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

Chromium dioxide, known as one tintermediaté by stepwise formation off andy chromium oxides,
chromium oxides, has a rutile structure. The ferroand fast decomposition to CgOoccurs at above
magnetic properties of the compound distinguistB6C°C. However, at temperatures below 320CrO,
CrO, from all other oxides ofl elements. The quad- is insufficiently stable in aqueous medium, chromium
ruple-charged state of chromium, demonstrated bgioxide may decompose to giy2CrOOH even under
neutron diffraction analysis [1], is one more distinc-elevated pressure of oxygen [16]. This temperature
tive feature of the compound. lies near the thermal stabilitymit of CrO, [4]. The

First syntheses of pure chromium dioxide werecommon  temperature of hydrothermal synthesis of

done by thermal decomposition of dry chromium(vi) €Oz is 350-400°C [5-11].

oxide in oxygen under elevated pressure [2, 3]. The The hydrothermal process A is commonly de-
T—po2 diagram of phase transformations in the seriescribed by the equation Ci3-> CrO, + 1/20,. Proc-
CrO3=CrO, g7 (B-oxide)}-CrO, 44 (y-oxide}-CrO,— esses of the type B were described by the equations
Cr,03 was described in [4]. Cr@is stable in oxygen Cr,O3 + CrO3 - — 3Cr0, and CpO3 + 3CrO; —
under a pressure of 10 MPa in the interval 2555CrO, + O, in [17], Cr,O3-3CrO;-H,O — 5CrO, +
280°C. At lower oxygen pressure, the limits of the O, + H,O in monograph [18]; the occurrence of the
narrowing range have not been determined preciselyprocess in two stages: &3 + 2CrO; — 3CrO, +
Later investigations of ways to synthesize chromiunCrO; (250°C, nucleation) and Cr@— CrO, + 1/20,
dioxide [5-12] were aimed at obtaining powders suit-(75°C, growth of CrG at nuclei) is reported in [10].
able for use in magnetic recording media. These wer@pparently, the proposed schemes are tentative and
hydrothermal syntheses in the presence of modifyingontradict some facts, e.g., the good solubility of
additives. A distinctive feature of the powders is thatchromium(VIl) oxide [19]. As modifying additives
their particles are small and needle-shaped. The coeserve compounds of Sh, Te, Sb + Fe, Te + Fe, Sn +
cive force of such a powder depends on the needlge, and Sn + Te + Fe. Their amounts per 100 mol
thickness. of chromium are in the range from 0.05 to 2.0 mol

Two main methods of hydrothermal synthesis arénd more in the case of iron(lll). A solid solution
known: from a CrQ\) + HZO mixture (procedure A) (CI’, FG)Q and phases with the rutile Stl’L!CtUI'e Sl.,ICh as
[5-7, 11] and from CrQ + Cr,03 + H,O mixture CrsSbQ, Cr,TeG;, FeSbQ, etc., and solid solutions
(procedure B) [810, 12]. The molar ratio Cr/kD is  on their base, e.g., (Cr, Fe)ShCare formed in the
commonly within the range 0-9.5 in procedures A course of the reaction [6, 20]. Already in [6], an as-
and B. The chemical aspect of these processes has beégimption was made that these compounds can serve
described incompletely. It is known that-CrOOH  as nuclei in chromium dioxide formation; however, no
and only trace amounts of CgCare formed at 300 experimental evidence in favor was presented. The
325°C from a dilute chromic acid solution (molar proposed model of three-stage heteroepitaxial forma-
ratio CrOy/H,O < 0.06) [14]. According to [15], the tion of CrG, in the presence of Sn + Te compounds
hydrothermal decomposition of CgOto chromium [21] was based on a comparison of the finite sizes of
dioxide under a pressure of 5200 MPa is preceded chromium dioxide crystals with the surface area of the
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7 o] ing and drying at 11%C. The rate of mixture heating
p 22 in the autoclave was 1050 deg min™.
=
. ig’ The onset of oxygen evolution in heating of mix-

ture A was recorded at 14%565°C in all the per-
formed 500 runs. As a result, a chromium chromate
5 500 ' 540 >80 solution with a Cr(VI) : Cr(lll) ratio close to 7 : 2 (or
T, °C with average oxidation state of chromium of 5.33) is
formed. Apparently, this is the same Cr(VI) : Cr(lll)
ratio as infB chromium oxide CrQ@ g7 well soluble in

---2onrgr g o e Ra g

Fig. 1. Average oxidation state of chromiurd, in solution
vs. the synthesis temperatuife Synthesis procedurel{

4) A and ©) B; the same for Fig. 2.1 5 SnG,-nH,0 + water [23]. An X-ray phase analysis (XPA) demon-
H,TeO, 2H,0, (2) Sh,0; + 7-Fe,05 (3) Sbh0s and strated the absence Bfoxide in the reaction products.
(4) no additives; the same for Fig. 2. In performing the reaction by procedure B, GO

Cr,03, and HO start to react in the stage of compo-
modifier-matrix (hydrated tin dioxide) and the amountnent mixing, and the mixture heats-up. At tempera-
of the second modifier, tellurium compound. In thetures below 200C such a mixture does not evolve
same communication a pathway of the hydrothermabxygen (to within the experimental error). The
reaction A via formation of a chromium chromate Cr(VI) : Cr(lll) ratio in the soluble part of the product
solution was reported. As noticed previously [22], thisis the same as in synthesis by procedure A.

pathway is rather similar to that of reaction B. In this £ 10 1 presents the average oxidation states of
work, reaction A is analyzed in more detail and &y omiym in centrifugates, determined for a number
reaction by pathway B is described for the first time.gy\heses of types A and B at LEVPC. The results
The obtained additional data make possible a morgre jndependent of the presence of additives or, as
thor(_)ugh des_crlptlon of_ th_e process mechanlsms, ishown below, of whether or not CEOCrOs, or y
cluding detailed description of the mechanism Ofcpromium oxide are contained in the reaction prod-
modifying action of addltlve_s, and conS|dera_t|_on of ycts. The mixture of products obtained at 30MC°C
methods_ for control over size and composition ofg 5 pumice-like solid mass. According to XPA, this
nanoparticles. mass is practically pure chromium dioxide. Some
All experiments were performed in a 0.5-] products of this kind were subj_ecteo_l to dry _miII_ing,
Cr17Ni13Mo2Ti steel autoclave in which a quartz testvet grinding, and multiple washing with centrifuging.
tube with a mixture to be decomposed was placedlhe starting portion of a powder was about 200 g;
The experiments by procedure A were performed withvashing Was terminated at a chromium content of
the molar ratio Cr/HO = 0.9, and those by proce- 10 mg I'" in the centrifugate. The total amount of
dure B, with Cr(V1) : Cr(lll) : H,0 = 0.41:0.27 : 1.0. Washing water was varied within-8 I, and the total
The modifying additives were introduced in preparingcontent of chromium in the centrifugate was in the
the paste. In all cases the ratio of the total amount df2nge from 0.2 to 6.0 g. The average oxidation state
chromium compounds to the autoclave volume (witt?f chromium in washing water varied between 5.23

correction for the test tube material volume) wasnd 5.44.

0.5 mol I'Y. The reaction product was washed out of Thus, there exists a mother liquor from which

the test tube with subsequent centrifugation in synehromium dioxide is formed. The initial concentration

thesizing a viscous paste or was extracted from thef chromium in the solution is as high as 10 M. This

tube by breaking it into pieces, with subsequent grindsolution is the same for synthesis procedures A and B,
the Cr(VI): Cr(lll) ratio in the solution is close

Table 1. Chromium oxides isolated from products of GrO to 7: 2.

hydr(_)thermal_ decomposition performed withc_)ut modifying Data on solid products obtained by hydrothermal
additives  is number of moles of chromium) decomposition of pure chromium(VI) oxide (proce-

Synthe _ dure A, no modifiers) are presented in Table 1. At
sisno| ¢ | ©h Solid products ns/Miy ~ 263°C, 35% of the initial amount of CrQis con-
verted intoy chromium oxide. This conclusion is
628 205 | 6.0 |Not formed 0 made on the basis of gravimetric analysis and XPA of
633 | 253 | 6.8 |Chromium y-oxide 0.35 a dried precipitate. With the temperature increasing to
630 | 269 | 7.5 |Chromiumy-oxide,CrG| 0.45 269C, 45% of the starting CrQis converted into

oxides to give a mixture of chromium-oxide and
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HYDROTHERMAL SYNTHESIS OF CHROMIUM DIOXIDE 3

dioxide. The content of Crg) evaluated on the basis Table 2. Solid compounds isolated from products of GrO
of the specific magnetization of the precipitate, wasydrothermal decomposition performed in the presence
about 10% of the total mass of oxides (Table 1, rurof antimony oxides ang-Fe,O;. Designations: S, Sk,,

no. 630). The final pressure in run no. 630 was asenarmontite; V, SjO;, valentinite; and G,y-Fe,03

high as 1&1 MPa, and the partial pressure of oxy-
gen, ca. 8 MPa. The latter was evaluated independentSYN- | qp . - | TYPE | T _
ly by two methods: from the residual pressure at the- | oo iatio| Of | o¢ | Solid products
room temperature and from the amount of gas passing§'s N0 S0,
through the gas meter in relieving the pressure. The

obtained temperatures of formation gfoxide and ;82 (2)56 _1952: 98 2 ;gg g*S;('(::&SCg)Sb@
CrO, under hydrothermal conditions are in good ag- 203 105-15:98 v |200 Nc;(deet'errgine(d)*
reement with the“‘non-hydrothermadl phase diagram 202 12602 vV |205 |V+(Fe,crsbq

of chromium oxides [4]. Since in the synthesis proce-
dure A oxygen starts to be evolved at about 150 ,
irrespective of the presence of modifiers, reduction of
Cr(VI) to Cr(lll) may favor formation of mixed oxides

Cr(ImSb(V)O,4 and Cr(ll,Te(VI)Og already at this eters of a Cy_,FeSbQ, solid solution atx < 0.4
temperature. Indeed, the use obHQ,-2H,0 al-  coincide with the parameters of CrSp@e0]. The
lowed isolation of CsTeQ; from the product of a xps spectra of a CrShphase synthesized by proce-
reaction carried out at 150. dure A at 197C demonstrated the absence of iron
With antimony(lll) oxides used as modifiers (in in the compounds, which conclusively excluded from
procedure A), mixed oxide CrShOis formed at a consideration the possibility that the lattice parameters
higher temperature than that observed for orthotelluriof CrSbQ, increase because of the iron(lll) impurity
acid. This process is limited by two factors: dissolu-in chromium(VI) oxide. XPS also revealed that the
tion of Sh,O5 and oxidation Sb(lll)— Sb(V). For entire amount of antimony is present in the form of
example, at a molar ratio Sb : Cr = 2 : 98 (with senarSb(V), with molar ratios Cr(lll)/Cr(VI) = 2.8 and
montite as modifier), a precipitate was isolated afteSb/Cr = 2.3. These results indicate that sugface of
synthesis at 19, composed of only spindle-shapedthe CrSbQ phase is enriched with antimony atoms,
monodisperse CrShQparticles; the weight of the presumably through their sorption from the mother
precipitate was less than 1/10 of that expected on thHeuor, and also with Cr(lll) atoms. There were no
basis of the reaction. The rest of antimony(lll) orthermal effects in the derivatogram of the sample.
antimony(V) was not isolated in centrifugation, butContinuous mass loss (7%) was recorded in the in-
was separated from a centrifugate allowed to stand fdaerval 200-800°C, presumably resulting mainly from
a year in the form of an §©,5 precipitate (ASTM dehydration of a preparation obtained under hydro-
21-51). Consequently, despite the dissolution of serthermal conditions. The complexity of the chemical
armontite at 197C, complete oxidation Sb(lll}»> composition of the oxide surface and the presence of
Sb(V) did not occur. Raising the synthesis temperawater in it can serve as an additional reason for the
ture to 228C allowed complete conversion of an- distortion of the X-ray characteristics of the prepara-
timony into spindle-like monodisperse CrSp@ar- tion, with the main reason being, presumably, the
ticles. However, centrifugation was also done in twaultradispersity of the CrSbg phase.

stages: immediately upon dissolving the product and g presence of iron(lll) oxide as a second additive

a year after. The dimensions of spindles synthesized gt qers the dissolution of antimony oxides (Table 2).
197 and 228C were the same within experimental gy whesis by procedure A at a temperature close to
error: length 86 and 91 nm, respectively; maximunbapc s also accompanied by a structural transforma-
thickness (diameter) 31 nm. tion in y-Fe,05. The relative intensities of lines in
XPA demonstrated a slight increase in interplanathe X-ray diffraction patterns of the startingFe,O3

spacings of the CrSb{phase, compared with the datawere in full agreement with those in the ASTM file
of [24]. This made necessary the refining of unit cell25-1402, being different, and described by ASTM file
parameters for CrShfQand FeSb(), for which pur- 13-458, for its undissolved part. Also, a phase was
pose preparations synthesized by the ceramic tecfermed with much larger, compared with CrSpHO
nology were used. XPA data for the purposefully syn-unit cell parameters. In all probability, the obtained
thesized phases [20] coincided with published eviphase is a solid solution (Fe, Cr)Sp@&hose com-
dence. Simultaneously, it was found that the paramposition cannot be interpreted using X-ray analysis

The precipitate mass was less than 2 wt % relative to modi-
fiers, which is insufficient for XPA.
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Ng/Ng; mate value of 36&10°C was determined. As indi-
10| ¥ Pt cated by experimental data, the completion tempera-
- L7 ture of the process is related to the partial pressure of
0.8} i oxygen and the Cr : kO ratio in solution. For exam-
: xd ple, in decomposition of the mixture by procedure B

with additives the formation of Cr@is practically
complete at 30TC, but in this case the partial pressure

0.6 : zf

o]
04 b / a2 of oxygen is approximately two times lower than that
. / o3 . .
|+ ?- ad in procedure A. The partial pressure release from the
oo b oo +5 autoclave in procedure A also leads to completion of
. Lo CrO, formation at 300C: Soluble chromium com-
[ / pounds found in washing the product constitute only

2% of the initial amount of Cr@

200 240 280 320 360 T,°C . . o
Fig. 2. Mole fraction of chromium in the oxides Gy, To the point of completion of crystallization, a

Cr0, 4, and CrQ, ngng, vs. temperatureT of hydro- considerable part of water is corjtalned in chromium
thermal synthesis.ng) Number of moles of chromium in chromate. For example, the partial pressure of water
the starting compounds anchgl number of chromium vapor for procedure A at 30C was estimated to be

moles in solid reaction products. Correction is made for 0.6-0.8 MPa, even though the amount of water in the
the |nteract|0n of the Star“ng chromium Compounds with autoclave was tWICG that necessary for reachlng the
modifiers. equilibrium vapor density and pressure of pure water

. . _ : 1 -
[20]. According to electron microscopy, the particles[25]: 46.2 g™ and 8.59 MPa. The final concentra-
of the isolated precipitate had a complex star-likgions of water vapor in the autoclave for procedures A
shape. and B at complete evaporation of water are 109.6 and

1 . .
CrO, is not formed yet in the course of reaction A1?’3'2 gl respectively, which enables complete
in the presence of senarmontite at 228 but at evaporation of water at 348 and 3&7[25]. Since in
P the latter case the formation of C§Gs complete at

250°C its amount is rather high. As in the case of ;
SnG,-nH,O + H,Te(,-2H,0 additives, chromium ?gggénthfoueire“al pressure of oxygen governs the

y-oxide CrG, 44 is not formed in the presence of an-
timony compounds. The temperature dependence of Thus, both procedures of synthesis involve crystal-
the degree of conversion of the starting chromiuniization of chromium dioxide from a chromium chro-
compound (CrQ in the given case) into oxides, mate solution.

Ng/Ngy, IS presented_in Fig_. 2. The onset temperature The majority ofn./ng, values in Fig. 2 wereleter-
of the conversion is estimated to be 2a35C. mined by weighingsthgzt Cr9precipitate with correc-
For syntheses by procedure B, Sn@H,O and tion made for the mass of the mixed oxide CrgbO
HyTeO,- 2H,0 additives were taken at a molar ratioThe strong deviation of threrg/ng; values from the
Sn:Te:Cr = 0.2:0.2:99.4. The only solid com-zero line in procedure B at 21@22°C is due to in-
pound found after synthesis at 2@is chromium(lll)  complete dissolution of GO5. For the case of decom-
oxide. Minor additions of tin and tellurium com- position by procedure A without additives, calculation
pounds were not detected on the background of chrgvas based on the results of gravimetric analysis of
mium(lll) oxide. The product synthesized at 2€2 chromium y-oxide and its mixture with CrQ Ap-
was CrQ in a mixture with CpOz. Chromium parently, the partial pressure of oxygen will be some-
y-oxide was not formed in this case, as also in proceyhat lower in obtaining chromium-oxide, compared
dure A W|th mOdIerrS. Pressure bUI|dup N the autO'\Nrth Cr02 formation_ However, the observed Sh|ft Of
clave was only recorded after CyQappeared. the two indicated points does not disturb the apparent
The temperature at which the formation of chromi-overall tendency for the partial pressure of oxygen to
um dioxide by pathway A was complete was detergrow in proportion to the increasing degree of conver-
mined from the coincidence of pressures in continuousion and temperature. Consequently, there exists a
heating of the autoclave at a rate of 150 defto relationship between the concentration, pressure, and
400°C and in subsequent cooling. The poor precisioremperature. As final temperatures of the process in
of gas gages gave no way of performing the measuréig. 2 are indicated 30C and the interval 350
ments with sufficient accuracy, and only an approxi-370°C. In the range 240270°C the temperature de-
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pendence of the degree of conversion is nearly linear. CONCLUSIONS

Lowering the partial pressure of oxygen (synthesis

by procedure A) leads to an increase in the amount (1) Hydrothermal decomposition of CgOand

of the solid phase in the attainment of chemical equiCrOs + Cr,O3 mixture to give CrQ passes through a
librium, i.e., in fact, to complete conversion at 380 Stage producing a chromium chromate solution with
T < 350°C. In synthesis by procedure B, the occurr-Cr(VI): Cr(lll) = 7:2.

ence of the second reaction, partial dissolution of (2) Crystallization of chromium oxides is gov-
the excess amount of chromium(lll) oxide, is possiblerned by an unambiguous relationship between the
in parallel with CrG crystallization, which restores partial pressure of oxygen and the concentration and
the Cr(VI) : Cr(lll) ratio in the solution; however, the temperature of the chromium chromate solution. For-
extent of this reaction is low. Even though XPA failedmation of CrQ 4, in the presence of modifying addi-
to show chromium(lll) oxide impurity in the product tives is ruled out by the lowered temperature of grO
obtained at 308 by procedure B, its presence wasformation.

revealed by electron microscopy and, indirectly,

by .
magnetic methods. (3) The process of Crpformation ends before

complete evaporation of water from the solution,
Thus, both processes, A and B, occur by the samigelow the critical point of water.

mecha_msm. A more detailed _study .Of hOW. crystals of (4) Complete conversion of the modifying additive

modifying phases an_d chromium d|0X|d_e itself grow antimony(lll) compound] into the CrSh{phase oc-

can be more conveniently performed with process L%

i which there i back d of urs at a temperature lower than the Gr@ystalliza-
in which there is no constant background of unreactegj,, temperature. The isolated Crspphase is com-

chromium(lll) oxide. posed of monodisperse nanospindles.
As starting reagents in the syntheses served analyti-
cally pure Cr@, Cr,0O3 obtained by decomposition of REFERENCES
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Abstract—Various spectroscopic methods and X-ray phase analysis were applied to study the distribution of
copper(ll) and lead(ll) between the solution and the precipitate of Jh#a[Rh(NG,)¢]. Promising methods

are proposed for fine purification of ammonium sodium hexanitrites of rhodium(lll) and iridium(lll) to
remove contaminants, irrespective of the mechanism of their ingress into crystalline phases.

Precipitation of poorly soluble ammonium sodiumsodium carbonate. The nitrite : rhodium molar ratio
hexanitrites (ASHs) (Nig),Na[M(NO,)e] (M = Rh, was 10: 1. Nitrite solutions of copper(ll) and lead(ll)
Ir) [1] from nitrite solutions is among methods for were prepared in a similar manner.

separating platinum metals [2], which has long been | ¢4q(11) nitrate of ultrapure grade and chemically
used in their refining [3, 4]. Owing to the complex 1 grade copper(ll) were used in the study. The con-
elemental composition of the solutions from whichcentrations of the starting Cu(ll) and Pb(ll) solutions
ASHs are isolated in practice, these precipitates aigere determined by EDTA titration [7]. The other

commonly contaminated with both noble and basggagents used were of no less than chemically pure
metals [4, 5]. The fundamental aspects of coprecipitagrade.

tion of impurity elements with matrices of crystalline

ASHs have not been known. The distribution of impurity components between

_ _ __ the solution and the solid phase of rhodium(lll) ASH
The aim of this study was to obtain quantitativewas studied at 223°C as follows. Nitrite solutions

physicochemical data characterizing the ingress abf rhodium(lll) and impurity were mixed, and a cal-
impurities into the ASH phases of rhodium(lll), to culated amount of ammonium chloride was added to
reveal on this basis the possible mechanisms of theggake the ammonium/rhodium ratio close to 20. The
processes, and to find ways to obtain salts with as loflormed ASH precipitates were kept in the mother
degree of contamination as possible. The choice dfquor for a prescribed time, separated, washed with
lead(ll) and copper(ll) as models is due to the fact that% NH,CI and a minimum possible amount of cold
these elements are characterized by high level afater, dried in air to constant weight, and weighed.
coprecipitation and ASH precipitates free of Cu(ll)The yield of ASH in the solid phase was no less than
and Pb(Il) impurities can only be obtained by an ex99% in all cases. A study of the granulometric com-
ceedingly labor-consuming procedure [4, 5]. position of rhodium(lll) ASH demonstrated that after

Solutions of chloride complexes of rhodium in keeping the _crystals under mother liquor for 7 h the
0.1 M HCI were prepared from reagent-grade rhodidverage particle size becomes ca.2d and does not
um(ll) chloride. The solution concentrations werechange further, with a normal size distribution of
determined spectrophotometrically, by reaction witHParticles.
tin(Il) chloride [6]. The absorption spectra were taken The impurity content in solid phases was deter-
on a Specord M 40 instrument. mined by an appropriate analytical method. The

Working solutions of NgRh(N were pre- amount of impurity was expressed in weight percent
pared by treatment of standiard ch%r)ig]e solutions wit#MPurity component in the ASH phase.
sodium nitrite of ultrapure grade at heating on a water Treatment with sodium nitrite of solutions contain-
bath for 1 h and then transferred into volumetricing copper(ll) gave emerald-green precipitates of basic
flasks. The starting acid solutions of rhodium(lll) copper(ll) chlorides of variable composition whose
were partly neutralized by preliminary treatment withnature was studied in detail in [8]. For this reason,
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P Wt % concentrations of (0.9%.5) x 10°2 M. The content of

» WLT0 copper(ll) in the ASH precipitates was 0.03536%.
0471 Set B was performed for_solutions with rhodium(lll)
. concentration of 2.63 102 M with the equilibrium
i Cu(ll) concentration varied within 3.410%-1.0x

* 102 M, with the content of copper(ll) in the precipi-

02 | . tates equal to 0.0800.154%. In these two sets, the
o 2 ASH precipitates were separated from the mother

i ‘3 liquor after being kept in it for 24 h. The isolated

ASH precipitates had color in the range from nearly
white to light green. According to X-ray diffraction
analysis, all the precipitates were single-phase, with
the identical unit cell parameters of salts contaminated
. - . . with copper(ll) and pure ASHs. In both sets the con-
B o oo mon St SOt "ur® tent of copper(l in the preciptates depended linearly
A and @) set B. Time of keeping the system before precipi- ©N itS equilibrium concentration in solution. In set A,
tate isolation (h): {, 2 24 and 8) 12. the contaminated precipitates were washed with elec-
trolyte (2 M N&SQ,, 1 M HCI) solutions to desorb
solutions containing copper(ll) were always prepareadopper(ll) impurities. However, these attempts failed.
separately. The precipitates formed were separated amtis indicates indirectly that the contamination mech-
the obtained copper(ll) solutions were used, afteanism does not have purely adsorption nature.

determining their concentration, in sorption experi- |t can be seen from the presented data that raising
ments. The content of copper in ASH phases Wage rhodium(lll) concentration in a solution leads to
determined by the ESR. The ESR spectra were rggwer content of copper(ll) in the support. Two ex-
corded on a Varian E-109 instrument in the X fre-periments performed at lowered initial concentration
quency range. The concentration of paramagnetigt rhodium(lll) (Cgy, = 5.50x 10°3 M) confirmed that
centers in ASH precipitates was determined usingyrecipitates obtained from solutions concentrated with
CuSQ-5Hy0 as reference with an accuracy ##%.  respect to rhodium(lll) are more pure than those in
There is no published evidence concerning théhe case of dilute solutions. This effect cannot indicate

mechanisms of impurity coprecipitaton on such@ change in the sorption mechanism since the same
specific supports as ASHs of rhodium(lll) and iridi- data plotted in the coordinates Cu content in the pre-
um(lll). Previously, it has been shown that saltsCiPitate (%)-Cu/Rh molar ratio fall on the common
(NHZ),Na[M(NO,)¢] (M = Rh, Ir) crystallize to give linéar dependence shown iRig. 1.

an fcc unit cell with the lattice constaat= 10.517(1) The fact that adsorption does not give any sig-
(M = Rh) and 10.512(2A (M = Ir) [9]. In addition, it  nificant contribution to contamination of crystals with
was found in [10] that rhodium(lll) and indium(lll) copper(ll) is mainly determined by the support proper-
salts form a continuous series of solid solutions. Agies. The solubility of ASH has a narrow supersatura-
a result, all patterns obtained in studying the ASH otion region, and, therefore, a great number of crystal
rhodium(lll) are to the full extent applicable to its nuclei with approximately the same sorption capacity
iridium analog. Moreover, the solubilities of rhodi- are formed in any precipitation technique. Shortening
um(lll) and iridium(lll) salts at room temperature arethe precipitate aging time from 24 to 12 h (Fig. 1)
the same and equal to ca. 40072 M. makes the copper(ll) content in ASH somewhat lower,
r{imd not higher, which also points to a minor contribu-

obtaining quantitative data on impurity sorption Ontlon of occlusion to the mechanism of ASH precipitate

ASH precipitates. In this study, by the terfsorptior? contamination by copper(ll).

is meant the characteristic of impurity distribution Figure 2 shows a typical ESR spectrum of cop-
between the solution and the crystalline phase, irreper(ll), observed in the ASH matrix. The spectrum is
spective of the distribution mechanism. due to the C&" ion and is described by the spin
SHamiltonian

9 1 1 1 1
02 06 10m

Fig. 1. Copper(ll) distribution between rhodium(lll) ASH

One of the main stages of the study consisted i

In studying the sorption of copper(ll), several set

of experiments were performed with varied concentran = g _pH,S, + g, fH,S, + 9,.fH.S, + A SJ, +
tions of copper(ll) and rhodium(lll). Set A was carried oS Gy * 0 + Aok Ay
out at Cgp, = 9.66x 107 and equilibrium copper(ll) + A,SJ,
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NATURE OF CONTAMINATION AND PREPARATION OF PURE PRECIPITATES 9

with the following parametersg,, = g, = 2.2218,

The observed parameters of the ESR signal from
copper(ll) ions are characteristic of distorted octa- -
hedral environment of these ions formed by nitrogen 100 G
atoms [11]. The resolved hyperfine structure of the
signal from copper ions indicates the absence of ex-
change interaction between the neighboring copper
ions. Thus, C&" ions in the ASH matrix are at large ~ Fig- 2. Typical ESR spectrum of copper(ll) in the ASH
distances from one another and form no isolated clus- Ma"x-

igsiszrraetzz iitg jﬁ%gfns]} ”:ﬁ;ﬁ%%’?gé(!{/'en:‘t)#e”%ﬁj?nmée noted that the hexanitrocuprate(lll) ion exists in

t the ASH il yh €agueous solutions in very low concentrations. Accord-
ot the crystafline phase. ing to [13], copper(Il) forms complexes with one and

The low content of copper(ll) in ASH and the two nitro groups at 28 in aqueous solutions, with

lattice constant of the crystalline salt, remaining conthe step instability constantKp 1.25 and K, 0.30.
stant, give no way of confirming experimentally the Presumably, copper(ll) ions with one or two nitro
formation of solid solutions in the system under congroups in the inner sphere are adsorbed onto an ASH
sideration by methods of crystallography. Neverthecrystal in its formation, and in the course of crystal
less, there exists a possibility of confirming this factgrowth the environment of the copper ion is com-
by changing the chemical form of Cu(ll) in the start-pleted to become octahedral.

ing solution. The proposed mechanism is in agreement with the
For this purpose, ASH precipitation from nitrite €ntire body of experimental data and gives insight into
solutions in the presence of copper(ll) was effected bjhe main reason for contamination of ASH precipitates
2 M NH/,NOz + 2 M NH3-H,0 buffer solution at W|th_copp_er(ll). With account (_)f thl_s mechanism and
rhodium(lll) concentration of 1.18 102 M in the the linear isotherms of adsorption, it can be stated that
range of equilibrium copper(ll) concentrations 528 if the above-mentioned solid phases of basic copper
103-1.14x 102 M. The precipitate was separatedSalts were not formed in the system, rhodiumdiil)
from the mother liquo 2 h after the precipitation to cOPPer(l) solid solutions with any Cu(ll) content
preclude decomposition of hexanitrorhodate(lll) ions~oUld be obtained.
in the alkaline medium. The amount of copper(ll) in  The fact of lead(ll) ingress into the ASH phases in
the precipitates was found to be much lower (08.01 their crystallization from solutions containing Pb(ll)
0.02%) than that in sets A and B. The ASH yieldand the complications in purification of salts to re-
varied within 99.0-99.5%. The ESR spectra of the move this impurity were noticed as far back as the
obtained crystalline phases indicated only slighearly 1930s [4]. The understanding of ways of con-
changes in the nearest environment of?Cions, tamination by lead(ll) was only gained after a detailed
compared with the data for sets A and B. study of the properties of lead salts of Rh(lll) and

(1) hexanitro complexes [14]. It was shown in

The pronounced decrease in the copper(ll) conterﬁ ; ;
in the ASH phase on changing its chemical form in 54] that treatment of solutions of complex ions

solution indirectly points to the mechanism by which[M(NOZ)G]% (M = Rh, Ir) with lead(ll) salts leads to
solid solutions are formed between the main comth€ formation of precipitates with formula EM -
ponent and the impurity. The essence of the proced®O2)el2-12H,0. The precipitates are single-phase
consists in isomorphic substitution of octahedraPnNd have a cubic lattice with lattice constarmts=
[Rh(NO,)]> anions at ASH crystal lattice sites by 10-567(3) for rhodium(lll) anda = 10.604(3)A for
distorted octahedral [Cu(Ngs]* ‘ions. The possibil-~ Irdium(lll). Drying the salts at 128C leads to com-

ity of such substitution is indicated by the closeness oPl€te removal of crystallization water, accompanied by
the lattice constants of JPb[Cu(NQy)g] (a = 10.65A @ practically linear decrease in the lattice constants
[12]) and (NH),Na[Rh(NO,)g (a = 10.52 A). a to 10.446(3) (M = Rh) and 10.478(3) (M = Ir).

, . Th lubility of | ) salts i -
Such a comparison is justified since the crystal e solubility of lead(ll) salts in water at room tem

: 4 - 5
lattices of the above salts are constituted by bulk Iara_turle is 1.210™ (M = Rh) and 5.0<10™~ M
complex anions, while the cations occupy tetrahedra{l = In.

and octahedral voids in these structures. It should also Thus, the poorly soluble lead salts with the anions
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[M(NOZ)G]& crystallize to form a cubic lattice with ammine complexes of platinum, which is undesirable
lattice constants close to those for ammonium sodiurfrom the practical standpoint [16].

salts. As indicated by the presented data, the lattice With account of the fact that the mechanism of
constanta varies between the salts of this series by Caontamination  with copper(ll) and lead(ll) is as-
0.15A. Hence follows that the salts under consideragiated with isomorphic crystallization, fine purifica-

tion are isomorphic and form solid solutions in theyjo of the ASHs of rhodium(ill) and iridium(lll) by
entire range of concentrations, with any of these saltﬁ1e above methods may be rather labor-consuming. In
acting as collector for another if the latter is preseny;s o4,y a method was developed making it possible
in solution in a much lower concentration. Indeed, onain special-purity salts, which has little sensitiv-
ity to the mechanism of impurity ingress. On intro-
%ucing a weighed portion of ASH into a sodium ni-

: . L : trite solution somewhat acidified with nitric acid, the
concentrations of sodium nitrite in solution the form-

. g .~ 'salt dissolves by the reaction
ing precipitates are always colored yellow, which is

due to sorption of nitrite complexes of lead on the +
. NH; + NO; » N, + H,0,
crystals. According to [13], lead(ll) forms poorly 4 2 2 2

stable complexes with nitrite ions (at 25 and ionic with the complex anions [M(NQG]& (M = Rh, I)

strength of 1 M loK; = 1.87). not involved. The optimal dissolution regimes were
In ASH formation from chloride solutions (in ag- determined, making it possible to minimize the time
reement with actual practice) the concentration oaind temperature of the reactions performed and to
lead(ll) is determined by the equilibrium concentra-prevent loss of platinum metals in repeated precipita-
tion of chloride ions, which is as high as 4 M. In thistions of ASH. For example, in a precipitate of rhodi-
case, with account of the PbCbolubility product um(lll) ASH, originally containing 0.30% copper(ll),
equal to 1.6x 107 [15], the concentration of lead(ll) the concentration of copper(ll) impurity after double
in solutions will be at the level of ¥ 10° M. As precipitation by the proposed technique was on the
a result, no independent phase of lead salts witbrder of 0.001%. This method can be compared with
[M(NOZ)G]& can be formed and the crystallizing the procedures proposed in [5]. One of these is the
ASHs act as collector for microscopic amounts ofpreliminary purification of nitrite solutions to remove
lead(ll). Thus, the ASH phases will be always con-base metals prior to ASH precipitation; however, in
taminated with lead(ll) if Pb(ll) ions are not removedthis case the concentration of the most difficultly
from a solution prior to ASH precipitation. separable impurities [Pb(Il), Cu(ll), Ni(ll)] decreases

A search for ways to obtain purer ASH precipitatesonly 3-5-fold. In [5], low efficiency of nitrite solution

was carried out in several directions. It follows fromPurification to remove base metals by extraction

the presented sorption data that lowering the concel’"i‘-nd ion exchange was revealed and salting-out of

tration of copper(ll) in solutions prior to ASH precipi- V&[RN(NO,)¢] under the action of an excess of sodi-

tation must decrease the contamination of the precipHm nitrite _after preliminary purification by a proce- .
tate. Indeed, the ASH precipitate obtained by thé;lure mentioned above was proposed as the most suit-

: : ble method for rhodium(lll) recovery. In this case,
standard procedure from a solution modeling, as red : L
gards the composition, an industrial solution con30-70% of impurity ions (Cu, Pb, Sn, Fe, Zn, etc.)

tained 0.38% copper(ll) at its concentration prior tor€mains n mother I|quors_. Comp_an_son of the pro-
precipitation of 9.60¢ 103 M. Pretreatment of the posed procedures and their quantitative characteristics

solution with sodium carbonate gives an ASH Con_concerning the purification of ASH precipitates rea_ldi-
taining 0.11% copper(ll). To make lower the Con_Iy shows the advantages of the proposed technique.

tamination with lead(ll), it is advisable to treat the

solution with minor amounts of salts containing, e.g., CONCLUSIONS

sulfate, carbonate, or phosphate anions forming poorly

soluble salts with lead(ll) [15]. Fundamentally dif- (1) Quantitative data on contamination of precipi-
ferent is the binding of copper(ll) into stable com-tated ammonium sodium rhodium(lll) hexanitrites

plexes that cannot form solid solutions with ASH. Aswith copper(ll) and lead(ll) ions were obtained and
shown above, copper(ll) ammines may be such conthe mechanism of impurity ingress was established.
plexes. It should, however, be taken into account thathe fact that the properties of ammonium sodium
introduction of ammonia may lead to formation of hexanitrites of Rh(lll) and Ir(lll) are close allows the

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



NATURE OF CONTAMINATION AND PREPARATION OF PURE PRECIPITATES

revealed relationships to be applied to the case of
contamination of (NH),Na[lr(NO,)g].

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

Hydroxide-oxide compounds are widely used as Potentiometric titration was performed with tem-
materials in various fields of science and technologyperature control £0.1°C) on a pH-150 pH-meter-
in particular, as rather inexpensive and stable catalystsillivoltmeter. Glass electrode of the ESL-15-11 type
[1]. For example, it has been shown that systems coand silver chloride electrode of the EVL-1M4 type
taining aqua and hydroxo complexes of copper(ll) angerved as measuring and reference electrodes, respec-
nickel(ll) are promising catalysts for selective oxida-tively; the pH measurement error wa$.02 pH units.
tion of alkanes [25]. It is also known that some in- The titration was done as follows: 1 M NaOH solution
dustrial processes of basic organic and petrochemicelas added from a burette with scale division value of
syntheses are performed with copper- and nickel-co.02 ml to the starting mixture of 1 M Cu(ll) and
taining catalysts, including those of the oxitigdrox-  Ni(ll) nitrates. To obtained comparable results and
ide type [6-8]. Catalysts of this kind are mainly simplify the interpretation of the titration curves, the
obtained by mixing of the appropriate oxides followedadded NaOH volume was converted to the molar ratio
by thermal treatment [9, 10]. However, this methodOHJ/[M 2*].

fails to always yield complex materials with sufficient With account of the potentiometric titration data,
reproducibility. Mor'eover, the ceramic syr_lthesis techyg)ig phases were isolated by gradually adding to the
nology employs high temperatures, which leads tQarting mixture of 1 M Cu(ll) and Ni(ll) nitrates, with
energy losses and frequently impairs the catalyligontinuous stirring, 1 M NaOH solution in a stoi-
activity of the synthesized materials. Therefore, COgniometric ratio of 1: 2, respectively. The obtained
precipitation of hydroxides is in some cases a morgjig phases were homogenized for 5 min and filtered
promising route to mixed coppatickel systems con- ff ynder a vacuum, washed 3 or 4 times with water
taining hydroxo and oxo groups [9] and theni-CqH,OH to negative reaction for Ngions
The results of previous studies established the fof14], dried at 36-40°C in an oven, and analyzed. For
mation of unstable heteronuclear hydroxo complexesomparison purposes, mechanical mixtures of Cu(ll)
of coppernickel in aqueous solutions [11, 12]. It hasand Ni(ll) hydroxides (MMHs) were obtained under
been proposed to rely upon this fact in developing édentical conditions at the same Cu(ll) : Ni(ll) ratios
new synthesis method based on formation in solutioand studied in a similar way. To reveal the effect of
of unstable hydroxo complexes involving metal ionsthe time of aging of the hydroxide precipitates on
passing subsequently into a solid phase which acts #iseir properties, samples were also synthesized at
a precursor for the target materials [13]. Cu : Ni ratio of 1:1 and aging time of 24 and 72 h.

Apparently, to implement this idea, it is necessary In making chemical analysis, a weighed portion of
to study in detail the conditions under which hydrox-a hydroxide was dissolved in concentrated HNdDd
ide precipitates can be obtained, the processes of theinalyzed. The total content of copper(ll) and nickel(ll)
thermal decomposition, and products formed in theseas found complexometrically with murexide; that of
processes by various analytical methods, and just thigckel(ll), by direct titration with NgEDTA in am-
was the purpose of the present study. monia buffer with murexide after masking Euwith

1070-4272/01/7401-0012$25.@2001 MAIK “Nauka/Interperiodica



THERMOLYSIS OF COPRECIPITATED COPPERMNICKEL(I) HYDROXIDES 13

thiosulfate ions [15, 16]; and that of copper(ll), as the
difference of the first two quantities. Differential ther-
mal analysis was done on an MOM derivatograph
(Hungary) at a heating rate of 10 deg mfirand sen-
sitivity of DTA and DTG galvanometers of 1/10;
0.500-g samples were heated from room temperature
to 1000C, with calcined aluminum oxide used as
reference. The IR spectra (KBr pellets) were taken 4.5
on a Specord 75-IR spectrophotometer in the range

pH
12.5F

4000-400 cni™. X-ray diffraction patterns of the 1.0 2.0 3.0
samples were taken on a DRON-3 diffractometer with [OH]/[M?*]
CuK, radiation and Ni filter at a scanning rate of

2 d m'n‘l Fig. 1. Potentiometric titration curves of aqueous solutions
eg min-. of nitrates of () copper(ll), @) nickel(ll), and B-5) mix-
Figure 1 shows the curves of titration with NaOH tures of these with varied content of Cu(ll). Content of

solution of aqueous Cu(ll), Ni(ll), and Cu(HNi(ll) copper(ll) (wt%): @) 30, @) 50, and &) 70.

nitrate solutions with varied ratio of metal ions. The

titration curve of a nitrate solution of copper(ll) shows W/’\\, ]
two equivalence points (curvé). The jump in the m 2
pH range 4.34.9 at [OH]/[M 2% = 1.5-1.8, with the W 7
equivalence point at pH 7.0, [OM[M2*] = 1.7, cor- W 5
responds to complete precipitation of polynuclear \_/Vf"__\\'/'\\\/\, 6
hydroxo complexes of copper(ll) [17]. Addition of \/WF__\\J\\/\, 7
alkali to the system at pH 9.45 and [OHM?*] = M 8
1.8-2.3 does not lead to any increase in pH and corre- 3600 2800 2000 1200 400
sponds to conversion of polynuclear hydroxo com- v, et

plexes into mononuclear hydroxides. On further in- Fig. 2. IR spectra of hydroxides.Tf Transmission and
troduction of OH groups into the system, the hydrox- (v) wave number. Hydroxide (wt %):1f 100 Cu; @) 100
ide suffers no changes, and the steep increase in pHNi: (3. 4 30 Cu, 70 Ni; 6, € 50 Cu, 50 Ni; and, 8) 70
(second jump) is presumably associated with coordi- €t 30 Ni- € 4, § CPH and 4, 6, § MVH.

nation saturation of metal ions with hydroxide ligand
and appearance of an excess of free OH groups
solution. In potentiometric titration of nickel nitrate ) o
(curve 2) in the pH range 6:17.6 at [OH]/[M?"] = The results of IR spectral studies of coprecipitated
0.0-1.5, mononuclear hydroxides are formed withhydroxides (CPHs) and MMHSs (Fig. 2) indicate the
minor precipitation. Intense precipitation of Ni(ll) Presence in them of various kinds of water. The pres-
ions coincides with the onset of the jump at pH 7.6€NCce of a broad band of stretching vibrations GCH
with the equivalence point (pH 9.6, [OH[M ZvF]) ~ at 3650-3100 cm™ points to stronger hydrogen bonds
2.0) corresponding to complete precipitation of nick-2€tween OH groups. These bands are more intense

el(ll) in the form of polynuclear compounds [12, 15]. ?snpdeit}:g;edst()?)lor\:\?heié%’V%V;Leaqgghzr;ne;gdeitfgr?ael Zia%ﬁ-Hs

_The titration curves of a mixture of Cu(ll) and jty of CPHs ensured by the formation of intramolecu-
Ni(I1) nitrate solutions (Fig. 1, curve8-5) show three  |ar hydrogen bonds between aqua and hydroxo ligands
jumps. The first of these corresponds to precipitatio18]. Bending (1636-1625 cm‘l) and rocking (845
of polynuclear copper(ll) compounds, which is con-830 cnt) vibrations of KO indicate the presence of
firmed by the close pH values of the equivalenceoordination-bound water in the compound. As shown
points of binary solutions and a Cu(ll) nitrate solu-py the IR spectra of nickel(ll) and copper(ll) hydrox-
tion. The second jump corresponds to precipitation ofdes (Fig. 2, spectra, 2), and also by published data
polynuclear nickel(ll) compounds, and the third, pre{19, 20], the bands peaked at 138350 cn* can be
sumably, to precipitation of a heteronuclear hydroxideattributed to bending vibrations of OH groups bonded
It can be seen that despite the similarity of the titrato copper(ll) and nickel(ll) atoms. The absorption
tion curves for individual and binary systems, thepeaks at 10601035 and 700500 cnt 1 may belong
latter cannot be considered additive. This fact alsto bending vibrations of the bridging MD-M bonds
confirms the possibility of formation, together with (M = Cu or Ni), and the bands at 46600 et cor-

Stwo fractions of homopolymers, of a certain amount
a heteropolynuclear hydroxide precipitate [11, 12].
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Fig. 3. Thermogravigrams of (a) CPH and (b) MMH of composition 30% Cu(ll) + 70% Ni(Iim) Weight loss and
(T) temperature.

respond to stretching vibrations of M@ bonds. It

doublets and triplets (spectfa 6, §. In addition, in

should be noted that the IR spectra of MMHs areCPHs with the Cu(ll) contehtof 30 and 50% (spec-
more complex than those of CPHs because of thga 3, 5), bands of some characteristic vibrations are
splitting of the v(H-OH) and §(H-OH) bands into shifted by 10-30 cmi!t to smaller wave numbers,

which may be due to formation of heteronuclear struc-

Table 1. XPA data for products formed in decompositiontures in the hydroxide precipitate [12].

of hydroxides of composition 30% Cu(ll) + 70% Ni(ll)

at 10006C
dexp g, % Ores hkl Phase
Coprecipitated hydroxides
2.426 100 2.426 | 101, 031|Ni,CuG;
2.181 3 2.168 002 "
2.098 68 2.093 200 Cuy sNig g0
1.482 42 1.479 220 "
1.453 3 1.463 | 200, 060 | Ni,CuO;
1.284 2 1.296 103 "
1.262 11 1.262 311 Cuy sNig g0
1.198 17 1.212 | 202, 062 | Ni,CuO;
Mechanical mixture of hydroxides
2.755 2 2.751 110 CuO
2.531 9 2.530 002 "
2.422 87 2.416 111 Cuy 5Nig g0
2.332 9 2.323 111 CuO
2.099 100 2.093 200 Cuy sNig g0
1.855 3 1.866 202 CuO
1.483 54 1.479 220 Cuy 5Nig g0
1.400 2 1.410 311 CuO
1.379 2 1.375 220 "
1.315 1 1.304 311 "
1.262 18 1.262 311 Cuy 5Nig g0
1.209 16 1.208 222 "

To confirm this assumption and determine the con-
tent of water, the obtained CPH and MMH were sub-
jected to thermal analysis. The weight loss curve
(Fig. 3) was recalculated to moles ob@, which fur-
nishes an opportunity to directly analyze the obtained
thermogravigrams of decomposition of the hydroxide
precipitate in terms of stoichiometry. The DTA curve
of CPH of the composition 30% Cu(ll) + 70% Ni(ll)
(Fig. 3a) shows three endothermic peaks in the in-
tervals 40-240, 240-360, and 36648C°C. The first
endothermic effect corresponds to deaquation with
the loss of 7.23 mol of crystallization water, and the
second and third, to liberation of 3.33 mol of bound
water, equivalent to loss of 6.66 mol of Oldroups,
with a mixed oxide formed. An X-ray phase analysis
of this oxide (Table 1) demonstrated the presence of
approximately equal amounts of two complex oxide
phases: NJCuO; (orthorhombic crystal systeng =
2.925,b = 8.775,¢c = 4.336 A) and CyNiggO
(cubic crystal systema = 4.217 A).

