X, 0), e1(X, 0),
e2(X, 0)] conditions defines the boundary-value prob-
lem for mass exchange between the flows.

The given model can be used, with the assump-
tions made, also for describing heat exchange between
flows with temperature-inactive particles.

In practice,c1(0, t) = c1in = const during the first
stage andc2(l, t) = c2in = const during the second
stage. In this case, the maximum concentration in the
VPMEA will be, e.g.,c1in, and the minimum concen-
tration c2in. Let us choosec` = c2in, c`` = c1in. Then
the dimensionless concentrationC(X, Ho) = [c(x, t) 3
c2in]/(c1in 3 c2in), and the boundary conditions be-
come universal: in the first stageC1(0, Ho) =C1in = 1,
and in the second,C2(1, Ho) = C2in = 0. This
means that the dimensionless output concentrations
C1(1, Ho) = C1out(Ho) andC2(1, Ho) = C2out(Ho) are
independent of the input concentrationsc1in and c2in,
being universal in this sense. Therefore, the degree of
mass exchange [14]

E = limC2 out(Ho) = lim ÄÄÄÄÄÄÄÄÄÄ

t6 iHo6 i

c2 out(t)
_ c2 in

c1 in
_c2 out

E = limC2 out(Ho) = lim ÄÄÄÄÄÄÄÄÄÄ

t6 iHo6 i

c2 out(t)
_ c2 in

c1 in
_c2 out

(6)

is a characteristic of VPMEA. It is independent of in-
put concentrations and characterizes component trans-
fer between the flows.

For experimental studies, we fabricated a planar
model of VPMEA (Fig. 2). The model is made of two
organic glass plates with 7.5-m-long grooves with
6 0 6 mm square cross-section. The permeable parti-
tion-capron filter fabric is placed in stretched state

between the plates, after which the latter are firmly
pressed to one another by means of bolted clamps. In
doing so, the plates are in such a position that their
grooves are opposite one another. This gives adjacent
channels1 and 2 separated by permeable partition
3. The flows are fed-in and discharged by means of
pipes. The programmed control of electromagnetic
sphincter valves439 is done by a microcomputer11
with interface 10. Hose-type pumps12 and 13 are
operated by the same drive, HShR-15M, to make
equal their volumetric flow rates.

Liquid is fed from vessel14 into channel1 by
pump 12 through valve4 and discharged through
valve5 into vessel18. The suspension is fed by pump
13 in the counterflow mode from vessel15 with
stirrer 16 into channel2 through valve 6 and dis-
charged from the channel through valve7 into ves-
sel 17. Valves 437 are program-controlled by a mi-
crocomputer11. To prevent blocking by valves4
and 6 of flows delivered by pumps12 and 13, the
pumps are equipped with bypass lines with valves8
and9. Valve 8 is opened when valve4 is closed, and
valve 9 is opened when valve6 is closed. The pres-
sure distributions in the channels are measured with
differential pressure gages19 with expansion vessels
20. Prior to experiments, air bubbles were removed
from the VPMEA by switching-on pumps12 and 13
with open valves437 and closed valves8 and 9.

An experimental study of the convective mass ex-
change between flows of two liquids-distilled water
and Na2CO3 solution was performed as follows. A so-
lution was prepared in vessel15, and vessel14 was
filled with water. To remove air and ensure specified
initial conditions, the solution from vessel15 was
fed into both channels at open valves437, with the
solution from the channel outlets directed into the
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Fig. 3. Time dependence ofC2out(Ho). (a) Re0 = 1892,
l/dequiv = 1250, ein = 1.0, Sr = 0.137, Ref = 1.40 106,
Dp = 0.03; (b) Re0 = 2754, l/dequiv = 1250, ein = 0.99,
Sr = 0.11;Dp = 0.025; Ref = (1) 8.80 106, (2) 11.40 106;
(c) Re0 = 2754, l/dequiv = 1250, ein = 0.97, Sr = 0.11,
Dp = 0.025; Ref = (1) 18.80 106, (2) 17.60 106. Curves,
calculation; points, experiment; the same for Fig. 4.

Fig. 4. Time dependence ofC2out(Ho) = C2(1, Ho) at
direct-flow delivery of flows. Re0 = 1892, l/dequiv = 1250,
ein = 1.0, Sr = 0.137,Ref = 1.40 106, Dp = 0.03.

same vessel15. After that the lines of solution feed
and discharge were put in the state corresponding to
Fig. 2, the program controlling the valves was initi-
ated, and pumps12, 13 switched on. Simultaneously,
sampling was commenced at the outlet of channel2.
In the steady state, samples were taken at the out-
lets of both channels. The Na2CO3 concentration in
the samples was determined by means of refracto-
metry. The experiments were carried out repeatedly.
The results obtained are presented in Fig. 3a.

A set of experiments was carried out on studying
the convective mass exchange between liquid and sus-
pension flows. An aqueous solution of NaCl was taken
as liquid, and suspension of ground pearlite indistilled
water, as model suspension. The choice of pearlite as
model dispersed material was governed by its inertness
toward the transported component-NaCl. The inert-
ness of pearlite was judged from the results of refrac-
tometric measurements of the NaCl solution concen-
tration before and after introducing a weighed portion
of pearlite into the solution. The pearlite fraction
with particle size in the range 103100 mm was se-
lected by sieving. The apparent density of pearlite
was 300 kg m33 [15]. The porosity of pearlite was
determined pycnometrically to be 0.75.

The experimental study was carried out as fol-
lows. First, suspension was fed into channel1 of the
VPMEA, and distilled water, into channel2, at open
valves 437. After the channels were filled and air
removed from them, the program of valve control was
started and the input line of the liquid delivery pump
12 was connected to the vessel with solution. Simul-
taneously, sampling was commenced at the outlet of
channel1. The experiments were conducted ate =
0.97 ande = 0.99 for two partitions with different
Ref values an suspension3liquid counterflow velocity
of 0.5 m s31 (Figs. 3b and 3c).

Also, the convective mass exchange between flows
of distilled water and Na2CO3 solution was studied
with a Z-scheme of flow delivery. In this case, flows
are delivered in the direct-flow mode into channel1
through valve4 and into channel2 through valve7
(Fig. 2). In the first stage, valves4 and 6 are open,
and valves5 and 7, closed. In the second stage, the
situation is the opposite. The experiments were car-
ried out in the following sequence. First, the channels
were filled with the solution through open valves437.
Then water was delivered to channel2 and samples
were taken at the outlet of channel1. The results ob-
tained are shown in Fig. 4.

As seen from Fig. 4, the residence time of the li-
quid in the VPMEA is 2l/u0 (Ho = 2). Virtually sta-
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tionary concentrations are attained at the apparatus
outlets at homochronicity number Ho; 3. For the
counterflowP scheme, the degree of mass exchange
between the flows reaches values of 0.6430.99 at
Ho = 3 (Figs. 3a33c). This indicates the possibility
of creating a high-efficiency VPMEA for dispersed
flows on the basis of the proposed principle.

Figures 3 and 4 show, in addition to experimental
points, curves calculated for the experimental condi-
tions with l/dequiv1 = l/dequiv2 = l/dequiv, f1 = f2. The
rates of flow delivery into the first and second channels
are the same. The flow characteristics are as follows:
e1 = 1, r1 = rl, mrel1 = 1, m1 = ml, e2 = e, r2 = erl +
(1 3 e)rs, rrel2 = rrel, m2 = 0.59 ml(e 3 0.23)32 [16],
wherers is the density of the solid phase,m1 andm2
are the viscosities of the first and second suspensions,
and Sr =tsu0/l is the Struchal number. It was assumed
in the calculations thatRef is constant along the lon-
gitudinal coordinateX.

The coefficientsx and b were determined for the
given channel in relation to the Reynolds number in
this channel [14, 17].

For theP scheme, we have the following boundary
and initial conditions:

U1(0) = 1, U2(0) = 3 1, U1(1) = 0, U2(1) = 0,

C1(0, Ho) = 1, (7)

U1(0) = 0 , U2(0) = 0, U1(1) = 1, U2(1) = 31,

C2(1, Ho) = 0, e(1, Ho) = ein, (8)

C1(X, 0) = 1, C2(X, 0) = 0, e(X, 0) = ein. (9)

For theZ scheme, the boundary and initial condi-
tions have the form

U1(0) = 1, U2(0) = 0, U1(1) = 0, U2(1) = 1,

C1(0, Ho) = 1, (10)

U1(0) = 0, U2(0) = 1, U1(1) = 1, U2(1) = 0,

C2(0, Ho) = 0, e(1, Ho) = 1, (11)

C1(X, 0) = 1, C2(X, 0) = 1, e(X, 0) = 1, (12)

where (7), (10) and (8), (11) are the boundary condi-
tions for the first and second stages, respectively; (9)
and (12) are the initial conditions.

With account of the boundary conditions (7), (8)
for the P scheme or (10), (11) for theZ scheme, the
hydrodynamic part of system (5) was solved by the

method of iterations with respect toU1, U2, and
Euv. Each iteration was calculated by the method of
orthogonal matrix run [18]. The obtained functions
U1(X), U2(X), and Euv(X) were used to calculate con-
centrations and porosities by means of equations of
system (5).

In the course of calculations, account was taken of
the change in the position of the interface between
liquids with concentrationsC1(X, Ho) andC2(X, Ho)
inside the permeable partition for any point of the
apparatus. The displacement of the interface in a time
DHo related to the partition thicknessdp is equal to
VDHo/(DpDequiv), where Dp = dp/dequiv.

The calculation was started using the equations
for the first stage with initial conditions (9) and (12).
Then the calculation was continued using the equa-
tions of the second stage. For the initial distribution
of concentrations and porosities for each subsequent
stage was taken the final distribution for the preced-
ing stage.

All parameters of the model, except for the dimen-
sionless resistanceRef, can be determined exactly. To
find the realRef values of permeable partitions, we per-
formed an experiment on measuring the pressure dif-
ference Euv(X) between the channel with distilled
water flowing in accordance with theP scheme [17].
The experimental data were processed using the sec-
ond equation of system (5). Let us integrate this equa-
tion overX from 0 to 1 with account of condition (7):

Ref = ÄÄÄÄ Re0 Euv (X) dX.l
dequiv

I
1

0
Ref = ÄÄÄÄ Re0 Euv (X) dX.l

dequiv
I
1

0

(13)

The experimentally found Euv(X) were integrated
using the method of trapezoids. In processing the re-
sults of hydraulic experiments [17], the filtration
resistance of the partition was found to beref =
(9.3+ 2.1)0 106. The ref measurement error was 22%.
Therefore, the dimensionless resistanceRef was
chosen as the model identification parameter.

The values of this parameter were selected so as
to achieve the best fit of calculation to the experiment.
In the experiment on mass exchange between flows
of two liquids (Fig. 3a), the selectedRef value and
that measured by the technique described above co-
incided (1.40 106). In experiments on mass exchange
between liquid and suspension flows atein = 0.99
(Fig. 3b) the selected (solid line) and measured (dashed
line) Ref values are 8.80 106 and 11.40 106, respec-
tively; for ein = 0.97 (Fig. 3c), the respective values
are 18.80 106 and 17.60 106.
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In the modes studied, the average resistance of
deposit accumulated during a stage is small, com-
pared with the partition resistance. Estimation of the
average dimensionless resistance of the deposit at
specific resistance of pearliterd = 1012 m32 [19] and
suspension porosity of 0.97 gives a value of 5.40 104,
which is two orders of magnitude less than theRef
of the partition. Therefore, we used in calculations
for the first and second stages theRef value for the
partition. This circumstance also justifies the assump-
tion thatRef is independent ofX, made in calculations.

The maximum deviation of the degrees of mass
exchange, calculated for the selected values of the
parameterRef, from those calculated for the measured
Ref is 6.2%. Therefore,Ref can be regarded with
satisfactory accuracy in calculating VPMEA as a real
dimensionless resistance, rather than the identification
parameter of the mathematical model. In filtration
from the liquid channel, the parameterRef can be
considered equal to the dimensionless resistance of
the partition, found from experiment or from the lit-
erature. In filtration from the suspension channel,
the parameterRef is defined as a sum of dimension-
less resistances of the partition and the deposit layer.

The operation principle of the mass-exchange ap-
paratus VPMEA, the mathematical model, the de-
veloped software for design calculations, and the ob-
tained experimental results may serve as a basis of
effective apparatus and technological schemes for
carrying out combined and involving a small number
of operations processes with finely dispersed solid
phase: extraction, sorption, ion exchange, chemical
reactions, and heat exchange.

CONCLUSIONS

(1) A mathematical model of convective mass
exchange between dispersed flows in a two-channel
apparatus with permeable partition and controlled
valve-pulsatory system is proposed.

(2) The results of an experimental study demon-
strate that numerical solutions obtained using the
model are in satisfactory agreement with the mea-
sured dependences of concentration variation at the
flow outlets on the homochronicity number and that
the model is adequate to the experiment at the follow-
ing parameters: Re0 = 189232754, l/dequiv = 1250,
Sr = 0.1130.137, ein = 0.9731.0, Ref = (1.4318.8)0
106, Dp = 0.02530.03.

(3) The stationary concentrations at the apparatus
outlet are attained at homochronicity number Ho; 3.

(4) The possibility is established of creating ap-
paratus with degree of mass exchange between flows
of up to 0.9, and software is developed for their
design calculations to achieve a prescribed degree of
mass exchange.
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Abstract-The possibility of combining polymerization and drying in obtaining polymers from derivatives of
methacrylic acid was revealed experimentally. A mathematical model of combined polymerization and solvent
removal under conditions of a fluidized bed of the material was developed.

Water-soluble polymers based on derivatives of
acrylic and methacrylic acids are used in various fields
of technology as flocculants, thickeners, water-retain-
ing agents, and substances reducing the hydraulic re-
sistance [1].

Highly promising for manufacture of water-soluble
acrylic polymers are continuous methods in which
the process is carried out in a set of apparatus, e.g.,
reactor3extruder3granulator3drying chamber, com-
bined in a single installation.

One of the possible ways to make the technological
cycle shorter consists in combining the process of
polymerization with high conversion and solvent re-
moval from the reaction mass [2]. In addition, this re-
duces the power consumption, since moisture is partly
evaporated by the heat of the chemical reaction. In
synthesizing water-soluble polymers, water is the re-
action medium. Therefore, the process of drying must
not occur in advance of the polymerization. Other-
wise, the reaction terminates at low conversions [3].

To reveal the possibility of combining the proc-
esses of polymerization and drying, special-purpose
experiments were carried out. The initial stage of syn-
thesis was performed in concentrated aqueous solu-
tions. For example, in copolymerization of sodium
methacrylate (SMA) with methacrylamide (MAA), the
concentration of the solution of the starting mono-
mers was 66 wt %. The copolymerization was done
in the course of 1200 s at 65oC. During this time,
the conversion was as high as 67%. Further, the pre-
polymer was ground and dried.

Selected results of the experiments are presented
in Fig. 1 as dependences of the conversion and the
humidity of the product on the process time. During
the first 1800 s of drying, the conversion became as
high as 93, 96, and 98%, and the humidity as low as
25, 23, and 20%, at temperatures of, respectively,
70, 90, and 105oC. Further drying during 13 500 s
raises the conversion only slightly. In all experiments,
the conversion was 99.5%. The product humidity de-
creased to 10, 4, and 1%.

The results of the experiments demonstrated that,
in the course of prepolymer drying, the rate of the
chemical process much exceeds that of solvent (water)
removal. Under these conditions, the polymerization

Fig. 1. Variation of the conversionX and humidityU with
time t. Drying temperature (oC): (1, 1̀) 70, (2, 2̀) 90,
and (3, 3̀) 105. (I ) Polymerization and (II ) drying + poly-
merization.
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process goes till virtually complete exhaustion of the
starting monomers. Rather effective is performing
combined processes in apparatus with fluidized bed.

The performed investigations of the process of co-
polymerization of SMA with MAA in its final stage
allowed development of a mathematical description of
drying and additional polymerization of the granulated
prepolymer. The description includes units related to
chemical kinetics, kinetics of heat-and-mass exchange
for isolated particle, and material and heat balances
for the apparatus as a whole.

In developing a mathematical model of processes
occurring in an isolated inclusion of the dispersed
phase, the following assumptions were made: stirring
of the material in the fluidized bed is intensive, heat-
transfer coefficients are high, small particle size leads
to absence of temperature fields, each grain is a micro-
reactor operating in the quasistationary mode. The
particles are spherical.

In describing the kinetics of SMA copolymeriza-
tion with MAA, account is taken of the reactions of
chain initiation, growth, and termination. The system
of kinetic equations for the concentrations of the ini-
tiator and monomers and initial moments of the mo-
lecular weight distribution has the form [4]

dI/dt = 3kdI, (1)

dCA/dt = 3kpAARACA 3 kpBARBCA, (2)

dCB/dt = 3kpABRACB 3 kpBBRBCB, (3)

dRA/dt = f kdI + kpBARBCA 3 kpABRACB

3 ktAAR2
A 3 ktABRARB, (4)

dRB/dt = fkdI + kpABRACB 3 kpBARBCA

3 ktBBR2
B 3 ktBARBRA, (5)

dP/dt = ktAAR2
A + ktABRARB + ktBARBRA

+ ktBBRB
2, (6)

whereI, CA, CB, RA, RB, andP are the concentrations
of initiator, SMA, MAA, growing radicals with SMA
and MAA end units, and inactive chains (M);t time
(s); f the efficiency of initiation;kd the rate constant
of initiator decomposition (s31); kp, kt the rate con-
stants of chain growth and termination (M31 s31).

The efficiency of initiation and the rate constants
of elementary reactions, which vary in the course of
the process, are calculated using the formulas reported

in [4]. The grain temperature is found from the heat
balance equation

rm(cm + Ucw)ÄÄ = 6ÄÄÄÄ (Tg 3 T )
dT
dt
c a

dequiv

3 ÄÄÄ + ÄÄÄ DH + ÄÄ r *rm ,
dCA
dt dt

dCB�
�

�
�

dU
dt

c

rm(cm + Ucw)ÄÄ = 6ÄÄÄÄ (Tg 3 T )
dT
dt
c a

dequiv

3 ÄÄÄ + ÄÄÄ DH + ÄÄ r *rm ,
dCA
dt dt

dCB�
�

�
�

dU
dt

c

(7)

where dequiv is the equivalent particle diameter (m);
rm the material density (kg m33); a the heat-transfer
coefficient (W m32 K31); DH the heat effect of poly-
merization (J mol31); T the particle temperature (oC);
Tg the temperature of the drying agent (oC); r * the latent
heat of vaporization (J kg31); U

-
the absolute humidity

of the material (kg kg31); cm, cw the specific heats of
dry material and water, respectively (J kg31 K31).

The last term in the right-hand side of Eq. (7)
accounts for the relationship between heat and mois-
ture transfer processes. The mathematical description
is supplemented with an equation characterizing the
kinetics of variation of the moisture content of a pre-
polymer grain. As is known, in drying of materials
with high diffusion resistance to moisture transfer,
to which also belongs the copolymer of SMA with
MAA, the equilibrium humidity is virtually instan-
taneously attained on the body surface [5]. In this
case, the variation of the moisture-content field in
a material being dried is described by a differential
mass-transfer equation with a boundary condition of
the first kind with variable coefficient of moisture
transfer. For a spherical particle we have

ÄÄÄÄÄ = km(U, T ) Ä ÄÄÄÄÄ
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g
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,§U(r, t)
§t

§2(rU )
§r 2

1
r

3 �

�
g

�

�
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0 < r < R, t > 0, (8)

§r
ÄÄÄÄÄÄ = 0, U(0, t) # i,
§U(0, t)

§r
ÄÄÄÄÄÄ = 0, U(0, t) # i,
§U(0, t) (9)

U(R, t) = Up, (10)

U(r, 0) = Uin. (11)

The moisture-transfer coefficientkm(U
-

, T ) is a com-
plex function of the moisture content and temperature
of a particle. Exact analytical solution of the problem
(8)3(11) is impossible. An approximate solution to
this problem will be sought for in the classical form
[5] at finite number of expansion elements:

U(x, t) = Up + (U0 3 Up)ÄS Aj (t) sin jpÄ .r
R n

j = 1

�
�

�
�

r
R

(12)

Let us use the Petrov3Galerkin method [6]. We
substitute a trial solution (12) into Eq. (8) and require
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that the residual should be orthogonal to the calibra-
tion functions of the type

Yk(r) = Ä sin kpÄ ,r r
R R

�
� �
�Yk(r) = Ä sin kpÄ ,r r

R R
�

� �
� (13)

= km(U, t) S Aj (t) Ä ÄÄ r Up + U0 3 Up Ä sin jpÄ
3
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We come to a system of explicit ordinary differ-
ential equations in unknown coefficientsAj (t):

ÄÄÄÄ = 3ÄÄÄÄÄÄ ( jp)2 Aj (t), j = 1, ...,n.
dAj (t)

dt
km(U, t)

3

R2
ÄÄÄÄ = 3ÄÄÄÄÄÄ ( jp)2 Aj (t), j = 1, ...,n.
dAj (t)

dt
km(U, t)

3

R2
(15)

We find the coefficientsAj at t = 0, applying the
Petrov3Galerkin method to the initial condition (11):

R
r S Aj sin jpÄ 3 U0 ] ÄR

r �
�

�
�j = 1

n

sin kpÄ dr = 0,R
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}
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0
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� R
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0R
r S Aj sin jpÄ 3 U0 ] ÄR
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n

sin kpÄ dr = 0,R
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[Up + (U0 3 Up)Ä �
� R

r �
�

k = 1, ...,n,

0

(16)

A0
j = 2(31) j + 1/( jp), j = 1, ..., n. (17)

Now, we determine the average moisture content
of a particle:

= Up + (U0 3 Up)Ä S Aj (t) (31) j 3 1/j.
j = 1

n3
p

U = ÄÄ r 2U (r, t) dr{
}

R

0R3
33

= Up + (U0 3 Up)Ä S Aj (t) (31) j 3 1/j.
j = 1

n3
p

U = ÄÄ r 2U (r, t) dr{
}

R

0R3
33

(18)

Differentiating expression (18), we obtain a rela-
tion for the rate of drying dU

-
/dt, appearing in for-

mula (7):

ÄÄ = (U0 3 Up)Ä S ÄÄÄÄÄÄ ÄÄÄÄÄ.
dU
dt

3

j

dAj (t)(31) j 3 1

dtj = 1

n3
pÄÄ = (U0 3 Up)Ä S ÄÄÄÄÄÄ ÄÄÄÄÄ.

dU
dt

3

j

dAj (t)(31) j 3 1

dtj = 1

n3
p (19)

The system of equations (1)3(7), (15), (18), and
(19) gives a mathematical description of combined
polymerization and drying for an isolated particle.
The coefficientkm, appearing in Eq. (8), was found
using the Rudobashta method [7]. For this purpose,
special experiments were carried out on drying and
additional polymerization of granulated prepolymer
with initial humidity of 0.42 kg moisture/kg ab-
solutely dry material and monomer conversion of
75380%. The prepolymer was obtained by copoly-
merization of SMA with MAA in aqueous medium

Fig. 2. Variation of the conversionX and humidityU in
the course of additional polymerization and drying in an
apparatus with fluidized bed. Equivalent particle diameter
dequiv = 0.004 m, air flow velocity 2.5 m s31. Bed tem-
perature (oC): (1, 1̀) 70 and (2, 2̀) 90.

at total concentration of monomers of 6.75 M and
monomer ratio of 1 : 1 (mol : mol). The kinetics of
drying was studied in the temperature range 603
105oC under conditions ruling out any outer-diffusion
resistance. Experimental data processing yielded
the following relation for calculating the mass-con-
ductivity coefficient for humidities in the range
0.03 < U < 0.42:

km = 10310[1.854 + 7.3501035exp(0.086T)]/(1 + 15.1U
32).

(20)

To confirm the adequacy of the mathematical mod-
el of the process of drying and additional polymeriza-
tion, experimentswere carried out in batch mode in an
apparatus with gas-distributing grate area of0.013 m2.
Prepolymer grains poured in the apparatus were there
in fluidized state. Samples were taken at regular in-
tervals. The results of analysis of these samples are
given in Fig. 2. The solid lines in the figure represent
the results of calculations in terms of the mathemat-
ical model, the points show the results of analysis.
Comparison of the data in Fig. 2 shows that dis-
crepancy of the experimental and calculated values
does not exceed 5% for conversion and 10% for ma-
terial humidity. This allows the given mathematical
description to be used for practical purposes.

In the case of a continuous process of manufacture
of a water-soluble polymer, the combined installation
employs a double-section fluidized-bed dryer with
vertical arrangement of sections [2]. The diagram of
material flows in the dryer is presented inFig. 3.
The apparatus operates on the counterflow principle.
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Fig. 3. Diagram of material flows in a double-section dryer.
BB, fluidized bed; FB, filter section; HE, heat exchanger;
g, gas; and m, material.

Fig. 4. Basic parametersP of the combined processes vs.
residence timet in a fluidized bed. (1) Polymer humidity,
(2) grain temperatureT, (3) monomer concentration, and
(4) Qp/Qc ratio.

Grained prepolymer is fed into the top section (FB)
where the main part of moisture is removed. The flu-
idization number Kw = 233. From the first
section, the material comes through a downpipe to
the bottom section and is additionally dried there
under the filter section conditions (Kw = 1.231.3). The
drying agent (air) passes successively the bottom and
top sections, with its heat potential increasing, in
going from the filter section to the fluidized bed, in
the heat exchanger mounted between the sections.