A chemical analysis of the obtained hydroxides,
both freshly precipitated and aged for 1 and 3 days
(Table 2), demonstrated that the molar ratios of Cu(ll)
and Ni(ll) ions in the starting solutions and the hy-
droxides coincide, which points to complete precipita-

1 Here and hereinafter, molar percents.
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Table 2. Data of thermogravimetric and chemical analyses of coppenfiikel(ll) hydroxides

Temperature of endothermic effe€C

Weight loss, wt %

Composition, % Cun?dlglrlcr)étgo
I Il 11 v I Il 11 v z
30 Cu(l1)-70 Ni(ll):
CPH 40-240 240-360 | 360-480 27.0 114 | 3.6 |42.8|1:2.33:10.56
(165)* (280) (380) (6.66)** (2.81) | (0.89)
MMH 40-160[160-260| 260-360 | 360-510 | 10.0 | 14.6 6.8 33 | 352(1:2.33:7.66
(140) | (180) (285) (2.18) | (3.17)| (1.48) | (0.74)
50 Cu(l1)}-50 Ni(ll):
CPH 40-190|190-250| 250-350 | 350-520 | 12.0 | 9.5 829 | 38 |330(1:1:4.25
(130) (280) (1.53)| (1.22)| (1.05) | (0.45)
MMH 40-140(140-250( 250-340 | 340-520 | 7.0 148 | 7.8 3.0 [328|1:1:4.23
(170) (280) (0.90) | (2.25)| (0.66) | (0.38)
50 Cu(l1)}-50 Ni(ll),
1 day:
CPH 40-160( 160-220| 220-330 | 330-500 | 11.0 | 9.2 10.1 27 |1334(1:1:43
(140) | (180) (265) (1.42)| (1.18)| (1.3) | (0.35)
MMH 40-160[ 160-250( 250-350 | 350-500 | 10.0 | 12.0 6.7 3.3 [32.0]1:1:4.16
(175) (290) (385) | (1.30)| (1.56)| (0.87)| (0.43)
50 Cu(I1}-50 Ni(Il),
3 days:
CPH 40-240 240-400 | 400-500 18.0 15.2 18 | 350(1:1:461
(140) (290) (2.37) (2.09) | (0.24)
70 Cu(I1)}-30 Ni(Il):
CPH 40-155(155-235( 235-380 | 380-500 | 8.1 12.6 9.3 1.8 | 31.8|2.33:1:6.74
(180) (260) (1.72) | (2.77)| (1.87)| (0.38)
MMH 40-140|140-240| 240-330 | 330-520 | 8.0 16.2 | 4.4 2.8 | 31.4|2.33:1:6.62
(110) | (155) (260) (1.69)| (3.41)| (0.93)| (0.59)
100 Cu(ll) 40-140 140-320 320-460| 6.0 20.8 76 | 28.4|1:0:1.75
(160) (0.37) (1.28) (0.47)
100 Ni(ll) 40-240 240-360 | 360-500 24.8 112 | 4.0 | 40.0|0:1:2.77
(275) (385) (1.I72) (0.75) | (0.3)

* Peak temperature.

** Mole of H,0.

tion of metal ions with the initial component ratio of copper(ll) and nickel(ll) hydroxides. No similarity

preserved in the precipitate. In this case, the followingn amounts of removed water is observed between
scheme of dehydration of the obtained CPH compose@PH and MMH, although the endothermic effects
of 30% Cu(ll) + 70% Ni(ll) can be proposed:

CuNi OH .7.23H O ———— CuNi OH
5 3dOH)g 66 7-23H, 230 5 3dOH)g 66

D —
~3.33H,0

occur in virtually the same temperature intervals

(Fig. 3). Moreover, the total loss of water is 7.66 mol,

which is 2.9 mol less than in the case of CPH of the
same composition. Thus, the hydroxides, the proc-
esses of their thermal decomposition, and the resulting
products exhibit specific features depending on the
preparation procedure (coprecipitation or mechanical

Thermal decomposition of MMH composed of mixing). An X-ray phase analysis of the products of
30% Cu(ll) + 70% Ni(ll) (Fig. 3b) occurs in a dif- decomposition of MMH containing 30% Cu(ll) and
ferent way. The splitting of the endothermic peak at70% Ni(ll) (Table 2) demonstrated the presence of
40-260°C in two: at 40-160°C with a peak at 140
and at 160-260°C with a peak at 180, points to
a more complicated nature of deaquation of a mixturéormed via sintering of CuO and NiO oxides.

a CyoNigdO phase with minor CuO admixtures
(up to 10%), with the CgNiggO phase probably
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Fig. 4. X-ray diffraction patterns of the products of decompositidn=(1000°C) of (1) copper(ll) and 2) nickel(ll) hydroxides,
(3, 5-7) copper(ll}-nickel(ll) CPHs, and 4, 8 MMHs. (I/15) Relative intensity andd) interplanar spacing. Initial content of
copper(ll) (wt%): @-6) 50 and 7, 8 70; aging time (days):5) 1 and @) 3.

Thermogravimetric analysis of CPH and MMH in the products of its decomposition. For example, an
containing 50% Cu(ll) and 50% Ni(ll) also revealedX-ray diffraction pattern of a product of CPH de-
differences in their dehydration. Despite the closecomposition (3 days of aging) shows only a single
temperature intervals of the main endothermic effectiNiCuO, band (2.427A) with intensity of 49% (pat-
they differ in the amount of removed water. The totaltern 6). It should be noted that the X-ray diffraction
amount of water in CPH somewhat exceeds that in thgatterns of decomposition products of MMH contain-
corresponding MMH, increasing on passing from aring 50% Cu(ll) and 50% Ni(ll) show no double oxide
unaged sample to a hydroxide isolated after 3 days gfhase, with only the CuO and NiO phases present,
aging under mother liquor. This may be due to dewhich also confirms the occurrence of a chemical in-
composition, in the course of precipitate aging, of aeraction between Cu and Ni atoms in CPH formation,

part of heteronuclear coppergiickel(ll) hydroxide, just in the stage of coprecipitation, rather than in that
accompanied by disintegration of hydroxo bridges angf thermal treatment.

subsequent aquation of metal ions. Thus, the longer An X h sis of d i duct
the time of CPH aging, the smaller the amount of A\ 2A-T@y phase analysis of decomposilion proaucts

heteronuclear hydroxide it contains. An additional®f CPH and MMH containing 30% Cu(ll) and 70%
argument in favor is the amount of double oxide in-Ni(l!) (Fig. 4, patterns, & demonstrated the presence

dicated by X-ray diffraction patterns of the products®f Only copper(ll) and nickel(ll) oxide phases. How-
of complélte de?:/ompositionTr()z 1000°C) of rlrowixed ever, the thermal behavior of the given CPH and
hydroxides (Fig. 4). The products of decompositioMH is not additive with respect to the temperature
of CPH containing 50% Cu(ll) and 50% Ni(ll) (pat- Intervals of endothermic eff_ects and_welght_ loss
terns3, 5, § contain phases of CuO (interplanar spac{TaPle 1), and the total weight loss is practically
ings 2.530, 2.323, 1.886, and 1.438, NiO (2.088, the same (31.8 and 31.4%, respectlve'ly). This can be
1.476, 1.259A), and NiCuGQ, (tetragonal crystal sys- a¢counted for by the different physical properties
tem,a = 4.121,c = 4.355A) with the main reflections (density, porosity, specific surface area) of the hy-
at 2.427, 1.500, 1.302, 1.251, and 1.2A3With in- droxides obtained by coprecipitation and mechanical

creasing time of aging of the initial CPH, the intensi-MXiNg [21].

ties of CuO and NiO reflections grow and the signals Thus, a technique is proposed on the basis of the
from NiCuO, become weaker (2.427, 1.218); the investigation performed for obtaining copperdl)
reflections at 1.500, 1.302, and 1.2&ltotally dis- nickel(Il) CPH whose thermal treatment can yield new
appear from the X-ray diffraction patterns of the dedinorganic materials and, in particular, catalytic sys-
composition products of CPH, subjected to aging fotems applicable in organic and petrochemical syn-
1 and 3 days (Fig. 4, patterris 6). A correlation is theses. The temperature intervals in which various
observed between the increasing time of CPH aginginds of water are removed were determined and dif-
and the decreasing intensity of signals from NiGuO ferences were revealed between the thermal properties
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of CPH and MMH whose dehydration occurs under
milder conditions because of the absence of@id-
Ni bridge bonds and is accompanied by liberation of

a lesser amount of water. The phase composition ofg.

the products of CPH and MMH decomposition at
T = 1000C was determined; it was shown that com-

plex oxide compounds BCuO; CuyNiggO, and o

NiCuO, are present together with the CuO and NiO
phases. The optimal hydroxide composition [30%
Cu(Il) + Ni(I)] was determined at which the yield of
double oxides reaches 100% (Table 1), and the effi-
ciency of preparing these compounds from unageg,
CPH was confirmed.

CONCLUSIONS

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

(2) The optimal composition [30% Cu(ll) + 70% 13.

Ni(ll)] of hydroxide whose thermal decomposition
gives double oxides in up to 100% yields was deter-
mined.
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Abstract—In order to study physicochemical processes of formation giOfaand SiQ-Ta,Oy films from
film-forming solutions, the properties of these solutions, and also the thermal-oxidative breakdown and the
properties of the obtained films, were studied.

At present, particular attention is given to physico-a substrate and decompose to oxides upon solvent
chemical properties of thin films, since the develop-evaporation at elevated temperature [2]. The temporal
ment of new fields of modern technology assigned a&tability of film-forming solutions is a factor im-
prominent place to the application of various materialportant in technological regard, and, therefore, the
in the thin-film state. The broadest application inrelationship between the viscosity of solutions, their
various fields of electronics is characteristic of di-storage time, and the possibility of their use to obtain
electric films based on complex oxides [1]. For thin-films was studied experimentally. When TaG$ dis-
film materials to be successfully used, a relationshigolved in ethanol, alkoxy derivatives are formed [3]:
should be established between their physicochemical
and service properties, composition, and preparation TaClk + 3CHsOH — TaCL(OC,Hg); + 3HCI.
conditions.

A study of the film-forming ability of alcoholic
EXPERIMENTAL TaCl solutions demonstrated that the obtained solu-
tions possess a viscosity (Fig. 1, curgp sufficient

Film-forming solutions (FFSs) were prepared from{0f obtaining films, and the film-forming ability is
tetraethoxysilane (TEOS), ethanol, and tantalum Ioerpreserved for a long time since the chloride ion, being
tachloride. The viscosity was measured with a VPzh@ lgand of n-donor type, forms cluster compounds
2 or VPZh-4 glass capillary viscometer. The decomWith tantalum. With account taken of published data
position of deposits obtained from FFSs was studie@" clustér compounds of tantalum [3], it may be as-
on a Q-1500 derivatograph. The films were formed orpumed that chloride ions serve as bridges in the for-
glass or single-crystal silicon substrates with the sufhation of stable polynuclear structures of tantalum
face area of 41.5 cnf by centrifugation and drawing, 2/KOXy derivatives
at a speed of centrifuge rotatlon of 10GD00 rpm OC,Hs

OCH OCH
and drawing velocity of 45 mm st The uniformity ! /C|\ | 70\ [ 2s
of the films formed across their thlckness was moni- /Tla\ /Ta\ /T?<
tored by determining the optical thickness at86 002H5C| (|3C2H5 Cl OC, H;

points for each sample. The film adhesion to the sub-
strate was determined sclerometrically, and the refrac- Thus, the film-forming ability of an alcoholic solu-
tive index and thickness, with an LEF-3M laser ellip-

someter. Films 120140 nm thick were obtained and 4 3/ |2
studied. IR transmission spectra of the films were re-

corded in the 4000400 cmi* range on IR-75, M-40, T ;
and SF-20 instruments. As known, the film-forming : .

ability is exhibited by the substances that can form 50 7, days

macromolecules or associates in solution, which are Fig. 1. Var|at|on of the V|scos|tyn of TaCk-containing
attached to the surface when the solution is applied to FFS with time .

1070-4272/01/7401-0018%$25.@2001 MAIK “Nauka/Interperiodica



PHYSICOCHEMICAL STUDY OF T3Og AND SiO,-Ta,Og5 FILM 19

Table 1. Assignment of bands in the IR spectra of powders at different temperatures

Vibration frequency, cm
FFS T, K
! H-OH ~OC,Hs H-O-H —OC,Hs . .
stretching| stretching bending bending SHO-SI 0-S-0-Ta-0
TaCk 373 3600 - 1640 - - 400
773 - - - - - 400
848 - - - - - 400
900 - - - - - 400
TaCl; + TEOS 373 3560 - 1640 1100 600-800 460-400
600 3600 2900 1640 1100 600 460-400
633 - 2900 - 1100 600 460-400
TEOS 373 3660 2935 1640 1095 600-800 460
473 3680 2935 1640 1100 800 460
773 - - - 1100 800 460

tion of tantalum pentachloride is not limited to thedetermine the conditions of film synthesis, the main
stages of its ripening and aging. stages of formation of pure oxides and complex oxides
: : ; ; their base were studied. On heating a powder ob-
To study the properties of film-forming solutions " . . /
in the system TEOSTaClk-C,HsOH, kinetic curves tTau?:ed bﬁ’ d][ylllng at 333 K an alcoholic SOI“S.O” of
describing the variation of the solution viscosity ha k, It e IO Qw:jng prl(:)_ceszsgs OC.ler accoraing tof
were taken at different salt concentrations (Fig. 1thermal analysis data (Fig. 2): partial evaporation o

curves2—4). More complex processes are observed ?hysically adsorbed water and alcohol, reaction of

these solutions. The solutions have no ripening range.2Ck With atmospheric oxygen, and, finally, combus-

which is probably associated with processes of tanion Of oxochlorides and alkoxy derivatives of tan-
talum to form the oxide.

talum pentachloride dissolution in ethanol. However,
after 2 days the viscosity starts to grow steadily The IR data (Table 1) confirm the presence of
because of the simultaneously occurring processes efhoxy groups at the oxide formation temperature of
hydrolytic polycondensation of TEOS and alkoxy800-840 K. At higher temperatures there are no
derivatives of tantalum: stretching or bending vibrations of ethoxy groups.

Complex oxides Si@-Ta,Og are formed in four
stages (Fig. 3). The activation energy was calculated
for all the processes involved by the Horowitz

Si(OCH5);0H + TaCL(OC,Hg); - C,H50H

| | | | | | Metzger method (Table 2) [5].
+ —Si—O—\Ta<C\Ta—O—Si—O—\Ta— ° (- o
| | >Cl N | I\ In stage |, physically adsorbed water and alcohol
etc. are removed, which is accompanied by an endo-
thermic effect at 393 K. The second endothermic peak
Therefore, the time during which stable film-form- Am, mg

ing properties are preserved decreases to 30 days. On 4
lowering the SiQ concentration in a film to 1.620%,

the time of FFS serviceability is again extended to
48 days. This probably occurs because the forming
cluster compounds of tantalum hinder the hydrolytic
polycondensation of tetraethoxysilane.

The oxide film formation consists in that the . . . .
chemical composition of the starting film-forming 673 1073 T, K
compounds undergoes changes first in solution, then g 2 perivatograms of alcoholic Taglsolution dried
at the instant of film formation on the substrate sur- at 333 K. (\m) Weight loss and ) temperature; the same
face, and, finally, during thermal treatment [4]. To for Fig. 3.

200
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Table 2. Kinetic parameters of Si) Ta,0Os;, and SiQ-Ta,Og film formation

Forma- Sio, Ta,05 SiO,-Ta,05
tion
conver- E, conver- E, conver- E,
stage| T K | gjon, 9% | kI mort T K| sion, % | kamort | T K | sion, % | kJmort
I 298-473 33.0 41.4 298-473 51.7 44.1 | 298-473 50.0 40.5
I 473-623 29.0 51.8 473-573 15.0 32.1 | 473-623 34.5 32.6
1l 823-973 375 68.5 573-923 33.3 107.8 | 623-763 3.4 60.9
v - - - - - - 763-973 12.0 117.4
Table 3. Physicochemical properties of Sicra,Og films
Parameter value at indicated ;0 content in film, %
Parameter
10 20 30 40 50 60 70 80 90
Refractive index 1.51 1.61 1.63 1.66 1.69 1.72 1.75 1.83 1.91
Dielectric constant 4.6 5.1 7.4 9.2 11.0 125 14.3 151 16.5
Adhesion, kg mr? 0.93 0.95 0.91 0.96 0.97 0.94 0.96 0.94 0.95

(734 K) is due to evaporation of water released upotthe obtained films exhibit good adhesion to various
condensation of silanol groups. The activation energgubstrates and contain no micropores.

calculated for this stage (Table 2) is in agreement with
the value characteristic of the condensation of hy-
droxyl-containing organosilicon compounds [6]. In the

final stage of the process (exothermic peak at 848 K) . (. hiim forming ability, with unlimited durabil-

the ethoxy groups contained in the products of FF v of stable film-formi " Gravimet
solvation and hydrolysis are oxidized, and the formaly ©' Stable Tim-forming propertes. —fsravimetry
tion of the SiG-Ta,Os film is complete. The ac- and IR spectroscopy were applied to establish the

I . . : . isequence of main stages of ;& and SiGQ-Ta,0g
';le\}/:('ilt(i)gnenergy of this stage is typical of a Chemlcalformation from film-forming solutions. The properties

of the obtained films were studied.
The firmness of film attachment to the surface, and

the optical and electrical properties of films, deter-
mine the possibilities of their practical use. The op- _ _ _ ,
tical and electrophysical properties, adhesion, and: Bo”lse”ko’k.A"'* Novﬂ_<or\]/, IYIV”I Plr('.khOd ‘.‘f* II\IIE

porosity were studied for SiQTa205 films (120_ et al, Tonkie neorganicheskie plenki v mikroelektro-

140 nm, silicon substrate) (Table 3). It was found that 2:ﬁgrg?'nl\l;?ﬁ(garfgcg_”ms In Microelectronics), Le-

2. Mal’chik, A.G., Borilo, L.P., and Kozik, V.V.,Zh.
Prikl. Khim., 1996, vol. 69, no. 2, pp. 22427.

3. Fairbrother, F.,The Chemistry of Niobium and Tan-
talum Amsterdam: Elsevier, 1967.

4. Tochitskii, E.l., Kristallizatsiya i termoobrabotka ton-
kikh plenok(Crystallization and Thermal Treatment of
Thin Films), Minsk: Nauka i Tekhnika, 1976.

5. Fialko, M.B., Neizotermicheskaya kinetika v termi-
cheskom analiz€Nonisothermal Kinetics in Thermal
Analysis), Tomsk: Tomsk. Gos. Univ., 1981.

. Voronkov, M.G., Mileshkevich, V.P., and Yuzhelev-
skii, Yu.A., Siloksanovaya svyaz(Siloxane Bond),
Novosibirsk: Nauka, 1976.

CONCLUSION

An alcoholic solution of tantalum pentachloride
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Fig. 3. Derivatogram of film formation from FFS with
TaCl and Si(OGHg),.
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Abstract—Sorption of gold and silver cyanide complexes with carbon sorbents based on composite polymeric
materials and its thermodynamic characteristics were studied.

Hydrometallurgy based on carbon sorbents is one EXPERIMENTAL
of the most efficient processes for recovery of preci-
ous metals from ores and concentrates. Such tech- We obtained the isotherms and kinetic curves of
nology has advantages in the selectivity of gold andold and silver sorption on IPI-T using a temperature-
silver recovery [£4]. The main factors hampering a controlled device. To obtain sorption isotherms, vari-
wide use of this technology in the Russian gold min-able samples of the sorbent and constant volumes of
ing industry are low mechanical resistance to wear ofolutions with fixed initial concentrations of gold and
the industrial carbon sorbents and their short supplyilver cyanide complexes were used. The solutions
[5, 6]. “Carbon-in-pulf processes are widely used inwere obtained by cyanide leaching of ores of the
other countries in industrial production of gold [3, 7]. Kuranakh mining field. Mixers provided vigorous

In this work, we studied sorption with carbon poly- agitation of the sorbent in the solution. The concen-
meric sorbents of gold and silver leached with cyantrations of precious and nonferrous metals (determined
ides from ores of complex composition by carbonby atomic absorption method) and anions were moni-
polymeric sorbents. Data on the synthesis of weartored.

resistant carbon sorbents were reported in [8]. IPI-T Figure 1 shows the isotherms of gold and silver
sorbent prepared in industrial quantities from phenolso‘rpﬁOn from cyanide solutions with IPI-T sorbent in
formaldehyde resins and their waste is of i”dUSt”anmparison with 1GI-65, Norit, and Futamura carbon.
importance. Physi_cochemical cha}racteristics of IPI-Tas seen. the highest sorption power is characteristic
sorbent and certain known materials are compared i, Norit activated carbon, while IPI-T sorbent has
Table 1. a slightly lower sorption power than importezhr-

Up to now, both the mechanism of sorption ofbons. Isotherms are described by the Freundlich
precious metals from solutions and pulps and probequation
lems of the directed synthesis of sorbents are the
matter of discussions {40]. a = kcln 1)

Table 1. Physicochemical characteristics of carbon sorbents

1 .
Main frac- | Bulk density, Pore volume, crig Specific Wear resist-
Sorbent tion. mm g dnr3 _ surface area, ance * %

’ Macro-Vi,, | meso-Vy,, | micro-Vp, m? gt !
IGI-65 0.5-15 490 0.57 0.08 0.34 540 83
Taiko CW 612 B 1.2-25 530 0.18 0.21 0.36 600 91
(Futamura)
R 2515 (Norit) 2.0-2.2 450 0.10 0.16 0.43 600 93
IPI-T 2.0-5.0 460 0.26 0.20 0.15 516 85

* Wear resistance according t6OST (State Standard) 16 1830.
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Fig. 1. Isotherms of {-4) gold and B-8) silver sorption
from cyanide solutions: a) equilibrium concentration of
metal ions in the sorbent and) equilibrium concentra-
tion of metal ions in the solution. Sorbentt, (5 IPI-T,

3
C, mg It

(2, 6 IGI-65, (3, 7) Futamura, and4, 8 Norit.

In C[mg I}
1 |

Fig. 2. Temperature dependence of-8) gold and 4-
6) silver sorption with IPI-T sorbent from cyanide solu-
tions: (C) equilibrium concentration of metal ions in the
solution. Metal sorption (mgd): (1) 3.0, ) 4.0, @) 5.0,

(4) 1.0, 6) 1.5, and ) 2.0.

Table 2. Sorption constants

[AU(CN),]~ [AG(CN),]™
Sorbent

k n k n
IGI-65 9.2 1.8 2.4 15
IPI-T 15.0 3.2 3.5 1.7
Taiko CW 61 B 18.0 3.5 4.3 2.2
(Futamura)
R 2515 (Norit) 225 3.7 6.0 2.3

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

Sorbent capacity Heat of sorption, kJ mot
mg gt _ _
[AU(CN),] [AG(CN),]
1.0 - 25.76
1.5 - 24.51
2.0 - 24.30
3.0 48.29 -
4.0 47.05 -
5.0 46.31 -

Table 4. ConstantK and activation energies of sorption

Kx 104, s at indicatedT, °C E
Complex "1
20 40 60 | KJmor
[AuCN),]-| 1.172 | 1.508 | 1.886 9.62
[Ag(CN);]"| 0.753 | 0.967 | 1.250 | 10.19

wherea is the equilibrium concentration of metal ion
in the carbon (mg @), C is the equilibrium concen-
tration of metal ion in the solution (mgY), and k
and n are constants. Calculatddand n are listed in
Table 2. The temperature dependence€ dbr IPI-T
sorbent at the fixech measured within the 2060°C
range are shown ifrig. 2. The differential heats of
sorption of metal ions were calculated by the isosteric
method [11] from linear slopes (Table 3).

The sorption kinetics was studied within the-20
60°C range (Fig. 3). The rate constdftof the sorp-
tion was calculated from the slope of the g
straight line in accordance with the equation

logC = logCy - 0.434tK, (2)

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

The activation energy of sorption was calculated
by the equation
dlogK

E = —2.30R ,
dr?t

®)

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

The temperature dependence of the sorption rate
constant and the values of the sorption activation

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 1 2001
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”
;E/

k,v———-v—-—-v—-—-v-—-—v-———v-6

12

t, h
Fig. 3. Kinetics of @-3) gold and 4-6) silver sorption
from cyanide solutions with IPI-T sorbenta)(equilibrium
concentration of metal ions in the sorbent any time.
Temperature °C): (1, 4 20, 2, 5 40, and 8, 6 60.

energy show that in this case the internal-diffusion

model of the gold and silver sorption with IPI-T 7.

sorbent is the most probable.

CONCLUSION

The efficient sorption recovery of gold and silver

8.

from cyanide solutions with the IPI-T carbon sorbent
with a high wear resistance was demonstrated. This
sorbent is characterized by only slightly lower sorp-

tion power with respect to these metals as compared ,
9. Abstracts of PapersKonferentsiya “Sovremennoe

to imported carbons. The internal-diffusion sorption

is the most probable mechanism of gold and silver

sorption with IPI-T.

REFERENCES

1. Gross, J. and Scott, WRrecipitation of Gold and
Silver from Cyanide Solutions on Charcp#ashing-
ton: Government, 1927.

2. Kuz’'minykh, V.M. and Tyurin, N.G.,lzv. Vyssh.

10.

11.

23

Uchebn. Zaved., Tsvetn. Metall968, no. 4, pp. 65
70.

. Telegina, L.E. and Kofman, V.YaTsvetn. Metall.

Byull., 1982, no. 17, pp. 147.

Elshin, V.V., Golodkov, Yu.E., and Voiloshni-
kov, G.l., in Obogashchenie rud: Mezhvuzovskii sbor-
nik (Ore Concentration: Intercollegiate Coll.), Irkutsk,
1989, pp. 6975.

Kostomarova, M.A., Peredii, M.A., and Surinova, S.I.,
Khim. Tverd. Topl 1976, no. 2, pp. 8L5.

. Chernov, V.K. and Voiloshnikov, G.l., Abstracts of

Papers, Vsesoyuznaya konferentsiyédOsnovnye na-
pravleniya i mery po uskoreniyu progressa v zolotoi
almazodobyvayushchei promyshlennosti na period do
2000 godd (All-Union Conf. “Main Directions and
Measures To Accelerate Progress in Gold and Dia
mond Extraction up to 2009, Moscow, 1985, part 2,
pp. 31-32.

Carbon-in-Pulp Technology for the Extraction of
Gold, Incorporating Papers Presented at the Murdoch
Univ. Symp. on Carbon-in-Pulp Technologiustra-
lia, 1982.

Sovremennye dostizheniya v ugol'no-sorbtsionnykh
protsessakh, Materialy Mezhdunarodnoi nauchno-
tekhnicheskoi konferentsi{Proc. Int. Scientific Tech-
nical Conf.“Recent Achievements in Carbon-Sorption
Technology), Irkutsk, 1996.

sostoyanie i perspectivy razvitiya ugol’no-sorbtsion-
nykh protsessov (v gidrometallurgii blagorodnykh
metallov)’ (Conf. “Modern State and Prospects of
Carbon-Sorption Technology (in Hydrometallurgy of
Precious Metal$), Irkutsk, 1990.

Dudarenko, V.V. and Kazdobin, K.AUkr. Khim. Zh,
1987, vol. 53, no. 1, pp. 4247.

Dubinin, M.M., in Prirodnye sorbenty(Natural Sor-
bents), Moscow: Nauka, 1967, pp-2i.

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



Russian Journal of Applied Chemistryfol. 74, No. 1, 2001, pp. 2427. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 2528.
Original Russian Text Copyrigh® 2001 by Voropanova, Getoeva.
SORPTION
AND ION-EXCHANGE PROCESSES

Sorption of Chromium(VIl) from Aqueous Solutions
on AM-2b Anion Exchanger

L. A. Voropanova and E. Yu. Getoeva
North-Caucasus State Technological University, Vladikavkaz, North Ossetia, Russia

Received June 25, 1999; in final form, March 2000

Abstract—Sorption of chromium(VI) from a solution with the initial concentration of Grof up to
30 mg dnT® on a commercial macroporous AM-2b anion exchanger pretreated by various methods was
studied. The optimal conditions for efficient sorption were found.

Sorption of metal ions on a number of sorbents i44,S0O, or NaOH (scﬁ— and OH forms) for 1 h or
largely influenced by the solution acidity. Sorption of kept in distilled water (Cl form).
Cr(VI) from solutions with various pH was studied in - p5ia on sorption from solutions with the initial

[1, 2]. It was shown that sorption is governed by theconcentratiorcinit = 3000, 1500, and 1500 mg drh
state of ions in the solutions, which, in turn, depends$qcgiculated on CrQare given in Figs, Ldlc for the
on pH. For example, at pH < 7 chromium(VI) solu- Apm-2p sorbent (weight 2 g) in the So. OH, and
tions contain the CZO%‘, HCrG,, and Crcﬁ‘ ions,  CI~ forms, respectively.

whereas at pH > 7 they contain the ngéhdZCrCﬁ‘ For the anion exchanger in the $Oform in the
ions. In 0.52.0 N solutions of HSO, the CrOfgand  range pH 212 the dependence of the residual concen-
Cr,0%3 anions are formed. Polycondensation of §fO tration on solution pH passes through four minima:
anion in acidified aqueous solutions yields chromi-at pH 2, 4, 6, and 9. In this case, the exchange sorp-
um(VI1) isopolyanions: tion capacity (ESC) in 20 min is 160, 170, 150, and
130 mg of sorbate per gram of sorbent, respectively.

For the anion exchanger in the OHorm in the

range pH 111 the dependence has three minima: at

The final polycondensation products are hydrateq)H 1, 3, and 6 (Fig. 1b). The ESC is 130, 127, and
polymeric oxides with the composition (CER- 110 mg g2, respectively.

mH,0. All intermediates containing polyanions have . .
some oxygen excess in comparison with the trioxide, FOr the anion exchanger kept in water {Gbrm)

s : - t pH 111 the best results were obtained at pH62
The composition of these intermediates can be prc’fl , : -
sented by the general formula {03%, , wheren is 22&3\/(5&9 1c). The ESC is 144 and 90 mggre-

the number of chromium(V1) atoms in the anion amd
is the excess of oxygen atoms in the polyanion rela- As seen from Fig. 1, the sorption depends on
tive to the trioxide [3]. At the same time, CEO both pH and conditions of sorbent pretreatment, be-
cations are known, for which < 0. It was found [3] cause it is determined by the state of chromium(VI)
thata andn are integer quantities varying fromd to  ions in the solution and the state of functional groups

1 and from zero to infinity, respectively. of the anion exchanger [1]. Probably, the sorption
maximum at pH< 4 is due to the formation of iso-

For studying chromium(Vl) sorption, we used polychromates and to the increased degree of protona-
macroporous bifunctional AM-2b anion exchangetiqy of the amine groups of the anion exchanger [1].

containing benzyl_dlmethylamlne and benzyldimethylrpo sorption at pH < 7 is governed by the formation
ammonium functional groups [4]. of Crzog‘ ions being the product of polymerization of
Sorption was carried out under static conditionanonomers in the solution. The sorption maximum
with continuous stirring at a constant pH as in [5, 6].at pH 9 results from the ion exchange with CﬁFO
The sorbent was saturated with 0.1 N solutions o&nions and from complexation in the resin phase. The

nCro + 2(n - aH = Cr,0%5, + (n - aH,0. (1)

1070-4272/01/7401-0024$25.@2001 MAIK “Nauka/Interperiodica
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C, mg dnt3 (b) C, mg dnt3 (c)
€, mg dm> @ ¥ 13009-
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Fig. 1. Residual concentration of Cr(VI) iorS vs. solution pH at various times of sorption on AM-2b anion exchanger. Sorption
time (min): @) 2, 2) 5, (3) 10, @) 15, () 20, ) 30, and ) 60. (a) scﬁ- form, (b) OH form, and (c) preliminary treatment
in water.

shift of the third maximum toward more acidic region ESC, mg g*
(Fig. 1b) may be due to the fact that the low-basic 300
groups of the AM-2b anion exchanger in the OH

form loss virtually completely the exchange capability

at pH > 9.

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

Figure 3 demonstrates the isotherms of chromi-
um(VI) sorption for the sorption time of 60 and 1
80 min, constructed from the data in Fig. 2.

As seen from Figs. 2 and 3, sorption increases with
increasing time and initial solution concentration, —.— - . .

which is due to polymerization. 200 400

By kinetic analysis of sorption using the substitu- o T mino ,
tion and graphical procedures [6], we determined Fig. 2. Kinetic curves of Cr(VI) sorption on AM-2b anion
the ordern of the process with respect to the sorbate SX¢Nanger kept in water at pH 4. (ESC) exchange sorption

(=1

0 — 7

=

0

~ N W

(n = 2): capacity. Initial concentration of Ck) mg dnt3: (1) 100,
e (2) 340, () 600, @) 800, 6) 1000, 6) 1500, {7) 2000,
-dC/dv = kC", (8) 3000, and 9) 4000. The same for Fig. 3.
whereC is the residual concentration of the sorbate in ~ ESC, mg g*
the solutionz is the sorption time, anklis a constant. 300 2
The second order of the process suggests that the 200 1
sorption process is kinetically controlled and is limited
by chromium complex formation on the sorbent sur- 100
face [6].
The sorption rate limited by complex formation is ! 20'00 ' 40'00
also governed by pH of the medium. Chromium(VI)- Co, mg dnr3

containing ions polymerize by polycondensation reac-

. : . . - Fig. 3. Isotherms of chromium(VI) sorption for sorption
tion (1) involving protons or hydroxide ions. g (V1) sorp P

times () 60 and g) 180 min. Cp) initial concentration
In the systems studied, the composition and struc- of Cro;.
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Table 1. Kinetic analysis of chromium(VI) sorption at ture of chromium(VI) isopolyanion of the composition
pH 4, performed by kinetic equations for gel and film Cr O, 1 are governed by pH of the initial solution.

using data of Fig. 2 However, reaction (1) is not in equilibrium but con-
Film kinetics Gel kinetics tinues in the course of the ion-exchange process,

m Cgl'm3 which is confirmed experimentally by pH variations

9 K x 107 r* B x 103 r in the course of sorption.

340 21.18 0.9993 2.41 0.9952 Sorption can proceed by the reactions [7]

600 21.32 0.9983 2.39 0.9969

800 15.28 0.9998 1.85 0.9987 - _

2RCl + CrGg = R,CrO, + 2Cf,

1000 | 1572 | 09943 | 2.05 | 0.9983 ™= R

1500 8.29 0.9920 1.01 0.9967 _ "

2000 594 | 09969 | 0.63 | 0.9988 MR,CIO, + (n — mCrO;~ + (n — LH

3000 2.31 0.9567 0.22 0.9852

4000 176 | 009618 | 0.16 | 0.9852 = RomCOgn+1(OH)n_1,
* (r) Correlation coefficient. 2RCl + HCrQg; = R,OHOCr* + 2CI, etc.

Table 2. Diffusion coefficientD at various times of contaetof AM-2b anion exchanger with Cr(VI) solution at R4
as calculated from data of Fig. 2

T, B D x 106, T, B D x 106, T, B D x 106, T, B D x 106,

min t cm? st || min t cm?s?t | min t cn?s?t | min t cm? st
Cp = 340 mg dm?® Co = 600 mg dm?® Co = 800 mg dm?® Co = 1000 mg dm?
1 |0.00097| 1.2 1 |o.00087| 1.1 1 |0.00034| 0.4 1 ]0.000005| 0.1
2 |0.00128| 1.6 2 |0.00133| 1.7 2 |0.00056| 0.7 2 |0.000008| 0.1
3 |0.00154| 1.9 3 |0.00179| 2.3 3 |0.00075| 1.0 3 |0.00132 | 17
4 (0.00171| 2.2 4 |0.00206| 2.6 4 [0.00101| 1.3 4 (0.00173 | 2.2
5 |0.00188| 2.4 5 |0.00216| 2.7 5 ]0.00125| 1.6 5 |0.00203 | 26
7 |0.00236| 3.2 7 |0.00241| 3.0 7 |0.00167| 2.1 6 |0.00193 | 2.4
10 |0.00283| 3.3 10 |0.00246| 3.1 10 [0.00186| 2.3 7 |0.00211 | 27
15 |0.00294| 3.7 15 |0.00286| 3.6 15 [0.00199| 2.5 8 |0.00207 | 26
20 |0.00208| 2.6 9 |0.00219 | 28
25 |0.00216| 2.7 10 |0.00223 | 2.8
15 |0.00216 | 2.7
20 |0.00208 | 2.6
25 |0.00216 | 2.7
C, = 1500 mg dm? Co = 2000 mg dm? Co = 3000 mg dm? Co = 4000 mg dm?
1 |0.00038] 05 1 |0.00045| 0.6 1 |0.00032| 0.4 1 |0.00013 | 0.2
2 |0.00052| 0.7 2 |0.00053| 0.7 2 |0.00038] 0.5 2 ]0.00027 | 03
3 |0.00059| 0.7 3 |0.00052| 0.7 3 |0.00041| 05 3 |0.00026 | 0.3
4 (0.00070| 0.9 4 (0.00054| 0.7 4 |0.00039| 0.5 4 [0.00026 | 0.3
5 |0.00079| 1.0 5 |0.00054| 0.7 5 ]0.00039| 0.5 5 |0.00025 | 0.3
6 |0.00086| 1.1 6 |0.00056| 0.7 6 |0.00038 0.5 6 |0.00024 | 0.3
7 |0.00094| 1.2 7 |0.00058| 0.7 7 ]0.00036| 0.5 7 |0.00023 | 0.3
8 |0.00100| 1.3 8 |0.00058| 0.7 8 ]0.00036| 0.5 8 |0.00022 | 0.3
9 |0.00101| 1.3 9 |0.00061| 0.8 9 |0.00035| 0.4 9 |0.00023 | 0.3
10 |0.00101| 1.3 10 |0.00062| 0.8 10 |0.00034| 0.4 10 |0.00022 | 0.3
15 |0.00099| 1.3 15 |0.00061| 0.8 15 [0.00032| 0.4 15 |0.00020 | 0.3
20 |0.00101| 1.3 20 |0.00058| 0.7 20 |0.00032| 0.4 20 |0.00019 | 0.2
25 (0.00108| 1.4 25 |0.00060| 0.8 25 |0.00030| 0.4 25 (0.00019 | 0.2
30 |0.00110| 1.4 30 |0.00059| 0.8 30 ]0.00028| 0.4 30 [0.00020 | 0.3
40 |0.00111] 1.4 40 |0.00062| 0.8 40 |0.00026 0.3 40 [0.00019 | 0.2
50 [0.00100| 1.3 50 |0.00064| 0.8 50 |0.00025| 0.3 50 [0.00019 | 0.2
60 |0.00097| 1.3 60 |0.00065| 0.8 60 |0.00023| 0.3 60 |0.00018 | 0.2

* (Cg) Initial concentration of Cr@ solution.
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where R is the fixed polycation of the anion ex-range studied the chromium(VI) complexes of various
changer. compositions are sorbed. With growing initial solution

Further complexation may be associated with redogoncentration the degree of polymerization of the
reactions, e.g., complexes increases according to Eq. (1).

Crf* + 3e —» Cr* etc. CONCLUSION

The kinetic analysis of sorption was performed (1) The calculations of the diffusion coefficient
by kinetic equations for gel and film [8]. Table 1 and polymerization factor, along with the kinetic
shows that at a Cr(VI) concentration from 340 toanalysis, indicate that at higher concentrations of the
800 mg dm? the sorption is described by a kinetic sorbate _thg sorption process is kinetically contr_olled
equation for film, whereas at concentrations fromand is limited by chromium(VI) complex formation
1000 to 4000 mg di? it is described by a kinetic On the sorbent surface and by chromium(VI) poly-

equation for gel. merization in the solution and on the sorbent surface.

The results of calculation of the diffusion coef-

(2) Sorption of chromium(VI) from aqueous solu-

ficients D (cn? 1) are given in Table 2 in relation to tion is optimal at acid treatment of the sorbent and pH
the time of contact of the anion exchanger with the#: ESC 350 mg Cr@per gram of sorbent at the initial
solution containing different initial concentrations of Solution concentratiorCin < 4000 mg Cr@ dm™,

Cr(VI) ions. The diffusion coefficienD is calculated
by the equation

D = Br?/=?

wherer is the sorbent grain radius arig| the coef-
ficient calculated from the tabulated data [9].

As seen from Table 2, the diffusion coefficiebDt
decreases as the concentrateg of the initial solu-
tion grows. AtCy > 1000 mg dm® D is approximate-
ly constant, irrespective of contact time.

From the equation
logCqpppy = PlOgCy + log (K/Kp)

where p is the polymerization factorCy,,, = ESC
M1Vg is the ion concentration in the sorbent

(mol dni3), Vg, is the specific swelling of the sorbent
(cm>gl), C,is the ion concentration in solution

(mg dni3), K is the equilibrium constant, and,, is

the polymerization constant, we determined the poly-
merization factorsp using the procedure described

in [9].
Cinit» Mg dnT3 p
800-1500 0.27
1925-4200 0.14

The difference in the values of the polymerizationg.

factor p indicates that over the initial concentration

. Umarakhunov, M.Kh.,

. Helfferich,

. Zelikman,
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Abstract—The chemical resistance of natural chabazite of Margintui volcanic field (Transbaikal Region)
in 0.01, 0.1, 1.0, and 3.0 N HCI at was studied in relation to the treatment time. The order, degree, and rela-
tive rate of cation extraction from the chabazite phase were determined.

Studying the chemical resistance of zeolites is imwith the third group of zeolites, weakly reactive with
portant for understanding the mechanism of their crysrespect to dissolution. Treatment of chabazite with the
tallization under natural and artificial conditions. Acid concentrated acid resulted in the extraction of 97% of
treatment can be used for preparing zeolitic sorbenluminum and total removal of Ca(ll), Mg(ll), and
and catalysts with controllable properties, which sigBa(ll) ions. After treatment, the residual chabazite
nificantly extends the possibilities of their application.retained the shape of the crystals.

At treatment of zeolites with dilute acid solutions Thus, no data are available on the chemical resist-
the proton of the acid first interacts with the mole-ance of chabazite in relation to the treatment time.

cules of zeolite water to form hydroxonium ions par- |, his work, the chemical resistance of chabazite
ticipating in cation-exchange reactions [1]. At hlgherfrom the Margintui volcanic field (Transbaikal Re-

concentrations of the acid the proton interacts withy; s ]
the oxygen of the aluminosilicate skeleton with forma%&?n) of the composition GgsdNag.1Ko.08Mdo.0a
: . . 1.7914 ©012) - H50O in acid solutions of various con
tion of hydroxide groups. As a result, the A-Si  conations was ‘studied as a function of the contact
bonds break and aluminum(ill) passes into the solugne ~The grain size of the mineral was-2L mm.
tion. In t_hls stage, decationization and dealumlnlzatlorQNeighed portions of chabazite were placed in 0.01,
occur simultaneously. 0.1, 1.0, or 3.0 N HClI for 1, 3, and 24 h at the solid-
A majority of works is devoted to chemical resist-to-liquid ratio of 1:30. After separating the phases,
ance of zeolites, especially of mordenites. At the samehabazite was studied by X-ray phase analysis
time, the resistance of chabazite is studied insuffi{DRON-2.0 diffractometer, €, radiation) and by
ciently. For example, dealumination and amorphizachemical analysis for Si, Al, K, Na, Ca, and Mg. The
tion of chabazite boiled in 0.12 M solution of HCI hasAl and Si concentrations were determined on an
been reported in [2]. In 2 M HCI solution the chaba-SF-46 spectrophotometer and the K, Na, Ca, and Mg
zite crystal structure degrades completely. Chabazitgoncentrations, on a Saturn atomic absorption spec-
is unstable to the action of HCI vapor at 2a0[3].  trophotometer (table, Fig. 1).

The acid resistance of natural chabazite was studied The samples treated with 0.01, 0.1, 1.0, and 3 M
by Piguzova [4]. It was found that up to 427% alu- acid solutions are denoted as A, B, C, and D, respec-
minum(lll) is extracted from chabazite on treatmenttively. The figures 1, 3, and 24 denote the treatment
with 0.006 N HCI. As a result, the maximal poretime (h). The degree of extraction of exchangeable
volume increases by a factor of approximately 3 comeations and aluminum(lll) is recalculated on oxides
pared to the initial sample. In 3 N HCI solution, the (Fig. 1). The ratev of passing of the ions into the
ratio SiO,/Al,O5 reaches 15, but the mineral struc-solution was determined from the formuta= vt, and
ture remains unchanged. the relative rate per gram of zeolite, by the formula

e , , = vI/M (h™1), wherem s the weight (g) of the cation
Bogdanova and Belitskii [5] studied the resistance” VIM | R .
of 25 zeolite samples, including chabazite samples, tBaSSﬁdd'mO the Soflu“t?”b'” _tlmte(h),6and M is the
treatment for 1 h with 1 N HCI on a boiling water "eighed portion of chabazite (g) [6].
bath. Among the four groups, chabazite is classed The X-ray diffraction patterns of the initial sample
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C, % (@)
100 2.4 C. % (©
100
3
60 7
20 1 1 1
-2 -1 0 1
Iog Chcl [M] 60
C. % (b)
100
60 20

20 1 1 1
-2 -1 0 1

log Chci [M] log Chci [M]

Fig. 1. Degree of extractioiC from chabazite of (a) sodium, (b) potassium, and (c) calcium and aluminum as a function of acid
concentrationCp. Treatment time (h): ) 1, (2, 4 24, and 8) 3. lon: () calcium and ) aluminum.

agree with the reference data [7]. The crystal structurthat of calcium and other exchangeable cations (see
of chabazite, when treated with 1 N HCI solution fortable).

24 h (sample C-24) and with 3 N HCI solution for  \ith growing acid concentration the relative rate of
3 and 24 h (samples D-3 and D-24, respectively)passing of calcium into the solution increases con-
degrades. The most intense reflectiotg);, drqq, siderably.

d401, @andd,q4 were retained in the diffraction pattern
of the C-24 sample, but in that of the D-24 sample all
reflections were absent. All other conditions of acid
treatment did not affect the chabazite crystal structur

The distribution and coordination of various cat-

Relative ratea of washing-out of the cations from the
&habazite phase

According to chemical analysis, Na and K are the

predominant exchangeable cations extracted from theygm. Relative rate,a, h™

chabazite solid phase into 0.01 and 0.1 N HCI (table; ple

Figs. 1a, 1b). Upon 24-h treatment with 0.1 N HCI, Al 1 cadl) | Mg(ll) | Na() | K(l)

only 1.11% of aluminum(lll) and 2.43% of cal- , 3 3 3 0.0014 |0.0022

cium(ll) are extracted (table, Fig. 1c). A-3 _ _ _ 0.0006 | 0.0008
Magnesium(ll), present in chabazite in a small A-24 - - - 0.0001 10.0001

amount (0.31%), is extracted to 45% as the mineral isB-1 - - - | 0.00150.0023

- - - 0.0005 | 0.0008
B-24 | 0.0950 | 0.0001 - 0.0001 |0.0001

rendered amorphous by treatment with 3 N HCI. No
extraction of silicon from the chabazite occurs.

C-1 0.0950 | 0.0030 - 0.0024 | 0.0023

Because calcium ions in the chabazite exchangeC-3 | 0.0030 | 0.0015 - 0.0009 | 0.0008
able complex are predominant, their behavior in the C-24 | 0.0030| 0.0021 - 0.0002 | 0.0002
systems studied is of a special interest. Figure 1cD-1 | 0.0200) 0.0123} - | 0.00260.0024

shows that on treatment of chabazite with 0.1 N HCI 3'24 88(1)28 88333 0 0‘007 8883; 88832
(sample B-24) calcium is extracted simultaneously — ' ' ' ' '

with the start of washing-out of aluminum, but thenote: The dash stands for the absence of ion extraction from
relative extraction rate of aluminum is higher than the chabazite phase.
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ions in the chabazite have been studied in a number aftions implies that calcium ions are stronger bound
works [3, 811]. Within the large chabazite cavity in the chabazite structure than alkali metal ions. Re-
calcium ions occupy three different positions: neamoval of aluminum(lll) ion from the tetrahedral posi-
a six-membered ring outside the hexagonal prism, ition does not affect the chabazite crystal structure,
an eight-membered ring, and inside the dihedral anglexcept for the case when treatment results in mineral
formed by the four-membered rings. The calcium codegradation (1.0 N acid solution, 24 h and 3 N solu-
ordination sphere contains water molecules separatirfipn, 3 and 24 h). The degree of dealumination and
calcium ions from the walls of the aluminosilicate decationization depends on the time of contact of
skeleton and the oxygen atoms of the skeleton. Evichabazite with the acid.

dently, an acid proton breaks the & and CaO

bonds, which destabilizes the chabazite crystal struc- REFERENCES

ture and facilitates simultaneous passing of aluminum
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Abstract—Oxygen reduction in aqueous solutions by cathodically polarized copper-containing redox resins
was studied. To provide reagent-free, continuous, and exhaustive deoxygenation, the rate of surface electroless
oxidation with oxygen should be equal to the rate of electrochemical reduction (regeneration) of the redox
centers.

The modern industry imposes stringent require- The second pathway is sorption and reduction of
ments on deoxygenation of water and aqueous solwxygen with copper of the redox resin in the depth of
tions of electrolytes. There are various procedures fdts grains, where the reaction centers are not affected
removing oxygen from liquid media [1]; however, even by the maximal cathodic polarization. At polariz-
copper-containing redox resins (electron and ion exing currents insufficient for regeneration of all redox
changers) are the most efficient for exhaustive deoxyecenters, this pathway also provides exhaustive re-
genation [2, 3]. When deoxygenation is performed bynoval of oxygen from the solution. However, in this
reducing sorption of oxygen on a copper-containingase the deoxygenation is slow and requires inter-
redox cation exchanger, oxygen reacts with dispersauittent regeneration of the redox filter.
copper to form copper oxides or copper ions fixed as rpq 4im of this work was to determine conditions
counterions in the ion-exchange matrix. The redo.agoviding constantly high rate of oxygen electrosorp-
resins are unique substances since they have high - from aqueous solutions on copper-containing
redox capacity and developed porous structure and calyoy  resin, i.e., conditions providing continuous
be reduced or oxidized W|th_out Ilberatlo_n_ of the pmd'regeneration of the reaction surface.
ucts of their own conversion. In addition, copper- _ _
containing redox resins have sufficient electrical con- We studied oxygen electrosorption on EI-21 SNU
ductivity and stability to electric current [4] which copper-containing redox resin [2] prepared from
allows reducing sorption of oxygen on these material&U-23 macroporous sulfonic cation exchanger. The
under conditions of cathodic polarization-[g, i.e., redox centers of this redox cation exchna_lger are clus-
oxygen electrosorption. Previously [8, 9] we deter-ters of copper atoms located around the ion groups of
mined two consecutive and parallel pathways of eleche resin. The diameter of resin grains is-@® mm.
trosorption. The first occurs via redox transformations! he redox capacity of the sorbeat(the content of
of the surface of the redox resin grains and heterogenéispersed copper) ranged from &H0° to 12.0x
ous chemical reactions to form chemisorbed Copper103 g-equiv > of the resin. Deoxygenation with
oxygen complex. The electric current regenerates tHgoth reduced and oxidized form of the resin was
surface reaction centers of the redox resin, thus prstudied. The degree of oxidation of the resinwas
viding fast and continuous deoxygenation. The ratedetermined by microscopic examination of the con-
determining step is heterogeneous chemical reacentric ring of CyO clearly seen on a section of a
tion (1). The subsequent electrochemical reduction ofesin grain. The oxidized form of the resin was re-
copperoxygen compounds (2) is relatively fast: duced either with alkali solution of sodium dithionite
Na,S,0O, (electroless reduction) or electrochemically

.. 0, R-[CU...0] S R.cu ati = 0.1 A ni? and cathodic polarizatio& = 0.9 V
—>(1) ((E) ’ in the absence of solution flow. Oxygen electrosorp-

tion was studied in a flow three-cell reactor of the
where R is the polymeric matrix of the redox cationfilter-press type. The reactor consists of cathodic and
exchanger. two anodic cells separated by MA-40 anion-exchange
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tion (z = 4); F is the Faraday number (26.8 A h md|
Solution u is flow rate of the oxidizing agent (I'h); Ac is dif-
feed ference in the oxidizing agent concentration at the
inlet (cp) and outlet €) of the reactor, determined with

1. . N the aid of a KL-215 oxygen meter (M); arglis the
A Bg?, ] geometrical surface area of grains 3m
odo |6 .
§33 "83% o —) The rate of electrochemical process was estimated
065|398 from the limiting current density of the polarization
5o 000 I —— curvesl;;,, which is the limiting current of preceding
0o | D2 . . . . .
0%% 000 4 chemical reaction and is described by the equation
B 8, 9]
Foo130a — 5
201888 | lim = react = —ZFoq/V,
258|290
9591298 where o is rate of reduction of dissolved oxygen
— | —degejoce — with the redox resin in the absence of the polarization,

. ) _ and v is the stoichiometric number.
Fig. 1. Scheme of electrosorption reactot) ¢athodic cell

packed with the redox resin2) anodic cells, ) platinum Let us consider the rate of oxygen electrosorption
anodes, 4) copper cathode, and5) anion-exchange as influenced by the reactivity of the redox resin. For
membranes. this purpose we studied both the reduced and oxidized

forms of the resin (Table 1). The rate of oxygen elec-

membranes (Fig. 1). The vertical electrodes wergsqorptioni(Ac) and the limiting current density of
fixed along the longitudinal axis of the cells. A bed of ,,5rization curvesiy,, considerably decrease with

grarlwulated redox reSiQ \c/jvas_ arrﬁnged Eround I;che_\r/]e ccumulation of copper oxides in the depth of resin
tical copper wire cathode In the working cell with o ;o o " at high oxidation degrees of the reg)n

1-6 cm_li;eightfh) an.ld 1.2 ﬁlrﬁ %ross fsection. 'AI‘ thjg'd The oxidized form has a lower electrical conductivity,
gin capiffary of a silver chiorde reference eleclrotey g phence the oxygen electrosorption on this form
was fixed in the immediate vicinity of the cathode.

. . . occurs at higher overvoltage as compared to the re-
A working 0.04 M solution of sodium sulfate was -
fed from the top with a flow velocity form 0.1 to duced form. Thus, the oxygen reduction on the redox

0.7 cm 5%, The electrosorption reactor was polarizedres'n with highly reactive reducing centers is the
under galvanostatic conditions. The potentials werEaStGSt'
measured vs. a standard hydrogen electrode. The reactivity of the redox resin is determined by
not only the presence of copper oxides but also the
fgnount of reactive copper (the redox capacity of the
resing). As seen from Fig. 2, theate of electrosorp-
tion on the redox resins with a low content of dis-
i(AQ) = zFuAc/s persed copper is considerably higher than the limiting

' current density. These parameters become close start-

wherez is the number of electrons involved in the reaciNd from & = 10.5x_103_g-c_aquwm . The fact that
i(Ac) is higher thanij,, indicates that oxygen is re-

Table 1. Rate of oxygen electrosorptiggac) and limiting ~ duced not only by the surface but also by internal
current densityi"m for the reduced and oxidized forms reaction centers ofa grain. This can decrease the reac-

The rate of oxygen electrosorptidigAc) (A m‘z)
was estimated from a decrease in its concentration a
expressed in the units of current density:

of the redox resin;e = 10.5x 103 g-equiv m‘3, Co = tiVity of the redox resin and decelerate oxygen reduc-
8.6 mgtl, u = 046 cms!, ati = 0.086 Anr? tion (Table 1).

i (AQ) o To maintain constantly high rate of the process, the

o % lim EV rate of electroless oxidation of the redox centers with

’ A m-2 ’ oxygeni(Ac) should be equal to the rate of the elec-

trochemical reduction;,,. In addition, polarization
0 1.31+0.11 1.06+0.07 0.2 currents higher than the limiting value are undesirable
50 0.84+0.04 0.34+0.03 0.9 because of hydrogen evolution. Commercial EI-21-75

redox resin with relatively high capacity (ca. 165
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10°m™) meets the indicated requirements. This i(AC), i, A M2

sorbent can be used for oxygen electrosorption. 15k i
The redox resin after sorption or electrosorption

of O, can be regenerated by treatment with chemical 1.0

reducing agents or by cathodic polarization in a sta-
tionary solution. The regeneration procedure (chemi-

cal or electrochemical) affects the limiting current 051

(Table 2) and does not affect the rate of oxygen

sorption. 3 ' 2
The limiting current densityj;, for the redox resin & x 1073, g-equiv n13

regenerated by chemical reduction is somewhat lower Fig. 2. (1) Rate of oxygen electrosorptioi(Ac) and
as compared to the resin regenerated by the electro-(2) limiting current densityi;i,, at oxygen concentration in
chemical procedure. The constancy of the electrosorp- the solution ofcg = 8.6 mg L, flow velocity of the solu-
tion rate indicates that the number of the reaction tonu = 0.46 cms®, and height of the resin bet= 6 cm
centers remains the same. However, the state of thesg®® ™nctions of the copper content in the redox resin

centers can change owing to sorption of the reducing i(Ac), A m=

agent and its oxidation products, which, in turn, 1.5

should affect the rate of heterogeneous chemical oxi-

dation of these centers and hence the limiting current 1.0

of their reduction. Cathodic activation of the redox 05 . . . .
centers of the resin regenerated by the chemical proce- 100 200t h

dure increases the limiting current density to the value rjg 3. Rate of oxygen electrosorptioiAc) by EI-21-75
observed for the electrochemicaly regenerated redoX redox resin at polarizing current density= 0.86 A nt?2,
resin. When the cathodically activated redox resin is ¢ =10.5x10% g-equiv nT3, ¢, = 8.6 mg ', u=0.46 cm &,
treated with the reducing agent, the resin is converted and h = 6 cm as a function of time.

into the initial state characterized by a low limiting _ _ _ _
current. Thus, deoxygenation on the redox resin pre- Deoxygenation with required rate can be main-
liminarily activated by cathodic polarization will tained for a long time by polarization of the cath-
occur via oxidation and reduction of its surface withodically activated redox resin with the maximum
the maximal limiting current density. In the case ofP0ssible current (which should depend on the limiting
the chemically regenerated redox resin the procegdrent) at which no hydrogen is liberated. This is
will mainly occur via formation and accumulation of indeed the case in oxygen reduction on EI-21-75 in-
copper oxides in the depth of a grain, which will dustrial coppe[écontammg redox resin with= 10.5x
deactivate the resin, thus decelerating thee@ctro- 1 g-equiv m at the equilibrium concentration
sorption. The activity of cathodically activated redoxCp = 8.6 mg I, the flow velocity of the solutioru =
resin and hence the rate of oxygen electrosorptio.46 cm 5!, and the polarizing current density=

of this resin remain constantly high. 0.86 A2 (Fig. 3). Negligible decrease in thveac-

deoxygenation of aqueous solutions should be in the _ _
reduced form, have high redox capacity, and be aclaPle 2. Change of the © content in the solutiomc,
tivated by cathodic polarization. Only in this case thef!ectrosorption raté(Ac), and limiting current density;p,
rate of oxygen electrosorption at polarization with the®" the redox resin regenerated by (')Oghem'cff" and (Il)
limiting current is equal to the limiting current density ele(itrOChem'cill profedu£$ N 101'5X 10° g-equiv ™,

of the polarizatiori(Ac) = ij, and the process occurs % = 86 mgl’, u =046 cms

via consecutive oxidation and reduction of the surfaceReg enerad i(AC) i

of the resin grains, thus providing continuous re- Ac, mg It :
generation of the redox centers. This can be the casgrgcedure| A m-2

only for the redox resin with definite properties and

under definite conditions. Among them are, first of | 4.08+0.32 | 0.78+0.04 0.91+0.11
all, polarizing current and concentration and feeding |* 3.92+0.15 | 0.75+0.06 | 0.20+0.03
rate of dissolved oxygen. Let us consider each of this

parameters. * With sodium dithionite.
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i(AC), ijim, A M2 Oxygenelectrosorption on the industrial redox resin

sl (@) 1 with € = 10.5x 10° g-equiv n3 should be performed
‘ % at the flow velocity of the solutioru < 0.23 cm st
1ot 2 and the oxygen concentratiag < 7.5 mg L. In addi-
) tion, since copper deposition on the cation exchanger
05F involves treatment of the redox resin with a reducing
agent (sodium dithionite), the sorbent should be elec-
5 p 10 og, mg It trochemlc.ally reqenerated to increagg,.
i(AC), ijipy, A M2 Since in practice all parameters of the process are
2.0 (b) nonuniform throughout the resin bed of arbitrary
1 height at large gradients of oxygen concentration in
1.5 the bed, the reduction by the second pathway will
2 occur in all cases [9]. Hence, to reach exhaustive
1.0 deoxygenation, the process should be successively
T4 osucmst performed in several electrosorption reactors at the
polarizing current corresponding to the rate of oxygen
Fig. 4. (1) Rate of oxygen electrosorptiafic) and @) lim- reduction.
iting current densityij,, as functions of (a) oxygen con- ) )
centration in the solutiorty (¢ = 10.5x 10° g-equiv nT3, Thus, continuous  oxygen e_leCtrOS_Orpuon on the
u=0.46 cmsl, andh = 6 cm) and (b) flow velocity of copper-containing redox resin is provided mainly by
the solutionu (cms?) (cy = 8.6 mgt! andh = 1 cm). maintaining constantly high reactivity of the resin by

cathodic polarization at equal rates of electroless
be due to reducing sorption of oxygen by not only theoxidation and electrochemical reduction of the redox
first but also the second pathway with accumulatiorcenters. This is possible at definite internal and ex-
of Cu,0 inside a resin grain. Clearly the rate of elec-ternal parameters of the process (redox capacity of
troless oxidation with oxygen slightly differs form the resin, its oxidation degree, polarizing current
that of electrochemical reduction of the resin. Thedensity, flow velocity of the solution, and oxygen
equality can be attained only when the polarizingcontent in the solution).
current and the rate of electroless reduction of oxygen
on the resini(Ac) are the same. Since the polarizing CONCLUSIONS
current is restricted by the limiting current, the rate of )
oxygen reductioni(Ac), the limiting current of the ~ Based on the results of this work we propose the

polarization curves,, and the external polarizing following principles of oxygen electrosorption on the
current should be equak = i(Ac) = iy . copper-containing redox resin, which provide con-
fim tinuous and exhaustive deoxygenation.

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

When the cathodically activated resin with high
capacity ¢ ca. 12x 10% g-equiv nT3, Fig. 2) is used,
the rate of oxygen reductioi(Ac) and the limiting
current coincide at the equilibrium concentration=
8.6 mgI! and flow velocity of the solutionu = (2) To maintain high reactivity of the resin, the
0.46 cm §L. In the case of the most frequently usedrate of electroless oxidation with oxygen should be
industrial redox resin witle = 10.5x 10% g-equivnt®  equal to the rate of electrochemical reduction of the
these parameters slightly differ. In this connection let€sin, which is the case when the limiting polarizing
us consideri(Ac) and iy, for this redox resin as in- current density is equal to the rate of oxygen reduc-
fluenced by the oxygen concentratiay and flow tion. In_the case of EI-21-75 redox_ resin this balance
velocity of the solutioru. The electrosorption rate and 'S_attained at the © concentrations lower than
the limiting current density regularly increase with in-7H5 mg I anqslthe flow velocity of the solution less
creasing @ content in the solution (Fig. 4). At the, O than 0.3 cm's.
gom_:entration h_igher than 7:5 m‘gl_Ii(A(_:) exceeds the ACKNOWLEDGMENTS
limiting currentij;,,, suggesting oxidation of the reac-
tion centers in the depth of a grain. The ratio of these This work was financially supported by the Com-
parameters is similar at high flow rate of the solutionpetitive Center of Basic Natural Science (project
and lower height of the resin bed (Fig. 4b). no. 97-0-9.3-44).

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



DEOXYGENATION OF AQUEOUS SOLUTIONS

REFERENCES 5.

. Spravochnik po svoistvam, metodam analiza i ochistke
vody (Handbook on Properties of Water and Method
of Its Analysis and Purification), Kul'skii, L.A., Goro-
novskii, 1.G., Koganovskii, A.M.,et al, Eds., Kiev:
Naukova Dumka, 1980.

. Kozhevnikov, A.V.,ElektronoionoobmennikiElectron
and lon Exchangers), Leningrad: Khimiya, 1972.

. Polipanov, I.S. and Sazonov, A.Mzh. Prikl. Khim,
1979, vol. 52, no. 2, pp. 33338.

. Kravchenko, T.A., Sotskaya, N.V., Aristov, I.V., and

Berezina, N.P.Elektrokhimiya 1996, vol. 32, no. 2, 9.

pp. 204-206.

7.

35

Kravchenko, T.A., Krivheva, G.G., Kuznetsova, N.V.,
and Shatalov, A.Ya.Zh. Prikl. Khim, 1980, vol. 53,
no. 2, pp. 334338.

6. Kravchenko, T.A., Krivheva, G.G., Kuznetsova, N.V.,

and Shatalov, A.Ya.Zh. Prikl. Khim, 1980, vol. 53,
no. 3, pp. 681684.

Kuznetsova, N.V., Kravchenko, T.A., and Shata-
lov, A.Ya., Zh. Prikl. Khim, 1980, vol. 53, no. 4,
pp. 840-843.

8. Sleptsova, O.V., Sotskaya, N.V., and Kravchenko, T.A.,

Zh. Fiz. Khim, 1996, vol. 70, no. 9, pp. 1657660.

Sleptsova, O.V., Sotskaya, N.V., and Kravchenko, T.A.,
Zh. Fiz. Khim, 1997, vol. 71, no. 10, pp. 1899901.

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



Russian Journal of Applied Chemistryyol. 74, No. 1, 2001, pp. 36-38. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 36-38.
Original Russian Text Copyrigh® 2001 by Ergozhin, Menayakova, Atshabarova.
SORPTION
AND ION-EXCHANGE PROCESSES

Synthesis and Physicochemical Study of Polyfunctional
lon Exchangers Based on Dextramine Waste
from Levomycetin Production

E. E. Ergozhin, G. A. Menayakova, and R. B. Atshabarova

Bekturov Institute for Chemical Research, Ministry of Education and Science of Kazakhstan Republic,
Almaty, Kazakhstan

Received March 14, 2000; in final form, August 2000

Abstract—New polyfunctional anion exchangers are synthesized from dextramine (waste from levomycetin
production) by condensation of its glycidyl ethers with certain polyamines. The polycondensation conditions
are optimized, and physicochemical properties of the resulting ion exchangers are studied.

lon-exchange materials are widely used in solvingnycetin production)
various environmental problems, in complex process-
ing of raw materials, development of closed processes, 0, N-Cg H4‘?H‘C|:H‘CH20H
water treatment, hydrometallurgy, and food industry OH NH,
[1-8]. Therefore, development of methods for syn-
thesis of such materials from cheap and availablﬁ
components is an urgent problem-{2].

nd also its reduced forin-1-(p-aminophenyl)-2-ami-
opropane-1,3-diol

H,N-CzH,~CH-CH-CH, OH
EXPERIMENTAL OH rile

In this work the subject matter wds1-(p-nitro- L-1-(p-Nitrophenyl)-2-aminopropane-1,3-diol di-
phenyl)-2-aminopropane-1,3-diol (waste from levo-glycidyl ether (DGED) was synthesized at a molar

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

GE : amine EC, mg-equiv g* W, % GE : amine EC, mg-equiv g* W, %
DGED : PEI TGED : PEI

1:1.0 8.3 9.5 1:05 8.7 9.8

1:15 8.8 9.2 1:1.0 9.9 9.8

1:2.0 9.6 9.7 1:2.0 10.5 9.9

1:25 9.7 9.6 1:3.0 11.7 9.9
DGED : PEPA TGED : PEPA

1:05 6.8 9.2 1:05 7.9 9.5

1:1 6.9 9.1 1:1.0 9.2 9.7

1:15 7.3 9.1 1:2.0 10.6 9.6

1:2 7.2 9.3 1:3.0 Strong swelling
DGED : PMVP TGED : PMVP

1:1 4.2 8.9 1:05 6.8 9.3

1:15 4.7 9.0 1:1.0 7.5 9.5

1:2 5.6 9.1 1:2.0 8.2 9.5

1:25 55 8.9 1:3.0 8.8 9.4

*(EC) Exchange capacity in 0.1 N HCI andV{ moisture content.
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Table 2. Physicochemical characteristics of the resins

Resin based on indicated components
Parameter DGED TGED
PEI PEPA PMVP PEI PEPA PMVP
Moisture content, % 9.7 9.1 9.1 9.9 9.6 9.4
Specific volume, ml gt 4.2 4.9 3.6 4.7 5.2 3.9
EC in 0.1 N HCI, mg-equivg 9.6 7.3 5.6 11.7 10.6 8.8
EC loss (%) after treatment with:
5 N H,SQ, 100°C, 30 min 2.0 0.7 0.5 0.5 0.4 0
5 N NaOH, 100C, 30 min 2.8 11 0.7 0.1 0 0
10% H0O,, 25°C, 24 h 7.2 0.7 2.2 2.4 3.8 1.0
EC loss (%) after thermal treatment| 12 9.0 3.0 8.0 10 3.0
at 100C

ratio monomer : epichlorohydrin (ECH) : NaOH = 29.3%). PEPA M1 = 290 (determined by cryoscopy),
1:6:3 [14]. As a result we obtained 311 g of a redtotal nitrogen 22.6%, titrable nitrogen 19.8%] was
viscous liquid (yield 96%). The epoxy group contentallowed to stand over granulated KOH for 6 days.
in the product was 22% (83% of the theoretical value)PMVP: M = 10x 10°, 8.6% titrable nitrogen.

L-1-(p-Aminophenyl)-2-aminopropane-1,3-diol  Solid resins were ground, converted into the OH
tetraglycidyl ether (TGED) was synthesized at a molaform with 5% NaOH, and characterized as follows.
ratio monomer : ECH : NaOH = 1:12:6. 397 g of Infrared spectra were registered on a UR-20 spectro-
a yellow viscous liquid was obtained (yield 98%). Thephotometer using KBr technique. The potentiometric
epoxy group content in the product, determined astration was carried out with an EV-74 ionometer.
in [15], was 40.3% (95.3% of the theoretical value).The thermal and chemical resistance was determined

The required amounts of the amine and ECH wa&ccording to the GOST (State Standard) 10488

loaded in a round-bottomed flask equipped with a Results on the effect of the reagent ratio on the ion-
reflux condenser, a drop funnel, a thermometer, and exchange characteristics of the resins are given in
stirrer. One mole of water was added. The reactioifable 1.

mixture was heated to 8G, and 50% NaOH was  gy,dy of the exchange capacity (EC), thermal and
gradually added over a period of 30 min. Hot watelchemical resistance, and the yield of the ion ex-
(80°C) was added until salts were dissolved. Th%@sngers allowed optimization of synthesis of the
organic phase was separated, washed with water, apgins. The optimal proportions (mass ratio) of the
volatile products were removed in a vacuum. components are as follows. DGED:PEl = 1:2
DGED : PEPA = 1:1.5, DGED:PMVP = 1:2,
TGED:PElI = 1:3, TGED:PEPA = 1:2, and
TGED : PMVP = 1: 3. The resins obtained under the
optimal conditions show sufficiently high thermal and

Found (%): C 56, H 6.3, N 8.4;
C15H20N20;.
Calculated (%): C 55.5, H 6.1, N 8.6.

Found (%): C 61.5, H 7.6, N 6.4; chemical resistance (Table 2).
Ca1H30N, 0. o In Table 3 are summarized data on the sorption of
Calculated (%): C 62, H 7.3, N 6.8. Cu?*, Ni%*, and CS* from 0.05 N solutions with the

. : .. resins obtained. For comparison are given data on
Polycondensation of the glycidyl ethers (GEs) with DE-10P commercial ion-l?axchange regsin
polyamines was performed at various componenl? '

ratios at 80C for 30 min, with subsequent heating at

100°C for 10 h. The polyamines were polyethyleni- CONCLUSIONS

mine (PEI), polyethylenepolyamine (PEPA), and (1) New polyfunctional ion exchangers are syn-
poly-2-methyl-5-vinylpyridine (PMVP). PEI was used thesized by polycondensation of glycidyl ethers
as a 50% aqueous solution (intrinsic viscosity 0.14derived from L-1-(p-nitrophenyl)-2-aminopropane-
M = 10x 103, titrable nitrogen in an anhydrous samplel,3-diol or its reduced form with certain polyamines.
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Table 3. Sorption characteristics of the resins

EC, mg-equiv g*, for indicated ions 5.
Resin

ol Ni2* Co?* 6

DGED : PEI 5.8 4.5 4.1
DGED : PEPA 4.8 4.2 3.7 .

TGED : PEI 6.2 4.8 4.6

TGED : PEPA 5.3 4.6 4.2
EDE-10P 1.0 1.2 0.8 8.
9.

(2) The resins obtained show sufficiently high

thermal and chemical resistance and sorption capacity

for copper, nickel, and cobalt. 10.
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Abstract—Homo- and copolymers based oN-(vinyloxyethyl)dithiocarbamoylethylcarbonitrile actively
sorbing silver, gold, and mercury were prepared.

Proceeding with systematic investigations of theunits. The weight-average molecular weight reaches
polymerization ability of derivatives oN-(2-vinyl- 5200-5500. The IR spectra exhibit the bands at 1850
oxyethyl)dithiocarbamic acid [1, 2], we studied in thisand 1775 crit belonging to the stretching vibrations
work the properties of a new monomeé;(vinyloxy-  of the MA carbonyl groups; the VC units are charac-

ethyl)dithiocarbamoylethylcarbonitrile (VC): terized by the main bands at 1400, 1490, 1580, 2250,
and 3200-3400 cmi™. The results of elemental analy-
CHy=CH-O-CH,-CH,-NH-C(S)S-CH,-CH,-C=N. sis (Table 2) and spectral data suggest that, irrespec-

_ _ _ tive of the initial composition, copolymers are formed
The synthesis of this compound was described eb?ﬁrough the double bonds of VC and MA monomers.

where [3]. Bright yellow powdered polymer was pre-the copolymerization constants calculated using the
pared in a high yield by cationic homopolymerizationg;,emanRoss procedurer{ = 0.05+0.01,r, =
(Table 1). 0.09+0.01) suggest characteristic alternation of the
Cationic polymerization involves the vinyloxy units in the polymer, i.e., cross-coupling is the deci-
group, whereas the dithiocarbamate group is presive process in the chain growth.
served. The IR spectra of VC homopolymer contain  The VC_.MA copolvmers are vellow powders
the bands at 1400, 1490, 1580, and 333400 cm™ 4| hle in DMSO, IODIS\//IF, chlorofo>r/m, andp in hot
[-C(S)-NH-] and at 2250 i (C=N). The bands at yater. The radical copolymerization of MA and VC
244 and 364 nm in the UV spectra indicate the IOIresEives the copolymers with alternating comonomer
ence of the C=S group in the polymer. The moleculaf)jis whereas polymerization of VC and vinyl acetate
weight (weight-averageM is 5800-6100. Spectral /a) yields the polymer products containing nearly
data and elemental analysis confirm the linear strucry A ynits per VC unit, irrespective of the composi-
ture of the polymer. The polymer is soluble in ace+jgn of the initial reaction mixture (Table 3). The IR
tone, dioxane, and DMSO. spectra of copolymers prepared at different initial
The VC homopolymer with maleic anhydride (MA) ratios of VC and VA are similar. There are no bands
gives the copolymers with alternating comonomeiof the stretching vibrations of the VA double bond and

Table 1. Homopolymerization of VC; [VC] = 0.46 M, chloroform solvent, SpCtatalyst, 20C

sncl, z, Yield Conversion " Elemental analysis

wt % min % c H N S
0.2 30 98.4 99.0 5800 45.98 5.01 11.07 29.67
0.3 20 98.9 99.2 6100 46.02 5.00 11.19 29.64
0.5 18 98.7 98.9 5900 45.97 4.99 11.18 29.70
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Table 2. Bulk copolymerization of VC and MA; [AIBN] = 0.3%, 6@, Tt = 24 h
Content of VC| Maximal rate [ Maximal conversion Yield Elemental analysis, %| Content of VC
in monomer Ax 1073, in copolymer,
mixture, mol %| mol It st % N S mol %
16.67 0.07 13.7 13.1 8.82 20.07 49.34
25.00 0.19 28.9 27.9 8.87 20.02 49.42
33.33 0.39 47.6 46.2 8.87 20.33 49.75
50.00 0.45 64.8 63.2 8.89 20.35 49.88
50.00* 0.63 76.9 75.7 8.85 20.32 49.73
66.67 0.24 35.2 34.5 8.82 20.34 49.67
75.00 0.13 225 21.3 8.83 20.30 49.65
* At 70°C.
Table 3. Copolymerization of VC and VA; [AIBN] = 0.3%, AT, t = 24 h
Content of VC Conversion Yield Elemental analysis, % Content of VC
in monomer in copolymer,
mixture, mol % % C H N S mol %
20.00 58.2 56.8 56.90 7.07 2.73 6.31 18.79
33.33 69.4 68.1 56.74 6.99 2.90 6.28 19.26
50.00 73.3 70.9 57.00 6.97 2.94 6.40 19.58
20.00* 64.2 62.7 56.97 7.05 2.80 6.42 19.14
* At 80°C.

Table 4. Copolymerization of VC and ST; [AIBN] = 0.3%, 7C, Tt = 24 h

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

in monomer Solvent in copolymer,
mixture, mol % % C N S mol %
5.00 - 86.3 85.1 89.44 0.74 1.72 5.59
9.09 - 87.6 87.0 87.94 1.28 2.99 9.49
16.67 - 88.2 86.9 84.99 5.25 9.39 30.34
25.00 Benzene 82.7 81.8 72.76 6.17 11.52 35.27
25.00 Chloroform 83.9 82.7 73.55 5.54 11.34 33.46
33.33 - 84.6 82.4 74.83 5.45 12.38 34.43
66.67 Chloroform 78.3 76.8 64.10 6.77 5.49 41.11

VC vinyloxy group; the bands at 1720 and 1235¢m

belong to the-OCOCH group and that at 2250 ¢

The reactivity of VC in copolymerization with ST

and VA (Tables 3, 4) differs from that exhibited in

to the nitrile groups. The UV bands at 244 andcopolymerization of ST and VC with simple vinyl
364 nm indicate the presence of the C=S groups in thethers [4]. This is probably due to the fact that VC can
VC-VA copolymer. These copolymers (molecularinitiate homopolymerization of ST and VA [5] under
weight~4700) are yellow powders soluble in acetonethe copolymerization conditions (AIBN, 60). The

ethyl acetate, and chloroform.

9 mol%).

VC-ST copolymers can be obtained as white powders
The data on copolymerization of VC with styrene©r White soft fibers in the case of at least two-fold
(ST) indicate that the composition of the resultingeXcess of VC. The resulting copolymers are soluble in
copolymers depends on the composition of the initaPMSO, DMF, benzene, toluene, acetone, chloroform;

monomer mixture only at a low content of VC5 they are well wettable with water.

It is known [6] that polymers containing the dithio-
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carbamate fragment exhibit the sorption activity with

respect to coordination-active metal ions. In contrast A % @)
to VC-MA and VC-VA copolymers, the VC and 80 | o]
VC-ST copolymers are rather stable in solutions of To——o——2

hydrochloric, sulfuric, and nitric acids at concentra- [
tions higher than 1 M, which allowed us to study the 40 3
eo—e . T 4

sorption properties of VC and UST polymers with

. . . . L 5
respect to ions of silver (in HN§ H,S0y,), gold (in O\o\g
HCI, H,SO,), and mercury (in HCI, HNG, H,SOy). — e
The dependences of the metal recovery on the con- A, % (b)
centration and nature of the mineral acid are shown in 100

Fig. 1. It should be noted that for the homopolymer &w:
the recovery of mercury ions from the solutions of
nitric and sulfuric acid remains almost constant with 60

increasing acid concentration from 1 to 7 M. In the i

case of gold and silver the recovery of metals de-

creases with increasing acid concentration in the 20 3
above range. Such run of the recovery curves is prob- . 2]

ably due to the predominantly dor@rcceptor interac- 1 3 5 7C M

tion of metal ions with the active centers of the poly- Fig. 1. RecoveryA of (a) mercury and (b) silver on the
mer. For gold occurring in a solution of hydrochloric (1, 2, 4 vC and @, 5, § VC-ST polymers as influenced
acid as tetrachloride complex the ion-exchange inter- by the nature and concentration of a@d Sorbent weight
action through the protonated nitrogen atoms is also m =10 mg,V =20 ml,t = 2 h. VC:myg = 1.0, myg =
possible. The effect of hydrochloric acid on the sorp- 8.0 mg; VGST: myy = 3.6, myg = 1.0 mg. Acid: (,
tion recovery of mercury can be explained by forma- 5) HNOs, (2, 3 H,SO, and @, 6 HCI.

tion of chloride complexes [7].

The data on the sorption kinetics in 1 M acid solu- C1, mg gt
tions indicate that both polymers recover silver with a 900 — e ]
high rate: the equilibrium is attained in 10 min. In /{ . >
the case of mercury the equilibrium is attained in 200 //
10 min and 2 h for VC and VEST copolymers, re- A
spectively. In the case of gold chloride complex the [
equilibrium is attained in 30 min, whereas the main 400

fraction of the metal is recovered in 1Min.

The sorption capacity of polymers was determined 200
from the curves of equilibrium distribution of metal
ions between the solid phase and solution (Fig. 2, : : :
Table 5). As seen from Table 5, the VC homopolymer 100 200 300 Cp, mg It
(PVC) is an efficient sorbent with respect to all three Fig. 2. Equilibrium distribution of ¢, 2) silver and 8-
metal ions, whereas the VC copolymer is efficient 5) mercury in 1 M solutions of X) nitric, (2-4) sulfuric,
with respect to mercury and gold ions. The sorption @nd ©) hydrochloric acids; 1-3, 5) PVC and @) VC-ST
capacity of the copolymer with respect to silver and SOrbent weightm = 10 mg, V = 20 ml. Metal content
mercury ions decreases (approximately by half) with (€2 I the solid phase andCf) in solution.
decreasing content of the active nitrogen and sulfur gpig of the bands and variation of their intensity in
atoms, whereas for gold the sorption capacity iny,e 10001250 cmt range for the concentrate in-
creases. This is probably due to the steric factor§icates participation of the thioamide fragment in the
related to the distribution of the active centers in '.[hecoordination. Disappearance of the stretching vibra-
polymer and to the structure of the gold tetrachloridgi,n pand at 1070 cit suggests possible coordination
complex. through the C=S group. Moreover, certain changes are
To elucidate the interaction mechanism, we studiedlso observed in the 5540 cni* range correspond-
the IR spectra of the VC copolymer and its concening to the stretching vibrations of the-S group.
trate (polymer with sorbed metal). At the same time the band at 2250 ¢nin the co-
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Table 5. Sorption capacity (SC) of the polymers and distribution coefficieDtof metals in 1 M acid solutions

PVC VC-ST copolymer
Parameter
HCI H,SO, HNO, HCI H,SO, HNO,

M = Hg

SC, mgg? 120 500 180 60 240 180

D 1.0x 10° 1.0x 10 6.0x 10° 7.4% 107 2.0x 104 6.9x 10*
M = Ag

SC, mgg? - 790 900 - 166 103

D - 3.3x 10° 1.8x 10° - 7.2x 10% 2.7x 10
M = Au

SC, mggt 218 300 - 560 490 -

D 8.9x 10* 4.6x 10° - 4.0x 10% 1.9x 10% -

polymer spectra remains unchanged, which rules outoble metals can be eluted with a 3% solution of
participation of the €N group in the metal coordina- thiourea in 1 M HCI: 10 ml of this solution complete-
tion. Thus, the above results allow us to propose thly recovers 59ug of gold in 30 min. At 50C the de-
following structures of complexes formed in the sor-sorption period decreases to 10 min, but in thése

bent phase: the sorption activity of the regenerated sorbent de-
| | creases.
NH zl\llH A |/’\||H The sorption properties of the polymers in question
/C':\ g¢ oN g¢//c\ were evaluated by studying sorE)tion of iron, copper,
s 87 ST S nickel, and cobalt,, = 1 mg mI) under the condi-

N \'A+g'/ tions used for recovery of noble metals.

1 2 3 After calcination of the polymer with the sorbed
In this case, high sorption capacity of the chetal and dissolution of the residue the content of the

homopolymer with respect to mercury and silvermetal was determined by atomic absorption spectros-

ions may be due to the ability of the active centers t&OPY- NO sorption was observed and the content of

form strong complexes with several metal ions (structetal in the initial solution reached 987%. These
ture 3). data show that noble metals are selectively recovered

_ ) from 1 M solution of mineral acids.
It should be noted that the polymers in question re-

cover mercury from 1 M hydrochloric acid solutions. _ The PVC sorbent and its concentrate with sorbed

) ) . silver dissolve in DMF, which allows atomic absorp-

The sorption isotherms for silver (PVC), gold {5 analysis of silver in DMF solutions after prelim-
(PVC, VC-ST copolymer), and mercury (PVC, 1 M jnary concentration. For example, a weighed portion
H,SQy; VC-ST copolymer, 1 M HSOy, HNOg) ex- 4 pyC sorbent was placed into a 1 M HN®olution
hibit a_Iarge slope. The distribution _coefﬁuents of thecontaining certain amounts of silver and non-noble
metal ions calculated from these isotherms are very .. Caq:Cy = 1:40). The concentrate was re-
high (Table 5). These results suggest that these poly,ereq and treated with DMF (10 ml). The content of
mers can recover metal ions from dilute S‘Olmionssilver was determined from the célibration curve

As seen from Fig. 1, the VEST copolymer does plotted using the standard solutions of silver in DMF
not noticeable recover mercury from hydrochloric acidcontaining sorbent in the amounts required for sorp-
of concentration higher than 3 M, and this propertytion. It was found by atomic absorption spectroscopy
can be used for desorption. It was found that 6 M HCbf DMF solutions that 9597% of silver is recovered
almost completely removes mercury from VC andat its initial concentration of 1.2.5 pg mlL. Dis-
VC-ST polymers in 1 h. The regenerated polymer casolution of the concentrate in an organic solvent sig-
be used in further sorptiedesorption cycles. The nificantly simplifies the sample preparation.
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are almost independent of the monomer ratio in the

initial reaction mixture.

The colorless crystalline VC monomer (mp°&l
soluble in organic solvents) was prepared in a yield OBa
85% by the procedure given in [3]. Maleic anhydride
(mp 52.8C) was twice recrystallized from chloroform
and vacuum-sublimed over,©s. ST, VA, AIBN, and
solvents were purified using common procedures [8]:
The IR spectra were registered on an IFS-25 speé-
trophotometer (KBr pellets). The radical polymeriza-
tion was performed in the ampules using a high-
vacuum setup, the process was controlled with an
MKDP-2 isothermal microcalorimeter. Under the
conditions of radical polymerization (#90°C,
0.03% AIBN concentration) the VC homopolymeriza- 1.
tion does not proceed to a noticeable extent (yield
lower than 1% at 1.3% conversion). The molecular 2.
weight of the polymer products was determined in
THF on a Waters liquid chromatograph equipped with 3.
a Data Modul-730 integrator by gel-permeation chro-
matography. The columns were packed with ultra 4
silica gel (1d, 10°, and 16 A pore size). The poly-
mer compositions were evaluated from the content ofg
nitrogen and sulfur [9].

The sorption properties were determined under the
steady-state conditions upon the contact of the re-6.
quired polymer sample with a solution of mineral acid
of certain concentration containing required amount of
metal. The residual concentration of silver and gold
was determined by the atomic absorption method [10],
whereas the content of mercury was determined spec?-
trophotometrically using dithizone [11]. The content
of metal in the solid phase was evaluated as the dif-
ference between the initial and residual concentrations3-
of metal in the solution.

The solutions of silver and mercury nitrates (1.00
and 3.6 mg m11) and hydrochloric acid solution of
gold (1.62 mg mitl) were used as initial references.

CONCLUSIONS

(1) Linear homopolymer of N-(vinyloxyethyl)-
dithiocarbamoylethylcarbonitrile  (molecular weight
5200-5500) and its copolymers with maleic an-

hydride, vinyl acetate, and styrene were prepared byi.

cationic polymerization. The polymer compositions

10.

(2) Homopolymer of N-(vinyloxyethyl)dithiocar-
moylethylcarbonitrile and its copolymer with styr-
ene are stable in-36 M solutions of hydrochloric, sul-
furic, and nitric acids and effectively recover silver,
gold, and mercury from multicomponent solutions
10-30 min. The sorptionatomic absorption proce-
dure to determine silver using DMF solutions of the
concentrate was proposed.
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Abstract—Transfer of hydroxide and hydroxonium ions in bulk of sodium chloride solution in the course of
gaseous chlorine production in a static electrolyzer was considered and a relationship was derived to deter-
mine the characteristics of a chlorinator. Principles of selecting electrolyzer currents to obtain gaseous chlorine
in a static chlorinator were recommended.

Sodium hypochlorite produced by electrolysis ofdepends on the conditions of the transfer of hydroxide
sodium chloride solutions is used in water treatmenions generated on the cathode and of hydroxonium
[1-3]. Since the resulting solutions also contain sodiions generated on the anode at simultaneous formation
um chloride, it is fed into water being treated togethef oxygen and chlorine, and also on secondary reac-
with the hypochlorite solution, which results in in- tions in solution involving dissolved chlorine [6].
creased consumption of the salt and excessive minerBuring the electrolysis, simultaneously with the trans-
lization of water. fer of sodium ions and chlorine, hydroxide ions are

There are some data [4, 5] on the electrochemicéfanSfe”ed to the anode and hydroxonium ions, to the
' cathode. The ions form in the interelectrode space

production of gaseous chlorine for water decontaminaz | bound h idth and ition d q
tion in reactors similar in design to those used in th& N€utral boundary whose width and position depen

chlorine industry [6]. However, the implementation ofonI the migration and diffusion flows in the bulk of
this process in water-treatment stations requires con?© ution:
plicated process schemes.