The continuous process of drying of prepolymer
grains is considered on the assumption of complete
displacement for the drying agent flow. The param-
eters of the drying agent at the inlet and outlet of each
section are found from the system of heat (21) and
material balance (22) equations and additional rela-
tions

Gg(cg + cvxini )(Tgini 3 Tgouti ) + Gad(cm + cwUi31)Ti31

+ Qpi = Gad(r
* + cvTg outi )(Ui 31 3 Ui) + Gad(cm + cwUi )Ti ,

(21)

(22)xouti = xin i + Gad(Ui 31 3 Ui )/Gg,

ÄÄÄÄÄÄÄÄÄ = [1 3 exp(3BiHi )] 1 3 ÄÄÄÄÄÄÄÄÄÄ ,
Tg ini 3 Tgi �

�

�

Tg ini 3 Tg outi 1 3 exp(3BiHi )
3BiHi

��
�

(23)

Bi = 6ai (1 3 ei)Si / (cgGgd), (24)

Qpi = Gad(1 + Ui 31)C0
m(Xi 3 Xi 31)DH/rf, (25)

= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ , i = 1, 2,
[(Tgv 3 Tg in1)/(Tgv 3 Tg out 2)]ln

Kt Ft (Tg in1 3 Tgout 2)

Gg(cg + cvxout2)(Tg in1 3 Tgout 2)

= ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ , i = 1, 2,
[(Tgv 3 Tg in1)/(Tgv 3 Tg out 2)]ln

Kt Ft (Tg in1 3 Tgout 2)

Gg(cg + cvxout2)(Tg in1 3 Tgout 2)

(26)

where Gg, Gad are mass flow rates of gas and ab-
solutely dry material (kg s31); cg, cv, cm, cw the spe-
cific heats of gas, water vapor, dry material, and
water, respectively (J kg31 K31); T the material tem-
perature (oC); i the section number;Tg in, Tg out the gas
temperatures at the inlet and outlet ofith section
(oC); Qri the heat flow released as a result
of the polymerization reaction (W);ei, Hi the porosity
and height of fluidized bed inith section (%, m);
Si the cross-sectional area ofith section (m2); Xi
monomer conversion at the outlet ofith section (frac-
tion units); rpp prepolymer density (kg m33); C0

m
the initial total concentration of monomers (mol m33);
Kt the heat-transfer coefficient (W m32); Ft the heat-
exchange surface area (m2); and Ths the temperature
of heating steam (oC).

Expression (22) relates the averageT
-

gi and final
Tgfi temperatures of the drying agent in the fluidized
bed [8]. The relationship between the temperature of
the drying agent at the outlet of the second section and
after the heat exchanger is defined by formula (26).

The system of Eqs. (1)3(7), (12), (15), and (17)3
(26) is a mathematical description of the processes of
additional polymerization and drying of prepolymer
grains in a double-section apparatus with material
fluidization in terms of the adopted simplifying as-
sumptions.

Calculation of a double-section dryer,through which
continuously passes a flow of prepolymer grains, con-
sists in a search for such a combination of process
parameters to be determined that would ensure pre-
scribed characteristics of the technological process
and, in particular, the moisture content of the material
and conversion of starting monomers.

The above organization of the process in the ap-
paratus leads to certain specific features of the kinetics
and dynamics of drying. The combined processes of
additional polymerization and drying in a prepolymer
grain were simulated using the proposed mathematical
model.
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Figure 4 shows the temperature, grain humidity,
total concentration of monomers, and ratio of the
polymerization heat to heat supplied by convection as
functions of the residence time of the material in the
double-section dryer.

In the fluidized bed (top section), a prepolymer par-
ticle with equivalent diameter of 4 mm is heated from
50 to 90oC in about 200 s. The increase in tempera-
ture leads to weaker diffusion limitations on the re-
actions of chain initiation and growth, which makes
higher the polymerization rate. By the end of the heat-
ing period the rate of the chemical process reaches
its maximum value. A characteristic peak appears in
the plot characterizing the ratio of the reaction heat
to the heat delivered by convection. Further, the rate
of polymerization decreases. Nevertheless, under the
created conditions (temperature of about 90oC, suf-
ficient content of water in the prepolymer), the pro-
cess goes during the residence time of the material
in the top section of the apparatus to virtually com-
plete exhaustion of the monomers.

Figure 5a illustrates the variation of the moisture-
content field in a prepolymer grain in relation to its
residence time in the fluidized bed. The moisture dis-
tribution within the grain is highly nonuniform. After
1800 s, the content of water in the surface layer of
thickness 0.07R (20% of the grain weight) is less than
0.1 kg moisture/kg absolutely dry material. The mois-
ture content at the grain center remains virtually equal
to the initial content.

It was established experimentally that the product
with humidity less than 0.1 kg moisture/kg abso-
lutely dry material poorly dissolves in water. This un-
desirable phenomenon can be eliminated by changing
the drying mode in the bottom section of the appara-
tus. The air flow velocity in this section is 1.25 m s31,
and the average air temperature, 60oC.

The process in the filter bed occurs in two stages.
In the first stage, the moisture content of a particle
remains unchanged. Arriving in the second section,
the particle is cooled (Fig. 4) and the moisture is re-
distributed in the material. The moisture content de-
creases at the particle center and increases on the sur-
face from the equilibriumhumidity Ueq1 = 0.048 in
the first section toUeq2 = 0.123 in the second, which
is illustrated in Fig. 5b. To describe this stage,
the mathematical model was supplemented. By dif-
ferentiating the expression

(27)U = Us + (U0 3 Us)Ä S Aj(t)(31) j 3 1/j = const,
c 3

p j = 1

n

Fig. 5. Distribution of moisture contentU along the grain
radius. Time (s): (1) 792, (2) 1080, (3) 1440, (4) 1800,
(5) 1932, (6) 2130, (7) 2440, (8) 3880, (9) 4600, (10) 5320,
and (11) 6040.

which defines the average moisture content in a par-
ticle, an equation was derived for calculating the hu-
midity at the grain surface

dUs
dtÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ .

(Us 3 U0)Ä SÄÄÄÄ (31) j 3 1/j3
p

dAj (t)
dt

n

j = 1

1 3 Ä SÄÄÄÄ (31) j 3 1/j
dAj (t)

dt

n

j = 1

3
p

dUs
dtÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ .

(Us 3 U0)Ä SÄÄÄÄ (31) j 3 1/j3
p

dAj (t)
dt

n

j = 1

1 3 Ä SÄÄÄÄ (31) j 3 1/j
dAj (t)

dt

n

j = 1

3
p

(28)

The moisture content profile is calculated by

(29)U(r, t) = Us + (U0 3 Us)ÄS Aj (t) sin jpÄ .r
R n

j = 1

�
�

�
�

r
R
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The second stage of the process in the filter section
is characterized by constant particle temperature and
particle humidity. The moisture content at the grain
center and moisture content gradients decrease grad-
ually, as seen from Fig. 5c.

CONCLUSIONS

(1) The possibility of combining the processes of
polymerization and drying in the final stage of syn-
thesis of water-soluble acrylic polymers was estab-
lished experimentally. Thermal treatment of the pre-
polymer leads to weakening of the diffusion limita-
tions on the reactions of initiation and growth of
the polymeric chain, which favors reaction till virtu-
ally complete exhaustion of the monomer and makes
it possible to combine the final polymerization with
moisture removal from the obtained product.

(2) The moisture-transfer coefficient was deter-
mined experimentally for the prepolymer, and a func-
tional dependence of this coefficient on temperature
and moisture content was obtained.

(3) A mathematical description of combined pro-
cesses of polymerization and drying in an isolated
particle and a mathematical model of a double-section
dryer were developed.

(4) It was shown that, for obtaining a water-soluble
polymer with required quality characteristics and
preventing the undesirable phenomenon of crust for-
mation, the prepolymer should be dried in a double-
section apparatus with fluidized bed under conditions
of variable thermal and hydrodynamic modes.
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Abstract-Oxidizing alkoxylation of PH3 to trialkyl phosphates was performed in pyridine-alcoholic solutions
of iodine. The optimal conditions of the reaction were found.

The reaction of PH3 with I2 was studied in detail in
[1, 2]. Iodine solutions are widely used for gas treat-
ment to remove PH3 [3] and for phosphine analysis
[4]. Hypophosphorous, phosphorous, or phosphoric
acids are formed depending on I2/PH3 ratio [133].

Reaction of PH3 with I2 in alcohols has not been
studied [5]. We found that alcoholic solutions of I2
rapidly oxidize PH3 at 25370oC into phosphoric acid:

4I2 + PH3 + 4ROH 6 (HO)3PO + 4RI + 4HI, (1)

where R is Me, Et, Bu, Am, and Oct.

In pyridine-alcoholic solutions, I2 oxidizes PH3
into trialkyl phosphate:

4I2 + PH3 + 4ROH + 7PyH

6 (RO)3PO + RI + 7PyH. HI (2)

with the formation of a white precipitate of pyridine
hydroiodide. Reaction (2) quantitatively yields trialkyl
phosphates, which are widely used in extraction of
rare earth elements and preparation of polymers [6].
Due to the high rate and high selectivity, the new re-
action (2) can be used for utilization of PH3 contained
in exhaust gases from phosphorus plants [3]. In this
work, we studied reactions (1) and (2) by IR and31P
and 13C NMR spectroscopy, gas chromatography, po-
tentiometry, and the differential kinetic method.

EXPERIMENTAL

Oxidizing alkoxylation of PH3 in alcoholic solu-
tions of iodine was studied in a flow-type installa-
tion equipped with a vigorously shaken isothermal re-

actor, a unit for redox potential measurement, and
supply and sampling of gaseous, solid and liquid re-
agents and products, a gasometer with an Ar3PH3
mixture, and a rheometer for measuring the gas flow
rate. The reactor volume was 150 ml, and that of sup-
plied liquid, 10 ml. The relative error of measure-
ments of the uptake rate and the volume of the con-
verted PH3 was within 8310%. The reactor was
charged with alcohol (or alcohol3pyridine mixture)
and iodine, purged with Ar, the shaker was switched
on, the redox potential measurement was started, and
then the Ar3PH3 gas mixture was supplied into the
reactor. The rate of the gas mixture supply was con-
trolled so as to obtain the constant PH3 concentration
at the outlet (~1 Pa). During the experiment, the redox
potential, the rate of PH3 uptake w (mol l31 min31),
and the amount of PH3 taken upQ (M) were contin-
uously measured, and the compositions of the liquid
and gas phases were analyzed at regular intervals. The
experiment was continued until the PH3 uptake ceased.
The rate of oxidizing alkoxylation of phosphine (2)
was determined from the consumption of PH3 and
alcohol and the accumulation of trialkyl phosphate
and alkyl iodide. The concentrations of the reaction
components were varied depending on particular
alcohol as follows (M): 0.431.2 (I2), 0.0322.2
(ROH), 0.0312.4 (PyH), andpPH3

(1.634.0)01033 Pa.
The temperatureT was 25370oC.

Phosphine was prepared by acid decomposition of
Zn3P2. Gases (PH3 and Ar) were dried over granulated
NaOH. Alcohols were purified by distillation from
CaO, and pyridine by distillation from Na metal.
Analytically pure iodine was used without addition-
al purification. The I2 concentration was determined
titrimetrically [8].
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Redox alkoxylation of phosphine in alcoholic solutions of iodine
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Solution composition, M ³ pPH3
0 1033,³ T,oC

³
QPH3

, M
³

I2 / PH3

³ (RO)3PO, ³ Yield ofÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³ ³
I2 ³ PyH ³ RON ³ Pa ³ ³ ³ ³ M ³ (RO)3PO, %

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
BuOH

0.8 ³ 12.4 ³ 3 ³ 2.3 ³ 25 ³ 0.3 ³ 3 ³ 3 ³ 3

0.8 ³ 12.4 ³ 3 ³ 1.4 ³ 70 ³ 0.3 ³ 3 ³ 3 ³ 3

0.4 ³ 3 ³ 10.9 ³ 1.1 ³ 25 ³ 0.1 ³ 4 ³ 0.002 ³ 1.0
0.8 ³ 3 ³ 10.9 ³ 0.7 ³ 70 ³ 0.2 ³ 4 ³ 0.002 ³ 1.0
0.8 ³ 1.2 ³ 9.8 ³ 2.3 ³ 25 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
0.8 ³ 1.2 ³ 9.8 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
0.8 ³ 2.5 ³ 8.7 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
0.8 ³ 5.0 ³ 6.5 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
0.8 ³ 7.4 ³ 4.3 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
0.8 ³ 9.9 ³ 2.2 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.1 ³ 64.0
0.8 ³ 11.2 ³ 1.1 ³ 1.4 ³ 70 ³ 0.2 ³ 4 ³ 0.2 ³ 82.0
0.4 ³ 1.2 ³ 9.8 ³ 2.0 ³ 50 ³ 0.1 ³ 4 ³ 0.1 ³ 100.0
0.8 ³ 2.5 ³ 8.7 ³ 2.0 ³ 50 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0
1.2 ³ 5.0 ³ 6.5 ³ 2.0 ³ 50 ³ 0.3 ³ 4 ³ 0.3 ³ 100.0

OctOH

0.4 ³ 1.2 ³ 5.7 ³ 2.3 ³ 50 ³ 0.1 ³ 4 ³ 0.1 ³ 100.0
0.8 ³ 2.5 ³ 5.0 ³ 2.3 ³ 50 ³ 0.2 ³ 4 ³ 0.2 ³ 100.0

AmOH

0.4 ³ 1.2 ³ 8.3 ³ 2.0 ³ 50 ³ 0.1 ³ 4 ³ 0.1 ³ 100.0

EtOH

0.4 ³ 1.2 ³ 15.4 ³ 2.0 ³ 50 ³ 0.1 ³ 4 ³ 0.1 ³ 100.0

MeOH

0.4 ³ 1.2 ³ 22.2 ³ 2.0 ³ 50 ³ 0.1 ³ 4 ³ 0.1 ³ 100.0
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

The chromatographic analysis of PH3 in the ini-
tial gas mixture was performed on an LKhM-8 MD
chromatograph equipped with a heat conductivity
detector and a steel column packed with PorapakQ
at 100oC at a helium flow rate of 12 ml min31. Unre-
acted phosphine was determined colorimetrically [9].
The stationary redox potential of alcoholic solutions
of I2 was continuously measured with a pH-121 mil-
livoltmeter, using calomel and platinum electrodes,
with a ground-glass stopper wetted with KCl solution
as an electrolytic junction [10].

The chromatographic analysis of alcohols, pyridine,
alkyl iodides, and organic products was performed on
a 3700 chromatograph with a flame-ionization detector
and a 3.0 m0 3.0 mm steel column packed with
Chromaton-N-AW-DMCS impregnated with PEG-20M
(10%). The column temperature was programmed
from 100 to 200oC at a carrier gas (argon) flow rate
of 30 ml min31.

Inorganic phosphates were determined colorimetri-
cally in the form of vanadomolybdophosphate on an
FEK-56 PM in 4-cm cells relative to water at 370 nm
[8].

Trialkyl phosphates were recovered by vacuum
distillation at 1310 mm Hg after separation of the
PyH . HI precipitate by decanting. The products ob-
tained were identified by the boiling point, refractive
index, and IR and31P and 13C NMR spectra.

The IR spectra in the 40034000 cm31 range were
recorded on a Specord IR-75 spectrometer with KBr
windows. The31P and13C NMR spectra were regis-
tered on a Bruker WP-80 spectrometer [31.44 MHz
(31P) and 20.55 MHz (13C)]. The main physicochem-
ical constants of the isolated products agreed well with
reference data [11]. In the31P NMR spectra, the signal
at d from 30.3 to 30.9 ppm relative to 85% H3PO4
corresponds to the chemical shift of trialkyl phos-
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Fig. 1. (a) Conversion and (b) potentiometric curves of phosphine uptake by iodine solution. (w) Rate of phosphine uptake,
(j) potential, and (Q) amount of phosphine taken up.cI2

(M): (1, 4) 0.8; and (2, 3) 0.4. cPy (M): (1) 0, (2, 3) 1.2, and

(4) 12.4. cBuOH (M): (1) 10.9, and (2) 9.8; (3) cOctOH 5.7; (4) No alcohol.pPH3
0 1033 (Pa): (1) 1.6, (2, 4) 3.3, and (3) 4.0.

T (oC): (1) 70, (2, 3) 50, and (4) 25.

phates [12]. The IR spectra of the trialkyl phosphates
obtained coincided with those of the reference samples
and contained characteristic bands of P=O (n = 12603
1285 cm31) and P3O3C (n = 102031045 cm31) groups
[13]. The 13C NMR spectra of the products contained
signals with chemical shiftsd(CH3) = 19.5+ 0.5,
d(CH) = 29.5+ 0.5, andd(CH2) = 73.6+ 0.5 ppm,
characteristic of trialkyl phosphates.

The PH33I 23ROH system.The alcoholic solution
of I2 is fairly stable at 20370oC. The I2/I

3 redox po-
tential was constant for a long time (30 min). The I2
concentration did not change, and no products of al-
cohol oxidation with iodine were detected [14]. In-
troduction of PH3 into this solution is accompanied by
a cathodic shift of the redox potentialj from 0.8 to
0.1 V because of the decrease in the I2 concentration
due to reaction (1). In the course of PH3 uptake by io-
dine alcoholic solution, I2 is reduced to RI and HI,
and PH3 is oxidized to phosphoric acid by Eq. (1).
The yield of organic phosphates is 132% (see the ta-
ble). The W3Q conversion andj3Q potentiometric
curves are descending (Figs 1a, 1b, curves1). The
alcoholic solution of iodine eliminates from Ar3PH3
mixtures even trace amounts of PH3 (< 10 Pa). The
PH3 uptake stops only when I2 is completely reduced
and, correspondingly, the reddish brown alcoholic
solution of I2 is decolorized.

The PH33I 23ROH3PyH system. The pyridine-
alcoholic solution of I2 is fairly stable at 20370oC.
The redox potential of the I2/I

3 couple remains con-
stant for 30340 min. During this time, the I2 concen-
tration is also unchanged, and products of alcohol
and pyridine oxidation by iodine do not appear. In-
troduction of PH3 into the pyridine-alcoholic solution
of I2 is accompanied by uptake of PH3, decrease in
the I2 concentration, and cathodic shift of the redox
potential from 0.7 to 0.05 V (Fig. 1). During the ex-

periment, the initial reddish brown solution of I2 is
decolorized, and a white precipitate of PyH. HI is
formed. The uptake of PH3 by the pyridine-alcoholic
solution is accompanied by the oxidizing alkoxyla-
tion of PH3 (2) with the formation of trialkyl phos-
phates in high yields (see table). The table illustrates
the effect of the temperature and concentration of io-
dine, phosphine, pyridine, and alcohol on the trialkyl
phosphate yield. Under the optimal conditions, the
yield is 100%. The increase in PyH concentration in
the alcoholic solution of I2 from 1.2 to 7.4 M does
not affect the tributyl phosphate (TBP) yield. At the
pyridine concentration of 9.9 M, the TBP yield de-
creases to 64%. The pyridine solution of I2 takes up
PH3, and a yellow precipitate of, probably, P2I4 is
formed [15], with no organophosphorus compounds
detected in the solution. The effect of alcohol on re-
action (2) was studied at the optimal [PyH]/[I2] ratio
close to the stoichiometric ratio. The character of con-
version and potentiometric curves of PH3 uptake by
pyridine-alcoholic solutions of I2 are similar to those
for alcoholic solutions of I2. The rate of reaction (2)
grows with increasing concentration of I2 and PH3,
temperature, and alcohol acidity and decreases with
accumulation of PyH. HI (Fig. 1).

CONCLUSION

At 20370oC, pyridine-alcoholic solutions of I2 rap-
idly take up PH3 from gas mixtures with selective
formation of trialkyl phosphates. The optimal condi-
tions of this reaction areT = 25350oC, pPH3

=
(1.432.3)0 1033 Pa, andcI2

= cPyH = 10330 wt%
(the remainder is ROH).
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Abstract-Bis(4-hydroxy-3,5-di-tert-butylphenyl) sulfide and polysulfides were prepared, and their inhibiting
power was studied in relation to the number of sulfur atoms.

Studies concerned with synthesis of oxidation in-
hibitors and the mechanism of their antioxidative ef-
fect showed that hydroxyaryl sulfides and polysul-
fides [1, 2] containing simultaneously a phenolic moi-
ety and sulfur atom(s) are oxidation inhibitors with
a complex effect.

Proceeding with studies in this field [3310], we
prepared new compounds of this group and examined
their inhibiting effect on cumene oxidation in relation
to the number of sulfur atoms.

As the initial compound we chose commercially
available 2,6-di-tert-butylphenol (I ).
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Reduction of bis(4-hydroxy-3,5-di-tert-butylphenyl)
disulfide (III ) with hydrogen yielded 4-hydroxy-3,5-
di-tert-butylthiophenol (IV ), which is a precursor of
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To evaluate the antioxidative power ofII 3VI in
elementary stages of cumene oxidation, we studied
the reactions of these compounds with cumylperoxy
radicals and cumyl hydroperoxide (CHP). The cap-
ability of mono- and polysulfidesII 3VI to terminate
oxidation chains by reaction with peroxy radicals was
studied for the example of cumene oxidation at 60oC,
intiated with azobis(isobutyronitrile) (AIBN). As seen
from Fig. 1, sulfidesII 3VI suppress initiated oxida-
tion of cumene.

From the duration of the induction periodt we cal-
culated the stoichiometric coefficient of inhibitionf,
equal to the number of oxidation chains terminated on
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Fig. 1. Initiated oxidation of cumene in the presence ofIV .
(VO2

) Oxygen volume and (t) time; the same for Fig. 2.
cIV , M: (1) 0, (2) 3 01034, (3) 4 01034, and (4) 5 01034.

Fig. 2. Autooxidation of cumene in the presence ofIII 3V
at 60oC. Inhibitor (1035 M): (1) none, (2) III , (3) IV ,
and (4) V.

one molecule of the inhibitor and its transformation
products:

f = tvi / [InH]0,

wheret is the induction period (s),vi is the initiation
rate (under our conditions,vi = 2 0 1037 mol l31 s31),
and [InH]0 is the initial inhibitor concentration.

Table 1. Kinetic parameters of reactions of sulfidesII 3VI
with cumylperoxy radicals
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Compound³ f ³ k7, l mol31 s31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
II ³ 1.96 ³ 2.69
III ³ 1.08 ³ 2.24
IV ³ 2.80 ³ 4.18
V ³ 2.30 ³ 5.82
VI ³ 2.80 ³ 6.43
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Note: 60oC, [AIBN] = 2 0 1032 M, vi = 2 0 1037 mol l31 s31.

From the kinetics of oxygen uptake, we calculated
the rate constants of the reactions ofII 3VI with per-
oxy radicalsk7 [11, 12]. To do this, we plotted the
oxygen uptake curves in the coordinates [O2]

313t31

and determinedk7 from the slope of the straight line
[11]:

tana = 7777 ,
fk7[InH]0
k2[RH] vi

c

f [InH]0

tana k2 [RH]vik7 = 777777 ,

where k2 = 1.51 l mol31 s31 is the rate constant of
chain initiation [11, 12]; [RH] = 6.9 M.

The high antioxidative activity ofII 3VI is also
manifested in autooxidation of cumene at 110oC
(Fig. 2).

The kinetic parameters of the reactions ofII 3VI
with cumylperoxy radicals are listed in Table 1. It is
seen that the stoichiometric coefficientf for II 3VI
varies from 1.08 to 2.80. The inhibition rate constant
k7 varies from 2.240 1034 to 6.40 1034 l mol31 s31.
Inhibitors with f < 1 usually terminate a single oxida-
tion change. Since the molecules under consideration
contain two functional groups, sulfide and hydroxy,
the coefficientf is somewhat higher than unity. The
products formed in reactions ofII 3VI with cumylper-
oxy radicals also show certain inhibiting power: The
oxidation rate after the induction period is somewhat
lower than in the case of noninhibited oxidation.

In initiated oxidation of cumene in the presence of
sulfides II 3VI , in which the sulfur atom is directly
bonded to the benzene ring, the stoichiometric coeffi-
cient of inhibition f is close to unity (Table 1). In
compounds in which the sulfur atom is linked to the
benzene ring via methylene bridge,f = 2 [13].

It is known that for alkylphenolsf = 2 [12, 14],
i.e., they terminate two oxidation chains:

InH 76 In
.
76 Inactive products.

RO2
.

RO2
.

Presumably, termination of only one oxidation
chain by monosulfides in which the sulfur atom is di-
rectly bonded to the benzene ring is due to stabiliza-
tion of the arising phenoxy radical by resonance with
electron delocalization involving the unpaired electron
of oxygen and the vacant 3d orbital of sulfur. In hy-
droxyaryl sulfides containing a methylene group be-
tween the benzene ring and sulfur atom, thepp3dp con-
jugation is impossible, and the arising phenoxy radical
is capable of reacting with the second peroxy radical.
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In the case of disulfides, thiyl radicals [7] formed
by homolysis of the S3S bond can participate along
with OH groups in reaction with peroxy radicals. This
fact probably accounts for the high inhibiting power
of disulfides.

Our studies showed that all the compoundsII 3VI
actively decompose CHP. The kineticcurve of CHP
decomposition in the presence of the examined com-
pounds has a shape typical of autocatalytic reactions
(Fig. 3). The autocatalytic character of the kinetic
curves shows that CHP decomposition is effected by
products formed in the first, slow stage of the reac-
tion, rather than by inhibitorsII 3VI proper.

To determine the reaction order, we studied how
the initial rate of catalytic decomposition of CHP
depends on the reactant concentrations. We found that
the reaction is first-order with respect to both inhibitor
(InH) and CHP:

v = k[InH][CHP].

To determine the reaction stoichiometry, CHP was
taken in excess. The stoichiometric coefficientg was
calculated by the formula

g = 7777777777 ,
[ROOH]0 3 [ROOH]

i

[InH]0

where [ROOH]0 and [ROOH]
i

are, respectively, the
initial and final concentrations of CHP and [InH]0 is
the initial concentration of the inhibitor.

Our data show that transformation products of a
single inhibitor molecule decompose from several hun-
dreds to several tens of thousands of CHP molecules.

The kinetic parameters of catalytic decomposition
of CHP under the action ofII 3VI are listed in Ta-
ble 2. Similarly to the reaction with cumylperoxy rad-
icals, the catalytic activity ofII 3VI in decomposition
of CHP depends on the number of sulfur atoms. The
greater the number of sulfur atoms in the molecule,
the higherk, and tetrasulfideVI is the most active.

EXPERIMENTAL

The IR spectra were recorded on a Specord IR-75
spectrophotometer (mulls in mineral oil), and the
1H NMR spectra, on Varian-60 and Tesla (80 MHz)
spectrometers; the chemical shiftsd (ppm) are given
relative to TMS as internal reference.

Thin-layer chromatography was performed on Silu-
fol UV-254 plates, with ethanol3hexane (1 : 5) as
eluent.

Fig. 3. Catalytic decomposition of CHP under the action
of V (4 0 1035 M) at 110oC. [CHP] CHP concentration
and (t) time.

Cumyl hydroperoxide was purified according to
[15] with subsequent distillation; chlorobenzene and
cumene were purified by a conventional procedure
based on sulfonation of impurities with concentrated
sulfuric acid [16, 17]. The CHP concentration was de-
termined by iodometric titration [15] of samples taken
at regular intervals. Experiments on decomposition of
CHP were performed in chlorobenzene at 110oC in a
glass bubbler in an inert atmosphere; the CHP concen-
tration was varied within 0.1630.64 M, and the con-
centration of the inhibitors, from 1034 to 50 1034 M.

Experiments on initiated oxidation of cumene
were performed on a manometric installation [17].
The initiator was AIBN; at 60oC, its initiation rate
constant is 1036 s31 [18]. The initiator concentration
was 20 1032 M in all the experiments, and the con-
centration of the inhibitors, 1035 M.

Bis(4-hydroxy-3,5-di-tert-butylphenyl) sulfide II,
mp 139oC, was prepared by reaction of SCl2 with
phenol I in acetonitrile at a temperature from315 to
330oC.

Table 2. Kinetic parameters of catalytic decomposition of
CHP under the action ofII 3VI at 110oC
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Compound³ k, l mol31 s31 ³ g

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
II ³ 9.5 ³ 6900
III ³ 18.6 ³ 12500
IV ³ 29.8 ³ 32600
V ³ 42.7 ³ 58500
VI ³ 46.0 ³ 60800
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Bis(4-hydroxy-3,5-di-tert-butylphenyl) disulfide
III was prepared similarly by reaction of S2Cl2 with
phenol I ; mp 1453146oC [19, 20].

4-Hydroxy-2,5-di-tert-butylthiophenol was pre-
pared according to [21].

Bis(4-hydroxy-3,5-di-tert-butylphenyl) trisulfide
V. A mixture of 12 g of thiophenolIV and 50 ml of
acetonitrile was cooled to a temperature from315 to
330oC, and a solution of 2.5 g of SCl2 in 20 ml of
acetonitrile was added. The mixture was stirred at the
same temperature for 1 h, washed with water, and
treated with diethyl ether. After distillation of the sol-
vent, the product was recrystallized from hexane. Yield
of V 10.7 g (85%), mp 1293130oC, Rf 0.52.1H NMR
spectrum,d, ppm: 1.45 s (36H), 4.75 s (2H), 6.85 s
(2H). IR spectrum,n, cm31: 3625, 1805, 685, 465.

Found, %: C 66.51, H 8.51, S 18.31.
C28H42O2S3.

Calculated, %: C 66.35, H 8.35, S 18.98.

Bis(4-hydroxy-3,5-di-tert-butylphenyl) tetrasul-
fide VI was prepared similarly from 12 g of thiophe-
nol IV and 3.4 g of S2Cl2; yield 12 g (90%),Rf 0.46.
1H NMR spectrum,d, ppm: 1.41 s (36H), 4.83 s (2H),
6.73 s (2H). IR spectrum,n, cm31: 3620, 1810, 690,
475.

Found, %: C 64.62, H 8.01, S 23.17.
C28H42O2S4.

Calculated, %: C 62.41, H 7.86, S 23.80.

CONCLUSIONS

(1) Bis(4-hydroxy-3,5-di-tert-butylphenyl) sulfide
and polysulfides were prepared and characterized.

(2) These compounds effectively reduce the rate
of cumene oxidation by catalyzing decomposition of
the hydroperoxide and terminating the oxidation
chains via reaction with peroxy radicals generated
from cumene. The inhibiting activity of the com-
pounds grows with the increasing number of sulfur
atoms in the molecule.
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Abstract-The structure and composition of polyheterosiloxanes formed in hydrolytic polycondensation of
ethyl silicate in the presence of copper salts under the conditions of base catalysis (NH4OH) were studied
as influenced by the nature of acid anion (SO4

23, Cl3, NO3
3, CH3COO3).

Sol-gel process is widely used to prepare high-tech
materials for modern engineering thanks to the high
versatility of sol-gel methods, their low power con-
sumption, and large assortment of the resulting three-
dimensional macromolecular structures. The possibil-
ity of controlling the topological features of amor-
phous and crystalline polyheterosiloxane fractal struc-
tures of the products of sol-gel synthesis using metal
ions [1] is of particular importance.

The most important mode of the sol-gel synthesis
of polyheterosiloxane is based on hydrolysis and poly-
condensation of tetraalkoxysilanes in nonaqueous so-
lutions in the presence of metal salts [2]. Rather dif-
ficult control of these reactions complicates obtaining
the reaction products with reproducible composition,
structure, and properties.

EXPERIMENTAL

In our study, we used commercial ethyl silicate-40
(partially hydrolyzed tetraethoxysilane), 2-propanol
(solvent), and coppersalts [CuCl2 . 2H2O, Cu(NO3)2 .

3H2O, CuSO4 . 5H2O, and Cu(CH3COO)2 . 2H2O].
These salts were chosen taking into account their abil-
ity to form hydrate and ammine complexes playing
an important role in sol-gel synthesis of polyhetero-
siloxane [3]. The ethyl silicate : water : 2-propanol
molar ratio was 1 : 8 : 4; the temperature and time of
synthesis were 25, 35, and 45oC and 1, 3, and 5 h,
respectively. After that, gelation was induced by add-
ing 25% aqueous ammonia to pH 11.0.

The products of hydrolytic polycondensation were
thoroughly washed by decantation and dried to xero-

gel for 16 h at 120+ 0.5oC. Then the reaction prod-
ucts were studied by thermography in air (MOM der-
ivatograph, heating rate 10 deg min31) and IR spec-
troscopy (Specord IR-75 device, KBr pellets).

Polycondensation of ethyl silicate with copper salts
under the conditions of basic catalysis yields poly-
meric structures containing Si3O3Cu3O fragments
and residual ethoxy and isopropoxy groups formed
in the course of ester interchange. This is confirmed
by a shift of the characteristic absorption bandn(Si3O)
in the IR spectra of copper-containing polyalkoxy-
siloxane xerogels as compared with silica xerogels
[n(Si3O) = 1093 cm31]. This shift is determined by
the nature of the anion in the initial copper salt (Ta-
ble 1). As seen, for copper-containing polyalkoxysi-

Table 1. Shift of the absorption bandn(Si3O) in the IR
spectra of copper-containing polyalkoxysiloxane xerogels
with respect to silica xerogel [n(Si3O) = 1093 cm31]
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Preparation³

n, cm31
conditions³
ÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
T, oC³ t, h³Cu(NO3)2³CuSO4³ CuCl2 ³Cu(OCOCH3)2
ÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

25 ³ 1 ³ 313 ³ 37 ³ 33 ³ 315
³ 3 ³ 0 ³ 314 ³ +13 ³ 312
³ 5 ³ +13 ³ 314 ³ +17 ³ 310

35 ³ 1 ³ 0 ³ 313 ³ +17 ³ 317
³ 3 ³ 312 ³ 36 ³ 0 ³ 310
³ 5 ³ 34 ³ 333 ³ 33 ³ 3

45 ³ 1 ³ 327 ³ 37 ³ 35 ³ 326
³ 3 ³ +7 ³ 320 ³ 313 ³ 3

³ 5 ³ +9 ³ 39 ³ 3 ³ 3

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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Table 2. Half-width Dn1/2 of the absorption bandn(Si3O)
in the IR spectra of copper-containing polyalkoxysiloxane
xerogels
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Preparation³

Dn1/2,
* cm31

conditions³
ÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
T, oC³ t, h³Cu(NO3)2³CuSO4³ CuCl2 ³Cu(OCOCH3)2
ÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

25 ³ 1 ³ 293 ³ 293 ³ 273 ³ 313
³ 3 ³ 240 ³ 300 ³ 266 ³ 259
³ 5 ³ 320 ³ 300 ³ 266 ³ 253

35 ³ 1 ³ 306 ³ 320 ³ 266 ³ 286
³ 3 ³ 286 ³ 260 ³ 253 ³ 260
³ 5 ³ 273 ³ 333 ³ 346 ³ 3

45 ³ 1 ³ 253 ³ 233 ³ 346 ³ 340
³ 3 ³ 233 ³ 352 ³ 280 ³ 3

³ 5 ³ 99 ³ 266 ³ 3 ³ 3

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* In the IR spectrum of silica xerogel,Dn1/2 = 186 cm31.

Table 3. Weight loss of copper-containing polyalkoxysi-
loxane xerogels in the course of heating in the 2003450oC
range
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Preparation³ Weight loss,* wt %
conditions³
ÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
T, oC³ t, h³Cu(NO3)2³CuSO4³ CuCl2 ³Cu(OCOCH3)2
ÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

25 ³ 1 ³ 3.25 ³ 3.04 ³ 6.50 ³ 2.50
³ 3 ³ 3.00 ³ 3.00 ³ 2.50 ³ 2.50
³ 5 ³ 2.75 ³ 2.75 ³ 2.50 ³ 2.65

35 ³ 1 ³ 3.25 ³ 2.66 ³ 2.10 ³ 2.50
³ 3 ³ 3.25 ³ 2.66 ³ 1.90 ³ 3.25
³ 5 ³ 2.75 ³ 2.33 ³ 1.75 ³ 3

45 ³ 1 ³ 3.00 ³ 3.12 ³ 1.75 ³ 3.5
³ 3 ³ 2.50 ³ 2.25 ³ 4.0 ³ 3

³ 5 ³ 2.50 ³ 2.00 ³ 3 ³ 3

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Weight loss for silica xerogel is 1.50 wt %.

loxanes prepared using CuSO4 the n(Si3O) band is
shifted by 6333 cm31 toward lower frequencies,
whereas in the case of Cu(NO3)2 this band moves to-
ward both lower and higher frequencies by 0327 and
0313 cm31, respectively. We found no regular trends
in the value and direction of the band shift. Similar
phenomenon was observed in the case ofCuCl2.

The IR data show that inorganic copper salts pro-
mote formation of thermodynamically unstable struc-
tures characterized by random redistribution of the
mobile fragments in the siloxane matrix. This is typ-
ical of copper-containing siloxanes prepared using
copper salts of inorganic acids and is inevitable in
common procedures of their drying [4].

In the case of Cu(CH3COO)2, a different pattern
is observed. In the IR spectra of copper-containing
polyalkoxysiloxanes prepared using copper acetate,
the n(Si3O) band is shifted to lower frequencies by
10326 cm31. This shift decreases steadily with in-
creasing process time at a given temperature. A sim-
ilar trend was found for the half-width of this band,
characterizing the number of siloxane and metal3si-
loxane bonds, i.e., thedegree of three-dimensional
cross-linking (Table 2).

It should be noted that copper acetate sharply de-
creases the gel time and the process is complete at
35 and 45oC in, respectively, 2.5 and 1 h. This is
probably due to the fact that, compared with copper
chloride, nitrate, and sulfate, copper acetate is more
reactive in heterofunctional polycondensation proceed-
ing by the following reaction:

CuX2 + 2ROSi= 6 =Si3O3Cu3O3Si= + 2RX, (1)

where R is H or alkyl and X is the acid anion
(CH3COO3) [4].

Using copper acetate, more thermodynamically
stable copper-containing polyalkoxysiloxane struc-
tures are prepared. Moreover, in contrast to CuCl2,
CuSO4 and Cu(NO3)2, the gel obtained in the case
of Cu(CH3COO)2 contains no residual metal salt or
its ammine complexes. In thermal formation of xero-
gel, the former salts cause cleavage and redistribution
of the siloxane groups according to the scheme given
in [4]:

CuX2 + 2=Si3O3Si= 6 =Si3O3Cu3O3Si= + 2XSi=, (2)

=SiX + ROSi= 6 =Si3O3Si= + RX, (3)

where X = Cl, NO3, 0.5SO4 and R3H, alkyl.

The insignificant amount of the organic component
in the resulting products is confirmed by the weight
loss in the range of thermal degradation of the ethoxy
groups (Table 3, 2003450oC).

Depending on the anion in the initial copper salt,
the exothermic peaks in the DTA curves of copper-
containing polyalkoxysiloxane xerogels have different
intensities and widths, with maxima in the 2953350oC
range. The shift of the exothermic maximum toward
higher temperatures as compared with silica xerogel
(250oC) is due to the shielding of the ethoxy groups
by new Si3O3Cu3O3Si fragments (Table 4).

The results of thermal analysis also confirm the
effect of the copper salt anion on the product nature.
In copper-containing polyalkoxysiloxanes prepared
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using copper salts of strong mineral acids, the content
of alkoxy groups decreases with the synthesis time
increasing from 1 to 5 h, which is confirmed by the
DTA and DTG data. This fact can be accounted for by
further hydrolysis and heterofunctional condensation
(1). At synthesis time of 3 h at 45oC, the relative
weight loss is 25, 38, and 23 wt % for copper-con-
taining polyalkoxysiloxanes prepared using copper
sulfate, chloride, and nitrate, respectively.

The resulting heteropolyalkoxysiloxanes retain
1.5032.25 wt % water and hydroxy groups upon
heating even to 1000oC. As seen from the DTA and
DTG data, the composition and structure of the result-
ing copper-containing polyalkoxysiloxanes depends
on the copper salt anion and on the time and tempera-
ture of synthesis. On the whole, the yield of the prod-
uct of hydrolytic polycondensation grows with in-
creasing temperature, whereas the relative content of
copper-containing siloxane slightly decreases owing
to the significant amount of sorbed water.

In the case of copper sulfate and temperatures of 35
and 45oC, the increase in the synthesis time does not
affect noticeably the composition and structure of the
resulting heterosiloxane; in the 2003450oC range, the
weight loss only slightly decreases, whereas the tem-
perature maximum remains almost constant. In the
presence of copper nitrate at 45oC, the temperature
of the maximal weight loss sharply grows (from 270
to 340oC) with the synthesis time increasing from
1 to 5 h, Tmax in the DTA curve grows by 15oC,
and the range of the exothermic peak extends from
260 to 390oC. This is probably due to the side reac-
tions of nitration and oxidation of the alkoxy groups
by copper nitrate, which causes formation of a more
random structure of the heterosiloxane.

In the presence of copper acetate, the structure and
composition of the resulting heterosiloxanes strongly
depend on the preparation conditions. The yield of
heterosiloxane decreases with increasing synthesis
temperature; this is typical of 25 and 35oC. In con-
trast to copper sulfate, nitrate, and chloride, in the
case of copper acetate, the content of sorbed water,
organic fraction, and hydroxy groups grow by 67.5
and 25 wt %, respectively with increasing synthesis
time. As the synthesis time increases to 2.5 h at
35oC, the content of sorbed water and organic compo-
nent in the resulting copper-containing polyalkoxysi-
loxane grows by 15 and 30 wt %, whereas the con-
tent of hydroxy groups remains almost constant. This
process is accompanied by a sharp increase in the in-
tensity and by a certain change in the shape of the exo-
thermic peak in the DTA curves (seeFig. 1). All these
data suggestthat more uniform but less condensed het-

Table 4. Temperature of the exothermic peakTmax of
copper-containing polyalkoxysiloxane xerogels
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Preparation³ Tmax, oCconditions³
ÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
T, oC³ t, h³Cu(NO3)2³CuSO4³ CuCl2 ³Cu(OCOCH3)2
ÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

25 ³ 1 ³ 320* ³ 340 ³ 330 ³ 340³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ
³ ³ 320** ³ 225 ³ 390 ³ 270
³ 3 ³ 320 ³ 340 ³ 330 ³ 340³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 270 ³ 200 ³ 270 ³ 270
³ 5 ³ 310 ³ 340 ³ 330 ³ 300³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 260 ³ 200 ³ 260 ³ 270

35 ³ 1 ³ 340 ³ 340 ³ 350 ³ 300³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 280 ³ 200 ³ 160 ³ 270
³ 3 ³ 340 ³ 340 ³ 350 ³ 300³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 260 ³ 200 ³ 120 ³ 270
³ 5 ³ 340 ³ 340 ³ 350 ³³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ 3³ ³ 250 ³ 180 ³ 120 ³

45 ³ 1 ³ 325 ³ 340 ³ 350 ³ 295³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ³ ³ 260 ³ 220 ³ 150 ³ 240
³ 3 ³ 340 ³ 340 ³ 350 ³³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ 3³ ³ 300 ³ 200 ³ 150 ³
³ 5 ³ 340 ³ 340 ³ ³³ ³ ÄÄÄÄ ³ ÄÄÄÄ ³ 3 ³ 3³ ³ 390 ³ 190 ³ ³

ÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Exothermic peak is given in the numerator.

** Exothermic effect range is given in the denominator.

erosiloxanes are formed with increasing temperature
and time of the synthesis in the case of copper acetate.

Thus, hydrolytic polycondensation of ethyl silicate
with copper acetate allows direct control over the
properties of the resulting copper-containing polysilox-
anes by varying the temperature and time of synthesis.

Fig. 1. DTA curves of copper-containing polyalkoxysilox-
ane xerogels based on (a) CuSO4, (b) Cu(NO3)2, (c) CuCl2,
and (d) Cu(CH3COO)2 at 35oC. Synthesis time, h: (1) 1,
(2) 3, and (3) 5.
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On the whole, the sol3gel synthesis from ethyl sili-
cate and copper salts in 2-propanol solutions under the
conditions of base catalysis (NH4OH) yields highly
uniform cross-linked copper-containing polyalkoxy-
siloxanes.

The conditions of copper salt hydrolysis are also of
particular importance. Due to hydrolysis, solutions of
copper sulfate, chloride, and nitrate are weakly acidic
(pH 4). As a result, they decrease the total basicity of
the reaction mixture, decelerating the hydrolytic poly-
condensation. Moreover, these salts form strong am-
mine complexes. As a result, when the amount of
ammonia in the reaction mixture is insufficient, the
time of hydrolytic polycondensation increases to 33

5 h. In the case of copper acetate solution (pH 7),
the process is complete in 2.5 h at 35oC and in 1 h
at 45oC.

Thus, the rate and yield of hydrolytic polyconden-
sation and the structure and properties of copper-con-
taining polyalkoxysiloxanes and the resulting copper-
containing siloxane xerogels (copper polysilicates)
strongly depend on the anion.

The anion of the copper salts studied also affects
the water sorption capacity of the copper-containing
polyalkoxysiloxanes (wt %): 39.8 for CuCl2, 15.6
for Cu(NO3)2, 16.3 for CuSO4, and 37.5 wt % for
Cu(CH3COO)2.

CONCLUSIONS

(1) The anion in copper salts [CuCl2, Cu(NO3)2,
CuSO4, Cu(CH3COO)2] affects the rate and yield of
their hydrolytic polycondensation with ethyl silicate,
and also the composition, structure, and properties of
the resulting copper-containing polyalkoxysiloxanes.

(2) In the case of copper salts of mineral acids,
thermally unstable copper-containing polyalkoxysi-
loxanes with random distribution of the mobile frag-
ments in the siloxane matrix are formed, whereas in
the presence of copper acetate, the resulting structure
is thermodynamically stable and has predictable prop-
erties.
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Abstract-Reaction of tetraethoxysilane with the azeotropic mixture Me3SiCl3SiCl4 in the presence of cer-
tain cyclic (tetrahydrofuran, dioxane) and acyclic (diethyl ether) ethers, ethanol, or dimethylformamide was
studied with the aim of SiMe3Cl recovery.

Trimethylchlorosilane is one of the most important
organosilicon monomers. It is used to incorporate
inert terminal groups into oligoorganosiloxanes to be
applied as heat- and frost-resistant oils, lubricants,
liquid dielectrics, heat carriers, hydrophobizing com-
ponents, lacquers, and enamels; also, it is widely used
as trimethylsilylating agent in organic and organo-
metallic chemistry [1].

Direct synthesis of methylchlorosilane by reaction
of CH3Cl with the Si3Cu contact mass yields up to
10% of the azeotropic mixture Me3SiCl3SiCl4 [2].
The majority of methods proposed for its separation
[azeotropic distillation with acetonitrile; partial hy-
drolysis or alcoholysis; chemical binding of SiCl4 in
the form of solid complexes with tertiary aliphatic and
aromatic amines, formamide, and dimethylformamide
(DMF), insoluble in the reaction medium; fluorination
in aqueous solution] have a number of drawbacks: low
yield of Me3SiCl, strongly corrosive medium,gela-
tion, and formation of abundant by-products whose
utilization requires sophisticated procedures [335].

Simple procedures for Me3SiCl recovery from the
azeotropic mixture Me3SiCl3SiCl4 have been devel-
oped only recently.They are based on binding of SiCl4
with organylalkoxysilanes, ethyl silicate, and bottoms
from its synthesis in the presence of alcohols, traces
of moisture, metal salts, and acid catalysts [6, 7].

The reaction between alkoxy- and chlorosilanes
occurs either as exchange of an alkoxy group for a
halogen atom [scheme (1),a] or as heterofunctional
condensation [scheme (1),b] [1]:

XÄSi* + ROSiÄ ÄSiÄX + ÄSiÄOR6 RX + ÄSiÄOÄSiÄ.
gg

gg

gg

gg

gg

gg

6
a

4

b *gg

gg

gg

gg

*

(1)

Both pathways,a andb, are accelerated in the pres-
ence ofHCl. As a rule, the contribution of pathwayb
becomes appreciable at elevated temperatures.

Reaction of SiCl4 with Si(OEt)4 at 1503160oC
yields a mixture of OEt3Cl exchange products [8310].
In the presence of 0.24 wt % ethanol, this reaction is
76397% complete in 20370 h at molar ratio SiCl4 :
Si(OEt)4 = 1 : 3 and 20322oC [11].

A procedure has been developed for separation of
a technical azeotropic mixture Me3SiCl3SiCl4 con-
taining MeSiHCl2 and HSiCl3 impurities by binding
SiCl4 with tetraethoxysilane to form ethoxychloro-
silanes in a selective reaction in the presence of initi-
ators, with subsequent fractionation of the reaction
mixture [12, 13].

To this end, a technical azeotropic mixture was
brought into reaction with Si(OEt)4 in the presence of
0.2310 wt % DMF, tetrahydrofuran (THF), dioxane,
diethyl ether, or ethanol. The reaction was performed
at 20325oC or at refluxing (60365oC) for 2372 h
until conversion of SiCl4 into ethoxychlorosilanes and
-siloxanes was complete:

SiCl4 + (EtO)4Si 6 Cl43nSi(OEt)n

+ [ClmSi(OEt)33mO]kSiClp(OEt)33 k3 p , (2)

where n, m, k, p = 133.

With the above initiators, it was possible to recover
6388% of Me3SiCl from the reaction mixture. In the
presence of DMF, the mixture undergoes partial tar-
ring due to low thermal stability of DMF3SiCl4 com-
plexes [14].
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Conditions and isolated products of the reaction of Si(OEt)4 with SiCl4 in an industrial azeotropic mixture with Me3SiCl
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Reaction conditions ³ Yield of indicated exchange product, g ³
YieldÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´

initiator,
³ ³ ³azeotrope³(EtO)4Si³ ³ ³ ³ ³

ethoxychloro-
³ of 99%

³ ³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³ ³ ³ ³ ³
wt %

³ T, oC ³ t, h ³ ³EtOSiCl3³(EtO)2SiCl2³ (EtO)3SiCl³(EtO)4Si³
polysiloxanes

³Me3SiCl,

³ ³ ³ g ³ ³ ³ ³ ³ ³ %

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
THF: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

1.0 ³ 60365³ 10 ³ 10.15 ³ 15.6 ³ 3.4 ³ 4.7 ³ 8.9 ³ 5.1 ³ 0.6 ³ 66
1.0 ³ 60365³ 15 ³ 10.15 ³ 15.6 ³ 3 ³ 4.5 ³ 15.6 ³ 1.8 ³ 0.6 ³ 70
1.0 ³ 25 ³ 72 ³ 10.15 ³ 15.6 ³ 1.1 ³ 1.8 ³ 14.9 ³ 3.6 ³ 0.6 ³ 80
2.0 ³ 60365³ 5 ³ 5.08 ³ 7.8 ³ 0.5 ³ 3.9 ³ 4.6 ³ 1.5 ³ 0.5 ³ 80
2.0 ³ 25 ³ 72 ³ 5.08 ³ 7.8 ³ 2.0 ³ 3.1 ³ 3.6 ³ 1.8 ³ 0.2 ³ 88

Dioxane:³ ³ ³ ³ ³ ³ ³ ³ ³ ³
1.0 ³ 60365³ 15 ³ 10.15 ³ 15.6 ³ 2.2 ³ 6.2 ³ 6.3 ³ 6.8 ³ 0.6 ³ 78
1.0 ³ 25 ³ 72 ³ 10.15 ³ 15.6 ³ 1.0 ³ 6.3 ³ 11.7 ³ 2.4 ³ 1.2 ³ 68
2.0 ³ 60365³ 5 ³ 5.08 ³ 7.8 ³ 1.5 ³ 1.4 ³ 3.9 ³ 3.6 ³ 0.3 ³ 84
2.0 ³ 25 ³ 72 ³ 5.08 ³ 7.8 ³ 1.0 ³ 2.3 ³ 5.0 ³ 2.6 ³ 0.2 ³ 72

Ethanol:³ ³ ³ ³ ³ ³ ³ ³ ³ ³
0.2 ³ 60365³ 10 ³ 10.15 ³ 15.6 ³ 1.0 ³ 4.2 ³ 12.8 ³ 3.1 ³ 1.2 ³ 68
0.2 ³ 60365³ 15 ³ 10.15 ³ 15.6 ³ 0.75 ³ 3.95 ³ 13.8 ³ 1.5 ³ 2.25 ³ 71

DMF: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
5.0 ³ 60365³ 18 ³ 25.00 ³ 11.5 ³ 0.9 ³ 1.6 ³ 4.4 ³ 2.9 ³ 3.5 ³ 72

ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Reaction (2) performed in the presence of 0.2 wt %
ethanol, 1 wt % THF or dioxane, or 2 wt % diethyl
ether mainly yields triethoxychlorosilanes, with rela-
tively low content of siloxanes originating from het-
erofunctional condensation (see table). Raising the
concentration of THF or dioxane to 2 wt % notice-
ably decreases the yield of ethoxychlorosilanes and
favors formation of oligosiloxanes even at 20325oC
(see table). At THF content as high as 10 wt %,
Me3SiCl is also involved in the heterofunctional con-
densation.