In the early stage of development of the chlorine
industry, gaseous chlorine was produced in static ele¢derej™, jT, 19, andj?_ are the flows of the negative
trolyzers, for which a qualitative theory of the elec-and positive ions driving under the action of migration
trolysis process was developed-$1, and semiem- and diffusion, respectively.

pirical relationships concerning interelectrode transfer A¢ he current efficiency with respect to gaseous

of hydroxide and hydroxonium ions were obtained .y qrine at a constant current density is determined

These ions, generated i_n_the course of electrolys%y the anolyte pH [11], we will consider a model of
determine the current efficiency with respect t0 gas€anster of hydroxonium and hydroxide ions at a con-
ous chlorine [10]. The publications on the productiongan sodium chloride concentration (Fig. 1). Taking

of gaseous chlorine in static electrolyzers practicallyy, consideration the condition of solution electro-
do not consider the effects of design characteristics of

reactors on the current efficiency with respect to
gaseous chlorine and on the electrolyte service life as

ja=im+ 9 jo =0T+l ()

. . v_ v,
a function of the electrolysis current. Qe - )
|
To determine the ratio between the volumes of - i i :+
anodic and cathodic zones and to substantiate the L L
optimum electrolysis conditions, we simulated in this x x+dx L x
work the operation of a chlorinator. Fig. 1. Directions of ion flows in the electrolysis in a

h lati hios i hlori f . . chlorinator with an immobile solutionv(, v,) rates of the
The relationships in gaseous chlorine formation in motion of hydroxide and hydroxonium ions from the cath-

StatiC e|eC'[I’O|yzeI’S are determined, alongW|th the ode and anode, respective|yt_)(Ch|orinator |ength; )(,
electrode current density, by the anolyte acidity, which x + dx) unit thickness of a solution layer.
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neutrality, we can write the following expressions for
hydroxide ions ¢ ):

Cy

dc
Six— = QM + Q4 (2
dt
HereSis the area through which the amou@$' and
QY of hydroxide ions are transferred in unit time
dt by migration and concentration diffusion, respec-
tively;

QM = Sv_c (X — Sv_c(x + dx), 0 1 L x
©)) Fig. 2. Variation of the concentration ofl( 1) hydroxide
Qﬂ = SDac_(x)/ox — SDoc_(x + dx)/ox, and @, 2) hydroxonium ions in the interelectrode space of

a chlorinator {', 2') without and (, 2) with the occurrence
v and D_ are the mobility and diffusion coefficient of recombination of hydroxide and hydroxonium ions.
of hydroxide ions. or
Substitution of Eq. (3) into (2) gives expression (4):
c. —-c = A (10)
oc_
SdXE =Sv_[c(x+dX) - c(x)] - SO dc_(x + dx)/ox The distribution of the concentrations in relation to
the interelectrode distance is schematically presented
— dc_(X)/ox], (4) in Fig. 2 for a hypotheticatase when the chemical
or reactions on the boundary, between the hydroxide
and hydroxonium ions (curvel, 2) are absent. The
& = vac /ox — D% o2, (5) plot is_based on the assumption that, becaus_e_of the
formation of gaseous chlorine, the current efficiency
with respect to hydroxide ions is greater than the effi-
ciency with respect to hydroxonium iong_( > n,).

oc, 5 5 Thus, for T = const
o = —vaoc,/ox — D, o%c,/oxe. (6)

For hydroxonium ions

c() > 6, 0 <x<Xx,

The right sides of Egs. (5) and (6) represent changes (11)

in the ion flows due to migration and diffusion: ¢ > e,  <x<L

Actually the dependence of the concentrations of
00 - _i(j ) @ the hydroxide and hydroxonium ions on the interelec-
ot ox & trode distance (Fig. 2) corresponds to curtesnd 2,
which lie below curvesdl and 2 because of reduction
The ion flows due to migration and diffusion in anin the concentrations of hydroxide and hydroxonium
anolyte and a catholyte, respectively, are [12] ions owing to a reaction between them, the parameter
A being zero in the poink. As the migration com-
ja = voc_+D_éc/ox, . = voc,+D,oc,/ox. (8) ponent of the flows in Egs. (1) is much greater than
o ) . _the concentration diffusion [12], we can neglect the
Gaseous chlorine is formed with a sufficiently highjatter in the first approximation. Then the dependence
current EfﬂClency if a solution in the anodic zone ISof the concentrations of the hydroxide and hydroxoni_

acidic or neutral [11], i.e., as long as a neutral boundym jons on the interelectrode distance and electrolysis
ary determined by condition (9) exists in solution:time can be presented as

Ja = e ©) e (14/E), w2
C, = - .
Expressions (7) and (8) give * FV, FSv?
c —¢c)=0 HereV, is the volume of the alkaline or acidic zone of
. :

ot T solution in a chlorinator,\/ﬂ)_r is the limiting mobility;
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N4+ is the current efficiency with respect to hydroxide[14] that

or hydroxonium ions in the electrolysik; is the frac-

tion of current transferred by hydroxide or hydroxoni- AcT_ = Ac,T,, (18)
um ions; E,/l is the electric field strength at the in-

stant of timer at the distancex from the electrode. WhereAc_ and Ac, are the decreases in the concen-

tration of hydroxide and hydroxonium ions in the

According to the data of [13], catholyte and anolyte, respectively, due to their trans-
fer to the neutral boundary where their recombination
(IDex = 1T EMNex = VG w0 occurs.

F0 = 90 (13) In view of Eq. (18) and also of the expressions
+ = b
. . 0 = Ac_ and 0 = Ac,,
wherey, and{ are the specific and limiting equiva- )2 - CARE: "
lent conductivities of the hydroxide or hydroxoniumit is evident that atk = 0 decreases in the concen-
ions, and T, is the transfer number of the ions. trations of hydroxide and hydroxonium ions are in
Substituting expressions (13) in (12) and (12) inPalance. Therefore, for stable operation of a chlori-
(10), in view of the relationshig = 0 valid under real nator its volume should be related to the volume of its
electrolysis conditions, we obtain cathode zone by expression (19), which can be used to
determine the design characteristics of the chlorinator.
ltn_ B (T ) x B I, B (Tt -0 a4 .
FV_ 20 FV, 29 V.= V—— (19)
n_ +t

_ Rearranging terms responsible for migration to the Expression (19) is valid provided that the concen-
right side of Eq. (14), we obtain the equation describs, 5" ¢ s dium chloride near the neutral boundary
ing the displacement of the neutral zone in a chlorinaig™ . \stant * otherwise it is necessary to include in
tor in the course of electrolysis: Eq. (15) additional terms responsible for the transfer
of chloride and sodium ions. In practice, to maintain a
T V- V) (Tex (Widux (15) constant concentration of sodium chloride in solution,
F 20 20 ' it is appropriate to fill the interelectrode space with

crystalline sodium chloride and to carry out the elec-
Designating the chlorinator volume a& we can trolysis at currents ensuring a slower decrease in the

express the volume of the anodic (acid) zone of goncentration of chloride ions in solution, compared
chlorinator as to its growth due to sodium chloride dissolution. Fur-

thermore, sodium chloride crystals, being a porous
V, = V- V. (16) filling material, considerably reduce solution stirring

[15]. As mixed solutions of sodium chloride and hy-
droxide have a greater density than a pure solution of
sodium chloride [16], it is necessary to place the
anode above the cathode, which will reduce gravita-
MV —nJV-V)] = K, (17) tional convection of solution in a chlorinator.

The resulting relationship was used in designing
and manufacturing ship plants for sewage treatment
Foo(Toox (Teta)e x and disinfection [17], and the exploitation of the serial
T T 20 - 0 plants confirmed the results of our calculations [18].
;

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

Equation (17) allows us to estimate the time of CONCLUSION

continuous operation of a chlorinator at a specified

A mathematical model of a chlorinator for the
current.

production of gaseous chlorine in a static electrolyzer

According to Hittorf’s law, it follows for the elec- was developed, which made it possible to deduce an
trode balance with the neutralization of hydroxide andexpression for the calculation of design characteristics
hydroxonium ions formed in the interelectrode spac®f the chlorinator.
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Abstract—Electrochemical behavior of nickel sulfide in weakly acidic and ammonia electrolytes containing
sulfite ions and also in copper sulfite electrolyte stabilized by EDTA was studied.

Since hydrometallurgical processing of copper chemical cell (glass electrode cell). Its temperature
nickel ores is used at the majority of modern plantavas maintained at 900.5°C with a UTU 2/77 ther-
[1], the corresponding chemical reactions must benostat. We used a three-electrode cell with nickel
studied in more detail. sulfide under study as an anode, a platinum cathode,
and a saturated silver chloride auxiliary electrode
processes on separate samples under special condi9C!/A9). The electrode potentials are given vs.
tions is regarded as promising [2, 3. normal hydrogen elc_actrode. The electrol_ytes were

prepared from analytically pure and chemically pure

Autoclave decomposition of sulfides in aqueousgrade reagents.
medium by sulfur dioxide has been described in the it should be noted that the addition of )80, to

lterature [4]: copper sulfate in the cold results in an insignificant
reduction of C&" ions to CU ions and in formation
of green complex compounds. With excess 058la;

r on heating, brick-red Chevreul’s salt is precipitated
10]:

Laboratory modeling of complex multicomponent

MS + 2SG, = MSO, + 2S,

This technique has several drawbacks. Sulfur i
known [5] to dissolve readily in the presence of sulfite
on- 3CuSQ + 3Na,SO; + 3H,0 = CuSQ-Cu,S0;- 2H,04
S8 + S = S0%,

The SG and SO% ions are efficient complex-
forming agents for copper [6, 7], which catalyzes theHence, simultaneous presence of Cy3@Dd NaSO;
dissolution of nickel sulfide [8]. at 90°C is impossible. However, if a strong complex-

The aim of this work was to study in more detail ing agent L stabilizing Cu(ll) ions is added to the elec-

the electrochemical behavior of pure nicekulfide  trolyte, Chevreul's salt is not formed and [CE",
in sulfite-containing electrolytes. a quantity of [Cul]", and CySO; (stability constant
logp = 7.58) will be present in the solution. As NiS is

_To model the industrialo process, nickel sulfidefriher dissolved at the anode and sulfur passes into
‘I’\lvghg; dnécfleilk%?n;i'g z;:l(%‘é a‘l'l‘;;‘spagthgegggdsgﬁmthe anolyte, more stable Cu() thiosulfate complexes
) . Cu(S09)]7, [Cu(S0 , and [C O
by the known procedure [9]. The working e'eCtrOde[stagosilzitya)c]onst[ant(%g 322]10.35) can I[n)el%‘gs;zmggald[ll].
was made from a nickel sulfide sample soldered t0 gysoqiym — dihydrogen  ethylenediaminetetraacetate

copper current lead. The idle surf_ace was insulate a,EDTA) was used as such a stabilizing agent [for
with a nitro lacquer. The operating surface (are u(ll) logp = 18.86]

1 cn12) was smoothed with emery paper no. 0 an

washed with alcohol and distilled water. Cyclic volt-  The solubility of sodium sulfite decreases with in-
ammograms (CVA) and stationary voltammogramsreasing temperature, being 260‘@; ht 9C°C. How-
were recorded on a PI-50-1.1 potentiostat equippeever, the solubility of sodium thiosulfate, which can
with a PDP4-002 plane-table recorder. The experibe formed, is approximately ten times higher. The
ments were carried out in a standard YaES-2 electr&zVA curves for nickel sulfide in Ng5O; solutions

+ 3NaS0, + H,SO,.
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Fig. 1. Cyclic voltammograms of NiS in solutions contain-

ing (1) 100 and 2) 250 g It Na,SO,. Potential sweep rate Fig. 2. Cyclic voltammograms of NiS in slolutions of
~100 mV s, temperature 980.5°C; the same for Figs.-2 (1os5 '\14 CuSQ and @) 0.5 M CuSQ +20 g ™" EDTA +
4. (1) Current asnd ) potential; the same for Figs—2. 0.1 g™ Na,SO0;.

of various concentrations (from 100 up to nearly Oxidative leaching of sulfide raw materials with
saturated, 250 g1) are shown in Fig. 1. Aincrease ~aqueous ammonia is widely used in industry [14]. At
in the NgSO; concentration leads to a rise in theanodic polarization NiS does not dissolve in pure
anodic current. In saturated hBO; solution NiS NH4OH. The process course is significantly changed
actively dissolves to give loose bright green nickewhen sulfite ions are introduced. Two CVA curves for
hydroxide, which is precipitated on the cell bottom.nickel sulfide in a solution containing 200 gl

A backward run of curve in the potential range 1.8 NaSO; and 2% NHOH and in a solution containing
1.4 V is accompanied by periodic current oscillations100 gT* Na,SO; and 20% NHOH are shown in
which proves the presence of a semiconducting filnfig. 4. In the anodic branch afurvel an area of in-
on the electrode surface [12, 13] (possibly Ni§O significant electrode passivation is observed, which
The film causes a salt-type passivation. seems to be of a salt type.

An addition of significant amounts of N8O; to a In the case of the system containing 20% JIHH
CuSQ, solution at 96C makes no sense because thdCUrve 2) NiS is actively dissolved without passiva-
Chevreul's salt is formed even in the presence ofion. Blue-violet concentration flows of [Ni(Ng),]“"
EDTA. A stable electrolyte containing 0.5 M CugO are formed while the surface of nickel sulfide remains
20 gL EDTA, and 0.1 g1t Na,SO; was prepared in golden yellow. In the backward run of cun& ran-
this work. Even such a minor addition of bBO; | mA
results in significant changes in the electrolyte param- 40
eters. The solution becomes dark green. The CVA
curves of nickel sulfide in a 0.5 M CuSGCsolution i
and in a 0.5 M CuS@ solution containing 20 gt 30

Na,EDTA and 0.1 g 1! Na,SO; are shown in Fig. 2.
In potentiostatic experiments at the potentials of

NiS in the range 0.641.57 V, we observed a fast 20

current drop (within 1615 s) followed by current i

stabilization. This fact suggests formation of a film 10k

on the electrode surface which does not retard nickel Dy 4 411

sulfide dissolution (Fig. 3). In this case sulfur is 077 097 1.17 137 157
deposited on the NiS surface. The intensity of green E, V

coloration of copper complexes remains almost un- Fig. 3. Stationary polarization curve of NiS in 0.5 M
changed even on a long-term electroleaching. CuSQ, containing 20 gt EDTA and 0.1 gt Na,SO;.
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Fig. 4. Cyclic voltammograms of NiS in the solutions

containing () 200 g ! Na,SO; with 2% NH,OH and 8.

(2) 100 gIl Na,SO; with 20% NH,OH.

dom current oscillations are observed, which seem to

have the same origin as in the case Ff. 1. 9.

CONCLUSIONS

10.

(1) In a pure NaSO; solution NiS actively dis-

solves with simultaneous formation of insoluble1l-

Ni®* hydroxo compounds with a pH-dependent com-

position. 12.

(2) It is possible to use N&O; as a depolarizing 13
addition to CuSQ in the presence of NEDTA as
a stabilizing complexone.

(3) Simultaneous action of Nf®H and N3SO;
results in active dissolution of NiS and formation of
[Ni(NH 3)]2" complexes.

14.
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Abstract—The effect of ligands on the anodic dissolution of NiS in copper-containing acidic electrolytes
was studied.

Hydrometallurgical processing of non-ferrous met- Nickel sulfide NiS (50 at. %) was synthesized by
als is being actively developed at modern enterprisethe known procedure [8] from equimolar amounts of
[1, 2]. It is known [3] that copper ions present in pres-cathodic NO-grade nickel and analytically pure grade
sure leaching solutions have a significant catalytisulfur in an evacuated quartz ampule. The working
effect on nickel sulfide dissolution. However, simul- electrode was made from a nickel sulfide sample
taneous presence of copper and sulfate ions results $oldered to a copper holder. Its idle surface was in-
passivation of the sulfide surface and, consequentlgulated with a nitro lacquer. Before experiments the
exerts an adverse effect on the process parameteMiS surface under study (area 1 %)rrwas smoothed
with emery paper no. 0 and washed with alcohol and

electrolyte anion composition and depassivating adgdistilled water. Experiments with fluorine-containing

tions to sulfate electrolytes on the electrochemica?I.eﬁtmytes were carried (Ijlutj in a fluproli)lastilc Cﬁ”
behavior of nickel sulfide in copper-containing elec-W/th a temperature-controlled water jacket. In the

trolytes. The origin of the catalytic action of copperCther cases a YaeS-2 glass cell (glass electrode cell)

ions is not fully understood. Pure copper is considereffmpPerature-controlied with a UTU 2/77 thermostat
was used. Electrochemical experiments were carried

to be able to deposit at a sulfide surface [3] to form ; ; .
microgalvanic couples, which increase the anodi@Uton a PI-50-1.1 potentiostat equipped with a PDP4-
02 plane-table recorder. We used a three-electrode

potential at certain parts of the surface. At the sam L= : ;
time. Ci#* ions in acid solutions can act as an addi-€!l with nickel sulfide under study as a working elec-

tional oxidizing agent [4] capable of oxidizing sulfur '0d€, @ platinum auxiliary electrode, and a saturated
in sulfides to the elemental form. silver chloride reference electrode (electrode potentials

are given vs. normal hydrogen electrode). Electrolytes

The aim of this work was to study the effects of

CWR* + 2e = Cu E° = 0334 V- were prepared from chemically pure, ultrapure, and
’ ' ’ analytically pure grade reagents.
Cw@* + CIF + e = CuCl,E® = 0538 V; The following processes of oxidative dissolution of
nickel sulfide in copper chloride and copper sulfate
Cu" + e = Cu, E® = 0,521 V. solutions were studied.
It is copper which is likely to hinder further oxida- 2CuCh, + NiS = NiCl, + 2CuClk + S, (1)

tion of elemental sulfur to sulfate ions, which is ex-

tremely convenient, as sulfide sulfur is removed from 2CuSQ + 2NiS = 2NiSQ + CwSl + Sl.  (2)

the process in the elemental form. We ug&diS

with a nickel content of 50 at. % as a subject of the The processes have both advantages and draw-
study, because, according to [5], in the course of thbacks: process (1) involves high concentrations of
oxidative dissolution of nickel sulfides BB, and chlorides hampering further electrolyte treatment, and
Ni-Sg, which occurs by the electrochemical mech-process (2) requires high temperatures and pressures
anism [6], the surface is gradually enriched in a suland also involves passivation of the NiS surface due
fide with a higher Ni content, up to NiS [7]. to Cw,S deposition. The accelerating effect of copper
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Sulfate ions do not form complexes with copper(l)

6'0' [nA ions under common conditions [9]; therefore, the
steady-state currents of NiS dissolution are insig-

40 F nificant. As chloride ions form sufficiently stable

" complexes with Cu(l) ions, copper contained in a

Cu,S passivating film can partially pass into solution
in the form of [CuC}]™ ions, which is observed in
1.0 2.0 2.4 the experiments. An increase in the concentration of
,/ E,V chloride ions (addition of NaCl) can result in a rise
of the NiS dissolution currents.

The cyclic voltammogram (CVA) obtained on NiS

Fig. 1. Cyclic voltammogram of NiS in 0.5 MCuSQ, at in 0.5 M CuSQ (pH 2.2) at 90C is shown in Fig. 1.

90+0.5°C: () current and §) potential; the same for  The anodic peak in the forward branch seems to
Figs. 35. Rate of potential scanning 100 mvlsthe same

for Figs. 4 and 5.

be due to the dissolution of both NiS and copper
deposited in the course of cathodic polarization.

B The electroetching of an NiS sample in 0.5 M

- 1@ CuSQ, for 2 min at a potential of 1 V results in the
- formation of a new phase on the nickel sulfide sur-
™ face. A photomicrograph of the etched part is shown

ﬂ, in Fig. 2a. The light-colored phase is the starting
nickel sulfide. The composition of the dark-colored
4 phase is (mol %) S 54-62.8 and Ni 45.447.3. This

phase probably corresponds tos8j in the NS
phase diagram [10].

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

ST CuCh+ NiS + 2NaCl = 2NaCuGl + NiCl, + Sl. (3)

(b) The behavior of NiS in 0.5 M CuGlat various
rates of potential scanning is shown in Fig. 3. As
known [11], in the case of diffusion control the peak
current () is proportional toVi'2 (Vg is the rate of
potential scanning). The peak currdgtand passiva-
tion currently,s as functions of potential sweep rate
are given below:

V, mv st I, MA lpas MA
10 32 10
100 65 20
200 91 37

Fig. 2. Photomicrographs of NiS etched for 2 min at a Applying the linear regression approach to these
potential of 1V in (a) 0.5 MCuSQ, at 20C and (b) 0.5 M  data, we obtained the formula

Cu(N +200¢g 1 KBr at 9C°C. Magnification: (a) 800
and (%)) ’lo. I, = 143 + 53Vi2 (4)

activators on the anodic dissolution of NiS is due to The effect of NaCl addition in amounts of 50
the possibility of removing insoluble copper products200 g MNto05M CuC}, on the forward branches of
from the nickel sulfide surface owing to the formationCVA is shown in Fig. 4. The anodipeak observed in
of copper(l) complex ions under certain conditions [9].the region of 0.1 V is shifted to the cathodic region,
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I, mA @
300

200
100

I, mA (b)
Fig. 3. Cyclic voltammogram of NiS in 0.5 M CugGlat 350
90+0.5°C. Potential scanning rate (mv%: (1) 10,
(2) 100, and 8) 200. 550
I, mA 3
350 f
5 150
250
50
150 1
/
50 ]/
34 0.8 1.6 24 2
27 E vV
Fig. 4. Voltammograms of NiS in 0.5 M CuGlwith NaCl Fig. 5. Voltammograms of NiS (a) in 0.5 M Cu(Ng, at
additions at 98:0.5°C. NaCl (g I'}): (1) 50, ) 100, and 90+0.5°C and (b) in () 0.5 M CuC}, + 200 g 1 NaCl and
(3) 200. (2) 0.5 M Cu(NQy), + 200 gl KBr.

whereas the peak current in the region of 0.8 V inthe potential is increased to L.0.2 V. In the course
creases by 3810% as the concentration of chloride of the dissolution molten sulfur is formed (light cir-
ions increases. A significant increase (from 10 tocular parts), which tightly adheres to the sulfide sur-
70 mA) of the current corresponding to the passivaface and gradually displaces the passivatiilg.
tion plateau points to partial dissolution of the pas\ith 10 g I of KBr added to Cu(N@),, the rates of
sivation film due to formation of [CuG]™ [12, 13].  NiS dissolution are greater than in the case of addition

1 oy
The cyclic voltammetric curves of NiS dissolution ©f 200 g~ NaCl to CuC}. Therefore, KBr additions
in 0.5 M Cu(NQ;), solution and in 0.5 M Cu(Ng), &re more efficient and more suitable for further proc-
solution with addition of 200 g KBr are shown in €ssing of nickel-containing solutions.
Figs. 5a and 5b, respectively.

Comparison of the anodic branches of the NiS CONCLUSIONS
CVAs in 0.5 M Cu(NG), with addition of 200 g1t
KBr and NaCl (Fig. 5b) showed that in the case of (1) Anions capable of complex formation with
chlorides (curvel) dissolution of the passivating film both Cu(ll) and Cu(l) ions accelerate anodic dissolu-
(convex section) occurs in the potential range-1.1tion of NiS in copper-containing electrolytes.
1.4V, and in the case of nitrates (cur&eit occurs at
2-3 times greater passivation currents. Furthermor(?n
the passivating film is displaced from the electroderor
surface by molten sulfur (Fig. 2b). At high anode. : .
potentials in the nitratdbromide system the passivat- |de| complclafxesf and éhus 'Sh colr\?réletelch displaced by
ing film is absent from the electrode surface, and onIymOten suliur formed on the NI surface.
the bright golden NiS surface and molten sulfur are (3) A new surface phase, probably 48}, is ini-
observed. The passivating surface film is formed atially formed upon anodic dissolution of NiS in
low anode potentials (0-60.8 V) and is dissolved as CuSQ,.

(2) The rates of anodic dissolution are the highest
the nitratebromide system, as the ¢& film
med at low potentials is dissolved by copper brom-
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Abstract—Applicability of Paykert's equation, which relates the battery capacity to the discharge current,

to prototypes of LiAI/GCrO; lithium batteries with an organic electrolyte (1 M LiCJGn a 1 : 1 mixture

of propylene carbonate and dimethoxyethane) was examined. Pressed and rolled samples with and without
modification of the GCrO; electrode with manganese dioxide were tested in th&0OC range.

Lithium batteries find a wide and steady demand in Repeated efforts [499] were made to find a quan-
the market of chemical current sources. Their untitative correlation between the discharge current of
doubted advantages over traditional chemical curreriatteries and their actual discharge capacity, the
sources are high specific energy (1300 W hkg! Paykert's empirical equation being accepted as the
and higher), wide operating temperature rang&g(to most suitable:
+60°C), high discharge voltage (3-8.5 V), her-
metically sealed design, possibility of using in any 1"t = K, 1)
position in space, tolerance for magnetic field and
X-ray radiation, and the use of available and environwhence
mentally clean raw materials {8]. However, their In-1c = K,
high fire and explosion hazared, as well as the absence

of reliable theories describing behavior of variousyheren is a constant independent of capacity, which
types of batteries under such conditions, make difcharacterizes the battery typ€;is a constant increas-
ficult their large-scale application. ing with the weight of the active materials in the bat-

The aim of this work was to study the dischargetery; C is the battery capacity (Ah or mAh).

characteristics of LIAl/GCrO; batteries of pressed  For the first time the Paykert's equation was sug-
and rolled designs with a nonaqueous organic elegested for lead batteries, but it can also be applied to
trolyte [1 M LiCIO, in a mixture of propylene carbo- chemical current sources based on the other systems
nate (PC) and dimethoxyethane (DME) taken in g3, 4, 6, 10]. The constants andK for a battery can
1:1 volume ratio] within the 850°C range and to be found from the experimental parameters of its
find out whether the dependence of the capacity obperation in two different modes [10]. If the discharge
such batteries on the discharge current can be déme is t; at the discharge currery, and, at I,
scribed by the Paykert's equatioH“lc = K. then, according to Eq. (1),

On the basis of the experimental time dependences
of the discharge voltage at various discharge currents
[4, 5] we have simulated the discharge process a
examined the relations between the battery capaci
and the discharge current. It was shown that a number
of internal (weight of active substances, their physico- N = logt, — logzy _ 3)
chemical properties, and design features of chemical logl, —logl,
current sources) and external (discharge current, tem-
perature, humidity, etc.) factors affect the batteryHence, for the battery capacit¢ we have
capacity, which is one of its most important electric
characteristics. C = KIt-n, (4)

I?_Tl = IBTZ = K. (2)

his equation in the logarithmic form fon is
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Time 7, discharge capacityC, and constant:n and K of various batteries. Discharge current 1 and 10 mA

21 T10 Cy Cio
T, °C K n
mA h
|
LIiAl/C gCrOg
Rolled batteries
0 310 27 310 1.06 310 270
5 395 31 395 1.08 395 310
10 473 36 473 1.12 473 360
15 544 47 544 1.06 544 470
20 591 55 591 1.03 591 550
25 634 57 634 1.05 634 570
30 681 62 681 1.04 681 620
35 719 66 719 1.03 719 660
40 766 70 766 1.04 766 700
45 865 82 865 1.02 865 820
50 874 77 874 1.06 874 770
Pressed batteries
20 471 35 | 471 | 1.13 | 471 | 350
LIAI/CgCrOz (30 wt% MnO,)
Pressed batteries
20 480 480

42.5 ’

, 1.05 ’ 480 , 425

1

2

34|567|

Fig. 1. Discharge curves)—t (I, = 10 mA) of pressed and
rolled lithium batteries LiAI/LiCIQ, + PC + DME/GCrOg
at various temperatures. Temperatuf€)( (1) 0, (2) 10,

40

801, h

(3) 15, @ 20, G) 30, (6) 40, and {) 50.

K
800

600

400

10

50T,°C

Fig. 2. Constantk of the Paykert's equation as a function
of temperatureT (°C).

An examination of the discharge characteristics
(Fig. 1) and the determination of the constantand
K for the developed prototypes of pressed and rolled
LiAl/C gCrOg batteries of theR6 (316) dimension type
(see table) showed thatvaries in the range 1.62.13
and is almost independent of temperature, battery
design, and composition of active masses of the elec-
trodes. On the contrary, the constaltis a linear
function of temperature, the temperature coefficient
AK/AT decreasing on passing from the-15°C to
15-50°C range (Fig. 2). The presence of two tempera-
ture ranges with differenAK/AT values may be due
to specific features of lithium intercalatiodeinter-
calation in active masses of the electrodes of the
LiAI/C gCrOg chemical current sources under develop-
ment [11]. In the case of lead batteries the conskant
linearly depends on temperature in the range fr&@
to +20°C, andn varies from 1.35 to 1.72 [4, 12, 13].

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

Thus, the analytical dependences obtained show
that the Paykert's equation can be applied to find a
quantitative correlation between the actual discharge
capacity of an LiAl/GCrOg battery and its discharge
current in thelgg-l5gg discharge mode (or from 0.02
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to 0.002C, o) within the 0-50°C range. It follows
from a formal comparison that the constantand K

6.

calculated for lithium batteries are lower than the pub-
lished characteristics of lead batteries [4, 12, 13],

which can result from the fact that the discharge 7.

parameters of these systems differ by a factor of tens

or even hundreds.
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Abstract—Oxidation of I and $~ anions on the silica gel surface by atmospheric oxygen was studied at
room temperature. The possibility and rate of oxidation processes are determined by the content of silica gel
and oxygen in the systems. Tentative interpretation of the results is based on the assumption that a highly
reactive singlet102 species is formed in the oxygen ensemble on the silica surface.

Molecular oxygen can be transferred into an elechility of their direct detection. In this connection, it
tronically excited singletlAg state in a number of seemed the most appropriate to assess experimentally
ways, including dye-sensitized photoexcitation inthe possibility of oxidation of a number of substances
solutions [£9] and zeolites [10, 11], decomposition @t room temperature directly on the silica surface
of unstable oxygen-containing substances [1, 2, 12ith the aim of ensuring the involvement in the proc-
laser evaporation of metal oxides [13, 14], and micro€ss of a finite fraction of singlet oxygen present on
wave discharge [2, 15]. The relatively long lifetime the surface.

(103-10°° s in solutions), moderately high excitation  Below are presented the results obtained in study-
energy (22.54 kcal mot), and high chemical activity ing two heterogeneous reactions involving atmos-
of the singlet form'A, of oxygen allow it to be con- pheric oxygen. The first of these is oxidation of the
sidered as actual oxidizing agent in various processemdide ion to molecular iodine. The choice of this
including those practically important {15]. reaction is governed by the reliably established fact

It is a common knowledge that the solid substancda@t ' s oxidized at room temperature neither by
most widely occurring in the nature, silicon dioxide,""m.mslohferIC nor by pure oi(ygen, whereashgnder the
does not possess under standard conditions any redg‘?(t'on 0 ozonTeh [16] or sgg et oxygen [15] this p;ocr-]
properties, at least at the temperature of ambient ai =S OCCUrs. e second reaction, oxidation of the

) . " ulfide ion on silica gel, is of particular interest in
At the same time, it cannot be positively stated thal, .. "¢ the nossibility of occurrence of successive
molecules with enhanced reactivity in electronically, ;e transformations and the wide variety of the
excited singlet state cannot be present in the Oxygefl olved charge states of sulfur.
ensemble even at room temperature under conditions
of dynamic equilibrium between the SjQurface and
the gas phase. The excess amount and the nonuniform EXPERIMENTAL
distribution of the surface energy may be a reason for .
conversion of some (presumably only a minor) part of The study was performed on ultrapure silica
paramagneticO, molecules into the paired-spin stategel S-157 (Fisher) with a specific surface area of
10,. The energy necessary for this to occur is rela/00 M g™, giving reason to expect that analytical-
tively low and, presumably, can be provided by fluc-ly detectable content of oxidation products can be
tuations of the SiQ surface energy. reached. All experiments were carried out at@5

. . . in .1-mm si fraction of silica gel particles.
This hypothesis was the reason for undertaking tthI gao sieved ' ica gel p

present investigation. In choosing a means of verifica- The rate of T oxidation in an aqueous suspension
tion of the hypothesis, it was necessary to keep i®f a silica gel of a given type at a constant tempera-
mind not only the low concentration of excited oxy-ture is determined by thé and G, concentrations. An
gen molecules, but also the high probability of theirexcess of T in the working solution can be used, in
impact deactivation, drastically impairing the possi-fact ensuring [I] = const. The concentration of oxy-
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gen is determined by the conditions of its supply into
the system, i.e., by the intensity of bubbling and |
stirring. With the number of variable parameters !
deliberately restricted, the aim was to reveal the very i
possibility of oxidation and determine the funda- \
mental conditions for its occurrence. For example, in -
a set of experiments, 50 ml of an aqueous KI solution !
was added to variable weighed portions of silica gel !
and stirred with a magnetic stirrer in open vessels in
air, with the resulting suspension sampled at regular
intervals of time, centrifuged, and analyzed for the
content of molecular iodine. In order to ensure addi-
tional enrichment of the suspensions with oxygen, air 200 400 600 %, Nm

was bUbbleq at a rate_ Of-30 and 50- ?t'-nin_-' In Fig. 1. Electronic spectra of iodine il water and2) 1 M
S.Ome experiments, OX_IdatI'OH of the IOd.Ide lon, ur.]_ solution of potassium iodide.D) Optical density and
hindered by oxygen diffusion, was studied. For this () wavelength: the same for Fig. 2.

purpose, 0.5-g portions of silica gel were impregnated

with 2 ml of 1 M KI solution and exposed to air. mixture was stirred with a magnetic stirrer in open
After a prescribed time elapsed, the same solution wagssels in air.

added to the weighed portions, with the solution vol-

. Suspension samples taken at certain intervals of
ume brought to 50 ml, the suspensions were thoroughy V\?ere centrifugped and analyzed on a Dionex
ly stirred, and samples were taken for analysis. DX-100 liquid ion chromatograph equipped with an

The appearance and accumulation of moleculaglectrical conductivity detector and a 250-mm-long
iodine in solution was recorded photometrically on acolumn packed with an anion-exchange resin contain-
Shimadzu UV-2401 PC automated spectrometer img bound ammonium groups. Preliminary calibration
quartz cells with optical thickness of 1 cm. The en-experiments demonstrated that sulfide ions are partial-
hanced solubility of iodine in solutions containingly sorbed and/or smeared over the column in analyz-
an excess of lions is due to the formation of stable ing_aqueous_solutions containing mixtures of",S
associates,k I~ [17]. The electronic spectrum of | SO%‘, and scﬁ— anions in concentrations of the order
contains no broad band characteristic of an aqueows tens of ppm and, therefore, are not recorded, where-
solution of iodine, whereas two peaks in the UV areas sulfite and sulfate ions are determined together,
close and furnish an opportunity for direct photometrionvithout being separated, and are eluted as a single
determination of molecular iodine (Fig. 1). A calibra-peak with a retention time of 3-3.8 min.
tion procedure demonstrated that the BougBeer Formation of molecular iodine can be reliably es-
law is observed akpyay = 351 nm with a molar ex- aplished already during the first minutes after piacing
tinction coefficients = 1.851x 10" Imol™tem™ in 4 weighed portion of silica gel in a starch-containing
the concentration range 0-00.1 mM L in a 1 M k| sojution by the appearance of a characteristic light
solution of KI, which well matched the goal of analyt- pjye coloration. The oxidation of the iodide ion can
ical measurements in the experiments. also be observed visually in the absence of starch

The extent of oxidation of the sulfide ion on the Owing to the fast appearance of yellow coloration, par-
silica gel surface and the possibility of formation, inticularly noticeable on the surface of silica particles
the process, of sulfur oxides $@nd SQ were deter- and passing into solution on stirring. A typical set of
mined by Fourier ion-cyclotron resonance mass spe&pectra illustrating the accumulation of the Il form
trometry on an lonSpec OMEGA 50 instrument. AOf molecular iodine are shown in Fig. 2; they com-
glass ampule containing ca. 4 g of silica gel impregplete_ly coincide with the spectra of iodine in 1 M Ki
nated with a 1 M aqueous solution of (IS and solution, taken in the c_ourse_of _callbratlon (_Elg. 1).
then kept in air was connected to the input for takingThU& the fact of iodide ion oxidation on the silica gel
gas samples, and all components desorbed into tis&rface is beyond doubt.
analyzer chamber by evacuation at room temperature The essential role of the rate of oxygen supply to
were recorded. In experiments orf-Soxidation in the silica gel surface in the course of oxidation is
aqueous suspensions, 50 ml of 1 M (]§b8 solution clearly demonstrated by the dependenc€im 3. The
was added to weighed portions of silica gel, and tha&oticeable production of molecular oxygen in the ini-

—~—
~y
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case of direct access of air to the surface of silica gel
impregnated with 1 M KI solution (curve).

In the aggregate, the obtained results suggest that
an electronically excited102 species is present in
the ensemble of oxygen molecules adsorbed onto the
silica gel surface, ensuring the occurrence of the
reaction

o

41~ + 10, + 2H,0 > 21, + 40H, 1)

2, + I = I3 )

The involvement of just singlet oxygen in bxida-
tion seems to be the most likely, since formation of
ozone and, the more so, of atomic oxygen requires
Fig. 2. Electronic spectra characterizing the accumulation gross energy expenditure. Appearance of charged

(1’f I3 if” 50 m'dOfdl '|V' aqgueelofirKk')usbfi)'h':g“afc’:t‘;‘gt“engof oxygen species on the silica surface under so mild
g ol suspenaed silica . - . .
30 cnBmin-L Time of oxidation (h): 1) 0.2, @) 0.4, conditions is also hardly possible.

300 400 500 A, nm

(3) 06, @ 1.0, ® 1.5 €) 2.5 and ) 3.5. It should be emphasized that the oxidation rate is
extremely low and the process can only be recorded
¢, uM because of the high specific surface area of sitieh
120 ¢ The maximum amount of molecular iodine, obtained
B in 12 h of experiment, is mere 18-10'2 molecules
" 3 per 1 cnf of SiO, surface, i.e., a vanishingly small

fraction of a conventional monolayer.

Quantitative monitoring of the oxidation of the sul-
40F 1 fide ion on the silica gel surface is hindered by the
wide variety of products obtained, reversibility of
transformations, and partial removal of gaseous sub-
stances from the reaction zone. However, even the
Fig. 3. lodine concentratiorc vs. time t of oxidation in resu“S.Of preliminary qu.a“tatlve. experiments allow
50 ml of 1 M KI solution containing 0.5 g of suspended r_ather |mpo_rt<'_;1nt ConCIUS'QnS' _It is known that solu-
silica gel. () Stirring with magnetic stirrer (150 rpm),  tions containing the sulfide ion gradually become
(2) no stirring, and §) stirring with additional bubbling of turbid in air because of the liberation of elemental
air (50 cn?® min1). sulfur; however, this process is slow and its con-
, _ sequences can only be observed after a long time. For
tial stage is largely ensured by the amount of oxygeRyample, 1 M HSO, solution remains transparent for
present in silica gel pores and by gas supply into thgyany hours. At the same time, placing in this solution
system, enhanced by stirring. Switching-off the stirrer, \ygighed portion of silica gel causes visually observ-
(portion 2) lowers the content of oxygen, deceleratingapje formation of elemental sulfur on the surface of
the oxidation. In portion3 of the curve, the process gin, particles. Such a drastic acceleration of oxidation
is intensified bylﬁbu_blzllmg air through the system atyropahly indicates that an active oxygen species is
a rate of 50 cmmin™. involved in the process:
The kinetic curves presented in Fig. 4 furnish addi-
tional evidence in favor of the oxygen activation on 28 + 0, + 2H,0 —» 2S + 40H. (3)
the silica gel surface. The increase in silica gel mass
under conditions of continuous stirring is accom- _However, the oxidation in the system containing
panied by nearly proportional acceleration of molecuS?®", 0,, H,0, and solid SiQ does not terminate at
lar iodine formation (curve4-3). Air bubbling large- this point and proceeds further with higher oxidation
ly lifts the diffusion limitation on oxygen supply, states of sulfur reached. Correspondingly, the mass
markedly intensifying the oxidation (curvds 5). The spectrum of silica gel impregnated with 1 M solution
process is accelerated to an even greater extent in tbé(NH,),S shows, together with the reliably recorded

2 6 10 7, h
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components: B O,, H,O, and HS, also stable
weak signals with masses of 64 and 80, undoubtedly ,s; !

belonging to ionized oxides SCand SQ (Fig. 5). It

is possible, in principle, that SJormation is a result

of direct oxidation of sulfide ions by singlet oxygen

on the silica gel surface: 150

28~ + 3'0, + 2H,0 —» 2SO, + 40H. (4)
However, even in the case when oxidation proceeds 5

in two successive stages, the occurrence of the reac-
tion (following the liberation of elementary sulfur)

4 8 12 7, h

Fig. 4. Kinetic curves describing iodide ion oxidation under
varied experimental conditionsc)(Concentration of iodine
at room temperature seems to be rather uncommonand ¢) time. (1-3) 0.25, 0.5, and 1 g of silica gel, respec-

S + !0, » SO, (5)

and illustrative. The final stage of oxidation tively, in 50 ml of 1 M aqueous Kl solution (stirring rate
100 rpm); @, 5 the same as3}, but with additional bub-
2S0, + 102 — 2S0; (6) bling of air at a rate of 30 and 50 dmin 1, respectively;

(6) 0.5 g of silica gel impregnated with 2 ml of 1 M KI

again indicates that highly reactive singlet oxygen is solution in-oxidation in air.

present on the silica gel surface. In all probability, _
along with the above reactions in the suspension, !, rél. units

there occur equilibria and transformations typical of 100 F 28
charged sulfur species, e.g.: I
SO, + H,0 2 H,SO; 2 HY + HSG; 2 2HY + SO, (7) ol i
28 + 0, » 250, (8) I 1
SO, + 2H,S - 3S + 2H0, 9) 50 |
250, + S - 3S0, (10)

30 60 90 m, amu

and also some others, including those involving un- _ _
Fig. 5. Mass spectra of desorption products from the

stable polythionic acids. The wide variety of possible " ; . _

- . surface of silica gel impregnated with 1 M solution of
reactions, and also partial r_emO\_/aI of gaseou§ per- (NHy4),S and then kept in air for 20 minl)(Relative signal
UCtS fl’0m the System, may glve rise tO ﬂUCtuatIOHS n |ntens|ty and (n) mass of s|ng|y ionized partic|es_
the content of sulfite and sulfate ions being formed.
Indeed, these latter can be detected in the suspensimvestigated, and many similar (which is not improb-
soon after the onset of oxidation (Fig. 6), and theirable) processes are of fundamental importance in the
concentration changes, on the general background oature in view of the overwhelming predominance of
growth, in a clearly nonmonotonic manner. silica on the Earth’s surface and also in water basins,

Thus, the above examples indirectly confirm thell Suspended and precipitated states.

presence of singlet oxygen on the silica surface under Finally, it should be noted that the alternative
standard conditions. It is the chemical activity ofhypothetical reason fofcold” oxidative catalysis on
singlet oxygen that is presumably responsible for th&iO,, based on the concepts (extensively developed in
oxidation on the SiQ@ surface of substances quite the 1970-1980s [18, 19]) assuming that coordination-
stable at the temperature of the ambient air. The largensaturated electron-acceptor centers are present on
specific surface area of silica gel makes it possible tthe surface of amorphous varieties of silica, is rather
record oxidative transformations limited by low con-unlikely. It is difficult to admit of the possibility of
tent of active oxygen under laboratory conditionsfirm adsorption and strong polarization of reagents,
Consequently, there is good reason to believe that threecessary for lowering the activation barriers of oxi-
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Fig. 6. Total concentratiorc of sulfite and sulfate ions vs.

time 7 of oxidation in a suspension of 1 g of Sj@n 50 ml 6
of 1 M (NH,4),S solution at a stirring rate of 100 rpm (three
sets of experiments are represented). 7.

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

10.

CONCLUSIONS
11.
(1) The iodide ion is oxidized with oxygen at
room temperature in suspensions of silica gel in aqué-2-
ous KI solution to give 3 species.

(2) Stepwise oxidation of the sulfide ion with oxy- !
gen in suspensions of silica gel in aqueous solution of
(NH,4),S, also proceeding at room temperature, giveg,
elemental sulfur, S§ SO;, and the anions and
o/

(3) The obtained results suggest that the electronil>:
cally excited singlet speciefO, is involved in the
oxidation reactions and serve as indirect evidence ih®-
favor of the hypothesis that oxygen can be activated
on the silica surface. 17.
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Abstract—Oxide systems supported loyAl,O5 and MgO were studied in oxidative dimerization of metha-
nol. The highest selectivity is exhibited by tin oxide promoted with,®@and LgO5; supported by magnesium
oxide. Reactions of partial oxidation and etherification of methanol and ethylene glycol proceed on this sys-
tem to the same extent as dimerization of methanol to ethylene glycol.