Initiation of exchange between alkoxy groups and
chlorine atoms in reactions of chlorosilanes with
alkoxysilanes under the action of HCl (usually present
in chlorosilanes because of their partial hydrolysis
by atmospheric moisture) is believed to occur in two
stages [1]:

ÄSiÄOEt + HCl ÄSiÄCl + HOEt,6
4

gg

gg

gg

gg
(3a)

ÄSiÄCl + HOEt ÄSiÄOEt + HCl.6
4

gg

gg

* gg

gg

* (3b)

The initial rate of the reaction between trimethyl-
methoxysilane and SiCl4 in the presence of HCl or
hydroxyl-containing compounds ROH (R = H, MeO,
PhCO, Et3Si) releasing HCl in the reaction with SiCl4,
is proportional to squared HCl concentration [15].

In this connection, formation of intermediate asso-
ciates like Me3SiOMe . 2HCl, decomposing with
cleavage of the Si3O bond, was suggested:

Me3SiOMe . 2HCl 64 Me3SiCl + HOMe + HCl. (4)

In a solvent forming associates with HCl, the equi-
librium of reaction (4) is significantly shifted to the
left. This fact is nicely consistent with the previously
found [13] catalytic activity of ethanol in reaction (3).
However, addition of acyclic (Et2O) and cyclic (THF,
dioxane) ethers, capable of forming oxonium com-
plexes with HCl [16], must enhance the catalytic ef-
fect of HCl. In the case of THF, the oxonium com-
plex can transform into 4-chloro-1-butanol whose
capability for etherification of type (3b) is considera-
bly lower than that of ethanol. This fact could de-
crease the content of HCl in the reaction mixture and
hinder reaction (3). However, when THF is added in
an amount as large as 10 wt %, the reaction is not
inhibited; moreover, more inert Me3SiCl is involved
in the process.

Nucleophilic substitution at the silicon atom is
accelerated in the presence of strong nucleophiles
(DMF, HMPA, F3, RCOO3, Cl3) and is a first-order
reaction with respect to the initial silane, alcohol, and
activating nucleophile [17, 18]. The suggested reac-
tion mechanism involves formation of an intermediate
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with a five-coordinate Si atom and its subsequent
attack by a nucleophile (Nu):

ÄSiÄX + Cat SiÄ ÄSiÄ6
4

gg

gg
4

.
..
i

gg

gg
Cat

gg
X

6c
Nu
c
�ii

Cat

y

w

8
w

X Nu

6 ÄSiÄNu + X3,
gg

gg3Cat
c
i

(5)

where X = H, OR, NR2, Cl.

Presumably, DMF in reaction (2), forming a com-
plex with SiCl4, enhances the nucleophilicity of the
Cl atoms. However, THF, dioxane, and diethyl ether
are quite inert relative to SiCl4 and Si(OEt)4 [19, 20].
A common property of ethers (and alcohols) is their
capability to form oxonium complexes with hydrogen
halides. In such complexes, the nucleophilicity of
chloride ions is enhanced, and their exchange with
ethoxy groups is activated. Presumably, reaction (2)
involves formation of a six-membered cyclic transi-
tion state in which cleavage of the Si3O bond (i) yields
exchange products, and cleavage of the O3CH2Me
bond (ii), heterofunctional cyclization products:

EXPERIMENTAL

The azeotropic mixture SiCl43Me3SiCl obtained
from synthesis of chlorosilanes1 contained 49.07%
Me3SiCl, 37.05% SiCl4, 12.00% MeSiHCl2, 0.77%
SiH2Cl2, 0.74% SiHCl3, and 0.21% Me3SiOSiMe3.

Chromatographic analysis was performed with a
Hewlett3Packard HP 5890 device (EI, 70 eV, HP
5971 A mass-selective detector, 50-m Ultra-2 column
coated with polymethylsilicone containing 5% phenyl
groups, vaporizer temperature 250oC, column temper-
ature 503280oC).

Reaction of Si(OEt)4 with SiCl4 in azeotropic
mixture with Me 3SiCl in the presence of initiator.
(a) A mixture of 10.15 g of Me3SiCl3SiCl4 azeo-
trope, 15.6 g of Si(OEt)4, and 1.0 wt % THF was
ÄÄÄÄÄÄÄÄÄÄ
1 Sibirskii Silikon Joint-Stock Company (Usol’e-Sibirskoe,

Irkutsk oblast).

heated for 10 h at 60365oC and fractionated. Yield of
Me3SiCl 3.3 g (66%), purity 99%.

(b) A mixture of 25.0 g of Me3SiCl3SiCl4 azeo-
trope, 11.5 g of Si(OEt)4, and 1.83 g (5.0 wt %) of
DMF was heated to reflux for 18 h and cooled to
room temperature; the liquid phase was separated by
decanting and fractionated.

(c) A mixture of 17.9 g of Me3SiCl3SiCl4 azeo-
trope, 10.7 g of Si(OEt)4, and 6.0 g of the complex
SiCl4 .2H(O)CNMe2 was heated to reflux for 4 h.
After cooling to room temperature, the liquid phase
was separated from the precipitate (4.9 g) by decant-
ing and distilled to give 5.9 g (67%) of Me3SiCl, bp
55356oC; 4.9 g of (EtO)SiCl3, bp 1023105oC; 3.7 g
of (EtO)2SiCl2, bp 1373139oC; and 5.8 g of (EtO)3 .
SiCl, bp 1563158oC.

At other reaction times and temperatures and with
other amounts of catalysts, the mixtures were worked
up similarly. The experimental conditions and reaction
products are listed in the table.

Reaction of Me3SiCl3SiCl4 azeotrope with
Si(OEt)4 in the presence of 10 wt % THF.A mix-
ture of 5.08 g of Me3SiCl3SiCl4 azeotrope, 7.8 g of
Si(OEt)4, and 10 wt % THF was heated at 60365oC
for 10 h. The resulting mixture was analyzed by GC3

MS. Component content, wt %: Me3SiCl 7.7, THF
8.5, (EtO)2SiCl2 5.5, (EtO)3SiCl 58.5, Si(OEt)4 15.0,
(EtO)3SiOMe3 3.2, (EtO)2Si(OSiMe3)2 1.5, and
EtOSi(OSiMe3)3 and unidentified products <0.5.

Reaction of SiCl4 with Si(OEt)4 in the presence
of Et2O. (a) A mixture of 4.25 g of SiCl4, 5.2 g of
Si(OEt)4, and 2 wt % Et2O was heated at 60365oC
for 10 h and then analyzed by GC3MS. Component
content, wt %: Et2O 0.2, EtOSiCl3 1.1, (EtO)2SiCl2
14.9, (EtO)3SiCl 76.7, Si(OEt)4 5.1, and ethoxychlo-
ropolysiloxanes 2.0.

(b) A mixture of 1.7 g of SiCl4, 6.24 g of Si(OEt)4,
and 2 wt % Et2O was heated at 60365oC for 10 h and
then analyzed by GC3MS. Component content, wt %:
Et2O 1.6, EtOSiCl3 22.4, (EtO)2SiCl2 2.5, Si(OEt)4
69.0, Cl3SiOSi(OEt)3 2.7, and unidentified com-
pounds 1.8.

CONCLUSION

Treatment of the azeotropic mixture Me3SiCl3SiCl4
with Si(OEt)4 at 25365oC in the presence of 0.23
10 wt % cyclic (THF, dioxane) or acyclic (diethyl
ether) ethers, ethanol, or dimethylformamide allows
isolation of 99% pure trimethylchlorosilane in up to
88% yield.
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Abstract-Complexation of a cationic dye (Methylene Blue) with anionic and cationic surfactants (sodium
dodecyl sulfate and cetylpyridinium chloride) was studied spectrophotometrically. The formation constants
of complexes formed in the system were estimated. Dispersion of the investigated system was studied as
a function of time and cetylpyridinium chloride concentration.

The presence of surfactants in wastewater over-
burdens the treatment by commonly accepted meth-
ods. By virtue of the fact that surfactants are phys-
ically and chemically reactive compounds, it is sig-
nificant to know which components of waste they can
interact with and what degree of their decomposition
is reached as a result.

Multicomponent systems containing two or more
different surfactants are of considerable theoretical
interest and practical significance. For example, sys-
tems containing a surfactant and a dye are widely used
in textile manufacture, making it topical to study in-
teraction between compounds of various classes in
solutions.

Previously, we studied the interaction in systems
cationic dye3anionic surfactant and cationic dye3

anionic surfactant3nonionic surfactant [1].

It is known [2] that cationic surfactants may exist
in the presence of anionic surfactants in three forms:
(1) monomers (unassociated molecules), (2) mixed
micelles (after reaching CMC), and (3) precipitated
solid (at concentration above the product solubility).

It has been demonstrated previously [1] that Meth-
ylene Blue (MB) and sodium dodecyl sulfate (SDS)
form an ionic associate in solution.

EXPERIMENTAL

The concentrations of MB (cationic dye), DDS
(anionic surfactant), and cetylpyridinium chloride
(CPC) (cationic surfactant) in the system investigated
were 1033, 1032, and 1033 M, respectively. The quality

of SDS and CPC was determined as in [3]. The optical
density of the solutions was measured on an SF-46
spectrophotometer over the range 2003700 nm at
l = 1 cm. The residual concentration of SDS and CPC
was determined photometrically after extraction with
chloroform [4].

To estimate the scattering factorFr, we measured
the absorption spectra over the range 5003700 nm and
then determined the slope of the linear portion of
the lnA3ln l plot. The size of colloid aggregates
was determined turbidimetrically [5]. The solution
turbidity was estimated ast = 2.3A/ l, where A is
the optical density measured atl = 400 nm andl is
the layer thickness.

We measured absorption spectra of MB over a
wide concentration range in the presence of SDS and
CPC. In the visible range, we found formation of no
associates other than the ionic associate SDS3MB. In
the UV range, we observed changes in the shapes and
positions of absorption bands in the systems MB3CPC
and MB3SDS3CPC as compared with the spectra of
the individual compounds (Fig. 1). These evolutions
reflect the interaction occurring in the investigated sys-
tems, suggesting the formation of new compounds [6].
From the optical density data obtained in solutions
with various concentrations of the components, the
logarithms of the association constants (logK) for
MB3SDS, MB3CPC, and MB3CPC3SDS were esti-
mated by the procedure described in [7] to be 2.50+

0.09, 4.66+ 0.33, and 8.42+ 0.55, respectively.

Presumably, formation of MB3CPC3SDS is caused
by both coulombic and hydrophobic interactions [6].
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Fig. 1. Absorption spectra of solutions: (1) MG, (2) CPC
(3), MB + CPC, and (4) MB + SDS + CPC. Concentration
(M): MG 2 0 1035, SDS 20 1033, and CPC 10 1034.
(A) Optical density and (l) wavelength.

Fig. 3. Solution turbidity t in the system MG3SDS3CPC
vs. time t. CPC concentrationC 0 104 (M): (1) 0, (2) 0.4,
(3) 1.0, (4) 1.2, (5) 1.4, (6) 1.8, (7) 2.4, and (8) 2.8.

Interaction of the cationic dye, MB, having a delo-
calized positive charge [8], with the cationic surfac-
tant, CPC, probablyproceeds by the mechanism sim-
ilar to micelle formation. Such interactions have been
observed, for example, for merocyanine dyes with
surfactants and chrome dyes with lignosulfonic acid
[10].

In our experiments, as the CPC concentration in
the system increases, the MB and SDS concentrations
being unchanged, the initially clear, homogenous so-
lution becomes opalescent. Similar changes (appear-
ance of opalescence) were also observed in aging of
initially homogeneous MB3SDS3CPC solutions, sug-
gesting that this system is thermodynamically un-
stable.

The solution turbidity grows with increasing CPC
concentration (Fig. 2) and time (Fig. 3). The tur-
bidity increases more rapidly in the first 4 h after
decanting, but continues even a month later.

Fig. 2. Solution turbidity t in the system MG3SDS3CPC
vs. the CPC concentrationC. Time elapsed after solution
preparation (h): (1) 0, (2) 1, (3) 2, (4) 3, (5) 4, (6) 22,
and (7) 24.

Fig. 4. Effect of the CPC concentrationC on the scattering
factor Fr in the systems (133) SDS3CPC and (436) MG3

SDS3CPC. Time elapsed after system preparation (h):
(1, 4) 0, (2, 5) 1, and (3, 6) 2.

The size of colloid aggregates of the associates
MB3SDS3CPC and SDS3CPC was estimated from
the scattering data. It is seen from Fig. 4 that both
the associates are aggregatively stable over a broad
concentration range and may be classified with col-
loids by their size (Fr < 4). Over the CPC concentra-
tion range (132.8)0 1034 M, the colloid aggregates
MB3SDS3CPC have larger radius, and their solu-
tions, lower Fr than those of SDS3CPC aggregates.
At a CPC concentration above 30 1034 M the thre-
ecomponent system becomes more stable with time:
during the first 1 h after solution preparation, the
size of colloid aggregates MB3SDS3CPC increases
and then remains practically unchanged. The system
SDS3CPC is more aggregatively stable in time.

We also performed experiments on removal of
the dye, SDS, and CPC from the solution by sorption
on freshly precipitated aluminum hydroxide, using
the procedure described in [1]. The results are given in
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Degree of removal of MB, SDS, and CPC at various CPC
initial concentrationsC*

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

C 0 104,
³ Degree of removal, %
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

M
³ dye ³ SDS ³ CPC

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
2.0 ³ 99 ³ 89.2 ³ 99.9
2.8 ³ 99 ³ 88.2 ³ 98.8
3.2 ³ 99 ³ 89.1 ³ 99.5

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* pH 4.5; Al2(SO4)3 concentration 1.9 g l31; the initial dye con-

centration 1035; and SDS concentration 20 1033 M.

the table. As seen, the sorption allows efficient clar-
ification of the solution and removal of up to 90%
of the anionic surfactant and up to 99% of the cat-
ionic surfactant.

CONCLUSIONS

(1) The logarithms of the formation constants of
associates formed in the investigated system are de-
termined to be 2.50+ 0.09, 4.66+ 0.33, and 8.42+
0.55 for Methylene Blue3sodium dodecyl sulfate,
Methylene Blue3cetylpyridinium chloride, and Meth-
ylene Blue3cetylpyridinium chloride3sodium dodecyl
sulfate, respectively.

(2) The associates Methylene Blue3sodium dodec-
yl sulfate3cetylpyridinium chloride are aggregatively
stable over the CPC concentration range (133.2)0
1034 M and may be classified with colloids by their
size (Fr < 4).

(3) The possibility of simultaneous recovery of
the cationic dye and anionic and cationic surfactants
from solutions by coagulation with aluminum hy-
droxide is demonstrated.
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Abstract-The detergency of formulations composed of organic and inorganic components that form
the basis of synthetic detergents was studied. Mathematical design of experiment-method of orthogonal
Latin rectangles, was applied to determine the component concentrations corresponding to the maximal de-
tergency. Thus obtained concentrations of the detergent components in aqueous solutions can be used for
optimization of the detergent formulation.

Detergency is of great practical importance both
in household and in industrial sectors, but its mech-
anism is far from comprehensive understanding now.
In our previous work [1], we discussed the detergency
of individual components of synthetic detergents. In
this work, we studied detergency of a formulation as
a whole as influenced by its formula. This approach
is essential for development and application of deter-
gents.

At the present, detergent formulations are com-
posed empirically, because physicochemical mech-
anisms of elementary events in detergency have been
studied inadequately. Modern methods of mathemat-
ical designing of experiments can yield a mathemat-
ical model of a chemical process even when its mech-
anism is unknown. Also, mathematical designing of
experiments significantly reduces the number of ex-
periments and minimizes the costs involved [2].

In this work, we determined the optimal concen-
trations of the components of complex detergent mix-
tures by the method of orthogonal Latin rectangles.
The method consists in assessing the variation of
the output parameter (in our case, detergency) by vary-
ing to a certain extent the influencing factors, namely,
the concentrations of the components. These concen-
trations were varied at four levels. According to
the scheme of orthogonal design, the number of ex-
n 0 i = 32, wheren = 8 is the number of components
ÄÄÄÄÄÄÄÄÄÄ
K Deceased.

periments was in the formulation, andi = 4 is
the number of the concentration variation levels
(Table 1). In this scheme, each concentration of one
of the eight components is combined with each con-
centration of any other component the same number
of times (two in our case) [3].

More than 50-year practice of using detergents
showed what components endow the composition
with high efficiency and desired consumer’s proper-
ties [438].

Modern detergents have surfactants (typically, an-
ionic and nonionic ones) as the major components [9].
By combining these two types of surfactants, as well
as high-molecular-weight surfactants stabilizing con-
taminants in solutions and preventing their resorption
onto the surface to be cleaned and substances binding
the hardness salts, it is possible to gain the optimal
effect. The most widely used components are sodium
tripolyphosphate; sodium carbonate which imparts al-
kalinity to solution; silicates, in particular, sodium
metasilicate, which are protecting colloidal systems;
substances that chemically and biologically degrade
contaminants; oxidizing and bleaching agents (e.g.,
peroxy salts), as well as enzymes; and optical bleach-
ing agents, that is, substances[painting over] contam-
inants.

Also used are components that virtually do not con-
tribute to removal of contaminants: sodium sulfate
(provides friability of the detergent formulation), hy-
drotrops (facilitate dissolution of organic compounds
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Table 1. Experiment designing matrix for low-concentration range (1310 g l31) of solution*

ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄ
Exper- ³ Concentration of detergent formulation componentsc, g l31 ³ ³
iment ³ ³ Sc, g l31 ³ M

7

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ´ ³
no. ³ SABS ³ DS-10 ³ Na2CO3 ³ STPP ³ SHDS ³ Na2SO4 ³Na2C2O6³ NaCMC ³ ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄ
1 ³ 0.050 ³ 0.150 ³ 0.500 ³ 0.500 ³ 0.250 ³ 0.500 ³ 0.500 ³ 0.025 ³ 2.475 ³ 0.93
2 ³ 0.050 ³ 0.350 ³ 0.500 ³ 1.200 ³ 1.250 ³ 1.500 ³ 0.750 ³ 0.100 ³ 5.700 ³ 1.00
3 ³ 0.050 ³ 0.550 ³ 0.850 ³ 0.500 ³ 0.950 ³ 1.500 ³ 1.250 ³ 0.050 ³ 5.700 ³ 0.99
4 ³ 0.050 ³ 0.750 ³ 0.850 ³ 1.200 ³ 0.600 ³ 0.500 ³ 1.000 ³ 0.150 ³ 5.100 ³ 1.07
5 ³ 0.050 ³ 0.150 ³ 1.200 ³ 1.500 ³ 1.250 ³ 0.850 ³ 1.000 ³ 0.050 ³ 6.050 ³ 1.05
6 ³ 0.050 ³ 0.350 ³ 1.200 ³ 0.850 ³ 0.250 ³ 1.200 ³ 1.250 ³ 0.150 ³ 5.300 ³ 1.11
7 ³ 0.050 ³ 0.550 ³ 1.500 ³ 1.500 ³ 0.600 ³ 1.200 ³ 0.750 ³ 0.025 ³ 6.175 ³ 1.14
8 ³ 0.050 ³ 0.750 ³ 1.500 ³ 0.850 ³ 0.950 ³ 0.850 ³ 0.500 ³ 0.100 ³ 5.550 ³ 1.01
9 ³ 0.500 ³ 0.350 ³ 0.850 ³ 0.850 ³ 0.600 ³ 0.850 ³ 0.750 ³ 0.050 ³ 4.800 ³ 0.97

10 ³ 0.500 ³ 0.150 ³ 0.850 ³ 1.500 ³ 0.950 ³ 1.200 ³ 0.500 ³ 0.150 ³ 5.800 ³ 1.09
11 ³ 0.500 ³ 0.750 ³ 0.500 ³ 0.850 ³ 1.250 ³ 1.200 ³ 1.000 ³ 0.025 ³ 6.075 ³ 0.84
12 ³ 0.500 ³ 0.550 ³ 0.500 ³ 1.500 ³ 0.250 ³ 0.850 ³ 1.250 ³ 0.100 ³ 5.500 ³ 1.10
13 ³ 0.500 ³ 0.350 ³ 1.500 ³ 1.200 ³ 0.950 ³ 0.500 ³ 1.250 ³ 0.025 ³ 6.275 ³ 1.10
14 ³ 0.500 ³ 0.150 ³ 1.500 ³ 0.500 ³ 0.600 ³ 1.500 ³ 1.000 ³ 0.100 ³ 5.850 ³ 1.08
15 ³ 0.500 ³ 0.750 ³ 1.200 ³ 1.200 ³ 0.250 ³ 1.500 ³ 0.500 ³ 0.050 ³ 5.950 ³ 1.05
16 ³ 0.500 ³ 0.550 ³ 1.200 ³ 0.500 ³ 1.250 ³ 0.500 ³ 0.750 ³ 0.150 ³ 5.400 ³ 1.03
17 ³ 1.000 ³ 0.550 ³ 1.200 ³ 1.200 ³ 0.950 ³ 1.200 ³ 1.000 ³ 0.100 ³ 7.200 ³ 1.12
18 ³ 1.000 ³ 0.750 ³ 1.200 ³ 0.500 ³ 0.600 ³ 0.850 ³ 1.250 ³ 0.025 ³ 6.175 ³ 0.90
19 ³ 1.000 ³ 0.150 ³ 1.500 ³ 1.200 ³ 0.250 ³ 0.850 ³ 0.750 ³ 0.150 ³ 5.850 ³ 1.08
20 ³ 1.000 ³ 0.350 ³ 1.500 ³ 0.500 ³ 1.250 ³ 1.200 ³ 0.500 ³ 0.050 ³ 6.350 ³ 1.18
21 ³ 1.000 ³ 0.550 ³ 0.500 ³ 0.850 ³ 0.600 ³ 1.500 ³ 0.500 ³ 0.150 ³ 5.650 ³ 0.91
22 ³ 1.000 ³ 0.750 ³ 0.500 ³ 1.500 ³ 0.950 ³ 0.500 ³ 0.750 ³ 0.050 ³ 6.000 ³ 1.12
23 ³ 1.000 ³ 0.150 ³ 0.850 ³ 0.850 ³ 1.250 ³ 0.500 ³ 1.250 ³ 0.100 ³ 5.950 ³ 1.08
24 ³ 1.000 ³ 0.350 ³ 0.850 ³ 1.500 ³ 0.250 ³ 1.500 ³ 1.000 ³ 0.025 ³ 6.475 ³ 0.91
25 ³ 1.500 ³ 0.750 ³ 1.500 ³ 1.500 ³ 1.250 ³ 1.500 ³ 1.250 ³ 0.150 ³ 9.400 ³ 1.06
26 ³ 1.500 ³ 0.550 ³ 1.500 ³ 0.850 ³ 0.250 ³ 0.500 ³ 1.000 ³ 0.050 ³ 6.200 ³ 1.17
27 ³ 1.500 ³ 0.350 ³ 1.200 ³ 1.500 ³ 0.600 ³ 0.500 ³ 0.500 ³ 0.100 ³ 6.250 ³ 1.00
28 ³ 1.500 ³ 0.150 ³ 1.200 ³ 0.850 ³ 0.950 ³ 1.500 ³ 0.750 ³ 0.025 ³ 6.925 ³ 1.13
29 ³ 1.500 ³ 0.750 ³ 0.850 ³ 0.500 ³ 0.250 ³ 1.200 ³ 0.750 ³ 0.100 ³ 5.900 ³ 1.04
30 ³ 1.500 ³ 0.550 ³ 0.850 ³ 1.200 ³ 1.250 ³ 0.850 ³ 0.500 ³ 0.025 ³ 6.725 ³ 1.13
31 ³ 1.500 ³ 0.350 ³ 0.500 ³ 0.500 ³ 0.950 ³ 0.850 ³ 1.000 ³ 0.150 ³ 5.800 ³ 1.09
32 ³ 1.500 ³ 0.150 ³ 0.500 ³ 1.200 ³ 0.600 ³ 1.200 ³ 1.250 ³ 0.050 ³ 6.450 ³ 0.99

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄ
* SABS is linear sodium alkylbenzenesulfonate, STPP is sodium tripolyphosphate,SHDS is sodium hydrosilicate, and NaCMC is

sodium salt of carboxymethyl cellulose.

in water), and enzyme stabilizers. Fragrances and dyes
make the formulation aesthetically attractive.