Ethylene glycol, one of the most important prod-tion with a fixed catalyst bed. The ratio GBH : O, :
ucts of petrochemical synthesis, is commonly obN, = 4:1: 4, the time of contact was varied between
tained from ethylene raw materials whose price isl and 0.5 s. The reaction products were analyzed chro-
steadily rising. A search for new routes to ethylenematographically. The reaction gases were analyzed for
glycol without using ethylene is of practical interest.the content of C@ CO, O, N, and H, on an
The most promising are technigues using as raw md-KhM-80 chromatograph by a procedure described in
terial directly synthesis gas or products of its procesg7]. The condensate was analyzed on a Khrom-5
ing (formaldehyde, methanol) [1, 2]. The alreadychromatograph with a flame-ionization detector and
proposed procedures of ethylene glycol synthesis at&24-m-long column packed with Separon-SDA sorbent.
multistage, endothermic, and economically unfeasibleéAnalysis conditions: column temperature 200 time
A possibility was demonstrated [3, 4] of homogene-10 min, with subsequent programmed heating to
ous oxidative pyrolysis of methanol to give ethylene205°C at a rate of 10 deg mif; flow rate of carrier-
glycol in up to 8% yield. In [5], it was proposed 10 gag helium 1.810°3m3h™L. The selectivity with
synthesize dimethyl ethylene glycol ether by oxidationggpect to dimerization products was calculated as
of dimethyl ether and to isolate ethylene glycol by, ota) for ethylene glycol and its conversion products:

subsequent hydrolysis. Heterogeneous catalytic dgycolaldehyde, glyoxal, and di- and monomethyl
merization of methanol into ethylene glycol in a flow- ihars.

through reactor in a single stage may show more . _
promise than the already proposed variations of syn- The phase composition of samples was determined
thesis. In addition to being practically important, thison @ DRON-3M diffractometer with Q¢ radiation.
process is interesting in theoretical regard. The read-he specific surface area of the samples was measured
tions of oxidative dimerization of methane and hydro-chromatographically on the basis of low-temperature
carbons in which a hydrogen atom in methane is readsorption of argon.
placed by an alkyl or aryl group (propylene, toluene) The catalysts under study and their properties are
are well understood [6]. At the same time, reactions Ofnaracterized in Table 1. The key factor in choosing
dimerization of heterosubstituted methanes, e.9ine catalytic systems was high selectivity in dimeriza-
CHgOH, are little studied. tion of methane (sample nos-3, 5, 6) [6, 8, 9],
toluene (sample no. 3) [6], and dimethyl ether (sample
EXPERIMENTAL no. 4) [5].

Catalytic system nos.-# promote nonselective
oxidation of methanol to carbon oxides or its partial
: . oxidation to formaldehyde, with products of dimeriza-
so:u_tlor:_s andtsggggqren%daymg ati6dor 4 hand ion found in the condensate in trace amounts. A
calcination a or ' study of the process of methanol dimerization in the

Experiments were done in a flow-through installa-batch mode on the leatin system, performed by

Oxide supported catalysts were obtained by im
pregnation ofa-Al,03 and MgO supports with salt
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Table 1. Characteristics of catalysts

et al.

Sample no. Catalyst Composition, wt % Phase composition Sp m? gt
1 BaOk-Al ,04 20BaO BaO, o-Al,03 11
2 MgO/a-Al ,05 20MgO MgO, a-Al,0O4 0.9
3 PbO-SnOy/a-Al ,04 16 PbO, 4 SnQ SnO,, PbQpombic POQetr P,SNG, 2.2
(X'Al 203
4 Na,O-SnG,/MgO 5N&0, 55nGQ Na,SnG;, MgO 9.5
5 Na,O-SnG,/MgO 10 Na,0O, 10SnQ Na,SnG;, MgSnG,;, MgO 6.5
6 La,0,/MgO 5La,04 La,0O;, MgO 9.7

Table 2. Effect of temperature on

the ratio of methanol dimerization products in the condensate

Content of products, mol %, at indicated temperati€,

Product
500 550 570 600
Catalyst 5% NgO-5% SnG/MgO
Ethylene glycol 80+0.5 66+0.5 22+0.5 24+0.5
Glyoxal 9+1 15+1 18+1 16+1
Glycolaldehyde 5+1 12+1 26+1 30+1
Ethylene glycol methyl ether 4+0.5 6+0.5 14+0.5 15+£0.5
Ethylene glycol dimethyl ether 1+0.5 1+0.5 17+£0.5 12+£0.5
Catalyst 10% NsO-10% SnGQ/MgO
Ethylene glycol 88+0.5 76+0.5 16+£0.5 8+0.5
Glyoxal 2+1 4+1 17+1 24+1
Glycolaldehyde - 3+1 26+1 16+1
Ethylene glycol methyl ether 10+0.5 11+0.5 22+0.5 34+0.5
Ethylene glycol dimethyl ether - 4+0.5 18+£0.5 18+£0.5

analogy with toluene dimerization [6] by alternatelytion cycle, and methanol underwent catalytic cracking
passing through the catalyst the oxidative mixture anwvith carbonization of the catalyst surface.

methanol, also failed to give positive results since
lead oxide was reduced to metal in the catalyst redu%—a

S mol %
- A

25

15

300 500

700 T, °C

Selectivity S with respect to products of (I) dimerization
and (1) partial oxidation of methanol vs. reaction tempera-
ture T. Catalyst: {) 10% NaO-10% SnGQ/MgO and @-

5) 5% NaO-5% SnG/MgO.

It was found in studying the N®-SnO,/MgO sys-

ms at reaction temperatures of up to F50that

the main reactions also include partial oxidation of
methanol to formaldehyde and its deep oxidation to
COy (with mainly formaldehyde and methylal present
among reaction products). The methanol conversion is
about 25%. Trace amounts of ethylene glycol are
detected in the condensate. Raising the temperature of
the reaction on NgD-SnO,/MgO catalysts (nos. 4, 5)
not only led to higher conversion, but also improved
the selectivity with respect to the dimerization prod-
ucts (see figure). It should be noted that adiabatic
heating-up of the catalyst bed within 30°C from

the preset temperature was observed at temperatures
of 400°C and higher.

The distribution of methane dimerization products
in the condensate for magnesidin systems is pre-
sented in Table 2 in relation to temperature. The over-
all selectivity with respect to products of partial oxi-
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dation and dimerization is not higher than 50% ovefTable 3. Effect of temperature on the yield of methanol
the entire range of temperatures studied. Raising thenversion products. Catalyst §@/MgO
reaction temperature to above SB0leads to higher

share of the reactions of nonselective oxidation and Methanol | Yield of products, mol %
thermal decomposition of methanol and its conversion T, °C conver- _ — —
products to CQ Close temperature dependences sion, % | partial oxidation| dimerization
of methanol conversion, selectivity, and distribu-
tion of dimerization products were obtained for the 200 6.1 2.1 -
La,0O4/MgO catalyst. The yield of dimerization prod- 220 7.3 2.4 -
ucts also increases beginning with 3G0Q with the 350 12.0 4.0 -
maximum yield observed at a reaction temperature 450 24.1 15.3 14.2
of 550°C (Table 3) 500 324 15.5 16.7
' 570 42.2 16.2 28.4

According to the obtained data, the following 580 63.0 16.4 21.5

scheme of oxidative transformations of methanol on 600 74.2 15.8 24.2

magnesiumtin and lanthanummagnesium systems
can be suggested in the form of a set of successive

and parallel reactions: dimerization (pathwly par- making the time of contact shorter and the methanol
tial oxidation of methanol to formaldehyde and formicconversion lower; in this case, the share of undesir-
acid (pathway?2), partial oxidation of dimerization able reactions of partial ethylene glycol oxidation and

products (pathway), etherification and esterification etherification decreases. Owing to the large difference
(pathway3), acetalization (pathwas), and deep oxi- in evaporation temperature between methanol and
dation and thermal decomposition of products to giveethylene glycol, recycling of the starting raw materials

CO and CG: can be readily implemented.
CHy—CHy CHyOH CH;—CHy
OCH; OH OCH; OCH, REFERENCES
'\ 1. Sheldon, R.A.Chemicals from Synthesis Gas: Cata-
3|CHzOH 3 \1 lytic Reactions of CO and 4 Dordrecht: Reidel, 1983.
CH~—CH 2. Korneeva, G.A. and Loktev, S.MUsp. Khim, 1989,
22 1 CH4-OH CHy—OH Hy C-O—CHs vol. 58, no. 1, pp. 118137.
OH OH 3 3. GDR Patent 268684.
[O]lZ [O]l2 2/10] 4. Sprangenberg, H.-J., Lachmann, J., Borgeret.al,
N //O (0] //O Z. Phys. Chem 1990, vol. 271, no. 1, pp.-36.
’ /C—flin HC\H — > HC 5. JPN Appl. 63-27445.
OH OH 6. Mamedov, E.A. and Sokolovskii, V.DOkislitel'naya
[O]lz 4lCH3—OH 3\LCH3—OH degidrodimerizatsiya uglevodorodd®xidative Dehy-
drodimerization of Hydrocarbons), Novosibirsk: Nauka,
Ve noOCH P 1992.
H” “H 2™NocH “NOCHj, 7. Vigdergauz, M.S., Gazovaya khromatografiya kak
3 ; .
[O]lz metod issledovaniya neft{Gas Chromatography as
Method for Studying Oil), Moscow: Nauka, 1973.
O\\C_C//O Eb OH O\\C_C//O 8. Kurzina, I.A., Galanov, S.l., Kurina, L.N., and Belo-
HO/ \OH 3 Y CO/ N\ H usova, V.N.,Zh. Prikl. Khim, 1999, vol. 72, no. 2,
3 O pp. 242245.
At longer time of contact and high conversion of9. Galanov, A.l, Physicochemical Study of Oxidative
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tion. The efficiency of the process can be raised by Cand. Sci. DissertatignTomsk, 1998.
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Abstract—The effect of the volume of macropores (>100 nm) and poresl@0 nm in radius in the AICo-
Mn catalyst on its activity in hydrodesulfurization of black oil produced from West-Siberian oil was studied
at varied process parameters.

The steadily growing demand for environmentallydrodesulfurization. Therefore, one of the main require-
clean motor fuels can be satisfied by implementingnents to a catalyst is that it should contain a zone of
cracking processing of heavy cuts of oil, from whichcoarse pores, partly obviating the diffusion hindrance
heteroatoms, and in the first place sulfur, should bend increasing the coverage of the catalyst surface.
removed preliminarily. The growing share of sulfur- The available relevant evidence is contradictory. The
ous and sour oils in petroleum production [1] makegossible reason is the wide variety of raw materials
this problem even more acute. A thorough-going methuased in investigations. The pore structure and physico-
od for obtaining high-quality raw materials for manu-chemical properties of catalysts should be optimized
facture of motor fuels satisfying modern requirementgor each particular raw material and required product
is hydrodesulfurization of petroleum residues with theguality, as it was done in developing a catalyst for
use of heterogeneous catalysts. However, implementhydrodesulfurization of deasphalted vacuum residue
tion of such a process is a rather difficult task, pri-produced from West-Siberian oil [5].
marily due to the nature of heavy oil cuts, which aré  po\igysly. the advantage has been demonstrated of
a complex heterogeneous system whose componenisin, - coarsely porous catalysts for hydrorefining of
are characterized by various elemental compositiong,

. ' . e residue formed in distillation of products obtained
structures, and physicochemical properties. The petrgs yharma| cracking of vacuum residue [6]. As regards
leum residues constitute a colloid system of organi

compounds in which asphaltenes (disperse comp?he process of black oil hydrorefining, the effect of the

i di I bl oil wumber of macropores (more than 100 nm in diam-
nent) are dispersed in mutually soluble oil tars anQyepy o the efficiency of the ACo-Mo catalyst has
hydrocarbons.

been studied in 24-h tests at 38and 10 MPa [7].
With the fraction composition of petroleum prod- Here we report on the estimated efficiencies of hetero-

ucts becoming heavier, the type of sulfurous comporous ALCo-Mo catalysts in hydrorefining of black

poundschanges from thiols to sulfides and thiophenesgpil at various process parameters and during a longer

the degree of their aromaticity grows, and the reactivtime (100 and 500 h).

ity decreases. For example, only structures containing

thiophene and 2, 3, or more benzene rings are present

in the narrow 425455°C fraction [2]. About 63-80% EXPERIMENTAL

of the entire amount of sulfur is contained in residues

after oil %'St'.”at'on at atmospheric pressure [3], antigst samples of varied pore structure were used. The
about 20% in tars and asphaltenes [4] v-Al,03 support for the test catalyst samples was syn-
The low diffusion rate of high-molecular-weight thesized by the nitrate method, with its pore structure
components of heavy petroleum raw material in theontrolled by introducing varied amounts of a 25%
liquid phase and catalyst pores hinders the access BHj3-H,O solution into the aluminum hydroxide
hydrogen and sulfurous compounds to the interngbaste being formed. The catalysts were prepared by
surface of the catalyst, making slower the rate of hysuccessive impregnation of a support, extruded and

In addition to a commercial ACo-Mo catalyst,
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Table 1. Pore structure of catalysts

Distribution of pores, crhg™, with respect to radius, nm
Sample Sp Mg
>5 5-10 10-100 >100
A 0.62 0.14 0.45 0.03 140
B 0.42 0.10 0.07 0.25 190
C 0.96 0.06 0.50 0.40 110
Commercial 0.48 0.19 0.23 0.06 200

Table 2. Efficiency of heteroporous catalysts in desulfurization of black oil (42010 MPa)

W, mg sulfur g* cat. bt _ Amount of sulfur removed in 100 h
Sample win:wi
initial final g sulfur gt cat. g sulfur g1 CP
A 92 25 3.7 3.6 9.8
B 115 21 55 3.1 8.2
C 124 38 3.3 5.1 10.8
Commercial 61 14 4.4 2.2 6.7

calcined at 55@C, with solutions of ammonium para-  Table 2 presents the estimated desulfurization effi-
molybdate (NH)sMo0,O,, and cobalt nitrate. The ob- ciencies of catalysts in the course of 100-h tests at
tained catalyst mass was dried in air for 24 h, at 60 420°C, pressure of 10 MPa, and initial degrees of
70°C for 2-3 h under an IR lamp with intermittent desulfurization of 4650%. The space velocities of
stirring, and in an oven at 12Q for 4 h. The dried black oil supply at a given desulfurization level were
samples were calcined in air at 5@ for 6 h. The in the range from 1 to 31, depending on the catalyst
concentrations of Mo(VI) and Co(ll) in oxide samplesactivity. The amount of condensation products (CPs)
were 8.5£0.5 and 3.@¢0.2 wt %, respectively. The deposited on the catalyst surface in the course of
pore structure was studied by mercury porosimetryoperation was determined by the burning method,
The specific surface are&, was determined dynami- with a cooled spent catalyst preliminarily washed
cally from thermal desorption of nitrogen. The characwith diesel fraction and vacuum-treated at 30Cand
teristics of the prepared heteroporous samples art3 mm Hg.

the commercial catalyst are listed in Table 1. As seen from Table 2, test samples surpass the
The catalysts were tested for activity in a flow-commercial catalyst in every respect, which apparent-
through installation with a 200-ml reactor without ly indicates that there is no significant contribution of
recirculation at hydrogen consumption of 10001 pores less than 10 nm in radius to the catalyst activity
Prior to testing, the catalysts were sulfidized at4D0 and 10-100-nm pores and macropores play an im-
with diesel fraction used as sulfidizing agent. Specialportant role. According to increasing initial desulfuri-
purpose experiments revealed that there is no externaation rate, the test samples form the same sequence
diffusion hindrance of the process of black oil hydro-(A < B < C) as those arranged in the order of increas-
desulfurization under the adopted conditions. ing macropore volume (Tables 1, 2). However, ac-

To evaluate the desulfurizing activity and its Oly_cordlng to the retention of activity, final desulfuriza-

namics in the tests, the content of sulfur in the startin@On rate, and amount of sulfur removed in 100 h, the
black oil and periodically taken samples of the hydro- atalysts are arranged in the order of increasing total
genizate was determined by the method of burning [8]V°|>u"|;e Iorf t}]()e—lgor;]nm réloretsh and tnﬁairopgresr ((r:1 > q
The catalyst activity was evaluated on the basis of th ): same order he catalysls are arrange

ccording to increasing amount of removed sulfur per
average apparent raw/ and extenta. of the process. unit mass of formed CP. This parameter characterizes

The starting black oil contained sulfur, asphalteneshe stability of desulfurizing ability with respect to
tars, V, and Ni in amounts of 1.7, 2.0, 2.5 wt %, 27surface coking. Thus, the efficient prolonged opera-
and 18 ppm, respectively. tion of a catalyst requires the presence of a sufficient
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Table 3. Results obtained in tests with coarsely porous anéhterest to compare the efficiencies of the coarsely
commercial catalysts (10 MPa) porous and commercial samples at temperatures of

380 and 426C, approximately corresponding to the
1 |Amount of sulfur removed in 500 h  jower and upper temperature limits of hydrorefining
Sample | o4& N N of heavy oil stock. The hydrogen pressure was
9/100 micatj g~ cat. | gg=Mo 109 MPa; space velocity, 27 catalyst grain size,
C 380 470 9.4 105 3 mm.
Commercial 422 6.4 72 Both in the “mild” and “rigorous’ temperature
I 420 720 13.3 150 regimes, the coarsely porous sample surpasses the
Commercial 515 78 87 commercial catalyst in the extent of desulfurizing,
output capacity of unit reactive volume and mass, and

efficiency of utilization of the active component dur-

number of pores 16100 nm in diameter and macro- ing the entire period of testing (Fig. 1, Table 3). With
pores. Apparently, with the surface of macroporesincreasing process temperature, the above parameters
which are the most accessible to raw material comgrow to a greater degree for the coarsely porous sam-
ponents, primarily coked and deactivated, the increag!e, compared with the commercial catalyst. The fact
ing amount of pores Q100 nm in radius is involved that the difference between the catalyst efficiencies
in the process, and it is this fact that ensures th@rows as the temperature is elevated can be attributed
stability of catalyst operation at a sufficient amount ofto the increasing diffusion hindrance, this being more
pores of both types. pronounced in the case of a narrow-pore commercial

The results of more prolonged tests with the mos?ample'

efficient sample B and a commercial sample are pre- At low process temperature, the activity, on the
sented in Fig. 1 and Table 3. whole, changes monotonically (Fig. 1a). At high tem-

perature, the deactivation proceeds in the initial part

Industrial hydrodesulfurization is performed atgf a run faster than in the final stage (Fig. 1b).

elevated temperature, which is associated with th o
decrease in the desulfurizing activity with time and The significant advantage of the coarsely porous
the necessity for preservation of a prescribed contesg@mple in the output capacity per unit mass, compared

of sulfur in the product. In this connection, it was of With the value per unit reaction volume (Table 3), is
due to the lower (approximately 1.4-fold) bulk density

oLg, %0 @) of the given catalyst.
40 In addition to evaluating the rate of desulfurizing,
it seems appropriate to determine the effect exerted by
30 the process parameters on the decomposition rate of
asphaltenes contained in the raw material, with ac-
20 count of the fact that the asphaltenes contain ca. 20%

sulfur and may strongly affect the course of the hy-
drorefining as a whole. The amount of asphaltenes in
the starting black oil and hydrogenizates was deter-
mined by their precipitation in petroleum ether [8].

To solve the problem in hand, the method of mathe-
matical experiment design was employed [9, 10].
The 2 design matrix of the trifactorial experiment

——t in coded and natural values and the response functions
(the rates of desulfurizingVy and asphaltene decom-
02 positionW,) are presented in Table 4. The duration of
. . . . . each test was 24 h at an extent of desulfurization in
100 300 500 the range 2030%. The given desulfurization level
7, h was ensured at varied temperature, pressure, and
Fig. 1. Extent of black oil hydrodesulfurizatiom, vs. the catalyst grain size by varying the space velocity O_f
time of catalyst operationz. P = 10 MPa, Vg = 2 L. the raw material. It should also be noted that at a grain
Catalyst: () commercial and Z) coarsely porous. Tem- size of 0.4 mm the black oil desulfurization proceeds
perature {C): (a) 380 and (b) 420. in a mode close to kinetic control [7].
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Table 4. Experiment matrix in natural and calculated values of factors and quantities
W,, mg sulfur gt cat. h! W,, mg asphaltene g cat. !

T, P, Grain

°C, MPa, size, | commercial catalyst sample C commercial catalyst sample C

X1 Xy mm, X3 - - - -

Y1 1 Yo Y2 Y3 Y3 Y4 Ya

-380 -2.5 0.4 3.1 3.3 3.7 3.8 - 4.0 0.0 0.0
+400 -2.5 0.4 4.2 4.3 5.9 5.9 5.6 3.4 1.3 1.3
-380 +10.0 0.4 4.1 4.1 4.6 4.8 4.2 4.0 3.3 3.9
+400 +10.0 0.4 5.2 5.1 7.1 7.0 - 4.6 7.5 6.9
-380 -2.5 3 14 11 2.9 2.8 0.9 0.8 0.0 0.0
+400 -2.5 3 1.9 2.1 3.5 3.8 0.1 0.2 1.8 25
-380 +10.0 3 1.8 1.9 3.1 3.0 1.0 0.8 2.0 1.9
+400 +10.0 3 2.9 2.9 6.0 6.0 1.3 14 3.2 3.3

The processing of the obtained experimental daté8390°C, 6.25 MPa) and undetextremé& conditions

gave the following equations.
For the commercial catalyst:
rate of hydrodesulfurization

y; = 3.1 + 0.5 + 0.4x, — 1.1x,
1)
Sy} = 0.17, b} = 0.06;
rate of cracking hydrogenation of asphaltenes

y3 =24 + 03(2 - 16)(3 + 0.3(1X2,
)
Sy} = 0.20, (b} = 0.1.

For the coarsely porous catalyst:
rate of hydrodesulfurization

Yo = 4.6 + 1.6y + 0.6¢, — 0.7%3 + 0.3 X5 + 0.2¢XoX3, (3)
Sy} = 0.24, b} = 0.1;

rate of cracking hydrogenation of asphaltenes

Yp= 2.4+ 1K + 1.6% — 0.6X3 — 0.8XoX3 — 0.4 XoX3, (4)
Sy} = 0.38, §b} = 0.15.

All the coefficients in Egs. (1(4) are significant
(verified using Student’s criterion at significance level
of 0.05) and describe adequately the investigate

range of factor variation Rz < F{:9).
Analysis of Egs. (1)(4) suggests, in the first place,

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

The same considerations apply to the process of
cracking hydrogenation of asphaltenes. In this case,
the effect of the factors is even more pronounced. For
example, theW, value is practically the same for
the industrial and coarsely porous catalysts at the
zero point (390C, 6.25 MPa), whereas under more
severe process conditions (4@) 10 MPa) the rate of
cracking hydrogenation of asphaltenes is more than
1.8 times higher for the latter.

It is of interest to consider the kinetic aspect of the
hydrorefining process. Studying the diffusion kinetics
is a rather difficult task. In the given case, the com-
plications are in the first place due to difficulties in
experimental determination of the diffusion param-
eters for the system catalysaw material. The hy-
drorefining of the heavy oil cut consists in the inter-
action of two disperse systems (catalyst and raw ma-
terial). All the reactions constituting the process occur
on the surface of the polydisperse catalyst under con-
aitions of its continuous deactivation. An in-depth

inetic analysis was beyond the scope of this study.
Therefore, we restricted ourselves to a simplified
formal approach on the assumption that models rely-

that the coarsely porous catalyst shows higher rate @fig upon the formal kinetics can be used to find the

black oil desulfurization both at thé&zerd® point

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74
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Lo6f

0.1 0.2 0.3
IV [h Y
Fig. 2. (1) Hydrodesulfurization and2j deasphalting as
second-order reactions. Coarse-porous sanmple,420°C,

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

CONCLUSION

The highest efficiency in black oil desulfuriza-
tion is exhibited by the catalyst whose pore structure
is characterized by the presence of macropores
(>100 nm) and pores 2100 nm in radius in ap-
proximately equal amounts (0.4@.05 cn? g‘1 each).

The advantage of a catalyst with the pore structure
of this kind over a commercial ACo-Mo sample is
retained at various process parameters. The process
of black oil desulfurization is satisfactorily described

P = 10 MPa. C) Conversion and\() space velocity of
the raw material.

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

Processing of the results of 24-h tests with hetero-
porous catalysts at 420, 10 MPa, and varied time of
contact (feed rate 80 h‘l) demonstrated that, irre-
spective of the pore structure and grain size of a cata-
lyst, the processes of desulfurization and asphaltene
cracking are described by a second-order equation

C 1 3.

— = ko— (5)
1-C \Y, 4

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

Figure 2 shows, as an example, data obtained fors,

a coarsely porous sample. In all cases the correlation
factors were in the range 0.96.99. 7

The revealed second order is obviously only ap-

parent and can be accounted for by differences in8.

reactivity between separate components. Commonly,
hydrogenolysis of individual sulfurous compounds is
a reaction having true or pseudo-first order with re-
spect to sulfur concentration. Consequently, the rate

constant of black oil desulfurizing is bound to de- 9.

crease steadily as the most reactive compounds are
converted. A similar reasoning is valid for reactions of

cracking of asphaltar components. It is also not im- 10.

probable that the observed second order is due, to

by a second-order equation.
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Abstract—The effect of structural and acid characteristics of catalysts of various nature (sulfonic cation ex-
changers of the KU-23 type and high-silica zeolite of the ZSM-5 type) on their activity and selectivity in
production of methyltert-butyl ether from isobutylene and methanol was studied.

A decrease in the toxicity of motor transport ex- EXPERIMENTAL
haust is one of the urgent environmental problems.
Significant advances in this field can be reached by The KU-23-16/60 and KU-23-30/100 sulfonic cat-
using environmentally safe fuel additives. In recenton exchangers and high-silica zeolite of the ZSM-5
years, various oxygen-containing compounds, lowelype in H form (H-HSZ) with the silicate ratio
alcohols and ethers, found a wide use as high-octarf®O,/Al,03 = 50 were used as catalysts for synthesis
components for production of commercial gasolinesef MTBE from methanol and isobutylene. The catalyt-
They have high octane numbers (>100) and do nd€ activity of the samples was determined on a labora-
form toxic substances in combustion [1]. In addition,tory flow-type setup with a fixed bed of the catalyst in
the use of oxygen-containing components reducefe temperature range 5020°C for sulfonic cation

petroleum expenditure for production of the requirecexchangers and 8@50°C for H-HSZ at a pressure of

. 1: 1. Liquid reaction products were analyzed chroma-
Methyl tert-butyl ether (MTBE) is the component tographically on a column packed with 15 wt % PEG

which most efficiently increases the octane numbel5oo on S-22. Gaseous reaction products were ana-
of unleaded gasolines [2]. The main raw materials folyzed on a column packed with 405,

MTBE production are methanol and isobutylene. Iso-

butylene is the component of the butylebatadiene The pore structure of the samples was studied

. 7 . 0on a vacuum setup equipped with a McBain quartz
fraction (BBF) of petroleum pyrolysis; its content in balance. Benzene was used as an adsorbate. The pore-
BBF is 16-18 wt %. lon-exchange resins are h.'ghly]yolume distribution was evaluated from the isotherms
efficient and selective catalysts for synthesis o

. A : f tion at 2D with the use of the
MTBE. However, their use is limited owing to rela- of benzene desorp

X . ) ThompsonrKelvin formula. The acidity of the sam-
tively narrow interval of operating temperatures;

. inal and th ol les was determined spectrophotometrically in aque-
therefore, selection of the optimal and thermostablg ;s medium with the series of Hammett indicators

catalyst for this process is an urgent problem despitg;ii, HH of transition from 0.8 to 6.4 by the procedure
the existence of large-tonnage industrial equipment fQfjggcriped in [5].

MTBE production in advanced countries [3, 4]. . - .
The comparative characteristics of the catalytic ac-

In this connection the aim of this work was to tivity of the KU-23 and HSZ cation exchangers under
study the effect of physicochemical characteristics ofhe same conditions of synthesis of MTBE from BBF
KU-23 cation exchangers on the selectivity of MTBEand methanol are presented in Table 1. With selected
formation from BBF and methanol. We also studiedprocess parameters [temperature °@B0 pressure
this process in the presence of ZSM-5 zeolite catalyst MPa, space velocity of raw materials (isobutylene of
having a wide range of operating temperatures. BBF) 1 L, and molar ratio of isobutylene and meth-
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Table 1. Results of synthesis of MTBE from BBF isobutyl- ~ As was shown previously [6] and in this work, the
ene and methanoll = 80°C, P = 1 MPa, andw = 1 71 catalyst activity depends on many factors, in par-
ticular, on its structural characteristics. The studied
Selectivity, wt % Conversion  sylfonic cation exchangers are wide-porous (16/60)
Catalyst ofisobutyl-  and narrow-porous (30/100). The equivalent pore
MTBE | DB* | TB* | ene, wt%  giameters dominating in the samples are presented in
Table 3. The experimental data show that the sample

ﬁgggégﬁgo gg 12'2 3'8 gi of cation exchanger with wider pores, KU-23-16/60

H-HSZ-50 68 - 32 17 (d > 15 nm), exhibits the highest activity in produc-
tion of MTBE from BBF and methanol under the

* (DB) Diisobutylene and (TB)tert-butanol. same conditions. For the narrow-porous sample,

KU-23-30/100 @ = 1 mn), a significant increase in the
Table 2. Optimal conditions for synthesis of MTBE from Yield of product and conversion of isobutylene is ob-
BBF isobutylene and methanol. Space velocity of rawserved with increase in pressure by a factor of 1.5.

materials 1 ht Under the selected conditions of MTBE synthesis,
the H-HSZ narrow-porous sample of the ZSM-5 type
Sy K* exhibits low catalytic activity as well. It is evident
Catalyst T, °C | P, MPa that in the case of sulfonic cation exchanger KU-23-
wt % 16/60 the system of wide transition pores facilitates
mass transfer in the catalyst granules, which, in turn,
KU-23-16/60 80 1 96 84 increases the yield of the target product and the degree
KU-23-30/100, 100 1.5 98 85 of conversion of isobutylene.
H-HSZ-50 150 1 83 25 . . . .
The difference in the catalytic activity of the sam-

* (9 Selectivity with respect to MTBE andCj conversion. ples is also related to their acllase characteristics
caused by the acidic groupS0O,-OH in the styrene
anol 1:1], the degree of conversion of isobutylenalivinylbenzene matrix of ion-exchange resins or
does not exceed 84% and the maximal selectivity witthewis or Brgnsted acid centers in the case of H-HSZ.
respect to MTBE reaches 96%. The degree of conveifthe measurement of the total acidity of the samples
sion and the selectivity of formation of MTBE on and differentiation of acid centers with respect to their
high-silica zeolite are 17 and 70%, respectively. As &trength (Table 3) showed that on the surface of the
by-product only tert-butanol, formed owing to the samples there are several types of acid centers dif-
presence of moisture in raw materials, was detectederent in the strength and that the strong acid centers
At a low metanol:isobutylene ratio and higher tem-corresponding to the K of the indicator transition
perature isobutylene dimerizes. With increasing tem2.5 prevail. The KU-23-16/60 sample with increased
perature, at a certain concentration of reactants, inteconcentration of acid centers (15%2.0°’ mol m2)
molecular dehydration of methanol, hydration of iso-exhibits a high catalytic activity, and for low-efficient
butylene, and formation of methgecbutyl and meta- catalyst in synthesis of MTBE (KU-23-30/100 sam-
butylene ethers take place. ple) the concentration of acid groups is two orders of

o i 7 —2
The dependences of the selectivity and degree épagnitute lower (1.% 107" mol m™). The feature of

conversion of raw materials (isobutylene of BBF) Ono_llstrlbutlon of_aC|d centers on the su'rface of the zeo-
the temperature and pressure pass through maxinlie catalyst with respect to strength is the same as in
The optimal parameters of synthesis ensuring thH1€ case of sulfonic cation exchanger 30/100, and their
maximal catalytic activity and selectivity of the concentration is approximately 0410 mol m™.
studied samples are presented in Table 2. For thEhe difference in the catalytic characteristics of thes_e
KU-23-30/100 sample, the pressure has a positive efW0 samples can be apparently caused by severe dif-
fect on the selectivity (increase from 85 to 98%) andusion deceleration in the H-HSZ sample, which
butylene increases from 60 to 85%). For the KU-23P0res.
16/60 sample, the similar results are observed under
mild conditions of synthesisP(= 1 MPa andT = CONCLUSIONS
80°C). The reaction of methanol with isobutylene on
H-HSZ proceeds at 15C and is characterized by low (1) The KU-23 sulfonic cation exchanger with
conversion of isobutylene. coarse pores and maximal concentration of acid cen-
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Table 3. Acid characteristics and pore diametadsof the catalyst samples

Concentration of acid center€ x 10, mol nT?
Catalyst at indicated pH of indicator transition d, nm
total
0.8 1.3 2.5 35 4.1 4.9 6.4

KU-23-16/60 6.0 31.6 77.0 14.0 3.0 4.7 15.0 151.7 3.37
17.3
25.5

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

ters on the surface exhibits the highest activity ire. Anichkin, A.l., Gorshkov, V.A., Kolobrodov, V.P., and

catalytic synthesis of methylert-butyl ether.

(2) Synthesis on the narrow-porous catalysts is _
g&g Girolamo, M.D. and Tagliabue, LCatal. Today 1999,

also possible at increased pressure, which mak

promising the use of microporous high-silica zeolites,
exhibiting specific acid characteristics and high heaf-

resistance, as catalysts for synthesis of metbyt
butyl ether.
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Abstract—Kinetics of formation of potassium carbazolate in the system liggotld, catalyzed with
18-crown-6, was studied. Applicability of the previously proposed macrokinetic model to this process was
demonstrated.

Previously [1] we showed that in the absence othe solution from 16.8 to 50 mM. The concentration
catalysts the phase-transfer formation of potassiurof 18-C-6 was varied from 3 to 10 mM.

carbazolate The dependence of the initial rate of the process on
k the catalyst concentration is presented in Table 1 and

(C1HgNH)gq + KOHggig = (C1HgNK)ggiig + (H20)iq  Fig. 1. This dependence is an ascending curve with
k. saturation. In the initial portion of the curve (up to

follows zero-order kinetics with respect to concentral18-C-6] ~ 5 mM) the initial rate (mmol mir) in-
tion of carbazole in the toluene solution. Based on thi§reases approximately linearly with increasing concen-
fact, we proposed the adequate mathematic mod#émrtion of the catalyst:

considering the transport of hydroxide ion to the phase

boundary organic phasaqueous interphase as the  Vipi x 107 = (0.9+0.5) + (0.91£0.14)[18-Cr-6],

stage limiting the reaction kinetics:

dx g/

o kT - koxw, 1) It is likely that at given charges (1.5 mmol of KOH
and 1 mmol of carbazole in 60 ml of toluene) the max-

mounts of carbazolatémal catalytic effect is (e_a_ched at [18-C-8]6 mM

and is the amount 2and corresponds to the initial rate of 0.06 mmol min

R = 0.977,S = 0.53.

wherex andm, are the current a
and KOH (mmol), respectively,

of “free’” water given by the equilibrium iy _ .
g y . Table 1. Initial rate of formation of potassium carbazolate

K Vinit @and kinetic coefficients of Eq. (1) at various concen-
KOH + H,0 > KOH-H,0. (2) trations of 18-crown-6*

In this work we studied the effect on this process of C, Vinit X 1_02,1 k /%02'_ L ke 11023
18-crown-6 (18-C-6), the commonly used phase-trans- MM mmol mirr® | mmof*® min~ | mmor min-
fer catalyst able to transport KOH into the toluene

1

medium [2]. 0 [1] 0.9 1.1+0.3 2.3+0.5
- . 3.0 3.2+0.6 4.2+0.7 2.2+0.4

The procedure was similar to that described pre-, 5 1%
viously [1]. The process was carried out in refluxing 5 52403 6.7+0.4 2 4+0.3
toluene (11&:) with pOWdered KOH (grain size 75 6.4+0.2 8.5+0.3 2.1+0.4
20+10 um) in a device equipped with a stirrer and a10.0 6.0+0.1 8.0+0.1 4.3+0.9

reflux condenser. In all runs the same amount of KOH
(1.5 mmol) of the same dispersity was used and the: charge ¢0.05 mmol): carbazole 1.00, KOH 1.50,61 1.69,
amount of carbazole was varied from 1 to 3 mmol, and toluene 60 ml; 1FC.

which corresponded to variation of its concentration in* Data of single run.
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As seen from data listed in Table 2, an increase in
the carbazole concentration in the solution by a factor
of 3 at a constant amount of KOH does not substan-
tially affect the initial rate of the process; this is
true for the state of the maximal catalysis efficiency 4
reached with the given catalyst ([18-C-6] = 7.5 mM).
Thus, as in the case of the noncatalyzed process,
under catalysis with crown ether the process rate is
limited by the transport of the reagent to the phase 1
boundary aqueous interphaseganic phase; the reac- ! ! ! ! L
tion proceeds not in the bulk of the organic phase but 2 6 10 C, mM
at the phase boundary or in the vicinity of the phase Fig. 1. Initial rate of formation of potassium carbazolate
boundary. It is well known that aqueous interphase at Vinit @ @ function of concentration of 18-crown®.
the surface of solid salts or alkalie-phase) efficient- X, mmol .
ly sorbs the phase-transfer catalyst from the organic 0.6F 3
phase [3]. It is likely that the phase-transfer catalyst
dissolved in then-phase facilitates the reagent trans- *
port in the bulk of this phase between the soliguid 04 F . 1
and liquid|liquid phase boundaries. This mechanism
can easily explain the saturability of the catalytic ef- 02 F
fect of the phase-transfer catalyst. .

Since, as mentioned above, potassium carbazolate ! ! ! !
is formed (and also hydrolyzed) at the liqdildjuid 20 40 t, min
phase boundary, the process rate, if only in view of Fig. 2. Calculated (curves) and experimental (points)
mathematical formalism, should be described by mac- dynamics of accumulation of potassium carbazolatg (
rokinetic model (1). This suggestion was verified by (1) Reaction time. 18-C-6 concentration (mM)1)(3.0,
the mathematical simulation [1]. This procedure is (2) 5.0, and § 7.5.

based on simultaneous solution of differential kinetiGhe toluene sample treated with water (spectropho-
equation (1) and algebraic equation corresponding tymetrically, as described in [1]) and the amount of
equilibrium (2). The calculation was carried out by hotassium ions in the aqueous extract of this sample.
numerical integration by the second-order RungeThe content of potassium ions was determined using
Kutta procedure. As seen from Fig. 2, the dynamics of pH-673m device equipped with an EM-K-01 ion-

accumulation of carbazolate during the experiment igejective electrode. The potentiometric data were
adequately described by this mathematical model W'tbrocessed using the calibration plots.

appropriate values of kinetic coefficieritsk_, andK. . :

Th £ K AV = km)2/3 ¢ Experiments were repeated no less than three times.
€ averages ok, k., andVinj = (My)g "W (oM rpevesuits of calculations given in this work are the

noted that the numerical values lof andK = 0.02 are . . . .

almost the same as in the case of the noncatalyzed The initial content of water in the reaction mixtures

1 hich itionall he identinVas eval_uated as the sum of the amounts of water
Pt mechanme of bt hroddess (e ide 1 dded with alkali £15%) and toluene -0.03%).

Vinit, mmol mirrt

Table 2. Initial rates of formation of potassium carbazolate

EXPERIMENTAL Vini at various concentrations of carbazol
The experimental procedure differed from that Carbazole C., Vinit % 10, Number
described in [1] only in the method of monitoring theamount, mmo] mM mmol mirr! of runs
course of the reaction. Potassium carbazolate formed
in the catalyzed process occurs partially in the form of 1.0 16.8 6.4+0.2 3
the complex with crown ether, slowly crystallizing 2.0 33.3 8.4:0.6 3
from the filtered toluene solution. Therefore, the 3.0 50.0 7.7+0.5 4

amount of unchanged carbazole was determined as therojuene volume 60 ml; KOH and 0 amounts 1.50 and
difference between the total content of carbazole in 1.69 mmol, respectively; [18-C-6] 7.5 mM; 140.
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18-Crown-6 was added to the reaction mixtures in (3) The kinetics of the catalyzed formation of
the form of solution with given concentration, which potassium carbazolate is adequately described by

was prepared by dissolution in toluene of the sampléhe macrokinetic model proposed previously for the
recrystallized from acetonitrile. similar noncatalyzed process, which suggests the
identity of the mechanisms of these processes.
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Abstract—IR spectroscopy and X-ray phase and chemical analyses were used to study the physicochemical
properties of fluoride-containing amorphous silicon dioxide obtained by hydrolysis of){SH, and its
previously unknown biocide properties were discovered. Results of biotesting are presented.

Alkaline hydrolysis of (NH),SiFg gives an amor- furnished by triple washing, 3.2%. Further increase in
phous porous mass with hydrated surface, which is athe number of washings (to 6 or 7) lowered the resid-
active silica filler and is known aswhite black [1]. ual content of fluoride ions to 0-0.8%.

A distinctive feature of silica gel obtained by hy- The presence of the I\E{—ﬁon was judged from the
drolysis of the Si% ion (or SiF) is the presence of IR spectra. A conventional spectrum did not contain
fluoride ions in it [2, 3]. The surface of the silicon the characteristic bands of the ammonium ion. Only a
dioxide prepared by this procedure is hydrophobispectrum taken in a thick layer, at the band intensities
rather than hydrophilic [4]. However, the presenceof the main substance of 200%, demonstrated the
of residual fluorine in silicon dioxide has not beenpresence of ammonium in hydrolytic silicon dioxide.
related to any specific physicochemical properties o€hemical analysis for the ammonium ion was done by
silica gel and, therefore, such silicon dioxide was nothe Kjeldahl method involving evaporation with a
classed with fluoride materials. 20% NaOH solution. The empirical formula of hy-
drolytic silicon dioxide containing fluoride ions and

W'th. _account Of. the fact t_hat ammonium heXa_ammonium ions was established by chemical analysis:
fluorosilicate occupies a prominent place in develop-

ing practically all flowsheets for processing of mineral
raw materials based on ammonium hydrofluoride aniiNH o 065101 o1

is involved in reagent circulation, the Sj@y-product . #0085 0912 0.235 o oo
is supposed to be produced in large amounts. This P e e T
requires closer analysis of the effect exerted by resid-

ual fluoride ions on some _propertie_s of silic_on .diOXideprocedures [5]. The CzapeRox medium was ino-

and a search for new fields of its application. ¢ ated with an aqueous suspension of mold spores
The aim of this work was to study the chemicaltaken from a building wall infested by fungi. Glass

composition and biocide properties of hydrolytic sili-tubes 1 cm high, filled with a substance under study,

Found, %: NH 1.8, F 6.9.

The biocide activity was evaluated by standard

con dioxide containing fluoride ions. were placed at the center of a Petri dish inoculated
with fungi, and the culture was grown for 2 days in a
EXPERIMENTAL thermostat. The fungicide activity was determined as

the radius of the zone uninfected by fungi.

Fluoride-containing silicon dioxide was isolated by  The algicide activity was evaluated from the action
precipitation with ammonia from saturated solution ofon larvae of Balanus barnacles, the most common
sublimed (NH),SiFs. The precipitate was washed fouling organisms at the Peter the Great Bay (Sea of
with double-distilled water and dried at 9005°C. Japan). Fluoride ions were leached with seawater (1 I)
Analysis for fluoride ions was made by steam distilla-from 1 g of hydrolytic SiQ in the course of 1 and
tion and ftitration of the distillate with a Th(N§), 7 days, with subsequent 2-, 10-, and 100-fold dilution
solution. A sample obtained upon single washing obf the leaching solution. Larvae (16050 specimens)
the precipitate contained 6.9% fluoride ions, and thaivere introduced into the prepared solutions, and the
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3600 and 1630 cﬁ’r), four absorption bands were
observed at 470, 720, 800, and 945 ¢mThe first
two of these completely coincided, as also did the
absorption bands related to ammonium ion vibrations,
with the spectrum of (Nig),SiFg (Fig. 1, spectrun®)
and indicated the presence of this compound in,SiO
The band at 800 cit was assigned to vibrations of
the SiF bond, characteristic of the [SiKstructural
unit, and the band at 945 c¢hwas attributed, using
IR spectral tables, to vibrations of the-&i bond in
[SiF,] and [SiR] [6].

Thus, fluoride ions contained in hydrolytic S§O
obtained from (NH),SiFg are present in the form of
coprecipitated (Ni),SiFg and, according to published

Jr
(C

)i 7 X data, are bound to surface silicon atoms.
* Figure 2a shows a thermogram of this product. It
is seen that the sample loses weight mainly in two
* stages: at 100 and 240. The total weight loss is
' H— : : : : more than 20% [(Ni),SiFg 8.9% and water the rest].
4000 3000 2000 1000 v, et

The gas phase composition was determined on

Fig. 1. IR spectra of {-3) amorphous SiQ with varied heating a sample in a quartz tube. It was found that

content of fluoride ions prepared from (NY}3SiF; and only water is lost below 14T, then, up to 23T

(4) (NHy)pSiFg. (T) Transmission andv) wave number. i and ammonia, and above this temperature

Content of fluoride ions (%): 1, 2) 6.9 and 8) 3. . . .
(NH,),SiFg is evaporated. The release of ammonia

deceased larvae were counted under a binocular migd the temperature regime correspond to the es-
rOscope in a Bogorov Chamber tab“Shed thermal behaV|Or Of pure (NHS|F6

The chemistry of silicon dioxide was considered in A comparison of sample spectra before and after
detail in the biological respect, including its toxicity, @Wnealing in the temperature interval 3d@C°C
in the monograph by ller [4]. However, no attentiondemonstrated that, upon heating, the intensities of the
was given to the behavior of various kinds of inclu-bands at 800 and 945 cfh (vibrations of the SiF
sions in SiQ, especially in its amorphous forms. bond) remained practlc_ally_unchanged. Therefore,_ it
Depending on the preparation method and nature &@n be stated that fluorlde ions bound to surfac_e sili-
inclusions, the SiQ properties may vary widely. For €On atoms are retained up to 7Q0 After annealing
example, silicon dioxide obtained from Sifhas an @t this temperature, the sample could absorb 6.5%
extremely low bulk density (0.0248 g 5'?0 and can Moisture (Fig. 2b)._|n contrast to fluoride ions, am-
flow like water [4]. To evaluate the effect of fluoride MON!a Was absent in the sample already upon heating
ions on the properties of hydrolytic SjCand deter- to 300C.
mine in what form ammonium ions are incorporated, Since SiQ gel occludes (Ni),SiFg, it would be
a highly sensitive method of biotesting was usecdexpected that this kind of silicon dioxide exhibits
together with the conventional physicochemical techbiocide activity characteristic of salts of hexafluoro-
niques. silicic acid.