In this work, we studied substances that facilitate
surface decontamination: linear sodium alkylben-
zenesulfonate C103143(C6H4)SO3Na, Synthanol DS-10
C103183O(C2H4O)10H, anhydrous sodium carbonate
Na2CO3, sodium tripolyphosphate Na5P3O10, sodium
hydrosilicate 2SiO2 . Na2O . 2H2O, sodium sulfate
Na2SO4, sodium percarbonate Na2C2O6 and sodium
perborate NaBO3 . 4H2O, and sodium salt of carboxy-
methyl cellulose [C6H7O2(OH)33 x3(OCH2COONa)x]n.

Detergency involves a number of successive events
ensuring separation of contaminants and their emulsi-
fication in aqueous solutions [8]: (1) surface wetting
and displacement of contaminants; (2) dispersion of

contaminants; (3) stabilization of contaminants in
aqueous solution; (4) solid surface protection; (5) sol-
ubilization; (6) chemical and biological degradation
of contaminants; and (7) foaming.

These elementary events are qualitatively clear, but
there is no equation to describe them. Numerous at-
tempts to develop the detergency theory on the basis
of a thermodynamic approach have been unsuccessful.
In our opinion, the most practically promising way
is to establish experimentally a correlation between
the detergency, on the one hand, and the detergent
formulation and process conditions, on the other.
In the first stage, we obtained systematized experi-
mental data concerning the detergency of individual
components of detergents depending on their concen-
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Fig. 1. Component effect Eff vs. component concentrationc, in solutions. Solution: (a) SABS, (b) Synthanol DS-10, (c) Na2CO3,
(d) STPP, (e) SHDS, (f) Na2SO4, (g) Na2C2O6, and (h) NaCMC.

tration in aqueous solutions [1]. In this work, we stu-
died more complex objects-detergent formulations.

We studied aqueous solutions of detergent for-
mulations in two practically important concentration
ranges: 1310 and 15340 g l31, characteristic of deter-
gents intended for household and technical applica-
tion, respectively. A separate study of these two con-
centration ranges affords a better sensitivity in solving
the optimization problems. The variation ranges for
concentrations of each component of a detergent for-
mulation were suggested by published data [639] and
the authors’ experience.

Detergency was estimated from variation of the
whiteness of a cotton fabric during washing out of the
contaminants from the detergent solution under study
[1]. The detergencies obtained were compared for all
the solutions studied with that of a standard solution
Mst determined under identical conditions. The stan-
dard solution corresponded to OST (Branch Standard)
6-15-1574387 and contained SABS (1 g l31) and STPP
(2 g l31). The results obtained were analyzed using
the relative detergency of a substanceM

7

= M/Mst.

Table 1 presents for the concentration range 13

10 g l31 the experimentalM
7

values for each of the

detergent formulations made up by the orthogonal
Latin rectangle scheme.

For all the components at each concentrationci we
estimated the effect of the component on the for-
mulation detergency:

Effci
= 77 3 Mav.
SM
ci

c

8
(1)

Here,S
ci

M
7

/8 is the averageM
7

value for all the cases
when the component concentrationci was at theith
level, andM

7

av is the average relative detergency for
the whole experimental series.

For each component we plotted the component ef-
fect Eff vs. concentration in solutionsc (Fig. 1). This
made it possible to determine the optimal concentra-
tions of the components corresponding to maximal
effects. The plots show that the maximal detergency
of solutions should be afforded by the following
concentrations of the components, g l31: SABS 1.5,
Synthanol 0.55, Na2CO3 1.5, STPP 1.2, SHDS 0.95,
Na2SO4 1.2, Na2C2O6 0.75, and NaCMC 0.05. The to-
tal concentration of components in solution amounts
to 7.7 g l31. It should be noted that none of the 32
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experiments involved such concentration ratio for the
components.

Next, using the optimal concentrations of the com-
ponents in solutions, we formulated the corresponding
composition OK-1 and studied its detergency in the
concentration range 0.5310 g l31. The resulting plot of
M
7

vs. concentration of this formulation in solution
is shown in Fig. 2. Combined analysis of the data in
Fig. 2 and Table 1 shows that the maximal detergency
of the formulation is observed not only at the to-
tal concentration of the components of 7.7 g l31, as
yielded by optimization, but also throughout the con-
centration range covered (0.5310 g l31). Thus, the ra-
tio of the chosen components should be considered
the optimal for the low-concentration range.

We have shown previously [1] that the relative de-
tergency and the concentrations of individual com-
ponents, as well as the parameters 1/M

7

and 1/c, are re-
lated by linear dependences. For the optimal formula-
tion OK-1 prepared by us, the plot of 1/M

7

vs. 1/c is
close to a straight line (Fig. 3, straight line1), with
correlation factor of 0.994. This confirms the validity
of the detergency equation derived by us in [1]:

(2)M = 777 .
cMmaxc
c

a + c

Here, M
7

max is the maximal relative detergency,
and a is the coefficient having the dimensionality of
the concentration and depending on the energy param-
eters of the process.

Based on the data presented in Fig. 3, we estimated
for the formulation OK-1 theM

7

max anda values to be
1.49 and 1.22, respectively.

Similarly, we optimized the concentrations of the
components for the concentration range 15340 g l31.
The formulations had the same qualitative composition
as that at low concentrations, except for the bleaching
agent. In this case, sodium perborate NaBO3 . 4H2O
served as bleaching agent. The optimal concentrations
of the components were estimated as follows, g l31:
SABS 1.0, Synthanol 2.0, STPP 4.0, Na2CO3 4.0,
SHDS 2.5, NaCMC 0.7, sodium perborate 6.0, and
Na2SO4 1.0. The total concentration of the compo-
nents in solution was 21.2 g l31.

The plot of the relative detergency vs. concentra-
tion for the optimal component ratio (formulation
OK-2) looks similar to that obtained for low concen-
trations. The detergency is also at a maximum not
only for the total component concentration yielded
by optimization, 21.2 g l31, but also throughout the
15340 g l31 range. In this concentration range, the so-

Fig. 2. (1) Relative detergencyM
7

of the optimal formula-
tion OK-1 vs. the concentrationc, in aqueous solutions and
(2) experimentalM

7

values for formulations derived from
the experimental design matrix (Table 1).

Fig. 3. Inverse relative detergencyM
7

vs. inverse concen-
tration 1/c, for the optimal formulations in the range of
(1) low and (2) high concentrations.

lutions are saturated, and an extensive factor, i.e., the
total concentration of the components, is of less im-
portance, whereas the mutual influence of the compo-
nents (closeness of their ratio to the optimum) is of
greater importance. The plot of inverse relative deter-
gency vs. inverse concentration for the OK-2 formula-
tion, 1/M

7

31/c, is also described by a straight line with
correlation factor of 0.992 (Fig. 3, curve2). The max-
imal detergencyM

7

max and parametera were estimated
for this optimal formulation to be 1.56 and 1.52.

The numerical values of the parametersM
7

max and
a can serve as convenient characteristics of the deter-
gency of solution. The maximal relative detergency
characterizes the maximum attainable detergency at
the detergent concentration in solution tending to infin-
ity, and a is related to the rate of theM

7

growth with
increasing concentration. The greaterM

7

max and the
smallera, the more effective is the detergent solution.
The parametera plays especially significant role in
the low-concentration range of detergent solutions.

The parametera has the dimensionality of con-
centration, and formula (2) shows that it must be
numerically equal to the concentration correspond-
ing to the detergency of 1/2M

7

max. Table 2 compares
the experimentalc values obtained atM

7

= 1/2M
7

max
and the a values calculated as the slope of the
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Table 2. Experimental values of the concentrationc for M
7

= 1/2M
7

max and of the parametera
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
Substance and formulation³ 1/2M

7

max ³ c, g l31³ a º Substance and formulation³ 1/2M
7

max ³ c, g l31³ a

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
SABS ³ 0.405 ³ 1.69 ³ 1.59 º Sodium hydrosilicate ³ 0.435 ³ 0.99 ³ 0.95
Synthanol DS-10 ³ 0.380 ³ 0.29 ³ 0.25 º NaCMC ³ 0.225 ³ 1.95 ³ 1.81
Neonol AF9312

* ³ 0.380 ³ 0.25 ³ 0.20 º Household soap** ³ 0.490 ³ 1.19 ³ 1.13
Sodium carbonate ³ 0.435 ³ 0.52 ³ 0.56 º OK-1*** ³ 0.745 ³ 1.23 ³ 1.22
Sodium perborate ³ 0.445 ³ 1.11 ³ 1.09 º OK-2*** ³ 0.780 ³ 1.50 ³ 1.52
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ

* C93123(C6H4)3O(C2H4O)12H.
** C103183COONa.

*** OK-1 and OK-2 are the optimal detergent formulations for low- and high-concentration ranges of solutions, respectively.

1/M
7

31/c dependence multiplied byM
7

max for in-
dividual components of detergents [1] and the for-
mulations prepared in this work. Table 2 shows that
the calculated and experimental values ofa and con-
centrations agree reasonably atM

7

= 1/2M
7

max.

Figure 3 compares the plots of inverse detergency
vs. inverse concentration for the optimal formulations
in the range of (1) low and (2) high concentrations.
The resulting straight lines actually intersect, and the
intersection point corresponds to the concentration of
8.4 g l31, below which a greater detergency is achieved
at the component ratio obtained for the low concen-
tration range (OK-1 formulation) and above which
the formulation optimized for high concentrations is
more effective (OK-2 formulation).

The method of mathematical designing of experi-
ment allows optimization of detergent formulations
not only with respect to one output parameter, de-
tergency (as in this work), but also with respect to
several paramaters. As optimization criteria can serve
prime cost and environmental, technological, and con-
sumer’s attractiveness of a detergent formulation.
Other influencing factors are, along with concentra-
tion, temperature, time, hydrodynamic parameters of
detergents process, etc.

CONCLUSIONS

(1) The synthetic detergent formulations can be
optimized by mathematical designing of the experi-
ment, using the orthogonal Latin rectangles method.
An experimental-statistical model of detergency was
developed; the optimal concentrations of the main or-
ganic and inorganic components in solutions of syn-
thetic detergents, affording the maximal detergency,
were determined.

(2) The equation derived, which relates the de-
tergency to the concentration in aqueous solutions, is
valid for both individual components and complex

detergent formulations. The physical meaning of the
parametersM

7

max anda in the detergency equation was
disclosed. These parameters were proposed as quan-
titative characteristics of detergency of synthetic de-
tergent formulations.
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Abstract-Macrochain cross-linking in thermal degradation of PVC was studied. The onset time of gelation
was determined as a function of the content of oxoallyl groups in the polymer.

Macrochain cross-linking is thought to be among
the reactions leading to breakdown of the conjugated
chain in polyene sequences formed in degradation
of poly(vinyl chloride) (PVC). In the absence of
agents promoting cross-linking by the radical mech-
anism, this reaction proceeds via the Diels3Alder
mechanism [133]. This conclusion is supported by
the following experimental results: (1) in the presence
of reactive dienophiles (maleic anhydride, maleic acid
esters or metal salts) reacting with polyene blocks via
the Diels3Alder mechanism, the onset time of gelation
in degraded PVC increases [1]; (2) in treatment of
the cross-linked polymer with maleic anhydride,
the gel phase is degraded by virtue of diene recon-
densation of polyenes with the stronger dienophile [2],
suggesting also that the macrochain cross-linking in
PVC is a reversible reaction; (3) the closeness of
the kinetic parameters of PVC macrochain cross-link-
ing in thermal degradation (Ea = 50+ 8 kJ mol31,
log A = 6.3+ 0.5 [3]) to those of the Diels3Alder re-
action (Ea = 40380 kJ mol31, log A = 537 [4]); and
(4) modification of PVC with conjugated dienes in-
creases the onset time of gelation in thermal degrada-
tion as compared with the initial polymer as a result
of competition of the cross-linking and the reaction
of conjugated dienes with polyenes [5].

It was suggested in [3, 6] that the cross-linking
proceeds with participation of polyene sequences
(ketopolyenes), such as~C(O)Ä(ÄCHÍCHÄ)n~. In this
case, each block of conjugated CÍC bonds can serve
as both a diene and a dienophile.
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If PVC macrochain cross-linking involves polyene
sequences whose formation is initiated by the oxo-
allyl (OA) groups ~C(O)3CH=CH~, as the gel frac-
tion is formed, the sol fraction must be depleted in
polyene sequences of the type~C(O)3(3CH=CH3)n~.
The amountg0 of such ketopolyenes can be easily
determined by the hydrolytic cleavage method as the
change in the intrinsic viscosity of the sol fraction
after alkaline hydrolysis of PVC [7]:

g0 = 7777
62.50 1.86

M 07

n

��7

h0
h
�

�

�

�

��

�
�
�

�
1.38

_ 1c , (1)

whereh0 andh are the intrinsic viscosities before and
after macrochain degradation and

-

M0
n

is the initial
viscosity-average molecular weight.

Indeed, the experimental results show (Fig. 1)
that the amount of ketopolyenes in the sol fraction
gradually decreases with increasing PVC degradation
time. Therefore, one may suggest that the macrochain
cross-linking in PVC degradation directly involves
polyene sequences whose formation is promoted by
OA groups.
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Fig. 1. OA group contentg0 in the sol fraction of de-
graded PVC vs. degradation timet. Polyvinyl chloride S-70
(
-

M
n

110000).

Fig. 2. Gelation timet vs. the OA group content in PVC.
Temperature 448 K; pressure 10 1032 Pa. (1) Continuous
removal of HCl [6], (2) barium stearate added, and
(3) estimated by Eq. (3) atn = 1.26.

Fig. 3. Amount of gel G formed in thermal degradation
of PVC. Pressure 10 1032 Pa; BaSt2. (t) Time. OA group
content g0 0 1034: (1) 0.76, (2) 0.098, and (3) 1.60.

However, cross-linking of only ketopolyene se-
quences cannot produce the observed yield of the gel
phase at a degradation time much over the onset
time of gelation t [6, 8], since the fraction of
the OA-containing PVC molecules is small (8310%).
Therefore, diene recondensation may occur at later
stages of PVC degradation, with polyene blocks
formed as a result of activation byb-chloroallyl
groups originating from HCl elimination in ordinary

VC units and tertiary chloride groups [3]. In perform-
ing PVC degradation in the presence of barium stea-
rate, an effective acceptor for HCl, the reverse re-
action of HCl addition to polyene sequences is sup-
pressed [9]. In this case, the most probable second-
ary reactions are macrochain cross-linking [135] and
polyene cyclization [10]. It has been demonstrated
previously [6] that the onset time of gelation depends
on the OA group content (Fig. 2, curve1). In the
study cited, thermal degradation of PVC was per-
formed with continuous removal of HCl from the re-
action zone by freezing.

To obtain the best suited equation fort as a func-
tion of g0, it is necessary to study experimentally this
dependence over a wide range ofg0. At the same time,
g0 of the ordinary commercial and laboratory samples
of PVC varies within a narrow range (0.831.4)0
1034 mol mol31 PVC. That is why samples with low
OA group content were specially prepared in the pres-
ent study by modification of PVC with maleic anhy-
dride [11]. This reaction provides irreversible decrease
in the OA group content in PVC. As a result, therate
of its dehydrochlorination decreases by virtue of de-
creasing amount of polyene sequences formed. The
characteristics of thus modified PVC are given in the
table. At low OA group content in PVC the error ofg0
determination from viscometric data by Eq. (1) is high.
Therefore, this parameter for modified PVC (g

m
0 ) was

occasionally estimated more exactly by Eq. (2).

g0 = (VHCl 3 Vc)/kp, (2)

where VHCl is the experimental rate of rough de-
hydrochlorination (see the table),Vc = 0.80
1037 mol mol31 PVC s31 is the rate of HCl elimination
from ordinary PVC units, andkp = 0.750 1032 s31

is the constant of HCl elimination from polyene
sequences [3].

Typically, the dependence of the amount of the gel
phase formed on the PVC degradation time is linear;
the onset time of gelation was determined by linear
extrapolation of the plot to the abscissa (Fig. 3).

Performing the reaction in the presence of barium
stearate inhibits readdition of HCl to polyenes to
a greater extent, as demonstrated by the decrease in
the gelation time as compared with the preceding case
(Fig. 2, curve 2).

Generally, the dependencet3g0 can be fitted to
Eq. (3).

t = Cg0
3n, (3)

where n is the order of macrochain cross-linking by
the conjugated bond blocks.
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Characteristics of PVC modified with maleic anhydride(MA)*

ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

-

M0
n

³ g0
in
0 104 ³ [MA] 0102³

Tm, K
³

tm, s
³ [h]0 ³ [h] ³ g0

m
0 104 ³VHCl 0103 (448 K)³

t, s (448 K)ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÁÄÄÄÄÅÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ´
³ mol mol31 PVC ³ ³ ³ dl g31 ³ mol mol31 PVC ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
110000 ³ 0.76 ³ 1 ³ 373 ³ 2400 ³ 1.09 ³ 1.04³ 0.70 ³ 0.61 ³ 6300
110000 ³ 0.76 ³ 1 ³ 373 ³ 3600 ³ 1.09 ³ 3 ³ 0.68** ³ 0.59 ³ 6800
105000 ³ 0.80 ³ 1 ³ 383 ³ 4800 ³ 1.07 ³ 3 ³ 0.75** ³ 0.64 ³ 5600
110000 ³ 0.76 ³ 1 ³ 373 ³ 12000 ³ 1.09 ³ 1.05³ 0.57 ³ 0.51 ³ 8800
110000 ³ 0.76 ³ 4 ³ 373 ³ 10800 ³ 1.09 ³ 3 ³ 0.52** ³ 0.47 ³ 9700
110000 ³ 0.76 ³ 4 ³ 398 ³ 7200 ³ 1.09 ³ 3 ³ 0.42** ³ 0.40 ³ 10100

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* (tm) Modification time.

** Estimated by Eq. (3).

Processing of the logarithmic form of Eq. (3) by
the least-squares method givesn = 1.26+ 0.17
(r 0.979) at a 0.95 confidence level.

Thus, the reaction order with respect to ketopoly-
enes is close to unity. Therefore, it appears more
probable that macrochain cross-linking in thermal
degradation of PVC is caused not only by interaction
of the polyene blocks, as suggested previously [6],
but also, and to a greater extent, by the reaction of
the polyenes with other unsaturated groups in PVC
macrochains. Among such groups can be unsaturated
terminal groups whose content in PVC is about
1033 mol mol31 PVC [2], and backboneb-chloroallyl
moieties formed in PVC thermal degradation via
random elimination of HCl from both the tertiary
chloride and ordinary units of the macrochain.

EXPERIMENTAL

PVC was modified according to the procedure
described in [11]. Degradation of PVC was performed
at 448 K in sealed ampules evacuated to a residual
pressure of 1032 Pa. The liberated HCl was absorbed
with barium stearate and then determined mercuro-
metrically. The gel fraction of degraded PVC was
washed and then separated by centrifugation with
fresh portions of cyclohexane in the same ampules. To
remove unreacted BaSt2, the precipitate was triply
washed with decyl alcohol at 373 K. The resulting gel
was triply washed with ether to remove the residual
solvent and dried to constant weight at 348 K. The
error of determination of the gel amountG was within
10%. The gelation time was determined by linear ex-
trapolation of theG-vs.-t plot to the abscissa axis.
Alkaline hydrolysis of PVC and measurement of the
intrinsic viscosity to determine the oxoallylgroup con-
tent were performed as in [7].

The sol fraction of degraded PVC was prepared by
centrifugation for 1 h at 5000 rpm.

CONCLUSION

It was confirmed experimentally that cross-linking
of macrochains in thermal degradation of PVC to
proceeds by the Diels3Alder mechanism, which in-
volves conjugated bond blocks formed in activation
with oxoallyl moieties serving as dienes and with un-
saturated terminal and innerb-chloroallyl moieties as
dienophiles.
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Abstract-Kinetics of potato starch oxidation by dinitrogen tetroxide in CCl4 was studied as influenced by
the oxidant concentration, temperature, and starch to N2O4 ratio. The starch oxidation products were analyzed
by IR spectroscopy.

Starch is a mixture of polysaccharides, amylopec-
tin and amylose, differing in their degree of poly-
merization, macromolecular packing, and nature of
bonding between thea-D-anhydroglucopyranose units.
Starch is widely used in textile, food, paper, and
other branches of industry. In pharmacology, starch
and some of its derivatives (carboxymethyl starch,
hydroxyethyl starch, etc.), having low toxicity and
good assimilability in the organism, serve exclusively
as aids in manufacture of pills, pastes, and suspen-
sions.

At the same time, high reactivity of the polysac-
charide components of starch allows purposeful syn-
thesis of starch derivatives and introduction of func-
tionalities, imparting required medicobiological prop-
erties to the product, on the basis of modern concepts
of processes occurring in living bodies. In this case,
it is possible to obtain both substances of bioactive
compounds and derivatives suitable for immobiliza-
tion of various drug preparations with the purpose
of their durable action on the basis of starch or its
polysaccharides.

Starch oxidation products containing carboxy
groups show promise for these purposes. Data are
available on oxidation of starch with various oxidizing
agents (KMnO4, Br2, NaClO, etc.) aimed at prepara-
tion of starch derivatives capable of forming pasters
of a preset viscosity [133]. However, the above-
mentioned oxidants are not selective, and the result-
ing oxidation products are structurally nonuniform.
The most selective oxidants for polysaccharides are
periodic acid and dinitrogen tetroxide. The former
oxidizes primarily the hydroxy groups at the positions

C2 and C3 of the elementary unit to aldehyde groups,
and the latter, the hydroxy groups at the position C6
to carboxy groups. The product of oxidation with
periodic acid, starch dialdehyde, is used in medicine
as a sorbent for ammonia and urea in peroral treat-
ment of patient with uremia [4], and Li and Na salts
of starch oxidized with dinitrogen tetroxide demon-
strate analgesic, antipyretic, and antidysrhythmic ef-
fects [5, 6]. However, oxidation of starch and its
polysaccharides by dinitrogen tetroxide is not virtual-
ly understood yet [7, 8], which hampers targeted
synthesis of carboxy derivatives with fixed degree
of oxidation and desired physicochemical and medi-
cobiological properties. Therefore, we studied in this
work the effects of various factors on the kinetics
of starch oxidation by dinitrogen tetroxide in tetra-
chloromethane. The starch oxidation products were
characterized by IR spectra.

EXPERIMENTAL

As starting materials we used potato starch
(amylose content 23.8 wt %, degree of polymerization
(DP) 1760, ash content 0.31%, moisture content
12.5%, and acid number 15.5 [9]); CCl4 (analytically
pure grade), and N2O4 containing <2 wt % of foreign
compounds (recalculated to nitric acid).

Starch was oxidized at 0318oC in CCl4 with 5, 10,
20, and 60 wt % N2O4 at various starch : N2O4 molar
ratios. A dispersed weighed portion of starch in a fixed
volume of the reaction mixture was allowed to stand
at a prescribed temperature for a fixed time. Then
oxidized starch was separated from the solution on
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a glass filter no. 1, washed with a water/isopropanol
mixture (1 : 1 by volume) to neutral reaction, and
air-dried at room temperature. The oxidation kinetics
was monitored by increase in the carboxy group con-
tent, using the Ba acetate method [10]. The selectivity
of oxidation was monitored by means of IR spectra
recorded in the range 40034000 cm31 in KBr pellets
(Specord IR-75 spectrometer). The carbonyl group
content was determined by the modified hydroxyl-
amine method [11]. The degree of substitution (DS)
with respect to COOH groups was estimated as

DSCOOH = ÄÄÄÄÄÄÄÄÄÄÄÄ ,
45003 14CCOOH

162.15CCOOH
DSCOOH = ÄÄÄÄÄÄÄÄÄÄÄÄ ,

45003 14CCOOH

162.15CCOOH

where 162.15 is the molecular weight of an anhydro-
glucopyranose unit andCCOOH is the carboxy group
content (wt %).

Starch oxidation by dinitrogen tetroxide proceeds
essentially by the following scheme:
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Depending on the reaction conditions, side reac-
tions may occur, which results in insignificant accu-
mulation of carbonyl and nitro ester groups in the po-
lysaccharide macromolecules. The yield of oxidized
starch in all cases approaches 100%,i.e., no soluble
low-molecular-weight products are formed.

The effect of the starch : N2O4 molar ratio at con-
stant oxidant concentration on the starch oxidation
rate is demonstrated inFig. 1a. Raising the amount
of the oxidant, all other conditions being equal, pro-
vides an increase in both the carboxylation rate and
degree of oxidation over the experimental time in-
terval. Raising the amount of the oxidant further, to
above 10 mol per mole starch units, provides no ad-
ditional gain in the indicated parameters. Therefore,
all the subsequent kinetic experiments were carried
out at a 10-fold excess of N2O4 against the stoichi-
ometric amount needed for total oxidation of the pri-
mary hydroxy groups to carboxy groups.

With the N2O4 concentration increasing from 5
to 20 wt % at constant reactant ratio (1 : 10), the de-
gree of oxidation and the reaction rate constantk
grow (Fig. 1b, Table 1), which can be attributed to the
activating effect of the oxidant polar molecules ini-
tiating rupture of the intermolecular hydrogen bonds.

Fig. 1. Carboxy group contentCCOOH vs. the timet of
starch oxidation by N2O4 in CCl4. (a) N2O4 concentration
20 wt %, temperature 18oC. Starch : N2O4 molar ratio:
(1) 1:1, (2) 1: 2.5, (3) 1: 5, and (4) 1 : 10; (b) Starch : N2O4=
1 : 10, temperature 18oC. CCl4 concentration (wt %):
(1) 60, (2, 5) 20 (in experiment no. 5 starch was dried
to constant weight before oxidation), (3) 10, and (4) 5; and
(c) N2O4 concentration 20 wt %, starch : N2O4 = 1 : 10.
Temperature (oC): (1) 0, (2) 10, and (3) 18.