According to chemical analysis data, the sample Biotesting for resistance to fouling organisms (lar-
contained 1.8% ammonium ions, whereas the IR spe&ae of Balanus improvisuswas performed. Table 1
trum contained no corresponding bands (Fig. 1, spedists data on larval loss in leaching solutions obtained
trum 1). That is why other conditions were chosen forfrom SiO, samples containing 3.2 and 6.9% fluoride
taking an IR spectrum, which made it possible to conions. In contrast to copper sulfate solutions (1 g per
firm the presence of ammonium ions in the samplditer of seawater), the loss of larvae was observed in
(Fig. 1, spectrum?). In addition to the main SO 100% of cases even at 1 : 1 dilution. At stronger dilu-
band (1100 ch11) and bands associated with the am-ion, 15-35% of larvae died in leaching solutions, and
monium ion (3330 and 1400 C‘H') and water (3400 only 5-8%, in a copper sulfate solution diluted to the
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(a) (b)
T, °C DTG DTG

500

300

100

10

20 F -
Am, %

Fig. 2. Thermograms of amorphous SjQrecipitated from (Ni),SiFg. (T) Temperature, ) time, and (m) weight loss. SiQ:
(a) freshly precipitated and (b) annealed at @O0

same extent, indicating the high biocide propertiesvith a lime solution with addition of (N),SiFg
of SiO, precipitated from an (Nl),SiFg solution. (1 :3 molar ratio) revealed a biocide effect. Table 2

It was found that. even in a mUItlpIy diluted |each_|iStS the number of fungi at certain intervals of time

ing solution, the survived larvae (about 90%) lost3(ter the surface treatment.
their response to light and oxygen and did not restore It can be seen that ammonium hexafluorosilicate,
these functions on being placed in pure seawatecombined with calcium hydroxide, ensures a practical-

For comparative evaluation of the toxic propertiesY corppﬁete elimcijnatic;n offfungi_ ?nd further Er]?tec_-
of silicon dioxide modified with fluorine with respect UOn of the treated surface from infestation with fung.

to Penicillium, Aspergillus, Mucgrand Cladospori- 1 nese data disprove the argument [2] that fluorosili-
um mold fungi, bl?ote?sting was Qalso performped for Cates are incompatible with Ca0 or Cagiiecause of
(NHy),SiFg, Cak, and fluoride-free Si@ obtained the formation of inactive Caf- The silica gel forma-
from rice husk. As a control substance was usefon N the process has been disregarded.
copper sulfate distinguished by its fungicide and bac- The hydrolysis of (NH),SiFg can be described by
tericide properties. Below is given the toxicity seriesthe equations
of the substances studied, constructed on the basis of
the no-fungus-growth zone radius: (WESiFg ~ SiO, (NH/),SiFg + 4NH; + 2H,0 = SiG, + 6NH,F,
(6.9% F) > CuSQ > SiO, (3.2% F).

Silicon dioxide obtained from rice husk and GaF (NHa)2SiFs + 3Ca(OH) = SIiO, + 3Cak, + 2NH; + 4H,0.

exhibited zero fungicide activity. Table 1. Behavior of larvae in leaching solutions of flu-

The practically equal toxicities of (NHZS”:6 and oride-containing silicon dioxide
SiO, (6.9% F) were a surprising result, as amorphous
silicon dioxide is an insoluble and nonaggressive sub-Content of fluoride| . ...~ | Number of larvae
stance, and the content of fluoride ion in its sample ions in sample dead in 24 h, %
was by a factor of 10 lower than in ammonium hexa-

fluorosilicate. This result is very interesting and can gg - 1%3
be of practical S|gn|f|car.1ce. 6.9 11 100
These data were confirmed by full-scale tests. In- 6.9 1:10 35

spection of a fungus-infected building wall treated
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Table 2. Number of fungi on infested surface clusion that fluoride ions are present in hydrolytic
SiO, in two forms: as occluded mother liquor [8]
Surface infestation and hydroxide groups on the surface, substituted by
Surface sample fluoride ions.
cells nr? % .
Upon prolonged contact of a sample with water,
Before treatment 520000 100 bands at 3650 cit appeared in the SiDspectrum,
After treatment: associated with OH groups in pores (Fig. 1, spec-
in 1 day 17000 3.3 trum 4). Their appearance was probably due to
in 3 months 5000 1.0 (NH,4),SiFg removal from pores.
in 6 months 3000 0.6 The slow leaching of (NR),SiFg from SiO, en-
9 months 2500 05 sures prolonged biocide acti%br% of & lime soli)%ion with

addition of (NH,),SiFg, applied to a surface infested
: - : ; by fungi. The hydrophobic properties of Sj@el, in
Table 3. (NH F leach f ) I h . ) )
18bge i:(l :‘%S:'l% eaching from SIQ. Sample weight i turn, do not favor the vital functions of fungal
’ colonies. The antimycotic effect is also enhanced by

Duration of leach-| Mass of dry |Content of fluoride ~ calcium fluoride filling the pores of the treated sur-
ing, weeks product, mg | ion in residue, % face, which is unfavorable for aerobic fungi.
The obtained data allow hydrolytic silicon dioxide
1 93.7 6.3 to be regarded as silicon oxyfluoride. With account of
g ;SZ‘I gz the structure of common silica gels Si®H,O and
4 359 1 16 the result's of studies of residues and leaching products
5 437.0 41 by ghemlcal, X-ray phase, a}nd IR spectral anal_yses,
6 515.3 3.6 additionally confirmed by biotesting, the empirical
7 577.7 3.2 formula (NHy)o 0653101 91470.235 IS more adequate-
15 870.0 1.3 ly represented as SiQdrg s N(NH,)-SiFg with
SiO; gd0.04 Matrix. The matrix formula was found

from the mass of ammonium hexafluoride passed into

Reaction of (NH),SiFz with calcium hydroxide solution. Its amount (8.7% re_Iative to vyeighed por'gion
gives no CaS|E The S|q gei precipitating from and 5.6% in terms of fluoride ions in the Startlng
fluoride solutions occludes (NpLSiFs. The assump- Sample) corresponded to about 1.26% firmly bound
tion that the action of Si@on biological objects is fluoride ions belonging to the Siomatrix.
due to liberation of (NK),SiFg contained in its pores  The fraction of surface fluoride ions can be de-
required experimental verification. Therefore, $iO creased or increased only slightly, which is due to the
leaching with water was performed, with subsequenstrictly defined number of OH groups on the surface,
chemical and X-ray phase analysis of the leachingf which no more than a half can be replaced by flu-

product and IR spectral study of Sj@fter treatment. oride ions without disruption of the Sistructure [4].

Indeed, only (NH),SiFg was found in solution The content of fluoride ions in a sample can only be
’ 2276 T : ) "~ ¢ch ia (N iF ion.

Table 3 illustrates the dynamics of its leaching from anged via (Ni);SiFg absorptio

a sample with solid to liquid phase ratio of 1: 10.

It can be seen that only after 15 weeks (NWS$iFg

Completely passed into SOIUtion, which indicates low (1) IR Spectrai and chemical anaiyses demon-
mobility of (NH),SiFg molecules entrapped in pores, strated that amorphous silicon dioxide obtained by
associated with the structuring of the molecules [7]hydrolysis of (NH,),SiFg contains fluoride ions im-
On sample treatment with water, all vibrationParting to it biocide properties characteristic of salts of
bands characteristic of the starting substance wefé€xafluorosilicic acid.
preserved in the IR spectra of residues for 24 h. How- (2) It is shown that a part of fluoride ions are pres-
ever, the intensity of the band at 720 @associated ent in SiG, in the form of (NH,),SiFg occluded in
with the Sil%‘ ion, decreased approximately three-the course of precipitation, with the other part replac-
fold in a week. This confirmed, with account of theing the surface OHgroups and being preserved upon
X-ray diffraction pattern of the dry residue, the con-heating to 70€C. In accordance with the content of

CONCLUSIONS
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firmly bound fluoride ions £1.26%), hydrolytic sili-
con dioxide is regarded as silicon oxyfluoride $ig
Fg.04 containing up to 8.9% (NJJ,SiFs.
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Abstract—Features of treatment of the standard chrome plating wash water to remove Cr(lll) with KU-1
cation exchanger in the H form were considered. The optimal conditions of Cr(lll) recovery and ion exchanger
regeneration were determined.

In [1, 2], a two-stage scheme of recovery and utili-by ion-exchange output curves at various flow veloci-
zation of the main components of the standard chromiges (Fig. 1a) and ion-exchange characteristics (dy-
plating wash water was proposed. The scheme i8amic exchange capacity DEC and capacity up to
based on the ion exchange followed by electrochempreakthrough CB). DEC is the maximal mass of chro-
cal treatment of chromium-containing eluates. Thenium(lll) ions retained by 1 kg of swollen ion ex-
model and real wash waters with variable content ofhanger under the taken dynamic conditions of water
metal ions (g1') were used: chromium(Vl) (in the flow. CB is the maximal mass of Cr(lll) ions retained

form of Croﬁ‘ and CrZO%‘) up to 2.0, copper(ll) up to by 1 kg of ion exchanger up to appearance of Cr(lll)

. : in the eluate. The velocity of wash water flow
0.01, n|cI_<eI(II) up to 0.01, and iron(lll) up to 0.015. 3.25 m ! corresponds to the absence of CB and in-
Along with chromium(Vl) and the above foreign

tal i h t t standard ch lati significant decrease in DEC. At this and higher flow
metal 1ons, wash water or standard chrome plalingae - cB cannot be determined quantitatively by the
contains Cr(lll). The chromium(VI) recovery from ,pnve method of analysis. Hence, only linear flow

wash water by ion exchange was studied in [3, 4lyg|qcities lower than 3.25 nih are of practical in-
In this work we studied the features of Cr(lll) terest. DEC and CB (Fig. 1b) are nonlinear functions

ion-exchange recovery from wash water of standar@f U: CB has a maximum at the flow velocity of

chrome plating and determined its optimal parameter@.0 m i, and DEC decreases with increasligThe
flow velocity of 2.0 m™ is optimal, as it corresponds

To recover Cr(lll), we used a KU-1 cation ex- 1, high DEC value and maximal CB (31.6 and 10.6 g
changer in the H form, which was loaded into a CO"per kg of the resin, respectively).

umn of 160 mm height and 18 mm inner diameter. . ) o )
The ratio of the cation exchanger bed height and col- The analysis of the ion-exchange kinetics with
umn diameter was 9 : 1. The average diameter of jofauations of diffusion kinetics suggests existence of

exchanger grain was 2:510°3 m. lon exchange was the limiting stage of ion exchange. It is known [5] that

studied by both dynamic (with the concentration con&t the metal concentration from 0.003 to 0.1 M ion
xchange proceeds under conditions of mixed kinetics.

trol at the ion-exchange column outlet) and stati e ; e .
methods. The chromium(lll) content was determined he contribution of the internal diffusion constituent
spectrophotometrically and by atomic absorption wit'Créases with increasing metal concentration. Since
SF-26 and S-115 spectrophotometers, respectivellf! (hese conditions the theory is not developed com-
’ letely, to determine the limiting stage we used equa-

The error of the above methods was -23%. : ; e L :

tions of internal diffusion kinetics for the case of sim-
lon exchange involves a series of successive staggtest models (sphere, cylinder, plate) [6], which are as

of mass transfer over the interface controlled by hyfollows:

drodynamic regime of the movement of the liquid

phase [5]. Therefore, the efficiency of ion exchange -In(1 - F) = Bt — InA, 1)

should depend on the linear velocity of the flow of

chromium-containing wash water. This is confirmedwhere A and B are coefficients depending on the
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Cglt (@) DEC, g kgl (b) CB, g kgt
0.16F
B 40F 118
0.12f I 2 1
i 301
0.08F 110
20 |
I 16
0.04F 10 .
i i 12
100 200 300 400 V, I kg™t 1 2 3U, mht

Fig. 1. Effect of (a) volumeV and (b) flow velocityU of wash water on (a) the outlet concentration of Cr(lijand (b) @) CB
and @) DEC. Chromium(lll) concentration 0.15 gll; the same for Fig. 2. (a) Wash water flow veloclty (m h‘l): (1) 0.5,
(2 1.0, @ 2.0, and 4) 3.25.

model taken,F is the exchange degree, ahds the concentration increased to 0.15‘6 transfer of metal

exchange time. ion from the solution to the surface of the ion ex-
: - hanger grain accelerates, and DEC and CB increase.

The use of Eqg. (1) is advisable Bt> 0.7, because ¢ . : ‘3

at high exchange degree the contribution of the intert CT(lll) concentration higher than 0.15 gi the

nal diffusion constituent is very large. Coefficiehts  nternal diffusion constituent becomes prevailing, and

the criterion of adequacy of the model taken and ié,) EC and CB decreage.njzh_el apparent diffusion coef-

0.61, 0.69, and 0.81 for sphere, cylinder, and plate, rdicient D was 3.510= cnt's . The effect of Cr(lll)

spectively. In this case, the sphere model is the mo&oncentration was studied also for Othﬂ velocities of

acceptable. At higlF, coefficientB can be determined Wash water flow within the 0-16.25 m i range. It

from the slope of theln (1 — F)—t dependences. Then, Was found that the shape of the DEC and CB depen-

the apparent diffusion coefficiem® can be calculated: dences and the location of curve maxima are indepen-
dent of the chromium(lll) concentration. This is

B = Did/R2 @) caused by a fairly narrow range in variation of the
' Cr(lll) concentrations studied.
where R is the ion exchanger grain radius. The above data on chromium(lil) recovery show

The value ofD is 1.5x 108 cm2sL. This value that fairly high wash water volume to breakthrough,

corresponds to the prevalence of the internal diffusiofff@Ximal capacity to breakthrough (it amounts to 7.3,
constituent and small contribution of the external dif-10-6, 2.1, and 1.0 g per kg of the resin for concentra-
fusion. This allows explanation of the dependence of
DEC on the velocity of wash water flow (Fig. 1b, 1.6
curve 2). At increased velocity, the contact time in i
the ion exchanger graitiquid phase system becomes 1.2F
shorter, and hence, DEC decreases (especially strong- | -

ly at the velocities higher than 3.25 m™¥. Zosf
The effect of chromium(lll) concentration in the | 04:
wash water on the ion exchange dynamics was found Tl i
at the wash water flow velocity of 2.0 nTh(Fig. 3a). A
With increasing metal ion concentration from 0.1 to 10 20t h

1 . .

0.3 gl’ , CB and DEC change (Fig. 3b), and_ their Fig. 2. Kinetics of Cr(lll) sorption with KU-1 cation ex-
maxima_are observed at a Cr(lll) concentration Of changer in the H form:K) exchange degree and) time.

0.15 g~ Probably, such dependences are due to wash water flow ratdJ (m hrL): (1) 0.5, @) 1.0, @) 2.0,

Cr(Ill) complexation in sulfate solutions. At the Cr(lll)  and @) 3.25.
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sulfuric acid solutions. We considered the effect of
Cgrt ga) acid concentration and flow velocity of the solution
0.3 on this process. The effect of acid concentration was
studied by the static method. Cation exchanger was
saturated with Cr(lll) ions under the optimal condi-
tions (0.15 g1, 2 mh1) and then washed up to
absence of trace amounts of Cr(lll) in the eluate.
Then, the resin was dried to the constant weight.
The samples of solutions containing the same amount
of H,SO, and various amounts of water were added
to the equal samples of the ion exchanger (4.0 g). The
ratio of the cation exchanger to,80, was 1:6.25
™ 500 200V | kot (by weight). The amount of Cr(lll) recovered was
Y determined by chemical analysis as a function of the
1 b 1 time of cation exchanger contact with the solution.
DEC. gkg © CB. g kg The data obtained are listed in the table.

0.2

0.1

35F 416 _ _
As seen, the best recovery is reached with 500 g |

H,SO,, which was used in the subsequent experi-

sk 12 ments.

We found that the maximal amount of the metal

recovered corresponds to the flow velocity of sulfuric
8 acid of 1.0 m ht (Fig. 4). This follows from com-
parison of the areas under the corresponding curves.
At any volume of the sulfuric acid solution, the
velocity of 1.0 m h! corresponds to the maximal
amount of Cr(lll) in the eluate, which is important for
. ; the further processing of the eluates into the commer-
0.15 025C, gt cial product. This result can be explained as follows.
Fig. 3. Influence of wash water volum& and Cr(lll) con- At the _f|10W velocity of _the BSO, SO!utlpn below
centrationC on (a) the outlet concentration of Cr(lIKp 1.0 m =, the reQeneraﬂon.Of the res[n_ IS c_or_wtrolled
and (b) () DEC and @) CB. Wash water flow velocity ~ BY Mixed kinetics and at higher velocities, it is con-
2.0 m L. (a) Cr(il) concentration (g): (1) 0.1, @) 0.15, trolled by internal diffusion kinetics, which decreases
(3) 0.2, and 4) 0.3. the amount of recovered Cr(lll).

tions of 0.1, 0.15, 0.2, and 0.3 g} respectively), and '€ dependences of the recovery degree on the

maximal DEC (31.6 g kg') correspond to the Cr(lll) @mount of sulfuric acid solution show that the maxi-
concentration of 0.15 gt. mal recovery is reached at a flow velocity of 1.0 it h

, . (98%), while for the velocities of 0.25, 0.5, and
lon exchanger regeneration was performed with o 1l it was 64.4, 80.1, and 78.3%, respectively.

Amount of chromium(lll) recovered in regeneration The volume of the acid solution required for com-
plete regeneration was 43.12 | per kg of the resin
Amount of Cr(lll), g, in indicated time, h ~ [98% of chromium(lll) recovery]. The 80% recovery
gt of Cr(lll) is reached on passing 7.2 | per kg of the

1 3 22 24 47 resin. It is reasonable to maintain this level of the
250 0015| 0023 | 0.052 | 0.067 | 0.082 resin r_egener_ation, because the additional vplume of
500 | 0.031| 0049 | 0080 | 0.104 | 0.116 the acid required to reach the 98% recovery is unduly
100.0 | 0.027| 0034 | 0.066 | 0.083 | 0.099 large. On the other hand, the incomplete regeneration
150.0 | 0.022| 0.031 | 0.062 | 0.080 | 0.102 degree should lower DEC and CB in the further use
200.0 0.021| 0.032 | 0.063 | 0.083 | 0.104 of the ion exchanger, which should be taken into con-
250.0 | 0.022| 0.033 | 0.064 | 0.083 | 0.105 sideration when designing the equipment for treatment
of industrial wastewater.

15

H,SOy,
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P, g kgt (b)
r9Kg

14

10

10 100 1000 T 20 30
V x 25, | kgt V, kgt

Fig. 4. Effect of the volume of the regenerating squtNmn (a) the outlet concentratlon of Cr(llI§ and (b) the amount of
Cr(ln) recoveredP. Concentration of HSO, 50 g L. H,SO, flow velocity (m ™ ) (1) 0.25, @) 0.5, @) 1.0, and §) 2.0.
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Abstract—Color removal from aqueous solutions of humic substances by introducing Praestol (cationic
coagulant) in combination with aluminum sulfate (flocculant) was studied as a function of the coagulant and
flocculant concentrations, chemical composition of flocculant, its molecular weight, macromolecule con-
formation in solutions, pH, and the order and time of coagulant and flocculant introduction.

Numerous problems of the natural and wastewatezhemical degradation of Praestol C. Aluminum sulfate
decontamination can be successfully solved by the ustl ,(SOy)3-18H,0, pure grade [GOST (State Stan-
of flocculant (F) in combination with coagulant (C) dard) 375865], and distilled water were used. Other
[1, 2]. The promising approach to solution of thesereagents were of chemically pure grade.
problems is based on the use of macromolecular floc- The content of the DMAPA MC ionic units in the
culants Praestotsof cationic type belonging to wide- praesiol macromolecules was evaluated from the
ly used polyacrylamide flocculants. These compound§,ient of chioride anions determined mercurimetri-
are copolymers of acrylamide (AA) and dlmethylaml-Cally [5]
nopropylacrylamide methylene chloride (DMAPA ' _
MC). It was found previously that cationic Praestols The molecular weight of Praestol M was evaluated
in combination with aluminum sulfate as a coagulany measuring the intrinsic viscosity of its aqueous
can be used for color removal from water [3]. It was o o
shown also that the mixtures of cationic and anionicharacteristics of Praestol flocculants of cationic type

Praestols promote sedimentation of kaolater sus- Uni "
pensions [4]. For efficient use of Praestols for color sam- | o .| [nl nit content, mol %
removal from water, data are required on the influenceple* | =" | emPgt [ O [DvapA MG
of molecular characteristics of flocculants and features

of dispersed systems on flocculation. This matter is A 611 920 01 9
poorly studied by now. In this work we studied the g 650 690 80 20
effect of chemical composition, molecular weight, and ¢ 644 620 73 27
conformation in solution of cationic Praestol on color E 655 555 67 33
removal from model solutions of humic substances. F _ 370 73 27
This process was studied also as influenced by pH of G - 270 73 27
the medium and the order and time of the flocculant H - 175 73 27
and coagulant [Al(SOy]; introduction. I - 100 73 27

EXPERIMENTAL * Structural formula of macromolecule:

s - ~(-CH-CHy~ CH-CHy-)n—
The characteristics of the cationic Praestol samples ( | z | Z

used in our experiments are listed in the table. The 0=C o=C
Praestol samples A, B, C, and D were prepared at the ,\|,H ,l?
Moscow-StockhauserPerm Russiadserman Private 2

Company; F, G, H and | samples were prepared by

|, cI™
1 _ _ where R = NH{(CHp)3z— N*—CHs.
Moscow-StockhauserPerm RussiafGerman Private Com-

pany. H3
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solutions |], since according to MarkKuhn-Hou- E i
wink equation,M ~ [n]. The [n] values of Praestol 8
solutions in 0.5 M NaCl were determined with an
Ubbelohde viscometerd{ = 0.54 mm) at 25C.

The effective size of Praestol macromolecule in 6
solution was evaluated from the reduced viscosity of
its aqueous solutiong,/C,, at a fixed copolymer con-

centrationCp [6-8]. The reduced viscosity was meas- 48 L L L :
ured with a VPZh-3 viscometerC{, 0.002%, d; = 2 4
0.54 mm) at 25C. T min

Fig. 1. Dependence of color removal efficien&on time
The pH of solutions was measured on a pH-121 pH (1) of introduction of the second component of the C + F
meter with ESL-63-07 glass and chloride (EVL-1M3) mixture.C, = 0.5 mg rL, C. = 40 mg L. Order of reagent
silver electrodes. introduction: ¢) C + F and ) F + C.

Praestol B sample (see table) was subjected tgqueous solution of humic substances and that after

degradation in 0.1% aqueous solition a@0n the introduction of the coagulant and flocculant, respec-
presence of 0.008% potassium persulfate as a radlcqg\-,ew_

generating agent. The degradation of Praestol was _ _ _
monitored viscometrically [9]. This reaction was per- _ [N the first experiments we studied the dependence
formed in a cylindrical reaction vessel equipped withof the color removal from solutions of humic sub-
a thermostated water jacket, a magnetic stirrer, a cof$tances on the order and time of introduction of a floc-
trol thermometer, and a sampling tube. In the coursgulant (Praestol C) in combination with a coagulant
of degradation at certain intervals a portion of PraestdiC). Two series of experiments were performed which
solution was sampled and both][and the efficiency differ by the order of introduction of flocculant and
of the color removal were determined. The tablecoagulant. In the both series of experiments the co-
shows that the Praestol F, G, H and | samples preagulant Cc) and flocculant Cp) concentrations were
pared by chemical degradation of Praestol B are chagonstant and the second reagent was introduced at dif-
acterized by different{] but identical chemical com- ferent intervals after introduction of the first reagent.
position. Figure 1 shows the results of these experiments. It
In our experiments we studied color removal fromis seen that at simultaneous introduction of the floc-

aqueous solutions of humic substances with a coldfd/ant and coagulant mixture F + @ € 0) the color
index equal to 226 (cobalt bichromate scale). These'€moval efficiency is lower than that at separate in-
solutions were prepared by dilution of biohumusiroduction of the reagents ¢ 0). The mutual arrange-
[TU (Technical Specifications) 9891-007-11158@] ~Ment of curvesl and2 in Fig. 1 shows that introduc-
with water with stirring. The mixture was settled for ion of the flocculant after the coagulant (C + F) in-
2 days, the precipitate and suspension were separat%c?as_es the cplor removal efficiency to a larger extent
by filtration, and the resulting filtrate was diluted sothan introduction of the coagulant after the flocculant
as to achieve the above-indicated color index whickF * C) at the same intervals. This result shows that
varies in direct proportion with the optical density [4]. ireversible sorption of flocculant macromolecules
Color removal from a humus solution was carried ouflepends on the order of the reagent introduction. The
as follows. In the first stage a coagulant was intro/maximum color removal efficiencf was observed
duced into a solution of humic substances and thefvhen the flocculant was added 1 min after introducing
after 1min, a flocculant was added. The mixture wasthe coagulant (Fig. 1, curv®). This is due to the fact
stirred, kept for 1 h, and filtered through a Schott fil-that under these conditions the coagulant has time to
ter. The filtrate was poured into a 5-cm quartz opticabe hydrolyzed to sufficient extent to form positively
cell, and the reference cell was filled with distilled charged particles capable of associating with the nega-
water. The optical density was determined on dively charged particles of humic acids. The resulting
KFK-2 photocolorimeter at 400 nm. The color re-coagulanthumic acid aggregates rapidly coagulate. In
moval efficiency was evaluated by the expressionfurther adding a flocculant the more complicated ag-
gregates containing coagulant and humic acid particles
E = (np — n)/n, and flocculant molecules can be formed. The humic
acid-flocculant units in these aggregates are the in-
whereny and n are the optical densities of the initial terpolymeric complexes [10] formed by interaction of
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log Cp + 1 [mg I}

Fig. 2. Dependence of color removal efficien&on floc-
culant concentration (Praestol @, at varied coagulant
concentrations. Order of reagent introduction C + F, the
flocculant was added 1 min after introducing the coagulant.

E C,, cni gt

4l Nsy p_809

2t 1 40
6 10 pH

Fig. 3. Dependence of1(-4) color removal efficiencyE
and 6) par::xmeter’nsplcp of flocculant (Praestol C) solu-
tions on pH. (-4) Cp = 0.5 mg L C. =16 mg L The
parametemsp/C was determined a€, = 0.1% at 50C;
the same for Fig. 5. Content of ionic groups in flocculant,
mol %: (1) 9, (2) 33; ) 20, and ¢,5 27.

nsp/Cp, cme gt

200 400 600
[nl, cm® g™
Fig. 4. Dependence oflj color removal efficiencyE and
2 parameternsplcp on [n] of flocculant (Praestol C)
solutions. C, = 0.5 mgfl, C, = 24 mgrL.

the free carboxy and phenolic groups of humic acids
with the amino groups of the flocculant. Due to this
cooperative interaction between the coagulant and
flocculant, coarse floccules are formed which precipi-
tate, facilitating color removal from water. Based
on these results, in further experiments we added floc-
culant 1 min after introducing the coagulant.

The efficiency of removal of colored humic sub-
stances from aqueous solutions at different flocculant
concentrations was studied with the use of Praestol C.
Figure 2 shows that the color removal efficiency in-
creases with increasin©p both in the absence of the

coagulant (curvel) and in its presence in varied
amounts (curve2-4). Comparison of these curves at
constantC, shows also that introduction of the coagu-
lant and Increase of its concentration (passing from
curve 1 to curve 4) improve the color removal. In
accordance with the above-considered mechanisms,
this effect is due to formation of bridging bonds con-
necting particles of coagulant and humic acids and
flocculant macromolecules. These processes result
in formation of coarse floccules capable of fast sedi-
mentation.

The color removal from solutions of humic sub-
stances as influenced by pH was studied for Praestols
A, B, C, and E of different chemical composition and
close molecular weight (see table) at constant con-
centrations of both flocculant and coagulant. The
required pH was adjusted by adding HCI and NaOH
aqueous solutions. As seen from Fig. 3, the plots of
E vs. pH show maximum for all flocculant samples
irrespective of their chemical composition. The maxi-
mal E in these plots is observed at pH. The similar
maximum occurs in the plot Oﬁsp/Cp vs. pH (Fig. 3,

curveb5) which characterizes the pH dependence of the
effective size of macromolecular globules of the floc-
culant. This fact is indicative of the correlation bet-
ween the color removal efficiency of the flocculant
and its conformational state in solution. At pH < 11
the dissociation degree of the ionic groups of the floc-
culant increases, the electrostatic repulsion between
the positively charged sites along a polymeric chain
increases, and, as a result, the flocculant macromole-
cules lengthen and the flocculant globules become
larger. This effect is manifested as increasedp/Cy,

At pH < ~7 the concentration of counterions increases,
compensating the fixed positive charges of the macro-
molecular chains and weakening the electrostatic re-
pulsion along them. Therefore, the flocculant globules
become more compact, which is manifested as the
decrease imSp/CIO (Fig. 3, curveb). Figure 3 shows
that the maximum color removal is observed for Pra-
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estol C containing 27% ionic groups. This flocculant

is characterized by the maximalg /Cp parameter

and, therefore, by the largest eﬁecﬁve size of macro-1.
molecules. These results show that in the case of Pra-
estol C the largest floccules are formed at pH 7. These
floccules, due to their low aggregative stability in
solution and fast sedimentation, facilitate color re-

moval from water (Fig. 3).

The dependence of the color removal efficiency on
[n] of the flocculant solutions was studied for Praes-
tols F, G, H, and | with the similar chemical composi-

tion of the macromolecules (see table) at cons@t
andC,. These results show (Fig. 4, cur@gthat with

increasing fy] the color removal efficiency increases.

The dependence Oﬁsp/Cp on ] (Fig. 4, curve?2)

is similar, i.e., theincrease in the color removal effi-

ciency correlates with the increase in the macromole-
cule effective size. As a result, coarser floccules are
formed incorporating larger amount of humic acids

and accelerating the sedimentation.

CONCLUSIONS
(1) In introduction of flocculant in combination

with coagulant into humic acid aqueous solutions the

color removal efficiency increases with increasimg [

of flocculant and coagulant and flocculant concentra-
tions, in passing from simultaneous to successiveS:
introduction of reagents, and when changing the order
of the reagent introduction from (coagulant after floc-

culant) to (flocculant after coagulant).

(2) The most efficient color removal from solutions
of humic substances is provided by Praestol floccularitO.
containing 27 mol % of ionic groups at pH 7 when

the largest macromolecular globules are formed.
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Abstract—Use of a new type of apparatus, high-output small-size tubular turbulent reactors of mainly dif-

fuserconfuser design, in very fast processes, including polymerization, is considered. The turbulent diffusion
coefficient D; and its distribution over the apparatus volume were calculated as functions of the confuser
divergence angle.. The calculations were confirmed by experimental data. New reactor designs for a number
of processes of large-tonnage polymer production were proposed and put into practice.

One of the most important problems of chemicaltors also exhibited novel fundamental properties un-
industry in performing both chemical and physicaltypical of the conventional industrial apparatus 2.
processes consists in organizing fast and high-qualityhe problems of achieving a vigorous stirring of the
mixing of fluid—fluid and gasfluid flows, which reaction medium, at which homogeneous reactant con-
requires intensification of mass-transfer processesentration fields are created in this kind of apparatus,
This problem is particularly topical in developing are solved in a simpler and more efficient way.
technologies for fast, primarily polymerization, proc-
esses in which mixing flows have strongly different
densities and viscosities. This is clearly seen even i
mixing infinitely soluble fluids, e.g., sulfuric acid
or glycerol with water, when a phase boundary i
preserved for a long time [1].

The aims of this work were to analyze theoretically
];pe turbulent mixing of fluid flows in tubular jet ap-
paratus particularly efficient in fast chemical reactions
Jwith characteristic reaction time., < 10° 2 s) and
physical mass-exchange processes, to provide recom-
mendations for the reactor design on the basis of the

In_industry, basic processes are commonly perynavsis and to discuss some examples of their in-
formed in volume mixing apparatus equipped withy <o use

mechanical devices for vigorous stirring. However, in

conducting fast exothermic processes in solution, e.g., As is known, the efficiency of mixing largely
cationic polymerization of isobutylene, copolymeriza-depends on the relative variation of the coefficient of
tion of isobutylene with isoprene or styrene, interacturbulent diffusion along the reactor axis [2, 3]. The
tion of sulfuric acid with water, etc., volume mixing efficiency of mixing can be improved not only by
reactors have low efficiency, similarly to tubular plug-raising the linear flow velocityu,, but also by main-
flow apparatus with laminar flows. taining D, at a certain high level along the direction of

An ovel solution to the problem of developing tech-flow motion. This can be achieved by generating re-
nologies for fast chemical processes and improvingirculation zones in a tubular apparatus, in particular,
the technical and economical parameters of the prdy changing the design (geometric arrangement) of
duction process as a whole was to use reactors of néi§e reactor [5]. Rather efficient in this regard are
type. These were high-output small-size tubular apsmall-size tubular turbulent apparatus with identical
paratus operating in a quasi-plug-flow mode withrepeating geometric units of diffus@onfuser design
turbulent flows and combining advantages of tubulafFig. 1b) ensuring a noticeable (by an order of mag-
plug-flow and volume mixing apparatus. These reacnitude and more) increase iy and maintaining con-
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and the equations describing the transfer of specific
kinetic energy of turbulence and its dissipation

2 p O(ruK) A(VK) 10 {u rok J d {u GKJ
— + p - | +
roor 0z r or\cg or 0z\ck 0z
+ G - pe, (6)
p O(rug) d(ve) 10 {u roe J 0 {u GSJ
— + p - | +
a2 r or 0z r or\cg or 0z\cg 0z
+ CyGe/K — Cype?K, 7)
Fig. 1. Schematic of tubular turbulent apparatus of (a) cy- _ 2 2 2 21, 2
lindrical and (b) diffuserconfuser types. o) Confuser G = [(rq1 + 15 *+ 139)/2 + Tl/p5, ©)
divergence angle andd) diameter of inlet and outlet ori-
fices. (1-8) Apparatus zones and—{V) diffuser-confuser CILL K2
sections. W =P , 9

€
stant flow turbulence along the apparatus at arbitrary _ _ _ _ _
length [6]. where p is pressurey is the radial coordinatey is

. L the axial velocity componeny is the radial veloci
The theoretical description is based on the follow- y P U vy

. . Jel tions: Th i N component,z is the longitudinal componenty is
INg Main Model assumptions. The medium 1S NeWyne effective dynamic viscosity coefficienty is the
tonian and incompressible; the flow is axially sym-

; oo dynamic coefficient of turbulent viscosity, and is
metrical and nonswirling; the turbulent flow can beﬂgnsity. y, ansl

described in terms of the so-called standard model [ _

whose parameters are the Speciﬁc kinetic energy of The foIIowmg standard constants of the turbulence
turbulenceK, and its dissipatioms; it is assumed that model were used:

the coefficient of turbulent diffusion is equal to the

kinematic coefficient of turbulent viscosi; = K; = €1 =1.44,C;=1.92, C, = 0.09,0¢ = 1.0, og = 1.3. (10)
w/p. Let us write the mathematical model equations o o _ _
within the framework of these assumptions in the The flow of a fluid with dynamic viscosity coeffi-
cylindrical system of coordinates: the continuity equacient p,, = 0.001 Pa s and density= 1000 kg m? is

tion expressing the mass conservation law considered. The boundary conditions are conditions
of symmetry along the axis and condition of fluid

1 9(ru) ov adhesion to the solid wall surface. The pressure was

T Tz Y (1)  set at the apparatus outlet (along the CD line), and

the linear flow velocityu, = 5 ms?, at the inlet
(AB line) along the symmetry axis. The lengths of the
inlet and outlet orifices of the tubular apparatus ex-
p d(ruu) d(uv) op 1 6(rtyy) T33Oty ceeded its diameter manyfoltd & d). This ruled out
- + = [r— U + . } any influence of the input and output turbulence pa-
rameters on the characteristics of turbulent flow in the
(2)  diffuser-confuser part of the apparatus, which is the
ovw) _ o [1 a(r1p) 6122} object of study. It was also taken tht = V; = p,/p.

the momentum transfer equation

p
r or 0z or

p o(ruv)

+ —
r or 0z

+p

r o 57 "o To confirm the adequacy of the calculations per-

formed, the obtained theoretical results were com-

®) pared with the available experimental data for a cy-

W|th the Components Of the stress tensor given b 'ndl‘ical Channel Of constant dlametel‘ (F|g 1a) at
e = 2x 10° [8], with the obtained results also in

Ty = 20BUIBr, Ty, = —2udVIdz, 45 = —2uulr, (4) agreement with the calculations done in [9]. In par-

ticular, Table 1 lists the lengths of the circulation zone

Tip = Ty = —p(OVIor + 0uldz); (5) appearing in the peripheral part of the tube, immedi-
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Table 1. Calculated and experimental circulation zoneately downstream from the flow inlet into the diverg-
lengths L./d ing channel. A satisfactory agreement is observed
(within 15%) between the calculated and experimental
Lc/d circulation zone lengths.

Divergence
anglea, deg | experiment

[8]

calculation It was also shown experimentally that the quality
of the forming emulsion (its homogeneity) strictly
this study [9] depends on the level of turbulence in the diffuser
confuser channel of the tubular jet apparatus (Fig. 2).

30 4.1 3.4 35 i
920 4.6 4.7 4.7 The agreement of the results is also observed for

the axial velocity profiles and specific kinetic energy
of turbulence (Fig. 3). The obtained results make it
possible to calculate with confidence the character-
istics of turbulent flow for analogous conditions and
geometrically similar channels.

n, %
100

Calculations demonstrated that the best efficiency
of fluid flow mixing is provided by tubular turbulent

¢ apparatus of diffuseconfuser design (Fig. 1b) with

divergence angle: exceeding 28-30°, with the con-

60 F vective velocity in the peripheral part of the apparatus
much lower than that in its central part (Fig. 3). The
transfer processes occur via turbulent exchange. This

40 L . . makesrt,,, markedly shorter, which is rather important

8 10 12 in performing fast chemical and mass-exchange proc-
D; x 104, m? s esses. As a result, a tubular apparatus of diffusmar-
fuser design ensures, and this should always be kept

Fig. 2. Degree of emulsion homogeneity, vs. turbulent i3 mind, 3 sufficiently homogeneous field of the tur-

glfildzlglr;rc%efﬂuentDt in the diffuserconfuser channel of bulent diffusion coeﬁicienDt, with averageDt values

pparatus. . .
in the central and peripheral parts of the tubular ap-
paratus being only slightly different. The volume-
12 d 0.04 averaged turbulent diffusion coefficieniy are given

in Table 2 for different parts of the apparatus and dif-

fuser-confuser sections with different confuser diverg-

ence angles.. Noteworthy is the preservation of high
numerical values oD; at divergence angles in the
range 30-85°.

0.02 The calculations performed allow apparatus of new
type, not mentioned in the classification of apparatus
for chemical industry [3, 4], to be recommended for
use in fast chemical and mass-exchange physical proc-
esses. These are small-size tubular (6@M3 m in
diameter) apparatus of diffuseonfuser design, com-
prising several sections with divergence angkes
ranging from 20 to 85°. Presently, apparatus of this

r/d kind are rather widely used in industry, including

Fig. 3. Comparison of experimental and calculated axial the manufacture of polymeric products. They are

velocities and specific kinetic energies of turbulence in  g|go highly efficient in the case of combined flows

the channel of a wbular apparatus) fxial velocity com- — of flids having strongly different densities and vis-

ponent, (i) linear flow velocity, K) kinetic energy of tur- . . g - . . . .

bulence, X) radial coordinate, anddf diameter of the inlet cosities and in processing hlgh-y|$C03|ty ,ﬂu'ds' Th's

and outlet orifices of the apparatus. Calculatiofl) this results from the fact that a self-similar regime of fluid
study and 2) [9]; (3, 4 experiment [8]. flow with viscosity-independent average character-

80

K/uj

-04
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Table 2. Volume-averaged turbulent diffusion coefficierids in different parts and diffuseconfuser sections (Fig. 1b)
of a tubular turbulent apparatus. Re = 2500@0= 0.05 m,u, = 5 ms?i, p = 1000 kg m3

Turbulent diffusion coefficientsD; at indicatedw, deg
Part of apparatus,
section 5 10 17 30 45 60 75 85
Parts of apparatus
1 1.03 1.34 1.55 1.60 1.58 1.54 1.48 1.42
2 1.17 1.54 1.90 2.22 2.38 2.47 2.49 2.49
3 1.12 1.76 2.36 2.78 2.86 2.88 2.97 2.92
4 1.01 1.50 2.05 2.60 2.79 2.88 2.98 2.98
5 1.09 1.75 2.49 3.16 3.47 3.67 3.97 3.94
6 0.94 1.43 2.04 2.74 3.09 3.31 3.55 3.58
7 1.09 1.75 2.43 3.08 3.38 3.60 3.81 3.90
8 0.99 1.43 2.03 2.65 2.96 3.20 3.40 3.48
Diffuser-confuser sections

| 1.12 1.47 1.79 2.03 2.14 2.18 2.18 2.16
Il 1.05 1.59 2.15 2.66 2.81 2.88 2.98 2.97
1l 0.99 1.54 2.18 2.87 3.21 3.42 3.68 3.69
\Y} 1.02 1.53 2.16 2.78 3.09 3.32 3.52 3.61
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Abstract—An expression is derived allowing evaluation of the maximum achievable quality of mixing on the
assumption that the key component particles are randomly distributed over the mixture volume.

Mixing of disperse materials, considered in a num- In the absence of segregation, the best mixture
ber of papers and monographs-91, is widely used quality can be obtained on attainment of an equilibri-
in chemical industry. It is the stage of mixing thatum dynamic state, when the quality cannot be im-
governs the quality of quite a number of final prod-proved by random particle redistribution and the
ucts, which determines the interest of a wide circle of/ariance of the key component distribution over the
researchers and engineers in this process. mixture volume remains constant [5]. Thus, prediction

Mixing consists in spatial distribution of com- of the quality of_a mixture of dlspers_e mate_rl.als_ in-
ponents in order to obtain a mixture with uniform Volves construction of a model of its equilibrium
composition and physicochemical and chemical propdynamic state. It is necessary to determine the pos-
erties of the mixture [1]. The quality of a mixture is Sible deviation of the content of key component par-
commonly assessed after its preparation by analysis §¢les in an arbitrary volume (sample) from its mean
sample statistics, based on the distribution laws ofalue for a mixture with random particle distribution.

these. One of the most widely used criteria for aspqujlibrium dynamic state of a system of disperse
sessment of the quality of a prepared mixture is theaterials can serve the fractal dimension of a set of
coefficient of heterogeneity (variation) or the varianceyjscrete objects (particles) [10]. The dimension of a
of the key component distribution over its \(olume_, oint set can be determined in a number of ways-[11

calculated by analyzing samples of certain size. It i 3]. Let us use its information dimension [14]. In

. . 2VabI&nalyzing the state of a mixture, measurement as-
minimum variance corresponds to a random distribug, o jts being partitioned into separate boxes of
tion of key component particles over the mixture bUIk’equaI size. The measurement is done with a uniform

except in the case when the variance is zero [l o0 with division value (resolving capacity). If we

In practice, a problem is frequently encounteredare interested in the number of key component par-
when it is necessary to assess, without performing thigcles in a box, then the mixture is divided intos1/
actual mixing, what is the achievable quality of theboxes and the measurement is performed in one of
mixture and whether it can be improved in furtherthese. Letn(e) be the number of boxes covering the
operation of a mixer, i.e., the problem of quality mixture with nonzero probability (i.e., containing at
prediction. Presently, there is no theoretically substaneast one particle of the key component). Some boxes
tiated and experimentally verified technique forwill contain a greater number of particles than the
predicting the achievable quality of a mixture, i.e.,others. The‘natural measufeof the given partition is
finding the minimum variance of the key componentproportional to the frequency at which a key com-
distribution over its volume. Such a technique shoulthonent particle is found within it. Following [14], we
take into account the size (volumey of particles of define p;(e) as “probability density of finding a par-
the key component, their volume-average contgnt ticle in theith box. The set of probabilitiesp{(e)} is
Ngvo/V, the mixer volumeV, and, necessarily, the termed“rough’ or “coarse-grainetprobability distri-
sample volume/* = aV, where 0< a < 1. This prob- bution at resolving capacity. Let Ny be the total
lem has been commonly solved using statistical equarumber of key component particles in the mixture
tions or empirically [1, 5, 7]. (number of points in the set). To calculate the infor-
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mation dimension, we find the number of particds written as
in each boxn(g) of the partition and evaluate the

probability p;(e) of finding a particle in theth box: g = (vo/V2
N The numbem of elements in a mixture having key
pi(e) = Ni/No, > pi(e) = 1. (1) component concentratioty and particle volumeyg is
i=1 given by
We emphasize thdlly # n(e). The average amount N = ¢yVivg = Np.
of information furnished by a single measurement
with resolving capacitye is given by The expression for the fractal dimension of the
mixture is written as
n(z)
I(e) = _> pi (e)Inp, (). 2) d = 3InNy/In(V/vg). (6)
i=1

Correspondingly, we have for a sample
With decreasing: (increasing resolving capacity), the
number of boxes grows and we obtain a sequence of d* = 3In(@Ng)!/In (aV/vg). (7)
increasingly “fine-grained probability distributions.