Penetrating into the starch grains, N2O4 promotes dif-
fusion processes so that the reaction becomes quasi-
homogeneous. The structural features of starch, re-
sponsible for the inaccessibility of a part of the hy-

Table 1. Conditions and kinetic parameters of starch
oxidation*
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
CN2O4

, wt %³ T, oC ³ K, h31 ³ k, h31 ³ n
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

5 ³ 18 ³ 0.0478 ³ 0.142 ³ 1.35
10 ³ 18 ³ 0.129 ³ 0.162 ³ 1.08
60 ³ 18 ³ 0.175 ³ 0.190 ³ 1.03
20** ³ 18 ³ 0.170 ³ 0.189 ³ 1.04
20** ³ 10 ³ 0.0891 ³ 0.0540³ 0.87
20** ³ 0 ³ 0.0297 ³ 0.0144³ 0.86

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Starch : N2O4 molar ratio 1 : 10.

** Ea = 88.2 kJ mol31 is estimated by the Arrhenius equation
k = Aexp(3Ea/RT).
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Fig. 2. Infrared spectra of (1) native starch and (234) prod-
ucts of oxidation of starch having various carboxy group
contents with dinitrogen tetroxide in CCl4. ( T ) Trans-
mittance and (n) wave number.CCOOH (wt %): (2) 8.4,
(3) 14.80, and (4) 22.13.

droxymethyl groups for the oxidant, have only a slight
effect on the reaction, since only the linear polysaccha-
ride of starch, amylose, shows pronounced tendency
to crystallize, while the content of the highly branched
amorphous amylopectin in starch approaches 80 wt %.
As a result, starch grains absorb the oxidizing mix-
ture quite rapidly, which produces their strong swell-
ing, increasing with the N2O4 concentration in CCl4.
With the oxidant concentration increasing further, to
60 wt %, the reaction rate constant no longer changes
(Table 1), so that the kinetic curves1 and2 virtually
coincide, and one can say that, under the experimental
conditions used, 20 wt % N2O4 in CCl4 provides
the maximal rate of reagent diffusion to the active
centers.

Note that the moisture content in the initial starch
is an important factor influencing the oxidation rate
and the maximal content of the COOH groups in
5-carboxy starch (Fig. 1b). The results show that
even after a 17-h oxidation of starch dried to constant
weight with N2O4 in CCl4, the COOH content is as
low as 1.35 wt % (DSCOOH = 0.049). Probably, this
is due to the fact that hydration water immediately
participates in the initial or intermediate oxidation
stages and also promotes reagent penetration to ac-
tive centers of the macromolecules and rapid swel-
ling of the polysaccharide. It is also known [12] that
hydration water influences the chain conformation
so that even an insignificant decrease in the mois-
ture content initiates a polymorphic transformation of
starch B into starch A, in which the linear chains
take the place of hydration water stacks, also de-
creasing the accessibility of the hydroxymethyl groups
to the reagent. It was demonstrated in our experi-
ments that dry starch does not swell in the reaction
mixture throughout the process, and the observed in-

significant formation of carboxy groups is probably
due to surface oxidation of the starch grains.

The experimental data (Table 1) were processed
using the Erofeev3Kolmogorov topokinetic equation
[13].

a= 1 3 exp(3Ktn),

where a is the degree of conversion of starch by
a time t, K is a constant, andn is the kinetic factor.

The reaction ordern was determined from the slope
of the anamorphoses. The results suggest that the re-
action is chemically controlled in most cases (condi-
tion n >1). Also, the estimated effective activation
energyEa is too high for the diffusion-controlled ki-
netics to be the case [14].

To obtain the apparent rate constants of starch ox-
idation, we used the equation proposed by Sakovich
[15]:

log k = Ä log K + log n,n
1

log k = Ä log K + log n,n
1

where K and n are the parameters of the Erofeev3

Kolmogorov equation, andk is the oxidation rate
constant.

Raising the temperature of the reaction mixture
from 0 to 18oC results in an abrupt growth in the re-
action rate in the correspondence with van’t Hoff’s
law. The estimatedn values suggest that, with tem-
perature increasing in the experimental temperature
range, the reaction passes from the diffusion to ki-
netic control. This may be associated to some extent
with increasing degree of dissociation of N2O4 with
the formation of more reactive NO2.

Formation of carboxy groups can be monitored
by the strong band at 1743 cm31 due to CÍO stretch-
ing vibrations in the IR spectrum of oxidized starch
(Fig. 2). Oxidation of the primary hydroxy groups in
the position C6 of thea-D-anhydroglucopyranose unit
is reflected in decreasing intensity of the band at
1420 cm31 due to CH2 bending vibrations and also of
the band at 928 cm31 due to vibrations of the COH
groups at C6 [16, 17]. Analyzing IR spectra of ox-
idized cellulose, Ermolenko noted [18] that oxida-
tion is reflected in increasing absorption at 27003

2400 cm31 assigned to stretching vibrations of OH
groups of carboxyls strongly associated through hy-
drogen bonding. Increased absorption in this range
is observed in oxidized starch too. The considerable
low-frequency shift of this band relative to the band
due to vibrations of the hydroxy groups of the anhy-
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Table 2. Variations in the carbonyl and carboxy group contents in oxidation of starch with N2O4 in CCl4
*

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

t, h
³ Content, wt % ³

C3COOH

³
C=O/COOH,

º
t, h

³ Content, wt % ³
C3COOH

³
C=O/COOH,ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³ º ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³

³ C=O ³ COOH ³ ³
%

º ³ C=O ³ COOH ³ ³
%

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
5 wt % N2O4 in CCl4 º 20 wt % N2O4 in CCl4

³ ³ ³ ³ º ³ ³ ³ ³1 ³ 0.21 ³ 1.31 ³ 0.047 ³ 16.0 º 1 ³ 0.23 ³ 4.28 ³ 0.16 ³ 5.40
3 ³ 0.57 ³ 3.47 ³ 0.13 ³ 16.1 º 3 ³ 0.84 ³ 8.16 ³ 0.30 ³ 10.3
5 ³ 0.86 ³ 8.85 ³ 0.33 ³ 9.72 º 5 ³ 1.46 ³ 14.18 ³ 0.53 ³ 10.3
7 ³ 1.27 ³ 11.83 ³ 0.44 ³ 10.7 º 7 ³ 1.95 ³ 18.87 ³ 0.72 ³ 10.3

24 ³ 2.16 ³ 22.69 ³ 0.88 ³ 9.52 º 24 ³ 3.10 ³ 26.48 ³ 1.04 ³ 11.7
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Starch : N2O4 = 1 : 10; T = 18oC.

droglucopyranose ring suggests that the carboxylic
hydroxy groups form starch in 5-carboxy new strong
hydrogen bonds.

qOsse
HO

OHssO
e
qRÄC CÄR

qOsse
HO

OHssO
e
qRÄC CÄR

It is not inconceivable that fairly strong intra-
molecular hydrogen bonds formed by the carboxy and
hydroxy groups of the same unit also contribute sig-
nificantly to the absorption in this range. It should
be pointed out that the IR spectra of oxidized starch
clearly demonstrate the structure of the complex ab-
sorption band at 12003990 cm31, including stretching
vibrations of CÄO and CÄC groups and cyclic struc-
tures and COH bending vibrations [19]. In the IR
spectra of oxidized samples, the intensity of the ab-
sorption bands at 120031350 cm31 is higher, and that
of the bands at 1015 and 1156 cm31, lower, com-
pared with native starch. With increasing degree of
starch oxidation, these differences become more pro-
nounced. It is not improbable that some of the ab-
sorption bands in the investigated range can be as-
signed to vibrations of the secondary and primary
hydroxy groups. However, at present thorough inter-
pretation of the spectrum is problematic. One may
suggest that the observed evolutions of the spectra can
be caused by the fact that, along with the main reac-
tion path (oxidation of primary hydroxy groups at C6
to carboxy groups), the side reaction also takes place,
producing carbonyl and carboxy groups at C2 and C3
of the a-D-anhydroglucopyranose unit, which is sup-
ported by the chemical analysis data (Table 2). In
highly oxidized samples, the COOH content was de-
monstrated to be even higher than the theoretical
value of 25.57 wt % corresponding to the case when
all the hydroxymethyl groups are oxidized, and the
carbonyl group content grows steadily with increasing
oxidation time and oxidant concentration.

CONCLUSIONS

(1) It follows from the estimated kinetic factorn
and activation energyEa that the oxidation rate of
potato starch in the system N2O43CCl4 is limited by
the chemical stage.

(2) A 20 wt % solution of dinitrogen tetroxide in
CCl4 ensures the maximal rate of starch oxidation, all
other conditions being equal. The presence of mois-
ture in starch is the necessary condition for efficient
oxidation.

(3) The IR spectra show that the OH groups of
the a-D-anhydroglucopyranose unit of starch are
preferentially oxidized to carboxy groups.
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Abstract-Degradation of butadiene3styrene rubber production wastes, coagulums, using a catalytic system
based on hydroperoxide, variable-valence metal salt, and alcohol was studied.

Industrial progress inevitably involves formation of
growing amounts of wastes and by-products, with a
hazard of environmental pollution [133]. Therefore,
development and commercial implementation of new
processes should be primarily based on using environ-
mentally safe systems, with utilization of secondary
raw materials, rejects, and production wastes.

One of promising procedures for processing re-
jected and spent polymeric products and polymeric
deposits formed on equipment surfaces in the course
of polymer synthesis is degradation treatment. Oxida-
tive degradation of polymers yields lower-molecular-
weight products containing functional groups: carbo-
nyl, carboxy, and hydroxy. Classical oxidative degra-
dation of polymers is performed by heating in an
organic solvent in the presence of air, organic deriva-
tives of variable-valence metals, and/or compounds
generating free radicals [437].

Degradation processes are very important and prom-
ising as ways of treating polymeric wastes from syn-
thetic rubber industry and of cleaning process equip-
ment to remove polymeric deposits (coagulums). Clean-
ing the equipment to remove polymeric deposits is
a difficult and labor-consuming process, often requir-
ing manual labor and much time. Furthermore, me-
chanical cleaning does not ensure complete removal
of polymeric deposits from the surfaces of reactors
and other process equipment and, on the other hand,
a problem arises of processing the removed wastes.

In this work, we studied degradation of butadiene3

styrene rubbers in the presence of a catalytic system
consisting of a radical initiator and a variable-valence
metal compound.

We chose peroxides widely used in synthetic rub-
ber industry: isopropylbenzene hydroperoxide and
cyclohexylisopropylbenzene hydroperoxide as sub-

stances decomposing by the radical mechanism, and
iron, cobalt, and nickel chlorides as variable-valence
metal compounds.

Degradation experiments were performed with
samples of polymeric deposits (coagulums) taken
from reactor walls and stirrers and from the surfaces
of other equipment used in commercial production of
emulsion butadiene3styrene rubbers. These coagulums
were virtually insoluble or sparingly soluble in hy-
drocarbon solvents.

Degradation of polymeric deposits was performed
as follows. A vessel was charged with 10 g of coagu-
lum and 130 g of a hydrocarbon solvent, stirring was
switched on, and 7.0 g of a 4.0% solution of a vari-
able-valence metal salt in 1-butanol and a hydroper-
oxide were added in succession. The reaction was
performed in contact with atmospheric oxygen at a
prescribed temperature for a prescribed time. The
degradation progress was monitored gravimetrically
(by the weight loss of the solid residue in the hydro-
carbon phase), by variation of the intrinsic viscosity
[h], and visually.

In the first stage of our study, we examined the
influence of the hydroperoxide concentration on de-
gradation treatment of coagulum of SKS-30 ARK rub-
ber. As seen from Table 1, the optimal concentration
of isopropylbenzene hydroperoxide is 0.636.0 wt %
based on coagulum. At higher hydroperoxide concen-
trations, the intrinsic viscosity grows, suggesting the
occurrence of secondary cross-linking, although disso-
lution of the coagulum is complete under these condi-
tions too.

The influence of temperature on degradation of
SKS-30 ARK rubber in the presence of the chosen
catalytic system is illustrated in Fig. 1a. It is seen
that the optimal temperature is 503100oC. At 40oC,
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Table 1. Influence of isopropylbenzene hydroperoxide
concentration C on degradation of the coagulum of
SKS-30 ARK rubber*

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
C, wt % ³ Dissolution, % ³ [h], dl g31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
0.1 ³ 59.5362.4 ³ 1.9131.99
0.2 ³ 72.2377.8 ³ 1.1831.23
0.6 ³ 100 ³ 0.5230.57
2.0 ³ 100 ³ 0.4330.48
6.0 ³ 100 ³ 0.4130.45

12.0 ³ 100 ³ 0.4230.47
15.0 ³ 100 ³ 0.4930.54

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
* The process was performed in toluene at 60oC for 3 h in

the presence of FeCl3.

the degradation rate and the degree of coagulum dis-
solution decrease. Temperatures above 100oC are also
unsuitable, because of the occurrence of secondary
cross-linking, decreasing the solubility of the coagu-
lum and increasing the viscosity of the solutions.
The intrinsic viscosity is the lowest when the degra-
dation is performed in the range 50380oC, and this
range should be considered the optimal.

Fig. 1. Effects of (a) temperatureT and (b) timet of de-
gradation on the instrinsic viscosity [h] and degree of dis-
solutionA of the coagulum of SKS-30 ARK rubber. Solvent
toluene; 2.0 wt % isopropylbenzene hydroperoxide based
on coagulum; FeCl3; (a) 5 h; (b) 80oC.

One of the most important parameters of degrada-
tion is the process time. As seen from Fig. 1b, the
optimal time is 5 h. Longer treatment results in high-
er intrinsic viscosity, which may be due to secondary
cross-linking. The viscosity of the resulting polymer
solutions is a very important process parameter, be-
cause high viscosity prevents transport of the solu-
tions through pipelines after equipment cleaning.

The process of oxidative degradation of polymeric
chains can be represented as follows.

Preliminarily dissolution in butanol of a variable-
valence metal salt, followed by addition of this solu-
tion to the system under treatment, ensures fine dis-
persion of the salt in the bulk of the system. The first
stage of the reaction is, most probably, reduction of
Fe(III) ions to Fe(II). The possible reductants are mer-
captans, phenol and its derivatives, and also polybuta-
diene units [4] present in the coagulum of the rubber
produced by emulsion (co)polymerization:

~CH23CH=CH3CH2~ + Fe3+

6 ~
.CH3CH=CH3CH2~ + Fe2+.

Oxidative degradation of butadiene3styrene rubber
may occur by several pathways, namely, with partici-
pation of the redox system in which the variable-
valence metal (Fe, Co, Ni, etc.) promotes, on the one
hand, oxidative degradation of the polymers in the
presence of oxygen and, on the other, decomposition
of the hydroperoxide:

R3OOH + Fe2+
6 RO. + HO3 + Fe3+.

Oxidative degradation of the polymeric chains of
the butadiene3styrene coagulum can be represented as
oxidative degradation of butadiene blocks:

~CH23CH=CH3CH23CH23CH=CH3CH2~ + RO.

6 ~CH23CH=CH3.CH3CH23CH=CH3CH2~ + ROH,

~CH23CH=CH3.CH3CH23CH=CH3CH2~ + O2 + RH

6 ~CH23CH=CH3CH3CH23CH=CH3CH2~,
g

OOH

~CH23CH=CH3CH3CH23CH=CH3CH2~
g

OOH

6 ~CH23CH=CH3CHO + CH23CH=CH3CH2~.
g

OH
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Secondary cross-linking of the resulting low-mo-
lecular-weight polymeric chains can occur as follows:

~CH3CH=CH3CH~
.

~CH=CH3CH~
g

O
.+ 6

~CH3CH=CH3CH~
g

~CH=CH3CH~
g

O

~CH3CH=CH3CH~
.

~CH=CH3CH~
g

O
.

6
+

~CH3CH=CH3CH~

~CH=CH3CH~

.

e
O
e

ee

Degradation of the coagulum from production of
BS-65 (A) butadiene3styrene latex was studied with
catalytic systems containing Fe(III), Co(II) and Ni(II)
chlorides (in 1-butanol) as variable-valence metal salts.
The influence of the kind of the catalytic system and
reaction time on degradation of the BS-65 (A) coag-
ulum is illustrated in Fig. 2. It is seen that a combi-
nation of isopropylbenzene hydroperoxide with a bu-
tanol solution of iron, cobalt, and nickel chlorides fa-
cilitates degradation of coagulums with high content
of styrene units. With these catalytic systems, disso-
lution of the coagulum is virtually complete in 35 h.

Similar results were obtained with other radical
initiators, e.g., cyclohexylisopropylbenzene hydroper-
oxide, and with other solvents [xylene, Nefras S-4-
150/200 (petroleum solvent based on butylbenzene),
white spirit]. As solvents for variable-valence metal
salts, some other alcohols (e.g., ethanol, propanol) can
be used along with 1-butanol. However, low-boiling
alcohols are removed from the system at elevated
temperatures, which results in agglomeration of the
metal salts and negatively affects the degradation
process.

Thermal oxidative degradation is accompanied by
breakdown of gel structures and decrease in the mo-
lecular weight of the polymers, so that solutions of
low-molecular-weight polymers can be obtained. Such
solutions prepared from solid rubber production
wastes can be used for modification of bitumens,
production of film-forming substances, mastics, and
sealants, protective treatment of wood items, etc.

For example, low-molecular-weight copolymers
can be used in production of composite drying oil.
Its optimal composition is as follows (wt %): poly-
diene-M (copolymer based on styrene and unsaturated
compounds of toluene distillation bottoms from pro-
duction of butadiene rubber; for synthesis description,
see [8311]; the product is commercially available)
44.0, degraded butadiene3styrene rubber 5.0, siccative
6.0, and solvent(Nefras S-4-150/200) 45. Coatings
obtained from this composite drying oil exhibit satis-

Fig. 2. Degree of dissolutionA of BS-65 (A) coagulum
vs. degradation timet. 90oC, solvent toluene, 2.0 wt %
isopropylbenzene hydroperoxide based on coagulum.
(1) FeCl3, (2) NiCl2, and (3) CoCl2.

factory properties (Table 2), and this material can be
used in production of paint-and-varnish materials.

The hydrocarbon solution of degraded SKS-30
ARK rubber can be used for preparing a cold-curable
two-component sealant which shows promise for
industry and civil engineering, and also for sealing
airport pavement seams. To prepare the first com-
ponent, low-molecular-weight polyethylene and in-
dene3coumarone resin are dissolved at 953100oC with
continuous stirring in a toluene solution of degraded
SKS-30 ARK rubber, which is followed by distillation
of the solvent to 60370 wt % content of the nonvola-
tile fraction and addition of the antioxidant.

As the cross-linking component we used polyiso-
cyanates (3.035.0 wt %).

The major advantage of this sealant is the absence
of shrinkage, which is due to the chemical reaction of
the isocyanate groups with the hydroxy and carbonyl
groups:

R3N=C=O + R3OH 6 R3O3C3NH3R,
gggg
O

``

R3N=C=O + R3COOH 6 R3C3NH3R + CO2.`

gggg
O

`

Carbon dioxide released in the reaction imparts
high porosity to the sealant, eliminating any shrinkage.

Table 2. Properties of coatings based on composite drying oil
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³Testing results
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
Color on iodometric scale (IMS units)³ 7003800
Viscosity by VZ-246 viscometer, s ³ 25328
Bending strength, mm ³ 1
Hardness by ME-3 ³ 0.1
Time of drying to degree of dryness 3, h³ 24
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
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The performance characteristics of the sealant are
as follows:

Working life after component mixing, h 1.5
Curing time, h 24
Cohesion strength, MPa 0.630.7
Relative elongation at cohesion break, % 2503270
Adhesion to concrete, MPa 0.5
Brittle point, oC 360

CONCLUSIONS

(1) The optimal concentration of the hydroperox-
ide is 0.636.0 wt % based on coagulum, and the opti-
mal temperature, 503100oC.

(2) The degradation rate depends on the styrene
content in the coagulum. The higher the styrene con-
tent, the longer the process.

(3) It is appropriate to perform degradation of
high-styrene coagulums on catalytic systems contain-
ing Co(II) or Ni(II) salts; in this case, the degradation
time is shorter.

(4) The resulting hydrocarbon solutions of low-
molecular-weight copolymers can find wide use in
production of paint-and-varnish materials, mastics,
sealants, and also as components of polymeric-con-
crete and asphalt formulations.
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Abstract-Oxygen-containing compounds that are present in straight-run kerosenes produced by the Kinef,
Ltd. were identified by chromato-mass spectrometry.

The presence of olefins and of oxygen-containing
and other heteroatomic compounds in gasolines, kero-
senes, and diesel fuels, as a rule, deteriorates their
stability in storage and use. At the same time, some
oxygen-containing compounds (e.g., phenols) play a
positive role, behaving as antioxidants. Some sulfur-
and nitrogen-containing compounds present in these
fuels (especially in kerosenes and diesel fuels) also
play a positive role as polyfunctional additives (anti-
wear, antiscuff, dispersing, etc.).

By now, no qualitative and quantitative data are
available on the content of molecular oxygen and
composition of oxygen-containing compounds in jet
fuels (kerosenes). Obtaining such data was the goal
of this work.

EXPERIMENTAL

Straight-run kerosene (TS-1) samples (nos. 1, 2)
were used.1 Molecular oxygen dissolved in these
fractions of TS-1 fuel (sample nos. 1, 2) was deter-
mined chromatographically [1]. Hydroperoxides in
kerosene fractions were determined by iodometric
titration [2, 3]. Oxygen-containing compounds were
concentrated with a Diapak silica gel cartridge (Bio-
khimMak, Moscow).
ÄÄÄÄÄÄÄÄÄÄ
1 Straight-run samples of kerosene (TS-1) produced by the Ki-

rishinefteorgsintez, Ltd. from a commercial mixture of West-
Siberian crude oils were taken May 24, 2001, from the AT-6
unit. Sample no. 1 was the process feed before the storage
tank of the AT-6 unit, and sample no. 2, the process feed after
this tank, at the inlet of the feed pump.

The cartridge was washed withn-hexane, and
100 ml of a kerosene fraction to be analyzed was
passed. Then the cartridge was repeatedly washed
with n-hexane and dried in a nitrogen flow. The ex-
tracted oxygen-containing compounds were eluted
from the cartridge with 5 ml of methanol. The meth-
anol extract was evaporated in a nitrogen flow to a
volume of 1 ml and analyzed by chromato-mass spec-
trometry.

A mass-spectrometric analysis of the extracts of
TS-1 kerosene fractions was performed with an MD
800 device (Fisons, USA). To indetify compounds
present in these extracts and giving resolved or par-
tially overlapping peaks in the chromatograms, we
used the MassLab and AMDIS software, with the
electronic libraries of the mass spectra. The programs
provide for calculation of the direct and inverse pa-
rameters of similarity of the experimental and refer-
ence mass specrta. When identifying individual com-
pounds, we took into account the general similarity
parameters of the mass spectra of the detected com-
pounds and the reference mass spectra, the identity
of the molecular peaks in the spectra being com-
pared, and the similarity of the relative intensities
of the major peaks in the mass spectra being com-
pared (difference of no more than 20330% was ad-
missible), and also the results of running the expert
modulus of the AMDIS program. These criteria allow
identification of individual compounds or group iden-
tification.

The content of dissolved molecular oxygen was
1.70 1033 M in sample no. 1 and 1.90 1033 M in
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Fig. 1. Comparison of chromatograms of kerosene extracts.
Sample nos. (a) 1 and (b) 2. (A) Signal intensity and (t) re-
tention time; the same for Fig. 2.

sample no. 2. This value is well consistent with the
volume fraction of oxygen in components of gasolines
produced by Kinef (2.334.6% [4]) and are somewhat
higher than the corresponding values for the diesel
fuel (1.634.1%). As shown by special experiments,
the solubility of oxygen in the samples under consid-
eration was 5.1% (2.30 1033 M) in the case of their
saturation with air. Thus, in the course of oil refin-
ing on AT-6, the kerosine fractions are not saturated
with oxygen. We found that the limiting solubility
of molecular oxygen increases in the order diesel
fuel (4.4%) < kerosene (5.1%) < benzine (6.5%).

The concentration of hydroperoxides in sample
nos. 1 and 2 was as low as 1.30 1034 and 50 1035 M,
respectively, i.e., the extent of hydrocarbon oxidation
in the examined kerosene fractions is very low.

The total chromatograms of the kerosene extracts
are shown in Fig. 1, and the initial and final sections
of a chromatogram of the extracts of oxygen-contain-
ing and other heteroatomic compounds, in Figs. 2a
and 2b.

The identified heteroorganic (mainly oxygen-
containing) compounds corresponding to the major
peaks in the chromatograms of the extracts of sample

Fig. 2. (a) Initial and (b) final sections of a chromato-
gram of the kerosene extract. For peak identification, see
Table 1.

nos. 1 and 2 are shown in Fig. 1. It is seen that the ker-
osene contains a wide variety of organic compounds
C73C12: paraffinic and naphthenic alcohols and ke-
tones, aromatic alcohols (alkylphenols), and one of di-
alkylpyridines. Identification of individual compounds
is not always possible because of the close similarity
of the mass spectra of structurally similar compounds
(isomers). Therefore, many peaks are assigned in
Table 1 not to a definite compound, but to unknown
representative(s) of a certain group of isomers.

It should be noted that carboxylic acids were not
detected in noticeable amounts. On the whole, the
content of various groups of oxygen-containing com-
pounds in kerosene decreases in the order aromatic >
aliphatic > naphthenic compounds.

This relation differs from that observed in benzines
and diesel fuels. The content of oxygen-containing
derivatives of aliphatic and aromatic hydrocarbons in
kerosenes is intermediate between those in benzines
and diesel fuels (Table 2).