The information dimensiom, is the rate at which
the amount of information grows with increasing

Apparently, the conditiod* < d must be fulfilled
for a < 1.

measurement accuracy: At sufficiently large mixture volume, when the
number of particles of the key component is great, the
[ (g) concentrations at specific points can be considered a
d = lim (3)  continuous source of information. It this case it seems

s=0 In (1) natural to relate the uncertainty in the choice of a

It can be seen from formula (3) thef is determined value of a random continuous variable to the density
by the asymptotic value of the slope of the plot 0fof probability dlstrlbutlonp(c) of th_ese v_aIL_Jes. If we
. assume that the mixture volume is unlimited, the ex-
I(z) against In(1). pression for the entropy(C) of a continuous source
If the probabilities of all boxes in the partition are of information has the form [16]
the same, them(e) = Inn(e), and the information di-

mension reaches its maximum and coincides with the -
fractal dimension [14]: I(C) = —fp(c)ln p(c)dc — lim Ac. (8)
—®© Ac—0
Inn(g)
d = lim : (4) The second term in the right-hand side of rela-
=0 In(1f) tion (8) tends to infinity when the difference between

o _ the neighboring values of the random variable ap-
The limit (4) may not always exist [13]. In th&ase  proaches zeraAc — 0, and it may be concluded that
when it doe_s not,_the notions of lower and upper inthe entropy of the continuous distribution is infinitely
formation dimensions are introduced. large. There is nothing paradoxical in this conclusion;
We can pass from a multicomponent mixture ofmoreover, it_would have_ been drawn befqrehand. The
volume V to analyzing a system uniting the set ofuncertainty in the choice from an infinitely large
coordinates of key component particles [8]. Providediumber of possible values of the number of key com-
that the particle sizes and, consequently, ¢healue POnent particles at specific points is infinitely large.
are finite, the fractal dimension of such a set (4) is The first term in the right-hand side of relation (8)

given by the expression has a finite value depending on the distribution of the
random variableC and independent of the accuracy of
d = InN/In(1f). (5) its determinationAc. It has the same structure as the

entropy of the discrete source (2). The second term of
If the particle size is taken as the measar®f the same relation, conversely, depends solely on the
the set (measurement accuracy), the latter can lmpiantization stepAc (accuracy of determination) of
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the random variableC. It is this term that is reason certain value (unit sample) the mean uncertainty of
why 1(C) becomes infinite. the same source, obtained under the condition @at

The finite characteristic of the information proper-S détermined with a certain accuracy. Such a differ-

ties of a continuous source can be obtained using twgNCe 1S the measure of eliminated uncertainty or
known approaches. amount of information. With a sample taken from the

_ _ _ _ mixture at random, the average amount of information
On the one hand, the first term in relation (8) iscontained in any particular sample with respect to the
taken as uncertainty. The entropy determined in thigmount of information contained in the mixture as a
way, the so-called differential entropy, can be interwhole is equal to the difference of the priori and
preted as mean uncertainty in the choice of a random posteriori entropies of the source of information
variable C with arbitrary distribution with reSpeCt to (mixture)_ The information entropy depends on the
the mean uncertainty in the choice of a random quargccuracy with whichv*, i.e., the sample volume, is
tity varying within the range from zero to unity and measured. With account of (2) and (4), the expression
having uniform distribution. for evaluating the maximum entropy of a mixture

Let us assume that the domain of variation of gsource) becomes
random continuous variable with mean valuec is
unbounded but its variance is known to be bounded.
Then the maximum differential entropy will be ob-
served for a normal distribution of the variatflewith

mean valuec,. For a mixture of two disperse materi-  |n this case, account was taken of the fact that there
als, the first assumption follows from the assumptions no scaling invariance for the mixture and the fractal

of a continuous distribution of the key componentdimension depends on the sample volume. Compari-
over the mixture volume, and the second, from theon of expressions (10) and (11) gives

very formulation of the problem. To furnish proof

n(c)

() = -2 dine = (d — d) + In(d — d. (1)
i=1

[16], it is necessary to solve the problem of finding In [(2re)Y2sic = (d - d¥) + In(d — d¥).
a function p(c) ensuring the maximum value of the
functional (9) under the following constraints: Simple transformations give the sought-for expres-
sion for evaluating the mixture quality
— 2 - 2
_fp(c)dc 1, _fc p(c)dc = o= o = Co d - dYexp@ - ). 12)
* * (27[6)1/2

The sought-for distribution densitp(c) can be . oo - . L
: P : whereac is the limiting minimal variance of the distri-
determined by the Lagrange multiplier method in theoutionsof the key cgmponent over the volume of a

form of a Gaussian distribution mixture with prescribed properties, independent of the
type of a mixer employed.

1
PO = ——5exPHc - cx)?(257)]. ©) With account of expressions (7) and (8) allowing
o(2n) . . \ :
calculation of the fractal dimensions of the mixture,

Having calculated the functional (8) for this distri- & and sampled®, we get

bution, we obtain the maximum differential entroigy
q " 3Inaincy
1% = _fp(c) Inp(Q)dc = In [2re)Y%slcy].  (10) T In(vv)In(aVivg)

On the other hand, as applied to the problem in The possibility of using Eqg. (12) was verified ex-
guestion, the concentration can be only determined gierimentally. Investigations were carried out on 5-I
a sufficiently large sample volume, when the probabilimixers with planetary stirring device [9]. To rule out
ity of finding in it at least one particle of the key the possible influence of physicochemical effects and
component is close to unity. Therefore, the possiblgravity forces on the mixture quality, stirring experi-
number of C values within the prescribed measure-ments were done with particles of the same size and
ment accuracy (sample volume) is to be considered aensity (polystyrene, ca. 3 mm in size), differing only
a single value. It is necessary to subtract from thén color. The distribution of tracer particles over the
mean uncertainty of the choice by the source of anixer volume was studied. After the mixing process
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5.

was complete, the mixture volume was divided into a
certain number of samples. The number of tracer par-
ticles in a sample was determined by counting. Then
the mixture variance was calculated. The experimental
data are compared with results of calculations by7
Eq. (12) in the figure where the mixture variance is
plotted against the sample volume determined as a
fraction of the volume mixture. The observed dis- 8-
crepancy is accounted for by the fact that expres-
sion (12) is derived under the condition of a random 9.
distribution of the key component over the mixture
volume. This condition can be only met if each dis-
persion particle can independently execute a certain
finite motion in any direction during a finite interval 10.
of time. Such conditions cannot be provided in experi-
ment. The character of motion of dispersion particles
depends on specific features of the mixer operation,;
and the intensity of this motion depends on the energy
expended in mixing.

CONCLUSION 12.

Analysis of a mixture with random distribution of 13.
components gave an expression for calculating the
limiting minimum variance of the key component
distribution in the mixture volume in relation to the 14,
component properties, sample size, and mixer volume.
The results of theoretical investigations are confirmeq5
by the experiment.
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Abstract—The conditions for preparing tetrammikés-bis(nitro-2H-tetrazolatoN?)cobalt(lll) perchlorate and
the nature of impurities affecting the yield and purity of the target product were studied. The compound can
be efficiently prepared using microwave heating.

To meet the requirements to the process, servicepundl can be prepared by the following scheme [7]:
and environmental safety of explosives, which be-
come more and more stringent, efforts are made t
find new high-energy-capacity compounds to be usegN NO, * [CoNH3),COl”
as primers amongl-metal coordination comgounds i 1
[1-3]. Tetramminesis-bis(nitro-2H-tetrazolatoN?)co- I pH <2 (1)
balt(lll) perchlorate ), according to [4, 5], is one of HCIOL/H, 0| 20.90°C
the most promising explosives for safe primers (in- 472- 2h
cluding laser initiation): |

i I We found that the yield of the target product was
NHz N 50-70%. The synthesis conditions were optimized by
H3 N ‘ /NN //E—NO _ fractional factorial experiment (FFE) of th type
Y N/CO\ Nx 2 |ClO, with the generating raticXz = X;X,. Analysis of the
3 N N mathematical description revealed the effect on the
NH3 N /j;_NOZ process of the following factors: reaction (or expo-
. - sure) time,x; (h); acidity of the medium, expressed
1 through the perchloric acid concentratiog,(%); and

reaction temperaturexg (°C). As the response func-
Some physicochemical and explosive properties afion we chose the yield of the target prodyci(%).

| are given below: The a priori information suggested that the interaction
effect X, X, is insignificant; therefore, it was replaced

Density of single crystal, g cm 2.05 [6] in the design matrix by the factoXs.

Detonation rate at a single crystal density 8.1 [5]

of 1.97 g cm®(calculation), km 3t Main characteristics of the FFE of the>2 type

Temperature of the onset of intense de- 269 [7] Plan parameter x x x

comé)ositioni;c (at heating rate of Zero lovel 210 725 ?éo

20 deg min . . : :

Sensitivity to the fire beam of fuse, cm -8 [5] Variation interval 1.0 25 10

Minimal charge for hexogen, g (KD8) 0.05 [5] : : ;

Time of tfransition from combustion to~10 (4] The experimental results are given in the table.

detonation, us The determining contrast and the system of simul-

taneous estimates of the coefficients have the form

* Sensitivity limit: upper 3 cm, lower 5 cm.
. . . 1 = X XoXs;
In this work we studied the influence of the syn-
thesis conditions on the yield and quality lofCom- by > By + Boa

1070-4272/01/7401-0099$25.@2001 MAIK “Nauka/Interperiodica
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Fractional factorial experiment of the32 type natural impurity if the crude product is purified insuf-
ficiently. The NG, ion competes with the nitrotetra-
Run Planning matrix Response function  zolate ion for the position in the inner sphere in the
no. anation reaction [12]:
X X2 X3 Yej Yei 3+
[Co(NH3),(H,0),]"" + 2An
1 +1 -1 -1 23.1 23.85 H* .
2 -1 +1 -1 322 | 3145 —> [Co(NH,),(An),]" + 2H0, (3)
3 -1 -1 +1 60.3 60.85 where
4 +1 +1 +1 69.5 | 69.35 IN—N
An = N021 N\;)\NOZ
b, = Py + B3 Therefore, it is very important to elucidate the
influence of nitrite ion on formation of. At +25°C,
b3 = B3 + Pra nitrite ion substituted both water molecules W
within 170 h.
By statistical processing of the experimental data,
we obtained a regression equation adequately (acoord- [Co(NH,),(H 20}213%, 2NO;,
ing to the Student and Fisher tests [8]) describing the
Fn v
reaction: ot ) (NGO 5 20 @
N + .
y = 46.3 + 4.6, + 4.5, + 18.6. o [t 5)4( 2] + 2k

Analysis of the regression equation shows that the ComplexesIV and V were isolated as sulfates:
reaction temperature is the most significant factor ofCO(NHg)4(H>0)]2(SOy)3  (IVa) and [Co(NHy)4-
the process. (NO,),],S0, (Va).

Further experiments on synthesis bfwere per- At the same temperature, simultanepus action_of
formed with microwave heating (MWH). Recently &n excess of nitrite and nltrotetrazolate ions on cation
there has been an increased interest in MWH as dN for 170 h results in Complete substitution of inner-
alternative way of thermal activation of chemicalSphere water and formation of complex:

reactions [9]. A chemical system containing polar N—N

molecules or ions can actively take up the energy of 3+ = -

a UHF electromagnetic field, ¥ransforr$1 it to the?n{al [Co(NHy)y(H, )] + 2NOz + N\N}NOZ
energy, and thus warm up (in our case~b02°C).

The MWH accelerates anation in Co(lll) ammine .+ ( N=N
complexes [10]. By substitution of coordinated water 25—c> CO(NH3)4(N02)L N\~ )\Noz
with the 5-nitrotetrazole anion under MWH conditions N

(1 h), we prepared compouridn a 78% yield, which :

practically coincides with the value predicted by the CompoundVI was isolated as crystal hydrate:
mathematical description. Thus, microwave heating of N
the reactants ensures a high yieldl afithin a consid- -

( NN
erably shorter time. CO(NH3)4(N02)LN\;I)\N02

In synthesis of, we used sodium 5-nitrotetrazolate
(I') prepared by the noncatalytic Sandmeyer reaction
from 5-aminotetrazole [11]:

+2H,0  (5)

SO, 3H, 0.
2

Via

At the temperature increased to °8) instead of
the expected produdt we isolated from the reaction

H_N—N NaNGs(excesy mixture salt VII :
7\ Ho SOy
N\?\l)\NHZ Nagcor N N—N
[Co(NH ), (H,0)]%" + 2NO, +N\,:|}No2
N—N
e . @) weo (NN
80°C N )
Salt Il can contain sodium nitrite NaNQOas a Vi
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SaltVIl is very sensitive to mechanical actions andvith a thermometer with an organic working liquid
decomposes on heating with explosion. Hence, it isand a reflux condenser) was placed in the waveguide
a primer [13]. Its impurity inl is inadmissible. For- through a special hole.
mation ofVIl involves breakdown of the inner sphere Carbonatotetramminecobalt(ll) perchlorate

of I with reduction of Co(lll) to Co(ll). This process (la) was prepared by the procedure in [15]. The
is probably due to possible combination of redo&ield of llla_after drying was 77%. IR spectrum,

reactions initiated by the nitrite ion and to an appre¢, 1. 1596 s 1560 m (C=0, Ng), 1084 s (CIQ).

ciable trans effect of the nitrotetrazolate anion in 1
. . . . "H NMR rum (DMSQdp), & m: 4.40 (12H
the inner coordination sphere [14]. To confirm th'sNH3). spectrum (DMSGdg), 5, pp 0 (12H,

assumption, we studied the reaction betw&érand

5-nitrotetrazolate anion in acid solution at-5@°C. Found, %: C 4.6, H 4.7, N 20.1.
We found that the product composition depends oi€H,,CICoN,O;.

time. For example, 2 h after the start of the reactiorCalculated, %: C 4.2, H 4.2, N 19.6.

the major product is comple¥Ill , but then its con- . . 2
tent decreases as compoundl is accumulated: Tetrammine-Cis-bis(nitro-2H -tetrazolato-N“)co-
balt(lll) perchlorate (I). A 1-g portion of carbonato-

+ N—N tetramminecobalt(lll) perchlorateli@a ) was dissolved
[Co(NH3),(NOZ)] + 2 NI\‘)\NOZ in 10 ml of 10% perchloric acid until the CQCevolu-
N tion ceased. The solution was filtered, and 34 ml of

{ N=N a 4.4% solution of sodium 5-nitrotetrazolaté)(was
H* / added. The reaction mixture was heated on a boiling
— NH N~ ‘H,O
[CO( 3)4(N02)L \N)\ Nozl 2 water bath for 4 h and then cooled to°C5 the pre-
Vil cipitate was filtered off, washed with ethanol %2

0.5 ml), and recrystallized from 1% HCJQYield of |

" [ N—N 0.92 g. IR spectrumy, cnt: 1588 m, 1316 m (NH,
— COLN\_)\NOJHZO- (7) tetrazole), 1076 m (Clg), 1540 m (NQ). H NMR
N 2 spectrum (DMSO-g), 6, ppm: 3.79, 4.29 (12H, N§J.
Vil Found, %: C 4.8, H 2.3, N 42.6.
C,H;,CICON,; ,Og.

~ Formation of compleX/Ill confirmed the assump- Calculated, %: C 5.3, H 2.7, N 43.1.

tion that in the course of synthesis loin the presence

of nitrite ions the ammine ligands become labile and Dinitritotetramminecobalt(lll) sulfate (Va) was
can be substituted by other ligands. prepared according to [16]. Yield after drying 57%. IR

1
Our experimental results show that the synthesis giPectrum,y, cm=: 3120 m, 1620 m (Nh), 1388 m,
| in aqueous solution should be performed at a temt304 m (NQ), 1120 m (SQ).
pﬁratltcjjrebas r21igh aﬁl possi_?_ledand that the regptants Found, %: H 4.1, N 31.4.
should be thoroughly purified to remove sodiumy, coN,.0,.S.

nitrite. Calculated, %: H 4.5, N 31.4.

EXPERIMENTAL Nitrito(nitrotetrazolato)tetramminecobalt(l11)
sulfate trinydrate (VIa). To a mixture of 16 ml of an

The IR spectra were recorded on a Specord M-8@dueous solution containing 3.3 g of sodium nitrite
spectrophotometer from thin-film samples betweer@nd 60 ml of a 4.4% solution of sodium 5-nitrotetra-
KBr plates. ThelH NMR spectra were taken on a Zolate (1), we added 10 ml of a 1.5% sulfuric acid
Perkin-Elmer R-12 spectrometer operating at 60 MHzSolution containig 1 g of diaquatetramminecobalt(ll)
with HMDS as internal reference. The reaction progsulfate (Va) prepared according to [16]. The mixture
ress was monitored by TLC on Silufol UV-254 plateswas allowed to stand for 7 days. After drying, the
(eluent 3% aqueous NaCiD yield of Vla was 70%. IR spectrumy, cnit: 1552 w

The UHF heating device was a short-circuitedggaN)OZ)’ 1400 m (NQ), 1280 m (Nky), 1052 m
waveguide of % 4.5 cm cross section, connected to\~ 4"
a UHF generator with the output capacity of 600 W Found, %: C 3.3, H 3.8, N 38.3.
and working frequency of 2450 MHz. The reactionC,H3oCo,N,(S.
vessel (a glass test tube 35 mm in diameter, equippéthiculated, %: C 3.3, H 4.2, N 38.6.
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Cobalt(ll) nitrotetrazolate monohydrate (VII). 4.
To a mixture of 16 ml of an aqueous solution contain-
ing 3.3 g of sodium nitrite and 60 ml of a 4.4% solu- 5,
tion of sodium 5-nitrotetrazolatél(), we added 10 ml
of a 1.5% sulfuric acid solution containing 1 g of di-
aquatetramminecobalt(lll) sulfatdVia) prepared ac-
cording to [16]. The mixture was heated to°80and
kept at this temperature for 3 h. Yield &l after
drying 62%. IR spectrumy, cmi*: 3544 w, 1616 m
(H,O), 1560 s, 1320 m (N§), 1440 m (tetrazole). 6.

Found, %: C 7.8, H 0.6, N 45.6. 7
C,H,CoN,; (Os.
Calculated, %: C 7.9, H 0.7, N 45.9. 8

Triamminebis(5-nitrotetrazolato)nitritoco-
balt(lll) hydrate (VIII). To a mixture of 16 ml of an
agueous solution containing 3.3 g of sodium nitrite
and 60 ml of a 4.4% solution of sodium 5-nitrotetra-
zolate (I), we added 10 ml of a 1.5% sulfuric acid
solution containig 1 g of diaquatetramminecobalt(lII)
sulfate (Va) prepared according to [16]. The mixture
was heated to 6C and kept at this temperature for
2 h. CompoundVlll precipitated on cooling. Yield
after drying 39%. IR spectrumy, cnil: 3200 m
(NH3), 1544 s, 1332 m (QNO,), 1416 m, 1312
(NO,).

Found, %:
C,H;,CoN; 404
Calculated, %: C 5.9, H 2.7, N 48.7.

C 54, H 2.8, N 48.5.

The mother liquor was kept for 1 h at 600°C.
An additional crop ofVIl was obtained; yield after
filtration, washing, and drying 25%.

REFERENCES

1. Sinditskii, V.P. and Fogel'zang, A.ERoss. Khim.
Zh, 1997, vol. 41, no. 4, pp. #80.

2. llyushin, M.A. and Tselinskii, I.V.Ross. Khim. Zh.
1997, vol. 41, no. 4, pp.-33.

3. llyushin, M.A., Tselinskii, I.V. and Chernyi, A.V.,
Ross. Khim. zZh.1997, vol. 41, no. 4, pp. 888.

11.

12.

13.

15.

16.

ZHILIN et al.

Bates, L.R.,Proc. Symp. Explos. Pyrotech1986,
no. 13, pp. II/H11/10.

Smirnov, A.V., llyushin, M.A., Tselinskii, I.V., and
Khovaiko, V.I., in Trudy nauchno-tekhnicheskoi kon-
ferentsii “Uspekhi khimii organicheskikh soedinenii
azota’ (Proc. Scientific and Technical ConfAd-
vances in Chemistry of Nitrogen Organic Com-
pounds), St. Petersburg: Sankt-Peterb. Gos. Tekhnol.
Inst. (Tekh. Univ.), September 157, 1997, p. 21.

Morosin, B., Dunn, R.G., Assink, Ret al, Acta
Crystallogr., Sect. €1997, vol. 53, pp. 1609611.

. Fronabarger, J., Schuman, A., Chapman, ReDal,

AIAA Pap, 1995, no. 2858, pp.-T.

. Akhnazarova, S.L. and Kafarov, V.\Wetody optimi-

zatsii eksperimenta v khimii i khimicheskoi tekhnologii
(Methods for Experiment Optimization in Chemistry
and Chemical Technology), Moscow: Vysshaya
Shkola, 1985.

9. Kuz'min, N.M. and Kubrakova, I.V.Zh. Anal. Khim,

1996, vol. 51, no. 1, pp. 4448.

10. llyushin, M.A., Lukogorskaya, A.S., Tselinskii, I.V.,

and Brykov, A.S.,Zh. Obshch. Khim.1999, vol. 69,
no. 3, pp. 449451.

Ostrovskii, V.A. and Koldobskii, G.I.Ross. Khim.
Zh, 1997, vol. 41, no. 2, pp. 848.

Kostromina, N.A., Kumok, V.N., and Skorik, N.A.,
Khimiya koordinatsionnykh soedinenii Moscow:
Vysshaya Shkola, 1990.

Bagal, L.I.,Khimiya i tekhnologiya initsiiruyushchikh
vzryvchatykh veshches{Chemistry and Technology
of Primer Explosives), Moscow: Mashinostroenie,
1975.

. Nefedov, V.l.,Trans-vliyanie v khimii koordinatsion-

nykh soedinenii. Ser.“Problemy koordinatsionnoi
khimii” (trans Effect in Coordination Chemistry,
Ser.“Problems of Coordination Chemistly Moscow:
Nauka, 1979.

Novakovskii, M.S.,Laboratornye raboty po khimii
kompleksnykh soediner{iiaboratory Works on Coor-
dination Chemistry), Kharkov: Khar'kov. Univ., 1972.
Glikina, F.B. and Klyuchnikov, N.G.Khimiya kom-
pleksnykh soedinen{iCoordination Chemistry), Mos-
cow: Prosveshchenie, 1967.

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



Russian Journal of Applied Chemistry/ol. 74, No. 1,2001, pp. 103105. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 106102.
Original Russian Text Copyrigh® 2001 by Belyanin,Filimonov, Krasnov.
ORGANIC SYNTHESIS
AND INDUSTRIAL ORGANIC CHEMISTRY

Efficient Procedure for Preparing Salicyl Alcohols

M. L. Belyanin, V. D. Filimonov, and E. A. Krasnov

Siberian State Medical University, Tomsk, Russia
Tomsk Polytechnic Institute, Tomsk, Russia

Received February 21, 2000

Abstract—A new convenient procedure was developed for selectitbo-hydroxymethylation of phenols

by reaction of paraformaldehyde with a mixture of phenol and orthoboric acid. The method is general for
phenols containing no strong electron-withdrawing substituents; it allows preparatiorhydroxybenzyl
alcohols of high purity in a high yield.

Salicyl (o-hydroxybenzyl) alcohol and its deriva- successfully performed selective-hydroxymethyla-
tives are of interest as intermediates in synthesis dfon of a series of phenolda-1k and obtained the
many organic compounds: phenylchromones [1], isoeorresponding salicyl alcohol2a-2k (Table 1).

flavones [2], etc. The structures oRa-2k were proved by the'H

Salicyl alcohol is an aglycone of a number of gly-NMR (Table 2) and IR spectra and by comparison
cosides found in Salicaceae. Some of them exhibiith the authentic samples. The IR spectra2af-2k
antihelminth [3] and antiviral [4] activity. contain two strong absorption bands at 343440

and 3240-3165 cm~ characteristic of the intramolec-

One of the most widely used routes to salicyl alcoy,5r hydrogen bond and of-®f stretching vibrations,
hol is hydroxymethylation with formaldehyde or com- ;¢ 2150 characteristic absorption band€-O) at
pounds generating it of phenyl metaborate PhOB=Q 15 1045 cml:

(exists as trimers [5]). The initial metaborate is pre-

pared by refluxing equimolar amounts of phenol and Ry Ry

boric acid in aprotic aromatic solvents (toluene, xyl- R> OH o R OH
. . . . . 2!

ene) with azeotropic distillation of the released water —

[5-9]. The yield of the crude target product, according R, H3BO3 R, OH

to patents [6-8], depends on the initial phenol and R R

does not exceed 65%; attempts to reproduce the syn- 4 4

thesis of salicyl alcohol described in the patent re- la-1j 2a-2j

sulted in a yield as low as 35% [5]. The conversion HO OH

of phenol was incomplete, and polycondensation O CH O

products formed, complicating purification of the HO 3 OH

target product [5].

Another route is hydroxymethylation of phenol in CHa
) . 2k

the presence of a 1.5-fold excess of arylboronic acids
ArB(OH),. The reaction involves intermediate forma—W?ere R=R?=R*=R'=H(a) R2=R*=R*=H,
tion of cyclic esters of hydroxybenzyl alcohol andR* = CHg (b); R*= R*=R*=H, R®=CHy (0); R* =
arylboronic acid. The desired alcohol is released biR3 = H, Rl = CH(CHy),, R* = CH; (d); Rt = R? =
treatment of these esters with propylene glycol oR* = H, R®= OCH, (¢); R'=R*=R*=H, R®=Cl
hydrogen peroxide [10]. f;RI=R°=R*=H,RR=F(@g); RI=R?=R*=H,

A simpler route to salicyl alcohols is reaction of Ri = Ph ); F\Zl =R =2R4 = H, R® = OCOPh {);
paraformaldehyde with a mixture of phenol and exces® = R® = R* = H, R = OCOPh ).
boric acid in benzene under conditions of continuous ortho-Hydroxymethylation of phenolsla-1k by
azeotropic distillation of water, without preparingthe suggested procedure occurs at lower temperature
phenyl metaborate in advance. By this method wéup to 8FC), takes longer time, and requires a larger

1070-4272/01/7401-0103$25.@2001 MAIK “Nauka/Interperiodica
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Table 2. Synthesis ofo-hydroxybenzyl alcohola-2k by  unsuitable for preparing salicyl alcohols with substitu-

reaction of phenolsla-1k with paraform ents sensitive to bases. It was found that the boric acid
esters formed under conditions of our procedure can
Com- | | Yield, mp, °C be successfully saponified by keeping the reaction
pound | ” % ' mixture in water without adding alkali. This approach
allowed us to perform for the first time direct selective
2a 22 53 |84-85 (GHg) (85-86 [11])*  hydroxymethylation of phenol&i and 1j containing
2b 37 48 12527 (hexane) (5 [6], phenyl benzoate moieties. The resulting alcoh®ils
33-34 [11]) and2j (Table 1) are synthetic equivalents of difficult-
2c 29 63 [11012];103 (GHe) (104-105 ly accessible dihydroxybenzyl alcohols.
2d 13 61 83-84 (hexane) (86 [12]) The relatively low yield of2j is due to the fact that
2e 21 40 79-80 (CHCL) (80-81 [11]) reactlon of phenollj with paraform yields, accordlng
2f 53 54 9293 (GHg) (9293 [11]) to the'H NMR spectrum, a mixture o2j and its iso-
29 38 34 69-70 (CGsHg) (68-70 [13]) mer, 2-hydroxymethyl-3-benzoyloxyphenol, insepara-
2h 46 68 162-163 (GHsCH5) (164~ ble by chromatography. In other words, hydroxymeth-
165 [13]) ylation occurs at botho-positions of the phenolic
2i 52 60 114-115 (GHe) hydroxyl in 1j. We were able to isolate only a portion
2] 33 35 |125-126 (GgHe) of 2j by single recrystallization of the mixture from
2k 49 56 144-145 (water) benzene.

It should be noted that pyrocatechol monobenzoate
appeared to be almost inert in hydroxymethylation
excess of boric acid (up to 1.5 mol) than hydroxy-(110 h). This is probably due to a strong intramolec-
methylation of aryl metaborates -{8]. Also, fresh ular hydrogen bond blocking the phenolic hydroxyl
portions of paraform should be added at regular interin the o-position relative to the benzoate group.

vals to compensate for its removal with the distillate. Reaaction of bisphendlk containing two equivalent
Nevertheless, there are important advantages: CofBpenglic hydroxyls with paraform yields bis(hydroxy-
plfate conversion of the |n_|t|al ph_enol, absen_ce 0 ethyl) derivative2k within 49 h. At a shorter reac-
oligomeric products, and higher yield and purity 0f{j5 time  the reaction mixture contained, according to
the target alcohol2a-2k. TLC, unchangedlk, the monohydroxymethylation

It is important for practice that in hydroxymethyla- product, and alcoho2k; the latter is formed even in
tion of phenyl metaborate the resulting salicyl alcoholgarly stages of the reaction. Thus, hydroxymethylation
as a rule, is isolated by treatment of the reaction mixef phenol 1k occurs nonselectively at both phenyl
ture with alkali [5-7, 9], which makes this procedure rings.

* |In parentheses are published data.

Table 2. IH NMR spectra of salicyl alcohol®a-2k in DMSO-dg

Compound 3, ppm

2a 4.70 (s, 3H, CHOH), 6.70-7.18 (m, 4H, Ar), 8.80 (s, 1H, ArOH)

2b 2.13 (s, 3H, CH), 4.63 (s, 2H, CHOH), 6.526.95 (m, 3H, Ar)

2c 2.18 (s, 3H, CH), 4.43 (s, 2H, CH), 4.89 (s, 1H, CHOH), 6.617.07 (m, 3H, Ar), 9.03 (s, 1H, ArOH)

2d* 1.10-1.20 (d, 6H, Gi;-CH-CH,), 2.02 (s, 4H, ArGi;, CH;-CH-CH,), 3.28 (m, 1 H, OH), 5.04 (s, 2H,
CH,), 6.65-7.02 (m, 2H, Ar)

2¢e* 3.10 (s, 1H, OH), 3.60 (s, 3H, OGH 4.63 (s, 2H, CH), 6.53-6.66 (m, 3H, Ar)

2f 4.74 (s, 2H, CH), 5.20 (s, 1H, CHOH), 6.98-7.54 (m, 3H, Ar), 9.90 (s, 1H, ArOH)

29 450 (s, 2H, CH), 4.80 (s, 1H, CHOH), 6.70-7.26 (m, 3H, Ar), 9.40 (s, 1H, ArOH)

2h 4.80 (s, 2H, CH), 5.34 (s, 1H, CHOH), 7.05-7.84 (m, 8H, Ar), 9.78 (s, 1H, ArOH)

2i 4.74 (s, 2H, CH), 5.30 (s, 1H, CHOH), 7.08-8.36 (m, 8H, Ar), 9.73 (s, 1H, ArOH)

2jx* 5.20 (s, 2H, @,0H), 6.918.33 (m, 8H, Ar), 9.06 (s, 1H, ArOH)

2k 1.81 (d, 6H, G:—I3CCH3) 4.76 (s, 4H, €1,0H), 5.26 (s, 2H, CIQIOH) 6.90-7.46 (m, 6H, Ar), 9.39 (s, 2H,
ArOH)

* In CDClg. ** In pyridine-ds.
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Phenols with electron-withdrawing substituents in
the ring (NGQ,, CHO, COOH) remain inert under the

105

CONCLUSIONS

reaction conditions and do not give the corresponding (1) Reaction of paraform with phenols in the pres-

salicyl alcohols.
The positive effect reached in hydroxymethylation

of phenols in the presence of excess boric acid cag,

ence of excess boric acid under conditions of continu-
ous azeotropic distillation of water results in selective
o-hydroxymethylation of the substrates with complete
nversion of the initial phenols and formation of

be explained as follows. In the case of equimolagancyl alcohols.

amounts of phenol and boric acid-{, the presuma-
ble precursors of salicyl alcohol are cyclic borates [5].
We can assume with confidence that under the reall
tion conditions these cyclic borates are in equilibrium®
with free alcohol2a which enters further side trans-

(2) A general procedure was developed for prepar-
g salicyl alcohols from phenols containing no strong
lectron-withdrawing substituents.

(3) The suggested procedure allowed for the first

formations (dehydration, condensation with formaldetime preparation of the synthetic equivalents of dihy-
hyde, etc.). Then excess boric acid under the sugiroxybenzyl alcohols.

gested conditions decreases the concentration of free
salicyl alcohol owing to shift of the equilibrium. Also,

it is significant that the reaction is performed at a
lower temperature (8C) than suggested in the liter-
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EXPERIMENTAL

1.
2.

The IR specrtra were taken on a Specord M-80
spectrophotometer in KBr pellets, and the NMR
spectra, on a Bruker AC 200 spectrometer (200 MHz,

DMSO-dg, internal reference HMDS). 3.

The reaction progress was monitored and the prod-
uct purity checked by TLC on Silufol UV-254 plates,
eluent benzenesthanol (9 : 1). The plates were devel-
oped using filtered UV radiation, diazotized sulfanilic

acid, or 5% Fe( solution. 4.

The typical procedure of hydroxymethylation of
phenolsla-1k with paraform in the presence of boric
acid was as follows. A mixture of 40 mmol of approp-
riate phenol, 3.72 g (60 mmol) of boric acid, and 1.8 g
(60 mmol) of paraform in 70 ml of benzene was re-

6
7
fluxed in a flask equipped with a DeaStark trap 8.
9. Yan, L., Zhigiang, W., and Jiugping, WGhemistry

with continuous azeotropic distillation of water until
the initial phenol was completely converted (TLC).

Every 4 h, a fresh 0.45-g (15-mmol) portion of para-10.

form was added. After reaction completion, excess

benzene was distilled off under reduced pressurel.

To the residue 30 ml of water was added, and the

mixture was allowed to stand for 5 h to ensure hydrol412.

ysis of the intermediate boric acid ester of the salicyl

alcohol. The product was extracted with ether (threas.

40-ml portions), and the combined ether extracts were

washed with watedr (20 ml). The solvent was re-14,

moved, and alcohol®a-2k were purified by recrys-
tallization.

5.

nologies (project no. 98-8-3.1-127).
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Abstract—Oxidation of N- and C-alkenylanilines with ozone under conditions of alcohol formation was
studied. Depending on the structure of the alkenyl moiety, the reaction yields aryl-substituted propanols, pen-
tanediols, or tetrahydropyran.

Since early 1960s, when the feasibility was dem- Previously field tests of th&l-ethoxyacetyl analog
onstrated for preparative synthesis of Claisen reaof this compound demonstrated its efficiency against
rangement products frorii-allylaniline [1, 2], there potato phytophthora infection, which was level with
has been a great deal of interest in the chemistry ghe known antiphytophthora agent Ridomil [ethyl
alkenylanilines. These compounds find extending USR-methoxyacetyN-(2-methyl-6-ethylphenyl)amino-
in organic synthesis, including preparation of practiytyrate]; the productivity increased by 30%. Pre-
cally useful substances. It is known that soeand g maply, under the testing conditions involving the
C-alkenylanilines exhibit activity as potato growth impact of soil, atmospheric oxygen, and sunlight, this
regulators and fungicides against potato phytOphthor&)mpound cc;uld undergo transfor’mations with’ par-

infection, inhibit biosynthesis of chitin of flour moth _.~. -
(3], show a pronouncz,\d local anesthetic effect [4] anélClpatlon of the unsaturated C=C bond of the pentenyl
' y I%nit. Oxidation of aminelV with ozone is one of

are successfully used in synthesis of some valuab : o )
alkaloids [5]. Proceeding with studies{8] on trans- possible routes to hydroxy derivatives of this sub-

formations ofo-alkenylarylamines, we studied oxida- Stance. We found that ozonation Bf followed by

tion of N- and C-alkenylanilines with ozone. treatment with NaBlj gives N-methoxyacetyN-
. _ (1-hydroxyprop-2-ylaniline in a 3545% yield.

For example, from anilinel) by a series of con-

densations we preparétimethoxyacetyN-(2-penten- ~ When an equimolar amount of ozone is passed

4-yhaniline (V) in a 68% yield: through a solution oflV in cyclohexanemethanol,
the reaction does not go to completion, and the ratio

' 0 of the initial aminelV and productlVa is 1.5: 1.

NH> ¢ HN 0 M . < i .

] | Il RN When the similar reaction is performed in methanol,
/I;tiN) CICH; C-Cl | the raticl) of these compourjds [scheme (1)], according

3 Ko COs to the *H NMR data, varies from 1:1 to 1:0.7.

' I i In contrast toN-alkenylaniline IV, ozonation in

methanol of pentenylanilinegla and VIb exhibiting
(||3 O (1) local anesthetic activity [4] goes to completion; sub-

CH3OCI—bC\N/i(1) O3 CH3OC|—58\N/H sequent treatment of the reaction mixture with NaBH

MeONa || (2)NaBH, gives propanolsVlla and VIlb in 50-60% yields
MeOH MeOH HO. [scheme (2)]. Oxidation of 2-cyclopentenylanilines
Villa -Vlllc under these conditions yields pentane-

v IVa diols IXa-IXc in a 60-70% yield [scheme (3)].
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RL.
@D (2)
OH

Vlla, Vllb
where R = H, R? = Me (@@); R! = R? = Me (b);

C i
N\/\
. \H2 ) A - NH
R~ (2 B R~ _
2 2
R= R
R3 R3
Vlilla -Vlllc
C i H
N\/\NH
cC 1
D RY 5
RZ OH ! ( )
R3

where R =R°=R®=H (a); Rl =Me, R=R3®=H
(); R'=H, R? =R = F (0.

Reagents and conditions: A, CIGE(O)CI,
K,CO;3, 20°C; B, excess piperidine; C, £ MeOH,
0-5°C; D, NaBH,, MeOH, 0-5°C.

Oxidation

pyran X1 (yield 70%):

i

Me -~

NH 1) 03 NH
Me~ (2)NaBH, M€~ :
> o 4)
MeOH
0°C
X XI

of N-acetyl-2-methyl-6-(cyclopent-1-
enylaniline ) [9] unexpectedly gave tetrahydro-

analysis. The IR spectra of all the products contain a
characteristic absorption band of the OH group at
v 3400-3600 cnTt. In the H NMR spectrum of
aminelVa, the methyl protons of the propanol moiety
give a doublet ab 0.96 ppm { 6.99 Hz). In thel3C
NMR spectrum, the signal of the methyl carbon of the
propanol moiety is shifted upfield§ 14.73 ppm) as
compared fdV . The signals of the €and & atoms

in IVa are observed at 64.45 and 53.62 ppm, respec-
tively.

In the 'H NMR specrta of amino alcoholélla and
Vllb , the methyl groups give a doublet at 1.16 ppm
(J 7.07 Hz). The methine proton®Hand the methyl-
ene protons H give multiplets at 4.33 and 3.64 ppm.
The signals of the €, C%', and G atoms ofVlla
andVIlb in the 13C NMR spectra are observed at 68,
35-37, and 1718 ppm, respectively.

In the 'H NMR spectra of dioldXa-IXc, the H'
and H protons of the pentanediol moiety give sig-
nals at 3.70 and 3.45 ppm, and the signal of OH pro-
tons is observed at 4.80 ppm. In thRC NMR spectra
of IXa-IXc, the C" and CE signals are observed at
67 and 62 ppm, respectively. The signals of tie,C
c¥, and & atoms are observed at 41 and-28 ppm.
The signals of the benzene carbon atoms in tf@
NMR spectrum oflXc are split owing to coupling
with F and give doublets with the coupling constants
of 17-20 (for Ct, C2, C3, and &) and 216-223 Hz
(for the ¢ and & atoms directly bound to F).

The mass spectrum of the tetrahydropyrany! deriv-
ative XI contains a molecular peak™ (m/z 191).

EXPERIMENTAL

The H and 1°C NMR spectra were taken on a
Bruker AM-300 spectrometer (working frequency 300
and 75 MHz, respectively; solvent CDLlinternal
reference TMS), and the IR spectra, on a UR-20 spec-
trometer. The product purity was checked by TLC
(Silufol UV-254 plates). The mass spectrum was
obtained with an MKh-1320 spectrometer (70 eV).
The physicochemical characteristicsMib andVlla -

Vilc are given in [10, 11].

N-(2-Methoxyacetyl)N-(3-penten-2-yl)aniline
(IV) was prepared according to [1]. Yield 90%k
0.48 (CH,CI,—CH30H, 95 : 5), bp 123C (1 mm Hg).

Found, %: C 70.41, H 8.35, N 6.07.

The structure of the products was proved by thec, H;¢NO,.
IR and *H, 13C NMR spectra and also by elementalCalculated, %: C 70.59, H 8.60, N 6.33.
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4 NMR spectrum (CDGJ, 8, ppm): 0.98 d (3H,]
6.61 Hz, CH), 1.50 d (3H,J 6.35 Hz, CH), 3.19 s
(3H, OCH;), 3.50 m (2H, CH), 5.25:5.45 m (3H,
CH, HC=CH), 6.967.29 m (5H, ArH). 13C NMR
spectrum (CDG, 6, ppm): 17.46, 17.63 (C}J; 51.39
(Ch); 56.76 (CH); 70.58 (CH); 127.21, 128.28,
128.92, 129.81, 130.59, 136.834G,, C=C); 167.77

GATAULLIN et al.

IR spectrum,v, cnm ™ 3280 (NH).H NMR spec-
trum (CDCk), 6, ppm (, Hz): 1.49 d (3H,J 6.97,
CHy); 1.70 d (3H,J 6.46, CHy); 2.30 s (3H, CH);
1.50, 1.60, 2.55 (m, 10H, I5110); 3.08 s (2H, CH);
3.50 m (1H, CH); 5.355.65 m (2H, HC=CH); 7.00 s
(1H, H3); 7.05 d (1H,J 8.79, H); 7.90 d (1H, B);
9.25 s (1H, NH).13C NMR spectrum (CDG} 3,

(C=0). ppm): 17.78, 20.03, 21.01 (Tq;thyp; 23.52, 26.08,

N-Chloroacetyl-2-(3-penten-2-yl)-4-methylaniline 2497 (Gip): 63.03 (G ); 168.78 (C=0); 36.63 ©:
(Va). A three-necked flask equipped with a power-134.75 (&); 122.62 (C); 132.22 (C); 134.11 (®);
driven stirrer, a reflux condenser, and a dropping fun127.21 (G); 135.22 (¢&); 127.20 (C); 137.24 (©).

nel was charged with dry JCOzand 17.1 g (0.1 mol) e general procedure of oxidation was as follows.
of 2-(3-penten-2-yl)-4-methylaniline in methylene Through a solution of 10 mmol ofv, IVa, IVb,
chloride. A solution of 0.2 mol of freshly distilled v/j5 . VIIb , or X in 10 ml of methanol at 85°C we
Chloroacetyl chloride in 80 ml of Cb{:lz was SIOWIy passed a calculated amount of an ozanggen mix-
added dropwise with stirring. After reaction comple-tyre (controlled with a stopwatch). The mixture was
tion, the precipitate was filtered off, 100 ml of water kept for 5 min at this temperaturem after which 0.6 g
was added, and the organic layer was washed with ¢ NaBH, was added at the temperature maintained
10% solution of NaHCQ until the CG, evolution no higher than 1015°C. The mixture was allowed to
ceased and then with two 100-ml portions of waterstand at 26C for 18 h and then diluted with a 10: 1

The organic solution was dried over MgaO'he sol-

mixture of H,O and CHCOOH. The product was

vent was vacuum-evaporated, and the residue was rextracted with CHCI,, washed with 5% NaHCQand

crystallized from benzene. Yield &fa 15.4 g (90%),
mp 109C. IR spectrum,v, cnm ' 3275 (NH). H
NMR spectrum,s, ppm ¢, Hz): 1.35 d (3H,J 7.15,
CHg), 1.66 d (3H,J 7.05, CHy), 2.35 s (3H, CH),
3.60 m (1H, H), 4.28 s (2H, CH), 5.59 m (2H,
HC=CH), 6.90 (1H, ArH), 6.87 (1H, ArH), 7.85 br.s
(1H, NH). 13c NMR spectrum (CDG)), 8, ppm @,
Hz): 20.25 (a), 35.80 (&), 42.79 (GCI), 165.50
(C=0), 136.70 (&), 141.80 (€), 125.55 (C), 124.49
(C°), 128.53 (&), 134.79 (&), 135.60 (&), 130.45
().

Found, %: C 64.00, H 7.16, N 5.98, Cl 15.46.
C;5H1gNOCI.
Calculated, %: C 63.29, H 7.91, N 6.15, Cl| 15.60.

N-[(2-(3-propen-2-yl)-4-methylphenyl)aminocar-
bonylmethyl]piperidine (VIa). Chloroacetylated ani-

line Va (2.3 g, 10 mmol) was dissolved in hot toluene

saturated NRCI solution, and dried over N&O,.
The solvent was evaporated, and alcohdla, Vlla,
Vilb, and IXa-IXc or pyran Xl was obtained.

N-(2-Methoxyacetyl)N-(1-hydroxy-2-propyl)ani-
line (IVa). Yield 91%. R¢ = 0.27 (CH,Cl,~CH30H,
95:5).

Found, %: C 64.52, H 7.56, N 6.25.
Calculated, %: C 64.57, H 7.62, N 6.28.

H NMR spectrum (CDGJ), 5, ppm @, Hz): 0.96 d
(1H, J 6.99, CHy), 3.25 s (3H, CH)), 3.40 m (2H,
CH,), 3.60 s (2H, CH), 4.81 m (1H, CH), 7.12 s
(1H, OH), 7.227.50 m (5H, ArH).13C NMR spec-
trum (CDCh), 8, ppm: 14.73 (&); 53.62 (C), 64.45
(C3), 70.93 (&); 58.97 (C'); 170.25 (C'); 128.42,
129.26, 129.87, 130.59, 137.24 4G.).

N-[2-(1-Hydroxy-2-propyl)-4-methylphenyl]-2-

(20 ml), and 5 ml of piperidine was added. The mix-piperidinoacetamide (Vlla). Yield 60%. R; 0.36
ture was refluxed for 4 h. The amine hydrochloride(CH,Cl,-CH3OH, 95: 5).

precipitate was filtered off and washed with 5 ml of

toluene. The filtrate was vacuum-evaporated, and the Found, %: C 70.29, H 8.90, N 9.61.
residue was recrystallized from a minimal amount ofC;7H26N205.

toluene. Yield ofVla 2.3 g (68%).R; 0.48 (CH,CI,).

Found, %: C 75.56, H 9.28, N 9.27.
C1gH2gN20.
Calculated, %: C 76.00, H 9.33, N 9.33.