The total content of oxygen-containing compounds
in kerosenes (Table 1) is low and varies within rela-
tively narrow concentration limits: 0.001530.003%.
This parameter is approximately an order of mag-
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Table 1. Content of heteroorganic compounds in kerosenes
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Peak no. ³ ³ Empirical ³Contentc 0 105, wt %, in indicated sample
in the chro-³ Compound* ³ ³³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

matogram ³ ³ formula ³ no. 1 ³ no. 2
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

1 ³ Methylcyclohexanol ³ C7H14O ³ 1.6 ³ 2.7
2 ³ 2-Heptanone ³ C7H14O ³ 1.5 ³ 3.0
3 ³ 2-Methyl-2-heptanol or 2,5-dimethylhexanol³ C8H18O ³ 2.7 ³ 4.9
4 ³ Naphthenic alcohol or aliphatic ketone³ C8H16O ³ 1.4 ³ 2.7
5 ³ 2-Methyl-2-heptanone ³ C8H16O ³ 3.5 ³ 6.9
6 ³ Naphthenic alcohol ³ C8H16O ³ 6.1 ³ 13
7 ³ Methylethylpyridine ³ C8H11N ³ 4.6 ³ 6.2
8 ³ 2-Ethyl-1-hexanol ³ C8H18O ³ 18 ³ 34
9 ³ o-Cresol ³ C7H8O ³ 4.2 ³ 10

10 ³ Naphthenic ketone ³ C9H16O ³ 1.4 ³ 2.8
11 ³ Naphthenic alcohol or aliphatic ketone³ C9H18O ³ 2.6 ³ 5.2
12 ³ m- or p-Cresol ³ C7H8O ³ 7.0 ³ 16
13 ³ Aliphatic alcohol ³ C9H20O ³ 4.2 ³ 5.2
14 ³ Cyclohexylpropanone ³ C9H16O ³ 3.8 ³ 8.4
15 ³ Aliphatic alcohol ³ C9H20O ³ 7.5 ³ 12
16 ³ Xylenol** ³ C8H10O ³ 14 ³ 33
17 ³ Xylenol** ³ C8H10O ³ 4.4 ³ 7.5
18 ³ Xylenol** ³ C8H10O ³ 2.1 ³ 5.1
19 ³ C3-Alkylphenol*** ³ C9H12O ³ 5.9 ³ 14
20 ³ C3-Alkylphenol*** ³ C9H12O ³ 7.6 ³ 17
21 ³ C3-Alkylphenol*** ³ C9H12O ³ 3.7 ³ 7.1
22 ³ C3-Alkylphenol*** ³ C9H12O ³ 2.2 ³ 3.8
23 ³ C3-Alkylphenol*** ³ C9H12O ³ 5.9 ³ 13
24 ³ C3-Alkylphenol*** ³ C9H12O ³ 5.5 ³ 12
25 ³ C3-Alkylphenol*** ³ C9H12O ³ 2.9 ³ 6.4
26 ³ C4-Alkylphenol**** ³ C10H14O ³ 2.5 ³ 5.7
27 ³ C3-Alkylphenol*** ³ C9H12O ³ 8.3 ³ 16
28 ³ C4-Alkylphenol**** ³ C10H14O ³ 4.07 ³ 9.56
29 ³ C5-Alkylphenol***** ³ C11H16O ³ 5.6 ³ 12
30 ³ C5-Alkylphenol***** ³ C11H16O ³ 3.1 ³ 5.8
31 ³ C5-Alkylphenol***** ³ C11H16O ³ 2.8 ³ 6.5
32 ³ C6-Alkylphenol****** ³ C12H18O ³ 1.3 ³ 3.6
33 ³ C5-Alkylphenol***** ³ C11H16O ³ 0.93 ³ 2.2

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
* By Cn-phenols are meant phenols containing alkyl substituents withn carbon atoms (in total).

** One of isomeric dimethylphenols.
*** One of isomeric trimethyl-, methylethyl-, propyl-, and isopropylphenols.

**** One of isomeric tetramethyl-, dimethylethyl-, methylpropyl-, etc., phenols.
***** One of isomeric pentamethyl-, trimethylethyl-, dimethylpropyl-, etc., phenols.

****** One of isomeric tetramethylethyl-, trimethylpropyl-, etc., phenols.

Table 2. Content of oxygen-containing compounds of various groups in petroleum products
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Group
³ Relative content, wt % º

Group
³ Relative content, wt %

ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ¶ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄcomposition³benzine [133]³ diesel fuel [4]³ keroseneº composition³benzine [133]³diesel fuel [4]³ kerosene
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Aliphatic ³ 50358 ³ 133 ³ 21324 º Aromatic ³ 28335 ³ 50398 ³ 61366
Naphthenic ³ 15 ³ 0348 ³ 11 º Sum ³ 100 ³ 100 ³ 100
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
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nitude higher than that observed for diesel fuels
[(0.0536.5)0 1034%] but similar to that observed in
gasoline components in the course of their production
{(234) 0 1033% [4]} and in A-76 gasoline[in the ini-
tial state before storage] (the equivalent parameter,
content of [acetone-soluble resins,] is 1.9 mg ml31,
or 0.003% [5]).

Thus, data on the quantitative content of identified
oxygen-containing organic compounds and on their
qualitative composition (absence of acids), combined
with the results obtained in determining molecular
oxygen and peroxides, correspond to certain low
([natural]) extent of oxidation of petroleum hydrocar-
bon components.

CONCLUSIONS

(1) A total of 33 organic oxygen-containing com-
pounds C73C12 were identified in kerosene by GC3
MS, including paraffinic and cycloparaffinic alcohols
and ketones, alkylphenols with several alkyl substitu-
ents (up to C6 in total), and one of dialkylpyridines.
No carboxylic acids were detected.

(2) The content of oxygen-containing compounds
in kerosenes under consideration decreases in the
order aromatic > aliphatic > cycloaliphatic (naphthen-
ic) compounds. The total content of these compounds
does not exceed 1033%.
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Abstract-The kinetics of the reaction of aluminum hydroxide with dimethyl hydrogen phosphite in nitro-
benzene was studied.

Polymeric composite materials based on epoxy
oligomers are widely used in electric devices, TV
and radio equipment, building, mechanical engineer-
ing, and auto repair. Their substantial disadvantage is
high combustibility. It can be decreased by introduc-
ing a fireproofing compound, aluminum hydroxide. Its
use is preferable, because it forms no toxic products at
high temperatures, decreases the toxicity of the prod-
ucts of the polymer thermal decomposition, and re-
duces smoke formation.

However, introduction of aluminum hydroxide de-
teriorates physicomechanical characteristics of poly-
mers. We showed in [1] that this disadvantage can be
diminished by modification of aluminum hydroxide
(I ) with dimethyl hydrogen phosphite (II ). Further-
more, the fire-extinguishing properties of the novel
fireproofing compound are thus enhanced:

Al(OH)3 + P 6 Al3O3P3H + CH3OH.
e

i

q
CH3O

CH3O

O

e
H

e
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HO

HO

I II
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gg
OCH3
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In this study the kinetics of this reaction was ex-
amined.

EXPERIMENTAL

The reaction was performed in nitrobenzene at tem-
peratures in the range 1263146oC, maintained to with-
in +0.2oC with UTU-2 ultrathermostat. The mixture
was continuously stirred with removal of the methanol
formed. The reaction course was monitored potenti-
ometrically by the change of the phosphite concentra-
tion. The reaction was stopped by cooling to 235oC.

Under experimental conditions, when compound
I occurs mainly in the solid phase, its concentration
in solution is constant and equal to the solubility.
Therefore, the actual order of the reaction with respect
to I cannot be determined. The apparent reaction or-
der with respect toI is zero. In the experiments in

Fig. 1. Concentration of dimetyl hydrogen phosphiteII
cII vs. timet in the reaction with aluminum hydroxideI in
nitrobenzene. (a)c0

I = c0
II ; (b) c0

II (M): (1) 1.717, (2) 1.972,
(3) 1.991, (4) 2.245, and (5) 2.310. vI : vII : (a) (1) 1.0
and (2) 2.0; (b) (1) 1.125, (2) 1.0, (3) 0.717, (4) 0.883,
and (5) 0.853.
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Kinetic parameters of the reaction of aluminum hydroxideI with dimethylphosphiteII in nitrobenzene*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

Amounts of reagent, mol³
Molar ratio I : II

³
c0

II , M
³

T, oC
³ V0 0 1033, ³

kap, s31ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ ³ ³ ³ ³
I ³ II ³ ³ ³ ³ mol l31 s31 ³

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
Determination of the reaction order with respect to Dimethyl hydrogen phosphite

0.099 ³ 0.088 ³ 1.125 ³ 1.717 ³ 146 ³ 0.001415 ³ 7.81260 1034

0.100 ³ 0.100 ³ 1.000 ³ 1.972 ³ 146 ³ 0.001527 ³
0.099 ³ 0.112 ³ 0.883 ³ 2.245 ³ 146 ³ 0.001810 ³
0.099 ³ 0.116 ³ 0.853 ³ 2.310 ³ 146 ³ 0.001948 ³
0.071 ³ 0.099 ³ 0.717 ³ 1.991 ³ 146 ³ 0.001691 ³

Determination of the total reaction order
0.100 ³ 0.100 ³ 1.000 ³ 1.9724 ³ 146 ³ 0.001527 ³ 7.93050 1034

0.070 ³ 0.070 ³ 1.000 ³ 1.4265 ³ 146 ³ 0.001295 ³
0.050 ³ 0.050 ³ 1.000 ³ 0.9880 ³ 146 ³ 0.007421 ³

Confirmation of the total reaction order
0.100 ³ 0.100 ³ 1.000 ³ 1.9800 ³ 136 ³ 0.00871 ³ 4.55430 1034

0.100 ³ 0.100 ³ 1.000 ³ 1.9970 ³ 126 ³ 0.006125 ³ 2.76950 1034

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* All calculations were performed by the least-squares method;c0

II is the initial concentration ofII , V0 the initial reaction rate,
and kap the apparent reaction rate constant.

which the initial concentrations ofII and the amount
of the diluent were constant and the amount ofI
was varied, the kinetic dependences were virtually
the same (deviations were within the experimental
error) (Fig. 1a). This confirms the apparent zero or-
der with respect toI and shows that the reaction
proceeds in the solution bulk, rather than on the

Fig. 2. Dependence logV03logc0
II plot for the reaction be-

tween aluminum hydroxideI and dimethyl hydrogen phos-
phite II : (1) determination of the reaction order with re-
spect toII and (2) determination of the total reaction order.

Fig. 3. Variation with time t of dimethyl hydrogen phos-
phite II concentrationcII in the reaction with aluminum
hydroxide I in nitrobenzene at the equimolar ratio of re-
actants (146oC). c0

II (M): (1) 1.4265 and (2) 0.988.

surface of aluminum hydroxide. Otherwise, larger
amounts ofI in the reaction mixture and hence the
increased contact surface area would accelerate the
reaction.

To determine the reaction order with respect toII ,
we measured the initial reaction rates at the same
amounts ofI and the initial concentrations ofII varied
in the 1.71732.31 M range (see table andFig. 1b).

The partial reaction order with respect toII was
determined from the logV0 = f (log c0

II ) plot (Fig. 2).
As seen from Fig. 2, the slope of the straight line is
equal to 1, i.e., the reaction is first-order with respect
to II . Taking into account the pseudo-zero order with
respect toI , the total reaction order is also close to
unity. The linear equation

logV0 = log k + n1log cI + n2log c0
II

[here k is the reaction rate constant andn1 and n2
are the orders with respect toI and II , respectively
(under the experimental conditionsn1log cI = const)]
takes the form

logV0 = (33.1072+ 0.03898) + (1.083+ 0.124)logc0
II .

It follows from this equation that more precise
value of the apparent reaction order with respect to
II n2 is 1.08+ 0.12.

To confirm the obtained value of the total reaction
order, we performed experiments in which the initial
concentration ofII was varied, keeping the equimolar
ratio of reactants in the reaction mixture constant
(see table andFig. 3).
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For the set of the initial concentrations ofII , we
obtain the dependence

logV0 = log kap + nlog c0
II

= (33.1007+ 0.055) + (1.053+ 0.28)logc0
II

characteristic of first-order reactions. From this de-
pendence, the reaction rate constant (which is prob-
ably a function of the concentration ofI in the liquid
phase) was determined. The reaction rate is described
by the Arrhenius equation: the dependence logkap =
f (1/T ) is linear

log kap = log A + log a 0 103
0 1/T

= (5.277+ 0.878) + (33.525+ 0.561)0 103
0 1/T.

The activation energyEa found from this equa-
tion in the Arrhenius coordinates is 67.7 kJ mol31.
The activation entropy calculated by Eyring’s equa-
tion DS# is 3154.6 J mol31deg31, the activation free
energy DG# is 127.2 kJ mol31, and the enthalpy
DH # is 64.2 kJ mol31. The relatively smallEa and
DH # suggest that the reaction betweenI and II in-
volves formation of a highly structurized intermediate.

CONCLUSIONS

(1) The reaction of aluminum hydroxide with di-
methyl hydrogen phosphite in nitrobenzene is first-
order with respect to dimethyl hydrogen phosphite,
and the total reaction order is close to unity.

(2) The reaction proceeds in solution, rather than
on the aluminum hydroxide surface.

(3) The calculated activation parameters of the re-
action suggest the formation of a highly structurized
intermediate.
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Abstract-The possibility of preparing an ion-exchange fiber based on polycaproamide3polyglycidyl meth-
acrylate graft copolymers was examined. Specific features of phosphorylation of epoxy groups in grafted
polycaproamide3polyglycidyl methacrylate chains were revealed.

Natural and synthetic sorbents are widely used in
scientific research and engineering, in particular, for
treatment of exhaust gases and wastewater, with re-
covery of valuable substances. Chemisorbents are
especially effective for these purposes [1]. Among
the procedures developed for preparing ion-exchange
fibers, graft polymerization followed by polymer-
analogous transformations is one of the most promis-
ing [2, 3]. Preparation of ion exchangers by chemical
transformations involves certain problems: the proc-
esses are multistage; toxic compounds are used; mac-
romolecules of the initial polymers undergo partial
degradation; and the chemical transformation is in-
complete [4]. However, despite these drawbacks, it is
possible to introduce into the side chains new func-
tional groups by using polymer-analogous transfor-
mations and thus to prepare new polymeric materials
with valuable properties.

Among a wide variety of monomers used in graft
polymerization, mention should be made of glycidyl
methacrylate (GMA). Glycidyl methacrylate contains
reactive epoxy groups allowing subsequent polymer-
analogous transformations in grafted polycaproamide3
polyglycidyl methacrylate (PCA3PGMA) chains with
the aim to incorporate new functional groups into the
side chain of the copolymer [5].

In this study, we developed a procedure for prepar-
ing a complexing sorbent containing P3OH groups
from the graft copolymer by phosphorylation of
grafted PGMA chains.

As phosphorylating agent we used 1-hydroxyethyl-
idenediphosphonic acid(HEDP) C2H3(OH)[PO(OH)2]2,

a white crystalline powder, mp 1983199oC, readily
soluble in water and organic solvents. Owing to a
combination in the HEDP molecule of two phosphon-
ic acid groups capable of complexation in strongly
acidic solutions and hydroxyethyl group OH3C3CH3,
HEDP is a versatile complexing agent exhibiting com-
plexing power in a wide pH range [6].

To develop an efficient procedure for preparing an
ion-exchange fiber, we studied how the kinetic fea-
tures of polymer-analogous transformations of PGMA
affect the phosphorus content in the graft copolymer,
the degree of transformation of epoxy rings, and the
static exchange capacity (SEC).

Phosphorylation presumably follows the scheme

RÄOÄCH2ÄCHÄCH2 + R
.
OH6 RÄOÄCH2ÄCHÄCH2OH,

O
ei

gg

R
.

(1)
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PCA = [NHCH(CH2)4CO]n.

Addition to the unsymmetrical epoxy ring is regio-
selective:
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The RO group stabilizes the positive charge on the
b-carbon atom; as a result, normal addition occurs
with the formation of b-derivatives [8].

The heterophase reaction of the PCA3PGMA fiber
with an aqueous solution of HEDP is influenced by
such factors as HEDP concentration in solution, tem-
perature and time of phosphorylation, and use of cat-
alyst; the effect of each factor was studied separately.

The influence of HEDP concentration on the phos-
phorus content in the graft polycaproamide copolymer
(GPC) and conversion of epoxy groups is illustrated
by Table 1. As the HEDP concentration is increased
from 0.81 to 4.04 M, the phosphorus content in
the graft PGMA copolymer grows substantially. Fur-
ther increase in the HEDP concentration is not ap-
propriate, because the reaction decelerates. Further-
more, at HEDP concentrations higher than 4.86 M the
fiber undergoes partial degradation.

The kinetic parameters of phosphorylation are
listed in Table 2. These data show that the initial rate
of phosphorylation is high in the examined range
of HEDP concentrations. For example, the reaction
rate is 0.280 1034 mol l31 s31 at [HEDP] = 0.81 M,
and 0.830 1034 mol l31 s31 at [HEDP] = 4.04 M, with
simultaneous increase in the phosphorus content in
GPC to 2.7%. From the data obtained for the HEDP
concentration range 0.8134.04 M, we calculated us-
ing the procedure described in [7] the reaction order:
n = 1.92.

Data on the effect of phosphorylation temperature
on the content of phosphorus in graft PGMA copoly-
mer are listed in Table 3. These data show that phos-
phorylation occurs at a high rate. It should be noted
that, as the temperature is raised by 20oC, the reaction
rate increases by a factor of 1.8. From the temperature
dependence of the reaction rate constant, determined
from the kinetic curves, we calculated the activation
energy of the process:Ea = 51.74 kJ mol31. This value
is nicely consistent with published data [8].

The amount of incorporated phosphorus strongly
depends on the reaction time. The phosphorus content
in GPC increases during 300 min,after which the
process decelerates and fully stops in 350 min. Acid3
base catalysts can accelerate phosphorylation of grafted
PGMA chains. However, reactions of organophos-
phorus acids with epoxy compounds can also occur
in the absence of catalyst [8]. Pyridine tested as cata-
lyst had no appreciable effect on the phosphorus con-
tent in GPC. The phosphorus content was 2.9% at
a pyridine content of 1 wt % relative to the polymer
weight and 2.4% without pyridine; therefore, phos-
phorylation was performed without a catalyst.

Table 1. Influence of HEDP concentration on the amount
of phosphorus in GPCCP and on the conversion of epoxy
groups*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ

[HEDP], M ³ CP, % ³ Conversion, %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ

0.81 ³ 0.70 ³ 46.5
1.62 ³ 0.87 ³ 49.8
2.43 ³ 1.2 ³ 54.5
3.24 ³ 2.0 ³ 63.7
4.04 ³ 2.9 ³ 67.9
4.86 ³ 2.93 ³ 78.5

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
* PGMA concentration43%, t = 300 min, bath ratio 30, 90oC.

Table 2. Kinetic parameters of phosphorylation*

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

[HEDP], M
³

CP, %
³ Vin 0 104 ³ Vmax 0 104

³ ÃÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
³ ³ mol l31 s31

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
0.81 ³ 1.4 ³ 0.28 ³ 0.4
1.62 ³ 1.9 ³ 0.5 ³ 1.0
4.04 ³ 2.7 ³ 0.83 ³ 1.6

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* Reaction ordern = 1.92.

Table 3. Effect of phosphorylation temperatureTP on the
phosphorus content in GPC*

ÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

TP,³ CP, %, at indicated reaction time, min³Vmax0104,
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´

oC³ 50 ³ 100 ³ 150 ³ 200 ³ 250 ³ 300 ³mol l31 s31

ÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄ
70³ 0.8 ³ 0.9 ³ 1.0 ³ 1.3 ³ 1.5 ³ 1.5 ³ 1.4
80³ 1.25³ 1.6 ³ 1.9 ³ 2.0 ³ 2.3 ³ 2.5 ³ 2.0
90³ 1.5 ³ 1.7 ³ 2.0 ³ 2.3 ³ 2.5 ³ 2.98³ 2.6
ÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄ
* HEDP concentration 4.04 M.

Modification of PCA by graft polymerization was
performed in an emulsion of HMA monomer (2.35 M)
at 70oC for 60 min. The content of PGMA in the graft
copolymer was 43350 wt %. Subsequent polymer-
analogous transformations of grafted PGMA chains
allowed preparation of an ion-exchange fiber with the
following characteristics: SEC 3.96 mg-equiv g31,
relative breaking tensile load 24.3 cN tex31, breaking
elongation 34.8%. The proposed procedure for chem-
ical modification of PCA3PGMA allows preparation
of new polymeric materials based on PCA.

EXPERIMENTAL

Modification of GPC was performed by its treat-
ment with a 0.8434.86 M HEDP solution at 70390oC
for 503300 min in a flask equipped with a reflux con-
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denser. After phosphorylation completion, the result-
ing copolymer was thoroughly washed with distilled
water and dried to constant weight. The phosphorus
content in the fiber was determined according to [9].
The total activation energy was calculated from the
temperature dependence ofK.

CONCLUSION

Incorporation of the P3OH group into the side chain
of a macromolecule allows preparation of a fibrous
sorbent capable of ion exchange and complexation.
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Abstract-A series of binary catalysts based on oxides of zinc and variable-valence metals were tested in
synthesis of 2-methylpyrazine by catalytic dehydrocyclization of 1,2-propylene glycol with ethylenediamine.

The growing incidence of tubercular diseases calls
for improving the synthesis processes and increasing the
production of tuberculostatic means. One of the most
important antitubercular preparations is Pyrazinamide.

Its active agent, which is also the starting compound
for preparing low-toxic bacteriostatics [1], is pyrazine-
2-carboxamide, prepared by oxidative ammonolysis of
2-methylpyrazine (MP) [2].
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By now, fairly selective catalysts have been devel-
oped for oxidative ammonolysis of MP, allowing
preparation, depending on reaction conditions, of
either 2-cyanopyrazine [3] or 2-pyrazinamide [4] in
yields of 80% and higher; however, there are no com-
mercially acceptable procedures for synthesis of the
starting compound.

The existing routes to MP, involving synthesis and
subsequent dehydrogenation of 2-methylpiperazine [5]
or reaction of propylene oxide with ethylenediamine
at elevated pressure [6], are of no promise for com-
mercial production of MP.

One of efficient routes to MP can be catalytic de-
hydrocyclization of ethylenediamine with 1,2-propyl-
ene glycol.
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At present, the most frequently used cyclizing and
dehydrogenating catalysts for this reaction are those

based on oxides of Zn [739], Cu, or Cr(III) [10]; in
their presence, the yield of MP reaches 60370%. The
best results are obtained with catalysts prepared by
mixing the components to a pasty state, with subse-
quent extrusion and drying [8].

In this study, we tested MoO3-modified zinc oxide
catalysts prepared by such a procedure. The depen-
dence of the MP yield on the catalyst composition
and reaction temperature is illustrated by Fig. 1. We
found that the catalyst containing ZnO and MoO3 in
1 : 0.3 molar ratio ensures a yield of the target prod-
uct as high as 75380% in the temperature range
4203460oC.

However, we found that the catalysts prepared
by extrusion are rapidly coked and require frequent
regeneration, which results in the loss of mechan-
ical strength and, finally, in decreased yield of the
target product. The service life of such catalysts does
not exceed 10 h.

To prolong the service life of the zinc3molybde-
num catalysts and enhance their mechanical strength,
the catalysts were prepared by pelletizing with sub-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 12 2001

2126 BALPANOV et al.

Fig. 1. MP yield A vs. temperatureT. Catalyst ZnO3MoO3
prepared by extrusion; ZnO : MoO3 ratio: (1) 1 : 0.2,
(2) 1 : 0.3, and (3) 1 : 0.4.

Fig. 2. Effect of the granulometric composition of the
1 : 0.3 ZnO3MoO3 catalyst on the MP yieldA at 460oC.
(t) Time of catalyst operation. Grain size, mm: (1) 031,
(2) 132, and (3) 233.

sequent calcination. The results obtained with pelle-
tized catalysts were similar to those obtained with the
catalysts prepared by extrusion (see table). Although
the mechanical strength increased considerably, the
service life between regenerations decreased to 6 h,
probably owing to a decrease in the specific surface
area in the course of pelletizing.

MP yield at various compositions of binary catalysts. Feed
space velocity 120 h31

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Catalyst*
³ MP yield, %, at indicated temperature,oC
ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄ
³ 380 ³ 400 ³ 420 ³ 440 ³ 460 ³ 480

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄ
ZnO : MoO3:³ ³ ³ ³ ³ ³

1 : 0.2 ³ 23 ³ 27 ³ 34 ³ 42 ³ 37 ³ 30
1 : 0.3 ³ 58 ³ 63 ³ 74 ³ 82 ³ 79 ³ 67
1 : 0.4 ³ 53 ³ 57 ³ 62 ³ 55 ³ 50 ³ 44

ZnO : V2O5: ³ ³ ³ ³ ³ ³
1 : 0.2 ³ 22 ³ 31 ³ 40 ³ 45 ³ 37 ³ 31
1 : 0.3 ³ 30 ³ 46 ³ 58 ³ 50 ³ 43 ³ 35
1 : 0.4 ³ 27 ³ 39 ³ 49 ³ 47 ³ 38 ³ 34

ZnO : WO3: ³ ³ ³ ³ ³ ³
1 : 0.1 ³ 29 ³ 38 ³ 42 ³ 51 ³ 55 ³ 50
1 : 0.2 ³ 27 ³ 33 ³ 38 ³ 43 ³ 52 ³ 50

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄ
* Molar ratio of the components is given.

Data in the table also show that we failed to im-
prove the properties of zinc oxide catalysts by their
modification with vanadium and tungsten oxides.

The results obtained in dehydrocyclization of 1,2-
propylene glycol with ethylenediamine in the presence
of ZnO3MoO3 catalyst of the composition ZnO :
MoO3 = 1.0 : 0.3, prepared by granulation, deserve
attention. The service life of this catalyst between
regenerations, 20 h, is twice that of the catalyst pre-
pared by extrusion. It should be noted that the opti-
mal selectivity of this catalyst noticeably depends
on the grain size (Fig. 2).

EXPERIMENTAL

Extrudates were prepared according to [11]. To
obtain catalysts as pellets, the oxides were thorough-
ly mixed to uniform state and pressed at 100 atm
(catalyst with WO3, at 500 atm) in plunger dies with
cell size of 40 4 mm. Pellets were dried at 105oC
for 2 h, promoted with 1% MnSO4 and 3% H3PO4
solutions [11], and again dried under the same con-
ditions, with subsequent calcination in a muffle fur-
nace at 650oC for 1 h.

For granulation, we used ZnO and MoO3 with
particle size of 10340 and 40360 mm, respectively.
The oxides were mixed to uniform state and pellet-
ized in a cup granulator by spraying a 5% NaOH so-
lution in amount of 5320% of the mixture weight.
The resulting pellets were dried successively at 503

80 (2 h) and 1003150oC (2 h). The dried grains
were sieved to obtain 031-, 132-, and 233-mm frac-
tions and promoted similarly to the pellets prepared
by pressing. Then the grains were dried for 2 h at
250oC.

The catalyst (extrudates, pellets, or grains) was
charged in an amount of 150 cm3 into a straight-flow
reactor with a stainless steel tube (400 mm long,
20 mm i.d.), into which an equimolar mixture of
ethylenediamine and 1,2-propylene glycol, diluted
with 40 vol % water and preheated in a steam heater
to 2803300oC, was fed at a space velocity of 120 h31.
The reaction temperature was adjusted within 4203

470oC; the reaction products were cooled in the trap-
ping system.

MP was isolated from the reaction mixture as an
azeotrope with water {bp 97oC (737 mm Hg), MP
content 45% [12]}, from which the target product was
recovered by extraction with chloroform or diethyl
ether.
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The reaction course was monitored by GLC
(Chrom-5 chromatograph, flame-ionization detector,
25000 3-mm glass column, stationary phase 5% SE-
30 on Chromaton N-AW-HMDS, column temperature
100oC, vaporizer temperature 180oC, detector temper-
ature 190oC, carrier gas argon, flow rate 20 ml min31).

The constants of the isolated MP after distillation
(bp 135oC, nD

20 1.4967, d4
20 1.030) were consistent

with published data [13].

The mass spectrum of MP, taken on an MKh-1300
spectrometer (m/z 94, 67, 26, 39, 40, 53, 38, 42, 28,
41) confirms the structure of the synthesized MP [14].

CONCLUSIONS

(1) New zinc oxide catalysts modified with Mo,
V, and W oxides were developed and tested in syn-
thesis of 2-methylpyrazine from 1,2-propylene glycol
and ethylenediamine.

(2) The selectivity of the mixed oxide catalyst
ZnO3MoO3 (molar ratio 1 : 0.3) with respect to
2-methylpyrazine is as high as 75382% under the
optimal conditions (4203460oC).

(3) The Zn3Mo3O catalyst produced by granula-
tion has a considerably longer service life between re-
generations than the catalysts prepared by pelletizing
and extrusion.
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Mikhail Grigor’evich Voronkov
(To the 80th of his anniversary birthday)

On December 6, 2001, Academician Mikhail Gri-
gor’evich Voronkov was 80. In the same year of 2001,
50 years elapsed since his first paper appeared inZhur-
nal Prikladnoi Khimii (Russian Journal of Applied
Chemistry) (Zh. Prikl. Khim., 1951, vol. 24, no. 1,
p. 93). During the last 50 years he has published in
this journal exactly 100 papers.

Mikhail Grigor’evich Voronkov is a well-known
scientist, a specialist in chemistry of organoelement
compounds, organic, and physical organic chemistry.

From 1970 till 1994, Voronkov headed the Irkutsk
Institute of Organic Chemistry, Siberian Division,
Russian Academy of Sciences. Since 1995, he has
been an advisor of the Russian Academy of Sciences
and headed the Laboratory of organoelement com-
pounds of the same institute.

Voronkov’s scientific life has been very successful.
A disciple of three prominent chemical schools headed
by academicians A.E. Favorsky, N.D. Zelinsky, and
V.N. Ipatyev, Mikhail Grigor’evich has carried out
fundamental investigations in the field of chemistry of
organosilicon and other organoelement compounds,
organic derivatives of sulfur (one of reactions involv-
ing these compounds is named after him), and un-
saturated and heteroatomic organic compounds. He
has created a new field of the chemistry of silicon-

bioorganic chemistry.

Voronkov’s basic research in the field of chem-
istry, physical chemistry, biology and pharmacology
of silatranes, and other compounds of hypervalent
silicon has received particularly wide recognition in
the USSR and abroad. Silatranes proved to be a new
class of physiologically active substances and have
already found wide use in agriculture and medicine.
In 1997, Voronkov was awarded the State Prize of
the Russian Federation for the creation and develop-
ment of the chemistry of pentacoordinated silicon.

Voronkov was the first in the USSR to commence
extensive studies of hydrophobization of various ma-
terials with organosilicon monomers and oligomers.
In 195231958, he developed methods for hydropho-
bization of building materials, metals, glass, paper,
woven fabrics, leather, and Circulite. In 1952, as a res-
ult of these investigations, the facade of the Mar-
ble Palace, the sculptural frieze of the Russian Mu-

seum, and a number of other sculptures and architectu-
ral decorations, and, later, facades of many other
buildings in Leningrad, were treated with water-proof-
ing agents. This was the beginning of water-proofing
organosilicon coatings in building practice.

Voronkov developed methods for paper sizing with
organosilicon compounds (Goznak factory, Leningrad,
1957); proposed an original organosilicon water-
repellent agent and developed effective water-proofing
agents MN and EN, which were manufactured at
the pilot plant of the Institute of Organic Synthesis,
Academy of Sciences of the LatvianSSR. He studied
the stability of water-proofing organosilicon coatings
against aggressive media, hydrothermal treatment, and
thermal-oxidative breakdown.

In 1981, Voronkov was awarded State Prize of
the USSR for the development and introduction of
polymolecular organosilicon coatings.

Voronkov and his co-workers were the first to
create dirt-repellent organosilicon coatings.

Organosilicon sorbents and ion-exchange resins
were for the first time synthesized on the basis
of carbofunctional organosilicon monomers of the
R(CH2)nSi(OR)3 type. Some of these sorbents are
used to recover from strongly diluted solutions and
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separate mercury, silver, gold, platinum metals and
rare-earth elements. Plasmochemical methods for de-
positing doped films of silicon dioxide or silicon ni-
tride onto the surface of semiconductor materials and
circuits have been developed. Other ways have been
found for using organosilicon monomers and oligo-
mers in microelectronics. For these developments,
Voronkov was awarded the Prize of the Council of
Ministers of the USSR in 1991.

Voronkov developed and introduced a number of
sulfide break-in, antiwear, and antiseizure lubricant
oil and motor fuel additives.

A versatile aqueous quenching medium, which re-
placed the previously used mineral oils, was put in
practice at the largest plants of the country.

Voronkov’s original designs were introduced into
practice in industry, agriculture, and medicine (bio-
stimulants, adaptogens, catalysts for microbiological
synthesis, water-repellent and bioprotective organo-
silicon coatings, sorbents and ion-exchangers, special
materials for microelectronics. Versatile aqueous
quenching medium, lubricant oil additives, hydro-
dynamic resistance3reducing polymers, materials for
special technologies, etc.). A number of original med-
ical products having no analogues world medicine
(feracryl, argacryl, acizole, trecrezan, silakist, silim-
ine, dibutyrine, cobasole, sibusole, etc.) have been
created under his supervision.

In 1983, Voronkov was given the rank of[Honorary
Chemist of the USSR] and his name was put into
the Book of Honor of the Ministry of Chemical In-
dustry of the USSR.

The results of sixty years of Voronkov’s investiga-
tions are reflected in more than 2000 scientific papers,
of which 200 have been published abroad, in 45
monographs (of which 15 have been published in
the US, UK, Japan, GDR, Poland, Romania), and also
in 60 reviews published in national and foreign edi-
tions and in wide variety of popular-science articles.
He received about 500 USSR Inventor’s Certificates
and more than 50 foreign patents.

Voronkov combined his intensive scientific work
with extensive scientific-organizational and public
activities. In 197031994, he headed the Institute of
Organic Chemistry, Siberian Division, Russian Acad-
emy of Sciences; from 1973 till 1984, he was deputy
chairman of the Presidium of the Eastern-Siberian
Branch (later, Irkutsk Scientific Center, Siberian Divi-
sion, Academy of Sciences of the USSR); in 19823

1989, he was director general of Khimiya research-
and-production association. In 1965, he became dep-
uty chairman, and in 1986, chairman of the Scientific

Council for [Chemistry and Technology of Organic
Compounds of Sulfur] of the State Committee for
Science and Technology of the USSR (later, Ministry
of Industry, Science, and Technology of the Russian
Federation). He is also an expert for science and tech-
nology of this ministry. Voronkov was elected a cor-
responding member of the Academy of Sciences of
Latvian SSR in 1966, a corresponding member of
the Academy of Sciences of the USSR in 1970, and
full member of the Academy of Sciences of the USSR
in 1990. He is a member of the editorial boards of
Zhurnal Obshchei Khimii(Russian Journal of General
Chemistry) and a number of international journals.

The international recognition of Voronkov’s scien-
tific merits was manifested in that he was elected a
foreign member of the Latvian Academy of Sciences
(1992), corresponding member of Braunschweig sci-
entific society (FRG, 1976),honoris causadoctor
(Poland, 1975), member of the international society
for environmental research and health protection
SIRES (France), honorary member of Florida Institute
of Heterocyclic Chemistry (USA, 1998), and member
of the chemical societies of Japan and Latvia. He was
awarded a medal of the Academy of Sciences of
the Mongolian People’s Republic, Polar Star Order
and Friendship medal (Mongolia).

Mikhail Grigor’evich is a veteran of the Great Patri-
otic War, participant of the defense of Leningrad;
he was awarded Orders of Great Patriotic War, Red
Banner of Labor, Peoples’ Friendship, For Services to
Motherland, and 18 medals.

Voronkov still demonstrates high capacity for work,
wide variety of original scientific ideas, broad scope
of scientific interests, great erudition, benevolent at-
titude toward colleagues, and inexhaustible humor.
Voronkov continues his scientific activities at Irkutsk
Institute of Chemistry, Siberian Division, Russian
Academy of Sciences. He is advisor of the Russian
Academy of Sciences and consultant of a number of
chemical plants, scientific centers, and institutes in
Russia, Ukraine, China, and Mongolia. Only during
the year of 1997, he reported on his most recent in-
vestigations at three international conferences, and
in 1998 and 2001, at two conferences each year.

The Editorial Board and Editorial staff ofZhurnal
Prikladnoi Khimii heartily congratulate Mikhail Gri-
gor’evich Voronkov, Doctor of chemical sciences,
professor, and academician, on his eightieth birthday
and wish him sound health, happiness, and further
success.

Editorial Board and Editorial staff
of Zhurnal Prikladnoi Khimii
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IV Scientific Conference [Development of Russia’s Rare-Earth
Industry on the Basis of Loparite]

IV Scientific Conference[Development of Russia’s
Rare-Earth Industry on the Basis of Loparite] with
more than 110 participants from Russia, Ukraine,
Kazakhstan, Estonia, and Austria was held in St. Pe-
tersburg on May, 22324, 2001. This event was in-
itiated by the Institute of Chemistry, Kola Scientific
Center, Russian Academy of Sciences; Rosredmet AO
(St. Petersburg), and Administration of Murmansk
Oblast on whose territory lies a unique deposit of
loparite ores. The main effort in organizing the con-
ference was made by Rosredmet AO, a company that
expressed most earnest intention to create a plant for
manufacturing of tantalum, niobium, titanium, and
rare-earth products on the basis of this deposit.

The preceding[loparite] conference was held more
than ten years ago, when the USSR was one of the
largest world’s manufacturers of rare-earths, and the
Lovozero deposit of loparite stably provided its raw
materials to satisfy country’s demand for tantalum,
niobium, rare-earths and, in part, titanium. Coopera-
tion of the Lovozero ore mining and processing
combine, Solikamsk magnesium plant, Slantsekhimi-
cheskii plant (Estonia), Ul’binsk metallurgical and
Irtysh chemical-metallurgical plants (Kazakhstan)
enabled manufacture of a wide assortment of products
for electronics and electrical engineering, ferrous and
nonferrous metallurgy, nuclear power engineering,
petrochemistry, optics, and many other industries.

After 1991, stable connections between the plants
were disrupted, part of the plants is out of action, and
loparite manufacturer-Sevredmet AO is going bank-
rupt. Here, the largest Russia’s tantalum reserve is
concentrated: the Karnasurt mine is to serve during
30 years, and the Umbozero mine is provided with
resources for 50 years. The loparite concentrate from
Lovozero has been and still is the main source of
niobium in the country. It contains 25% of the total
Russia’s reserve of rare earths. The titanium com-
ponent of the loparite concentrate is also of vital
importance.

Possessing the necessary raw material resources
and substantial scientific potential, we virtually do not
produce tantalum, and, as regards such a fundamental-
ly important parameter as niobium consumption per

ton of steel, Russia is exceeded by a factor of 6 by
the European Community, 9-fold by the US, and by
a factor of 11 by Japan. Rare-earths are virtually not
produced at all. All this leads to a pronounced de-
pendence of the country from foreign markets and,
undoubtedly, could serve to exert pressure on the
country in a complicated situation.

The conference program included 40 oral and 17
poster presentations. Three reports concerned with
the basic problems considered at the conference were
delivered at plenary sessions.

V.E. Kalinnikov’s report (Apatity), opening the
scientific part of the conference, made a brief histor-
ical review of the chemical technology of loparite.
It emphasized that the complex nature of the raw
material containing more than 80% valuable compo-
nents required a combined approach to its processing
and was a real challenge to chemists-technologists and
specialists in closely related fields. Solving this prob-
lem required many years’ effort of scientists headed
by Ya.G. Goroshchenko, who laid foundation of acid
methods for loparite concentrate processing. Then,
during decades, technological schemes have been
under development, which employed a wide variety of
mineral acids, depending on plant location, economic
situation, and necessity for manufacture of one or
another product. The report compared the advantages
and disadvantages of these schemes and the constit-
uent operations and mentioned important scientific
advances made in their development. The author
formulated basic principles of construction of the op-
timal schemes for processing of complex titanium3

rare-earth raw materials, having emphasized that the
schemes must be combined to ensure the necessary
and readily reshaped assortment, product quality, and
environmental safety.

As the most efficient way to exploit the mineral
resources of the Kola peninsula, the report considered
the possibility of creating a regional ore mining and
processing combine intended for maximum intensifi-
cation of processing of conventional and new types
of rare-earth raw materials.

A.V. Elutin (Moscow) considered in his report the
state and prospects of the market of processed loparite
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concentrate and the economy of their manufacture by
various technological schemes. He noted that the ores
of the Lovozero loparite deposit have been and still
remain the main source of niobium, tantalum, and
rare-earth products in the country, but only Lovozero
mining company (LGK) and Solikamsk magnesium
plant (SMZ), processing loparite by the chlorine meth-
od, remained in the chain from the previously exist-
ing, well-developed system of plant cooperation.
A study of prospects for development of the market
of finished products of the technology indicates an
unlimited demand on the foreign markets for the tan-
talum and niobium components, excess of demand for
rare-earths over their supply, and the expected in-
crease in the domestic demand for tantalum, niobium,
and rare earths by 2005.

The report proposed a scheme for meeting the de-
mand with account of the capacity of reserves of these
metals. The scheme is based on raising the manufac-
ture of loparite, use of the production capacity of Sil-
met AO (Estonia), and creation of a new plant for
concentrate processing in Russia. According to the
author’s estimates, the nitric acid3chloride technology
seems to be the most promising in this regard. The
report presented the results of economic calculations
confirming the efficiency of the future enterprise.

The problem of the present state of the analytical
facilities of the rare-metal industry and, in particular,
of the analytical monitoring of the quality of the lo-
parite concentrate and products of its processing were
considered in the report presented by Yu.A. Karpov
(Moscow). Analyzing the general trends in the devel-
opment of analytical chemistry-transition from labor-
consuming and slow classical chemical methods to
high-performance instrumental techniques, he noted
that the leading research institute of the industry and
a number of plants participating in loparite processing
were equipped with modern precision analytical in-
struments. In the author’s opinion, the simultaneous
presence in loparite of a wide variety of elements
imposes quite a number of stringent and specific re-
quirements on the analytical monitoring and makes
more important atomic emission, atomic absorption,
and X-ray fluorescence techniques. A prominent place
is occupied by the atomic emission analysis with in-
ductively coupled plasma, determining separately
simultaneously present rare-earth elements by means
of modern software. Analysis of high-purity objects,
whose share in products obtained by processing rare-
earth-metal raw materials is growing all over the
world, is made by mass-spectrometric techniques.
A specific feature of plasma mass-spectrometry is its
versatility enabling quantitative analysis for a wide

variety of elements with large to ultrasmall content
and determining the isotopic composition of samples.
A separate problem mentioned by the author is fabrica-
tion of reference composition samples, updating of
the regulating documents, and accreditation of lab-
oratories.

T.Yu. Usova (Moscow) analyzed the state of the
world market of tantalum, niobium, and rare-earth
elements of the cerium group and considered the rea-
sons for a dramatic increase in prices of tantalum-
containing ores and final products. Of particular in-
terest was the report by L.Z. Bykhovskii (Moscow),
concerned with the importance of loparite ores in
the mineral resources and manufacture of rare metals.

Undoubtedly, manufacturers of tantalum and niobi-
um products are working at improving their quality
in order to reduce their cost and use them in new
fields of technology. The influence exerted by the
market of final products on the technology of tantalum
and niobium was revealed in a report by E.G. Polya-
kov (St. Petersburg). M.A. Polyakova (Moscow) con-
sidered in her communication new fields of use of
rare-earth metals of the cerium group. One of, un-
doubtedly, the most important issues concerning the
technological and economic prerequisites for efficient
work of a plant for loparite concentrate processing
was discussed in a report by Z.D. Gritsai (St. Peters-
burg).

An objective assessment of investments in the de-
velopment of mineral resources of the Lovozero de-
posit for obtaining titanium, tantalum, niobium, and
rare-earth products is impossible without analyzing
the state of the mining facilities for manufacture of
the loparite concentrate. The problems and prospects
of the mining facilities of the Lovozero deposit were
considered in a detailed report by I.I. Bessonov (Apa-
tity). The report of A.I. Rakaev (Apatity) was con-
cerned with pretreatment of loparite ores before grav-
itational dressing, aimed at the maximum possible
recovery of valuable components at their minimum
possible disintegration.

New trends in creation of promising technological
materials on the basis of chemical compounds of tan-
talum and niobium were the subject of the report by
A.A. Titov (Moscow). The development of high-
capacity tantalum capacitor powders, conditions of
sodium-reduction of potassium heptafluorotantalate,
effect of subsequent treatment on the physical, phys-
icomechanical, and electrical characteristics of
powders and sintered capacitor anodeswere considered
in a report by V.M. Orlov (Apatity).
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Various methods for loparite concentrate decom-
position were reflected in a considerable number of
reports and gave rise to lively discussion. The main
ways of development, unused possibilities, and pro-
spects of the sulfuric acid technology of loparite and
its chemical and technological foundations were dis-
cussed in their reports by L.I. Sklokin and D.L. Mo-
lotov (Apatity); nitric acid decomposition of the lo-
parite concentrate, by A.N. Sviridov (Moscow); ni-
tric acid3hydrofluoride processing of loparite, by
S.V. Shestakov (St. Petersburg); nitric acid3hydro-
chloride technology, by V.A. Krokhin; chlorine tech-
nology, by A.V. Chub (Soikamsk); hydrochloride
technology, by A.I. Nikolaev (Apatity); hydrofluoride
technology, by L.I. Sklokin (Apatity); combined
processing of loparite, including nitric acid decom-
position, chlorine technology (fractionation and con-
densation) or hydrofluoride processing of the hy-
drated cake, by S.A. Pirkovskii (Moscow); and auto-
clave method of recovery with unconventional chlo-
rine-containing agents, by Yu.L. Garmazov (Irkutsk).

Despite the wide variety of the presented techno-
logical schemes for decomposition of the loparite con-
centrate, each having its own advantages and dis-
advantages, the nitric acid scheme is, not counting the
sulfuric acid and chlorine techniques, the best-devel-
oped and well-tried on the industrial scale. One of its
indisputable advantages is the reliable separation of
the rare-earth and rare-metal parts of the concentrate.
This, together with the high recovery of valuable com-
ponents, is a prerequisite for setting-up a plant for
processing of industrial products formed upon decom-
position to well-marketable commercial compounds of
tantalum, niobium, titanium, and rare-earth elements,
satisfying the requirements of the present-day market.

The conference participants paid close attention
to the report by F.H. Bayerhold, a representative of
Andritz AG Ruthner (Wien, Austria),[Pyrohydrolysis:
Basic Principles and Use in Non-Ferrous and ferrous
Metallurgy since the approaches used in his technique
are applicable to a HNO3/HF mixture and to fluoride
media formed in selective leaching of Nb, Ti, and Ta.
The report presented new developments of the com-
pany, intended for regeneration of a mixture of acids
(PYROMARS) or HCl.

Five interesting reports concerned with extraction
technology were presented by Institute of Rare El-
ement and Mineral Chemistry and Technology, Kola
Research Center, Russian Academy of Sciences
(IKhTREMS KNTs RAN), (Apatity). The extraction
recovery of tantalum and niobium compounds in hy-
drated cake processing in the technology of loparite

and joint tests of the proposed extraction technology
by Rosredmet AO and IKhTREMS KNTs RAN on
a pilot installation created by Rosredmwet AO at Sev-
redmet AO (Revda settl., Murmansk Province) were
discussed in two reports by A.I. Nikolaev; extraction
purification of fluorotitanium solutions for loparite
concentrate processing, by V.A. Tyuremnov; funda-
mental aspects of extraction of niobium, tantalum, and
titanium extraction with octanol, by I.V. Baklanova;
and extraction recovery of metals from solutions for
hydrochloric acid leaching of the loparite concentrate,
by N.I. Kasikova. The extraction technology of proc-
essing of rare-earth metal solutions obtained from
the loparite concentrate was considered byE.B. Mikh-
lin (FGUP Giredmet, Moscow).

Among poster reports, mention should be made of
a study of the crystal structure of loparite from the
Lovozero alkaline deposit (A.V. Arakcheeva, Mos-
cow) and the development of schemes for monitoring
analytically the processing of loparite concentrate and
the quality of final products(T.G. Kashulina, Apatity).

The reports on[Manufacture and Use of Non-
siliceous Ligatures in Industry] were delivered in a
special section. M.M. Verklov (Moscow), A. A. Kosi-
lov (St. Petersburg), and M.D. Lyubalin (St. Peters-
burg) considered in their reports the state and prob-
lems of manufacture of various alloys containing rare-
earth metals for creating new brands of construction
steels. Examples of successful use of products ob-
tained in loparite concentrate processing in manufac-
ture of nickel- and iron-based rare-earth ligatures were
given in a report byB.M. Freidin (Apatity). Thepro-
spects for use of industrial products and wastes of the
Severonikel’ combine in manufacture of complex rare-
earth ligatures were covered by A.G. Kasikov (Apa-
tity). Much attention was attracted by the report by
A.A. Vasil’ev (St. Petersburg) on the resumption of
manufacture of nonsiliceous complex ligatures on
nickel base and analysis of the state of their market in
Russia and CIS countries. The author demonstrated
that nonsiliceous complex ligatures, including rare-
earth metals, titanium, and niobium obtained from
loparite, ensure deep deoxidation and modification of
steel. As a result, the strength characteristics, impact
elasticity, wear resistance, cold-resistance of steel are
enhanced, its grain size becomes smaller, and casting
properties are improved.

During the conference, a round-table discussion
was organized, including more than 20 representatives
of industrial enterprises; it was recommended to ex-
pand the assortment of ligatures with account of cus-
tomers’ demand, pay attention to the quality of the
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starting raw materials, search ways to make lower the
ligature cost, analyze and generalize the comments of
plants using ligatures. The participants of the section
considered the first experience of discussion and opin-
ion exchange, involving specialists from the industry,
a success and proposed to use this form of conference
work in the future.

The discussion of the delivered reports on the final
day of the conference took, in fact, the shape of a
general discussion of the state of affairs in Russia as
regards the self-sufficiency of the country with respect
to such strategically important metals as tantalum,
niobium, titanium, and rare-earth metals. The speakers
noted that the recent decade resulted in substantial
changes in the market of rare metals-it increasingly
belongs to high-tech products with wide variety of
stringent and markedly different requirements to the
chemical and physical characteristics of materials on
rare metals. The participants spoke with anxiety about
the disruption of customary connections between those
who produce raw materials, process them, and manu-
facture final products, such as tantalum capacitor
powders, and emphasized the necessity for coordina-
tion among them and activation of scientific research
in this direction.

The resolution of the conference proposes that
the Kola Scientific Center, Russian Academy of Sci-
ences, and a number of other institutions should ini-
tiate setting a State program of interbranch research
into the problem of loparite mining and processing,
and efficient use of tantalum, niobium, andrare earths
in high-tech fields of industry. To assess the proposed
technological schemes of loparite processing, it is
advisable to use the services of a specialized design-
ing institute. The conference participants consider
it necessary to ensure state and financial support of
research and design work aimed to create a rare-metal
plant working on loparite from the Lovozero de-
posit.

A decision was made to request the Ministry of
Economic Development and the Ministry Industry and
Science of the Russian Federation to support the ef-
forts of plants that mine and process loparite at the
Lovozero deposit, which is presently the main source
of tantalum, niobium, and rare-earth metals in the
country, including Solikamskii magnievyi zavod AO,
Rossiiskie redkie metally AO, and Sevredmet AO.

E. G. Polyakov and L. P. Polyakova
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