Calculated, %: C 70.34, H 8.96, N 9.65.

IR spectrum, v, cmit 3312 (NH, OH), 1688
(C=0). 3¢ NMR spectrum (CD@), 6, ppm: 17.08
(C*), 21.09 (CH); 23.49, 25.92, 54.86 (§); 35.71
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(C?), 68.20 (C), 62.46 (G, CH,); 132.76 (C);
136.31 (@); 127.39 (S); 135.19 (&); 127.19 (O);
137.24 (&), 169.47 (¢, C=0).

N-[2-(1-Hydroxy-2-propyl)-4,6-dimethylphenyl]-
2-piperidinoacetamide (Vlla). Yield 60%. R¢ 0.36
(CH2C|2—CH3OH, 90: 10)

Found, %: C 65.01, H 8.38, N 8.36.
C1gH2gN20,.
Calculated, %: C 65.06, H 8.43, N 8.43.

IR spectrum,v, cni: 3500 (OH, NH).1H NMR
spectrum (CDG)), 8, ppm @, Hz: 1.16 d (3H,J 7.07,
CHg), 1.40-2.60 m (10H, 5CH), 2.16 s (3H, CH),
2.24 s (3H, CH), 3.12 s (2H, CH), 3.64 m (2H,
CH,), 4.33 m (1H, CH), 6.90 s (1H, OH), 6.96 s (1H,
ArH), 7.03 s (1H, ArH), 8.90 s (1H, NH):*C NMR
spectrum (CDG)), 8, ppm: 18.00 (&), 37.38 (&);
23.66, 26.26, 55.38 (§); 62.46 (C); 170.56 (C);

18.83, 21.24 (Gemy): 124.81, 128.71, 131.08,(

135.84, 137.35, 142.83 ().

N-[2-(1,5-Dihydroxypent-2-yl)phenyl]-2-piperi-
dinoacetamide (IXa). Yield 63%. Ry 0.21 (CH,Cl,—
CH30H, 90: 10).

Found, %: C 67.48, H 8.70, N 8.71.
C1gH2gN203.
Calculated, %: C 67.50, H 8.75, N 8.75.

IR spectrum,v, cnmi = 3600 (OH, NH).1H NMR
spectrum (CDG)), 8, ppm: 0.86-2.35 m (14H, 7CH),
3.15 s (2H, CH), 3.44-3.73 m (5H, 2CH), 3.44-
3.73 m (5H, 2CH, CH), 4.87 s (2H, 20H), 9.56 s

(1H, NH), 7.07-7.90 m (4H, Ar).13C NMR spectrum
(CDCly), 8, ppm: 23.56, 26.06, 54.98 (piperidine);
27.99 (), 30.29 (¢, 41.54 (&), 61.94 (O,
62.60 (©), 67.13 (C), 123.54 (¢); 125.97 (O);

126.78 (©); 135.48 (&); 135.85 (¢); 135.94 (&);
169.79 (A).

N-[2-(1,5-Dihydroxypent-2-yl)-6-methylphenyl]-
2-piperidinoacetamide (IXb). Yield 66%. Ry 0.23
(CH2C|2—CH3OH, 90: 10)

Found, %: C 68.21, H 8.93, N 8.35.
C19H30N203.
Calculated, %: C 68.26, H 8.98, N 8.38.

IR spectrum,v, cmit: 3600 (OH, NH).'H NMR
spectrum (CDG)), 8, ppm: 0.852.30 m (14H, 7CH),
2.29 s (3H, CH), 3.00 s (2H, CH), 3.453.75 m
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(5H, 2CH,, CH), 8.40 s (3H, OH, NH), 6.85 m
(3H, Ar).

N-[2-(1,5-Dihydroxypent-2-yl)-4,5-difluorophen-
yl]-2-piperidinoacetamide (IXc). Yield 59%. R; 0.28
(CH2C|2—CH3OH, 90: 10)

Found, %: C 61.00, H 6.73, F 10.71, N 6.89.
C1gH24FoN20Os.
Calculated, %: C 61.02, H 6.78, F 10.73, N 7.91.

IR spectrum,v, cni: 3600 (OH, NH).1H NMR
spectrum (CDG), &, ppm (, Hz): 6.90 d.d (1H,
JueEs 11.69, J 64 8.66, H), 1.40-3.70 m (23H,
10CH,, CH, 20H), 7.50 d.d (11434 12.05,J43E5
7.86, H), 9.70 s (1H, NH).13C NMR spectrum
(CDCly), 6, ppm: 23.14, 25.65, 54.55 (piperidine),
27.08 (C); 29.75 (C'); 40.80 (C); 61.56 (C);
66.26 (C); 62.08 (C); 112.44 d (C, I3t 17.55);
113.18 d (&), 130.98 d (&), 146.50 d.d (€, Joape
216); 146.59 d.d (€, Iosps 223, Iospr 27); 169.81
Oy

6-Methyl-2-(tetrahydro-2-pyranyl)aniline
Yield 67%. Rf 0.30 (CHCIl,-MeOH 95:5).

(XI).

Found, %: C 75.04, H 8.67, N 7.02.
C,,H{/NO.
Calculated, %: C 75.39, H 8.90, N 7.33.

IR spectrum,v, cnmi = 3600 (NH, OH).1H NMR
spectrum (CDG)), 6, ppm @, Hz): 1.60-2.30 m (6H,
3CH,), 3.65 d.d.t (2H,); 2.8,J, 6.07,J5 8.97, H2H,
410 m (2H, NH), 4.42 d.d (1H,J; 1.95,J, 8.11,
H?), 6.67 t (1H,J 7.49, H"), 6.98 d (1H, ), 7.02 d
(1H, H3). 13C NMR spectrum (CDG), §, ppm: 17.13
(CHg), 23.44 (&), 25.64 (C), 29.28 (C), 68.45 (C),
79.78 (@), 117.19 (C), 122.53 (3), 124.70 (&),
125.31 (&), 129.36 (&), 143.13 (&). u*, m/z191.

CONCLUSION

Reduction with sodium borohydride of ozonation
products ofo-alkenylanilines is a convenient route to
o-hydroxypropyl-, o-dihydroxypentyl-, ando-tetrahy-
dropyranyl-substituted anilines.
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Abstract—The mechanism of acetol formation in two-stage process of sulfuric acid cleavage of cumyl hydro-
peroxide was studied and confirmed by comparison with related reaction systems.

One of undesirable by-products in production of
phenol and acetone by cleavage of cumyl hydroperox- CH3z-C-CH=C(CH)>
ide is hydroxyacetone (acetol). This impurity in com- I

mercial phenol dramatically deteriorates its color o

index. Acetol is removed from crude phenol cata- R00H+H: CHz—C-CHy(CH3),COOH,
Iytically by treatment with sulfonic cation-exchange R I

resins. On an acid catalyst acetol partially reacts with O

phenol to form 2-methylbenzofuran (2-MBF). The CHs-C-CHy(CH3),COOH

amount of the forming 2-MBF is directly related to I

the content of acetol in the product to be catalytically o

purified. Separation of 2-methylbenzofuran from *

phenol is very difficult and is possible only by frac- (CHg),CO” CHs—%CH2OH-

tional azeotropic distillation with water. At the same 0

time, 2-MBF, even when present in concentrations as

low as 0.001 wt %, also dramatically impairs the color 't Was also suggested [2] that acetol can form by
index of the commercial phenol. reaction of acetone with hydrogen peroxide present in

_ _ , a small amount in the reaction mixture from cleavage
The simplest way to improve the color index of o cHP.

commercial phenol is to prevent formation of acetol

or sharply decrease its content in products fed to

distillation. It is known that acetol is formed in the EXPERIMENTAL
;?r%iig; SE%IEJS;: iﬁf{:{l)dp%%%oorpgﬁzltgcnegn%grngl gg’r?ég'_ Acetol formation was studied under conditions of
tration in the reaction mixture reaches 0.2 wt %. ThaWo-stage CHP decomposition into phenol aace-

mechanism of acetol formation and ways to decread@"€ N the presence of catalytic amounts of sulfuric
its concentration in CHP decomposition products wer&Cld [3]. The first stage, according to the adopted

not elucidated. It was suggested that acetol forms witﬂlrocess schelme, vgj/as performed u?der ﬁo_ndiltionsdof
participation of acetone and CHP [1]. It was assume@MOst complete decomposition of technical-grade

that CHP directly reacts with acetone, or that CHP=HP into target products, phenol and acetone, with
reacts with mesityl oxide formed by condensation ofimultaneous transformation of dimethylphenylcarbi-
two acetone molecules in the presence of sulfuric acid'0! (PMPC) impurity into dicumyl peroxide (DCP).
The mechanism of the direct reeaction was not delhe experiment was performed in a glass flow-circula-
scribed, and the second pathway was presented adi@n system. The second stage, in which decomposi-
series of consecutive reactions: tion of CHP was completed and DCP was converted
2CH-_C_CH CHaC—CH,C(OH)(C into a-methylstyrene, was performed in an autoclave
& [ 3 0 2C(OH)(CH): equipped with a stirrer and a sampler. The composi-
o ) tion of the products was determined by GLC [4].

—— CHz-C-CH= C(CH)a, - : ion |
T (CH)2 The elucidate the mechanism of acetol formation in
] the first stage of CHP decomposition at various initial
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Table 1. Concentration of acetol in the first stage of CHP  We found that the acid concentration has no appre-
decomposition

Cacid Cehp
T, °C T, S Cp, Wt %
46 80 0.0034 0.258 0.070
48 80 0.0030 0.188 0.067
49 80 0.0029 0.198 0.076
43 80 0.0032 0.544 0.115
45.8 70 0.0032 0.356 0.080
51.5 70 0.0010 0.197 0.051
51.5 80 0.0011 0.243 0.058
49 80 0.0021 0.227 0.078
48.1 80 0.0022 0.205 0.071
475 80 0.0038 0.178 0.091
40 80 0.0035 0.258 0.080
50 80 0.0034 0.246 0.099
64.5 80 0.0032 0.202 0.160

ciable efect on the rate of acetol accumulation, and the
decisive factor affecting the reaction rate is the tem-
perature. Data on variation of the acetol concentration
in the reaction mixture with time at various tempera-

tures are given in Tables 1 and 2.

In the course of studying accumulation of acetol in
the second stage of CHP decomposition, we revealed
some experimental trends. First, when we used as the
feed the products obtained in the circulation unit, the
acetol concentration in the reaction mixture consider-
ably increased. Second, when the feed for the second
stage was prepared in the first stage at the same sul-
furic acid concentrations, temperatures, and circula-
tion multiplicities, the final acetol concentrations after
completion of the second stage were equal irrespective
of its conditions. Third, when we used as the feed for
the second stage a model mixture identical in the
composition (according to GLC analysis) to the prod-
uct of the first stage, the increase in the acetol con-

Table 2. Concentration of acetol in the second stage ofentration in the reaction mixture did not exceed

CHP decomposition

Ca, Wt %, at indicatedT, °C

T, min

100 110 120 130
0 0.077 0.079 0.085 0.087
5 0.087 0.087 0.102 0.120
7 - 0.093 0.110 0.120
9 - - - 0.120
10 0.091 - 0.119 -
12 - 0.112 - 0.123
15 0.100 - 0.123 0.127
18 - 0.113 - -
20 0.105 - 0.127 -
25 - 0.119 - -
30 0.107 - - -

concentrationsCqpp, We studied the dependence o
the acetol concentratioB, in the reaction mixture on
the main process parameters: temperafjrsulfuric

acid concentrationC,.j4 and residence time.

The results show that the concentration of acetol ifjecomposition this intermediate transforms into acetol
the reaction mixture in the circulation conduit dependgnly partially, and the reaction is completed in the

on all the above-mentioned parameters; the concentrgecond stage.

tion decreases with decreasing temperature, sulfuric

acid concentration, and residence time.

To elucidate the specific features of acetol accum2,2-bis(cumylperoxy)propandl . It is known that
ulation in the second stage of the process, we studiegbmpoundl and relatedx-hydroxy peroxides derived
the dependence of its concentration in the reactiofrom other HPs are formed reversibly in reactions of
mixture on the sulfuric acid concentration and temperketones with HPs at low temperatures [5]. These com-
ature at various residence times.

0.005 wt %.

These facts give some insight into possible path-
ways of acetol formation in the course of sulfuric acid
decomposition of CHP. Apparently, the necessary
condiiton for acetol formation is simultaneous pres-
ence in solution of acetone, hydroperoxide (HP), and
catalytic amounts of sulfuric acid. The nature of HP
and the presence of phenol are of no significance;
additional experiments showed that acetol is efficient-
ly formed in acetone solution in the presence of other
HPs, in particular, hydrogen peroxide ateft-butyl
hydroperoxide (TBHP). Data on acetol accumulation
in the second stage of CHP decomposition are con-
sistent with this conclusion; the only specific feature
is that with the products from the first stage used as
the feed the amount of the forming acetol, according
to GLC data, exceeds several times that obtained with

sthe model mixture of the same composition. This fact

can be explained only by assuming that formation of
acetol from acetone in the presence of CHP and acid
occurs via formation of intermediate(s) undetectable
by GLC. It is assumed that in the first stage of CHP

Possible intermediates that cannot be isolated and
identified are 2-hydroxy-2-cumylperoxypropah&nd

pounds are extremely labile, and their formation was
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confirmed only by IR spectroscopy. Compouthdvas —> HO-CH,-C-CH,.
not described in the literature, but data are available -ROH I
on its analog prepared from acetone and TBHP [6]. o

Based on the above assumption and taking into since it is extremely difficult to confirm experi-
account published data, we suggest the followingnentally formation of acetol by pathway (1) because
scheme of acetol formation from acetone and CHPyf the low stability ofa-hydroxy peroxides, we exam-

ined the possibility of occurrence of reaction (2). An

evidence in favor of this process could be formation
O-R of CHP, DMPC, and acetol in a stoichiometric ratio
from specially prepared compoutid Since this com-

CHs CHs CHs

| + | |
o=C H, HO-C* ROOH HO-C-0-

CHa Chs CHy TH pound does not exist in the neat form and since CHP
| formed from Il by reaction (2) rapidly decomposes
. r Cl:Hg—‘ |CH3 into phenol and acetone under conditions of acid
H _ (1) catalysis, our proof of this mechanism was based on
— 5| H — C= : , ; )
-ROH L O_%OJ ¢=0. chemical analogies. To simulate formation of acetol
Chy CH, OH in the second stage of CHP decomposition, we used

where R is the cumyl radical an analog ofll, which was specially prgpared from
' acetone and TBHP according to [6]. This compound
Decomposition of with intermediate formation of was subjected to decomposition in the presence of
the oxide is shown arbitrarily; most probably, decom-sulfuric acid in a solution of phenol in acetone. The
position with carbinol elimination and intramolecular GLC analysis showed that decomposition of this di-
rearrangement occur simultaneously. peroxide yields equimolar amounts of TBHP, trimeth-

The above hypothetical scheme can explain thglcarbinol, and acetol, which is an indirect evidence

pathway of acetol formation in the first stage of CHPIN favor of the suggested mechanism. In this process,
facetol is formed via intermediate carbocations, as

decomposition, but, because of the low stability of”~* .
P y ndicated by the absence of acetol in the products of

a-hydroxy peroxides, in the second stage this pathwa " :
is improbable. The acetol precursor in the secon{!rmal decomposition of the model hydroperoxide
ip aprotic CCJ without acid.

stage should be a relatively stable compound. Pres
mably, along with the reactions shown in scheme (1),

compoundl reacts with CHP with formation of more CONCLUSIONS

stable compound! by the scheme Formation of acetol in the course of sulfuric acid
decomposition of cumyl hydroperoxide into phenol
(|3H3 . (|3H3 and acetone occurs by the carbocationic mechanism
R_O_O_C_OH R_.O_O_C* via mtermedlated f%r?%t_lon of 2I hydroxy-2-cumylper
| —H,0 | oxypropane and 2,2-bis(cumylperoxy)propane.
CHy CHy
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Abstract—3-Substituted thietanes were prepared by reaction of 1,2-epithio-3-chloropropane with various
nucleophiles in agueous solutions and were characterized. The inhibiting power of these compounds in
cumene oxidation was studied.

Previously we studied antioxidant activity of vari- The structure of the resulting compounds was con-
ous thiiranes and thietanes. It was shown that the irfirmed by IR and 1H NMR spectroscopy and the pur-
hibiting mechanism involves both termination of anity, by elemental analysis and thin-layer and -gas
oxidation chain by reaction with peroxy radicals withliquid chromatography (GLC).
oxidation of the inhibitors by cumyl hydroperoxide
(CHP) and formation of substances catalyzing hydro-

peroxide degradation into molecular products an(gso ~1 ;

; - ! ; , 720-730, and 14201435 cm-, which are typi-
readlly.reactlng with perqu radlcals.. . cal for stretching vibrations of the four-membered
In this work we synthesized 3-substituted thietanegietane ring. The band in the range 150620 cmt
and studied their antioxidant activity in cumene oxi-is assigned to stretching vibrations of the thiourea

dation. NHC(S) fragment.

1,2-Epithio-3-chloropropanel ) was prepared by |y the range 2.653.65 ppm the'H NMR spectra
reaction of epichlorohydrin with thiourea in the pres-of 3_thietanyl-substituted thiouredd andIV contain
ence of methanol [7]. Reaction ofwith ammonium 4 quintet of four protons of two equivalent methylene
thiocyanate in an aqueous solution to form 3-thietanyj.o,ns of the thietane ring with the intensity ratio of
isothiocyanate I() was studied in [8]. 3-Thietanyl- 7.4.6.4:7 The signal of the single methine
substituted thioureal andIV were prepared by ad- 0440 of the thietane ring appears as a quintet in the
dition of 3-thietanyl isothiocyanate to benzylamlnerange 4.254.75 ppm. The broad strong signal of the
and morpholine, respectively: NH protons of the thiourea skeleton is observed at

The IR spectra of 3-thietanyl-substituted thio-
reaslll andIV contain the bands in the range 670

S:\CHN=C=S + HX — <\CHNHCX, 7.05-7.65 ppm. The signals of Cé"DfOtOﬂS of the
4 4 I benzyl fragment are observed in the range-2.5
Il 1n, v S 2.9 ppm. The singlet in the range 6-64.89 ppm is
assigned to five aromatic protons.
where X = NHCH2—© ), -N  o@v). Reactions ofll -V with CHP were performed in

chlorobenzene under nitrogen at $€0in a tempera-
3-Thietanol (V) was prepared by reaction of 1,2-epiture-controlled glass reactor. The CHP content in the
thio-3-chloropropane with sodium carbonate [9]:samples taken at regular intervals was determined by

iodometric titration.
NepgCO3  _CH,

CICHZC\H/CHZ W S _CHOH. To determine the reaction stoichiometry, CHP was
< CH, taken in excess. The stoichiometric coefficients cal-
I \% culated by the equation
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3-SUBSTITUTED THIETANES AS EFFECTIVE INHIBITORS 115

_ [CHP]y, - [CHP], Voz, {n(l) ]
[InH]

(where [CHP} and [CHP], are the initial and final
CHP concentrations, respectively, [Igdk the initial
concentration of the inhibitor) show that products
formed from a single molecule of the inhibitors cause
several thousand CHP molecules to decompose.

The kinetic parameters of the catalytic decomposi-
tion of CHP in the presence d¢f-V are presented in
the table. High stoichiometric coefficients indicate Fig. 1. Kinetic curves of cumene autooxidation at =
the catalytic nature of CHP decomposition. 11C°C in the presence of the tested inhibitors with the con-

Analysis of the kinetic parameters of reaction of centration [InH] = @) 0, (2, 3 5x 107>, and @) 5x 107 M.
the tested compounds with CHP shows that their ac- (Vo,) Oxygen volume andt) time; the same for Fig. 2.
tivity in this reaction appreciably depends on the Vo, ml
nature of the substituent in a thietane molecule. 210 ¢

20 60 100 140 180 220 260 300 t, min

As in the case of the reaction with cumylperoxy
radicals, compoundV is the most active in reaction
with CHP. Therate constanK and the stoichiometic
coefficientv for this compound are higher by an order
of magnitude than those for the other compounds.

0.8

0.6
The study of cumene autooxidation at $C0n the

presence of compoundbk-V showed (Fig. 1) that all
these thietanes inhibit the oxidation. To determine 04
their antioxidant power in elementary reactions re-

sponsible for inhibition of cumene oxidation, we

studied reactions of these compounds with cumylper- 0.2
oxy radicals and CHP. All the tested compounds

(Fig. 2) inhibit initiated oxidation of cumene. The
stoichiometric coefficient of inhibition equal to the '
number of oxidation chains terminated on single in-
hibitor molecule and products of its conversion was
calculated from the induction periadby the equation

100 t, min

Fig. 2. Kinetic curves of initiated oxidation of cumene at
[AIBN] = 2 x 1072, w, = 2x 10’ M, and T = 60°C: Inhibitor
and concentration, M:1j none; @) Il, 1x10™ (3) 1l
3x10% and @) IV, 510° m.

TWi
M,
. . . . . o tano K, [RH] w;
wherert is the induction period (s)y; is the initiation K; =
rate (under the conditions studied it is equal ta 2 flinH]o

7 1.1

107" mol I%s7) [10] where K = 1.51 Imorts? [12], [RH] = 6.9 M.
The rate constant of the reaction of the tested in- A ; he Kineti f initiated oxid

hibitors with peroxy radical was calculated form . /S Seen from the kinetic curves of initiated oxida-

the rate of oxygen uptake. For this purpose the kinetilon Of cumene, the oxidation rate in the presence

curves of oxygen uptake in th§O,] vs. t coordinates Of the inhibitors after the induction period (Fig. 2,

were transformed into tha[O,] ™ vs. t™ coordinates. curves2-4) is lower than that in their absence (Fig. 2,

curve 1). This indicates that products of reaction of

From the slope of the straight line Il -V with cumylperoxy radicals are also inhibitors.
K [InH], The kinetic parameters of reaction df-V with

tang = —— ' '
K [RH] W cumylperoxy radicals are presented in the table.

As seen from the table, the stoichiometric coeffi-
the constantK; was calculated by the equation cientf and the rate constatt; for Il -V range from
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Kinetic parameters* of reaction of 3-substituted thietane®f the inhibitors with CHP, but not under the action of
with cumylperoxy radicals (6, [AIBN] = 2 x 102 M)  the initial inhibitors.
and CHP (116C)

EXPERIMENTAL
Com.- Ky x 10 K _ _
f v The IR spectra were recorded in a thin layer on a
pound | mol-t st Specord 75-IR spectrometer. THél NMR spectra
were recorded on a Varian T-60 spectrometer operat-
I 0.96 2.23 20 53800 ing at 60 MHz, with tetramethylsilane as the internal
1]l 1.86 2.4 24 68600 reference.
C/ 33_2 4 ;:85 ng Sgg ggg Thin-layer chromatography dfV was performed
on Silufol-254 plates using an ethanbéxane mixture

* AIBN is azobis(isobutyrolnitrile)f is the stoichiometric coef- (1:5) as the eluent. In all Ca.se a Sl.ngle spot was ob-
ficient of inhibition, K- is the rate constant of reaction of the S€fved after development with iodine.

inhibitors with peroxy radicalsK is the rate constant of the 1-Benzyl-3-(3rthietanyl)thiourea (|||)_ Benzyl-
reaction with CHP, andv is the catalytic factor. amine [10.7 g (0.1 mol)] was mixed with 3-thietanyl

0.24 to 34 and from 2.0 to 7.0610°4 I mol 1 s, re- isocyanate [13.1 g (0.1 mol)]. The reaction mixture

spectively. Analysis of the kinetic parameters of reacSigntly warmed up. Crystalline target product was

tion of Il -V with cumylperoxy radicals shows that the isolated after the reaction mixture was cooled to room

reactivity of these compounds strongly depends on thigmperature and diluted with benzene. The reaction

nature of the substituents at the thietane ring. Comcursé was monitored by TLC and IR spectroscopy.
pound IV, unlike the other inhibitors, repeatedgly ter- 1he yield of Il was 24 g (87%), mp 16%, Ry =
minates the oxidation chaing € 34) and exhibits very 0.86.
high reactivity with respect to cumylperoxy radicals Found, %: C 55.25, H 5.67, N 11.92, S 27.16.
(K7 = 7.05<10°% Imol™t s™8). CHN,S,.

Thus, all the tested inhibitors actively decomposé-alculated, %: C 55.42, H 5.92, N 11.75, S 26.90.
CHP in three steps (Fig. 3): the first step is very slow o _
(the induction period), the second is fast and auto- CompoundlV was prepared similarly in a 17.7 g
catalytic, and the third is the final step of CHP de-(81%) yield from morpholine [8.7 g (0.1 mol)] and
gradation. The first two steps last different times3-thietanyl isothiocyanate [13.1 (0.1 mol)]; mp 165

depending on initial concentrations of hydroxperoxidelGGoC’ R = 0.80.

and inhibitor. The induction period shortens with in- or

creasing the hydroperoxide concentration. The shapéa HFCI’\‘I”géz %. C 51.21, H 7.75, N 14.85, S 17.37.
of the curves of CHP autocatalytic decomposition in-28' '14 "2~=2:

dicates that CHP decomposes under the action &flculated, %: C 51.58, H 7.58, N 15.04, S 17.21.

products formed in the first slow step of the reaction Cumyl hydroperoxide was purified by the known

[RCOOH], M procedure [13] with subsequent distill_ation. Chloro-
03 F benzene and cumene were treated with concentrated
sulfuric acid [14] to remove impurities. The CHP con-
centration was determined by iodometric titration [15].
02k Decomposition of CHP at 12C in a chlorobenzene
solution was studied in glass bubbling reactor under
an inert atmosphere. The concentration of CHP and
01 the tested compounds was varied from 0.23 to 0.45
' and from 0.%x10% to 5x10° M, respectively.
Cumene oxidation initiated by AIBN was studied on a
> R S manometric unit [10]. The rate constant of the initia-

5 15 25 35t min tion at 60C is K = 1.0x10° s7* [11]. The initiator
Fig. 3. Kinetic curves of CHP decomposition &t= 11°C Conzcentrat'on in all experiments was constant (2
under the action o¥/. [InH] 5 x 10-> M. ([ROOH]) Concen- 10 M). The concentration of the inhibitors ranged
tration and () time. from 1x10% to 5x10° M.
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Abstract—Chemical utilization (conversion) of polychlorobiphenyls by nitration of their industrial mixture
was studied. Reduction of the nitro derivatives gave mixtures of aminopolychlorobiphenyls.

One of the main sources of environmental pollutionanalytical reagents [8], etc. The main precursors
with highly toxic compounds, polychlorodibenzodiox- of aromatic amino derivatives are aromatic nitro com-
ins (PCDDs) and polychlorodibenzofurans (PCDFs)pounds [5]. Both mono- [5, 9] and dinitro [10] deriva-
is continuing use of polychlorobiphenyls (PCBs) adives of biphenyl are known. Mononitrobiphenyls are
liquid dielectrics. The first step to stop environmentalusually prepared by indirect procedures from various
pollution with PCDDs and PCDFs was made in earlynononuclear derivatives [9], rather than by direct
1990s and implied total cessation of production ohitration of biphenyl. Treatment of biphenyl with
PCBs. nitrating mixture gives 4,4dinitrobiphenyl [10]. The

; -product is 3,5,4trinitro-4-hydroxybiphenyl (less
Today active efforts are made throughout the worl(fy pro : enyl (les
to develop processes for utilization (conversion) of @" 2%) [11]. In treatment of biphenyl with nitrating

gyxture, compounds with a greater degree of nitration

PCBs accumulated in large amounts, and state regul .2 =9 .
. . S ere not detected. Other dinitro derivatives of biphen-
tions are being adopted on determination and analys& are also prepared by indirect procedures.

of noxious impurities in air, water, and soil. Much

attention is given to development and implementation Scheme.

of various projects aimed at normalization of the Cl, Cl3
environment. A new program, Protection of the Envi-

ronment and Population from Dioxins and Dioxin- @ @

Like Toxicants in 20082005, is to be adopted in

: HNOs + H,SO4 |100°C, 8-10 h
Russia [1]. AN

(20% SO3) /
Procedures for utilization (conversion) of PCBs are

summarized in [2]. Methods based on combustion of G Cls Gz Cls

PCBs followed by trapping of off-gases seem to be @ @ @ @

economically unfeasible. Conversion of PCBs into

useful nontoxic materials would be more acceptable. NO, NO2  NO;
lla lb

Previously procedures were proposed for chemical | |
processing of PCBs by substitution of two chlorine |
atoms in the initial industrial mixtures by alkoxy b
groups in the presence of alkali metal hydroxides [3].

In this work we continue a search for alternative

SnCh + HCI [100°C, 23 h

. ) e I I
chemical methods of conversion (utilization) of PCBs. G2 " Cls
The goal of this study was development of proce- @ @
dures for preparing amino derivatives from the indus- NH, NH
: . o o 2
trial PCB mixture. Such derivatives show promise in 11
synthesis of polymeric compositions [4], dyes [5], Preparation of diaminopentachlorobiphenyls.
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PREPARATION OF AMINO DERIVATIVES FROM INDUSTRIAL MIXTURES 119

Table 1. Data on nitration of PCB-5I1}

Loaded
Reaction Yield, %
- 0 L
Run no.* PCB-5 () HNO3 H,SO, (20% SQ) T, h product
mol g ml
1 0.31 100.0 60 72 6 Il + lla + IlIb N/d**
2 0.3 98.0 60 72 9 lla + llb "
3 0.2 65.3 40 48 9 lla + llb "
- 3 3
4 0.2 65.3 60 72 12 lla + llb "
- 5 3
5 0.3 98.0 60 72 12 lIb 98
- 10 8
60 72 12
6 0.6 195.9 120 144 8 IIb 99
- 20 6
120 144 9
7 0.3 98 60 72 12 lIb 99
- 10 3
60 72 12

* In run nos. 1 and 2 the loading was performed as recommended in [12]; in run Abkh& reactants were added in portions.
** (N/d) The yield was not determined, because it was difficult to sepatte and Ilb.

Table 2. Monitoring by the Yanovskii reaction of the progress of PCB-5 nitration

Amount of unchanged PCB-5I)(
Run no. | Sampling time, h Color of acetone solution
ml g
1 2 Light brown, transparent 1.20 1.81
2 4 0.45 0.68
3 6 0.23 0.35
4 8 - -
5* 10 - -
6 12 Brown, transparent - -
T7** 14 - -
8 16 - -
9 18 - -
10 20 - -
11 22 Reddish brown, nontransparent in transmitted - -
22 24 light - -

* After sampling, an additional portion of oleum was introduced.
** After sampling, a portion of nitrating mixture was added.

A procedure was developed for nitration of a mix-(see scheme). The reaction parameters (amount of the
ture of pentachlorobiphenyls PCB-b),(which are the nitrating mixture, time, temperature) were determined
main components of industrial PCBs. The isomeriqTable 1). The progress of nitration and the extent
composition of the industrial mixture of PCBs usedof PCB-5 conversion were monitored qualitatively by
in enterprises of the Ural region was determined byhe Yanovskii reaction [68, 13] (see Experimental,
GLC; the results are reported elsewhere [3]. Table 2).

Nitration of PCB-5 () was performed by treatment  Analysis of the nitration productdb shows that
with a mixture of nitric acid and oleum (20% QP under the reaction conditions two nitro groups are
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@) conversion of the initial mixturd in the course of
nitration.

Diamino derivativedll are prepared by reduction
of nitro groups in mixturellb. The most efficient
laboratory procedure for reduction of dinitro deriva-
tives IIb is their treatment with a solution of SngCl
in HCI (see scheme). The reaction occurs within 2 h
and gives the crude product in a good yield (86%).

After additional purification, the yield of target com-
L pounds il is 68-72% (Table 3):
1 1 1 1 CIZ CI3
16 24
Tr, MIN
(N osncy + 12vc
(b)
NO, NO,
lb
Cl, Clg
_> + 6SnCl, + 4H,0.
! NH,  NH,
R . : . : I
16 24 32 .
1, min It should be noted that the temperature conditions
© of reduction of mixturellb (about 100C) exclude

formation of dioxin-like structures from the initial
substance [14]. This reduction procedure has signifi-
cant advantages over the procedures used in industry
and involving in most cases elevated temperatures and
pressures [15].

Diaminopentachlorobiphenyldl can be used as
starting compounds in production of dyes [5] and as
- components in polycondensation for preparing epoxy

12 20 I 36 resins, polyamides, polymer blends [4], etc.

T, MIN
Fig. 1. Chromatograms of 5% solutions in toluene of (a) in- EXPERIMENTAL
dustrial PCB-5 mixture, (b) mixture of dinitropentachloro-
biphenylsll, and (c) mixture of diaminopentachlorobiphen-
yls Il . (z;) Retention time.

The IR spectra were taken on a Specord 75-IR
spectrophotometer from films of toluene solutions.

introduced into the moleculees of the initial PCB-5.The product purity was checked with a Shimadzu
The presence of chlorine atoms in PCB-5 should favoPC-14A  gasliquid chromatograph (Chromatopac
deeper nitration. However, analysis of the isomeridc-RGA data processing system) equipped with a
composition ofl [3] shows that accumulation of sub- flame-ionization detector (HP-5 quartz capillary col-
stituents (chlorine atoms) in positions 2 andr2the umn, 30 m long, 0.2 mm i.dcarrier gas nitrogen).
eleven major components distorts the coplanarity ofompounds were injected as 10% solutions in hexane
the PCB-5 structure [10]. Furthermore, in six isomer®r methanol. The column temperature was kept at
of eleven both 4- and'$ositions are occupied, and 100°C for 3 min with subsequent heating to 280at

in the remaining five isomers one of these positions rate of 10 deg mift. The vaporizer temperature was
is occupied. All these factors prevent deep nitratio280°C, and the detector temperature, 300

of PCB-5 (). The procedure of the Yanovskii reaction is de-
Figure 1 shows the GLC data proving completescribed in detail elsewhere [16]. The blank experiment
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Table 3. Results of reduction of dinitropentachlorobiphenylb

Loaded
T, h IIb SnClh-2H,0 Yield of lll, %
HCI concd., ml
mol g mol g
7 0.1 41.6 0.72 162.7 146 72
5 0.2 83.2 1.44 325.5 292 68
4 0.1 41.6 0.6 135.6 122 N/d*
2 0.09 39.0 0.72 162.7 146 71
1 0.1 41.6 0.72 162.7 146 N/d

* (N/d) The yield was not determined, because the isolated product contdibe@dlong with Il .

(mixture of PCB-5, acetone, antlaOH solution) with water, NgCO;z solution, and again water until
gives a three-layer system of immiscible initial reacthe medium became weakly acidic. The solid product
tants [from bottom to top: PCB-3), colorless NaOH was collected and dried. Then the dry substance was
solution, and colorless acetone phase]. dissolved in toluene, and the SpQprecipitate was
The control sample (a mixture of dinitropentachlo-Vashed by decanting. The solvent was distilled off,
robiphenylslib, acetone, and NaOH solution) is a@nd the residue was kept in a vacuum. Y(')EId of crude
uniform liquid of intense reddish brown color, non- diaminopentachlorobiphenyll 30.6 g (86%). Prod-

: : : uct Il was distilled in a roughing-pump vacuum,
transparent in transmitted fight. bp 249-256°C/6 mm Hg. Yield of purifiedill 25.3 g

A three-necked reactor equipped with a power(719%). IR spectrumy, cni*: 3460, 3365 (NH stretch-
driven stirrer, a water-cooled reflux condenser, anghg vibrations), 1600 (NH bending vibrations).
a dropping funnel was placed on a boiling water bath
and was charged with 195.9 g (0.6 mol) of pentachlo- Found, %: C 40.57, H 1.89, Cl 49.76, N 7.74.
robiphenyll. Then the nitrating mixture (120 ml of CyH7CleN,.
concd. HNQ and 144 ml of HSO, + 20% SQ) Was  cyculated, %: C 40.43, H 1.98, Cl 49.73, N 7.86.
added dropwise with vigorous stirring. After addition
completion, the mixture was stirred for 8 h, and 20 ml
of oleum was added. The stirring was continued for CONCLUSIONS

6 h, and a new portion of the nitrating mixture, similar : -~
to the first portion, was added. The stirring was con- (1) A procedure was developed for preparing dini

tinued for an additional 9 h, after which the nitrationtro derivatives from industrial mixture of polychloro-

product was washed with hot water to pH 7. Afterb'phenyls'

drying, 247.4 g (99%) of dinitropentachlorobiphenyl (2) Reduction of dinitro derivatives of polychloro-
llb was obtained as a yellow solid, mp-77&°C. IR  biphenyls gave a mixture of diaminopolychlorobi-
spectrum,v, cmi & 1550, 1335 (antisymmetrical and phenyls in a yield of up to 72%.

symmetrical stretching vibrations of the N@roups). (3) Diaminopolychlorobiphenyls can be valuable
intermediates in production of polymers, dyes, etc.

Found, %: C 34.19, H 0.76, Cl 42.68, N 6.77.
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Abstract—The time dependences of the viscosity of melts of H complexes formed by dimethyl or diethyl
dihydrogen 3,34,4-benzophenonetetracarboxylate and-dj@dminodiphenylmethaneg-phenylenediamine, or
equimolar mixture of these diamines at 95 and °ID5wvere studied.

It is known that thermal imidization of H com- EXPERIMENTAL
plexes formed by dimethyl dihydrogen 344-ben-
zophenonetetracarboxylate and aromatic diamines is The initial H complexes were prepared as follows.
the key step in preparation of light-weight polyimide 3,3,4,4-Benzophenonetetracarboxylic dianhydride
foam composites containing felts and fabrics based of®.03 mol) was dissolved with stirring in 15 ml of
organic thermally stable fibers (including polyimide boiling methanol or ethanol (absolute or with addition
felt) as a reinforcing filler. Due to their low density 10 vol % water). The solution of dialkyl dihydrogen
along with high cryo- and thermal stability, refractori- benzophenonetetracarboxylate was cooled to room
ness, and high thermal and sound insulation propetemperature and the equimolar amount of the corre-
ties, these composites show promise for ship-buildingponding diamine (or diamines) was added dropwise
and aircraft industry [1]. with stirring. After solution homogenization the result-
In preparation of polyimide foam composites Hing solid H complexes were recovered by removing
complexes are used as prepolymers of ponimidthe solvent in a vacuum at room temperature. The
@bbreviations of the H complexes studied (depending

binders. In the process, relatively low melting point o o :
(mp) of H complexes (from 70 to 138G depending '?hne ci:lglgne and esterifying agent) are presented in

on the composition [2]) is a decisive factor. However,

thermal imidization of H complexes also starts at low Before use 3,34,4-benzophenonetetracarboxylic
temperatures (100120°C [3]). Thus, separation of dianhydride [BZP; TU (Technical Specifications)
melting and further intensive imidization of H com- TSR 215869] was purified by refluxing in acetone
plexes during prepreg preparation is of particular im{mp 225C); 4,4-diaminodiphenylmethane (DADPM)
portance. This problem can be solved by preparing the/as distilled in a vacuum {B mm Hg, mp 96-92°C);
prepreg at lower temperature (@95°C) when the andmphenylenediaminen¢PDA) was sublimed from
required H complexes occur in the molten state, buginC dust in a vacuum (mp 68).

imidization is yet very slow. The viscosity of the melts of H complexes was

To optimize the prepreg preparation the Viscosityneasured at 95 ar_1d lTIS_on a PIRSP rheometer with
of the melt of the H complex (binder) and the kinetics® coneplane working unit (1 angle at the cone apex,
of its variation should be determined. In this work40 Mm cone diameter) [4].
we studied H complexes of dimethyl or diethyl dihy- The kinetic dependences of the viscosity of the
drogen benzophenonetetracarboxylate with aromatimelts of H complexes based on dimethyl dihydrogen
diamine (diaminodiphenylmethanem-phenylenedi- benzophenonetetracarboxylates (BZPMe) prepared
amine, or their mixture) under various preparatiorunder various conditions are shown in Figs. 1a and 1b
conditions. (in absolute methanol and in the mixture of methanol
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H Complexes based on dialkyl dihydrogen benzophenonetetracarboxylates

H complexes with diamine
Esterifying agent
DADPM m-PDA DADPM + m-PDA
CHZOH BZPMe- DADPM BZPMe-m-PDA BZPMe- (DADPM + m-PDA)
CHZ0H + 10%H,0 | BZPMe- DADPM(H,0) BZPMe- m-PDA(H,0) BZPMe- (DADPM + m-PDA)(H,0)
C,H;OH BZPEt- DADPM BZPEt-m-PDA BZPEt.- (DADPM +m-PDA)
C,HgOH + 10%H,0 | BZPEt- DADPM(H,0) BZPEt-m-PDA(H,0) BZPEt- (DADPM + m-PDA)(H,0)

with 10 vol % water, respectively). As expected,The viscosity decrease is the more pronounced, the
with increasing temperature from 95 to 2@5the vis- greater the melt foaming.

cosity of melts increases more rapidly. The decrease The time dependences of the viscosity of the melts
in the viscosity, most pronounced at a5(Fig. 1a, of H complexes based on diethyl dihydrogen benzo-
curves 2, 3 Fig. 1b, curve 3), is probably due to phenonetetracarboxylate (BZPEt) prepared under vari-
foaming of the molten sample and weight loss occureus experimental conditions are shown in Figs. 1c and
ring in this case, because the foaming melt partialldd. With substitution of BZPEt for BZPMe in the
escapes from the rheometer cell (observed visuallyHd complex the life period of the melt increases,

log n [Pa s] (b)
log n [Pa s] () 6.5
6.0
5.5
5.0
/ 45
4.0
3.5
3.0 20 40
t, min 55 . . . .
' t40_ 80
, min
log n [Pa s] (c) .2
6.0 7 log 1 [Pa s] @ 3
£ & 6.0 ;
o
5.0
5.0
4.0
4.0 %
3.0 F
30 M
40 80 120 160
t, min

Fig. 1. Viscosity n of the melts of H complexes as a function of time(a): (1) BZPMe-DADPM, (2, 2) BZPMe-m-PDA,
and @, 3) BZPMe-(DADPM + mPDA); (b): (1, 1) BZPMe-DADPM(H,0), (2) BZPMe-m-PDA(H,0), and 8, 3) BZPMe-
(DADPM + m-PDA)(H,0); (c) (1, 1) BZPEtDADPM, (2, 2) BZPEtmPDA, and 8, 3) BZPEt(DADPM-m-PDA);
(d) (1, 1) BZPEtDADPM(H,0), (2, 2) BZPEtmPDA(H,0), and 8, 3) BZPEt(DADPM + m-PDA)(H,0).
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whereas the intensity of foaming significantly de- logn [Pa s]
creases. 50F

Now, we consider the effect of the diamine nature
in the H complex on the melt viscosity. As seen from
Figs. 1ald, H complexes based on DADPM possess
the greatest viscosity (curvds 1). It should be noted 4.0
that the temperature of 96 is insufficient to melt the
BZPMe-DADPM H complex prepared in absolute i
methanol (curvel' in Fig. 1la is absent). As a rule, H
complexes based om-PDA exhibit the lowest vis- 30
cosity (Figs. 1ald, curve?, 2). The melts of H com- .
plexes based on the mixture of diamines (cur8e8) 1.5 S
exhibit the intermediate viscosities. log v [s

: Fig. 2. Viscosity n of the melt of H complex based on
Next, we analyze the effect of water present in the BZPEt+(DADPM + m-PDA) as a function of the shear rate

solvent used for esterification of BZP dianhydride and ; 40 min after the start of the experiment (fog 1.8,
preparation of H complex on the melt viscosity. At T = 95°C); n = logn/logy = 0.8.

95°C the life period of the melts of H complexes pre-

pared in aqueous alcohol (Figs. 1b, 1d, cur¢e§) BZPEt(DADPM-m-PDA) (Fig. 2). This dependence
is greater as compared with H complexes prepared i@an be approximated by the following expression:
absolute solvents (Figs. la, 1b, curvEs3). How-

ever, at 105C the relation is reverse: the life period of n~ 7"

the melts of H complexes prepared in absolute al-

cohols (Figs. 1a, 1c, curvds3) is greater than that of ~ For high-molecular-weight flexible-chain polymers

the complexes prepared in aqueous solvents (Figs. 1B varies within 0.50.7 [5, 6]. In the case of structural
1d, curves1-3). ordering of the melt, e.g., typical for liquid-crystalline

olymers, application of the shear stress breaks the

Let us analyze how the structure of the H comple%elt structure and, as a resuitjncreases. In our case
and the temperature of the experiment affect the rae - 5 g (Fig. 2), which suggests formation of the

of the increase in the melt viscosity at the final stagénesomorphic rather than the liquid-crystalline struc-
of the process, which is usually regarded as cross-linkyre in the melts of H complexes.

ing and polymerization [5]. In our case it involves _ _
thermal imidization of H complexes. In all the cases Our data allow some conclusions on the selection
the rate of the increase in the viscosity of the melt of the chemical composition of the binder for poly-
the H complex based on BZPEt is significantly lower/Mide foam composites and conditions for preparing
as compared with the H complex based on BzPméN€ corresponding precursors.

The rate constant of the increase of the melt viscosity

1 1 .I
05 0.5
1

of the H complex based on BZRERAADPM at 105C CONCLUSIONS
is two times lower as compared with the H com-
plex based on BZPM&ADPM (2.7x 102 and 5.2« (1) Taking into account high viscosity of H com-

103 s1, respectively). For H complexes based on thelexes based on 4;diaminodiphenylmethane, the
mixture of the diamines this difference is still greateruse of binders based on the mixture of two diamines
(2.0x 103 and 9.0x 10° s, respectively). Actually, (4,4-diaminodiphenylmethane andm-phenylenedi-
the rate constant of imidization of the H complexesamine) is the most promising.

based on BZPEt is several times lower as compared 5\ praeparation of binders in aqueous alcohols is
with the H complexes based on BZPMe [3]. ad\(/is)able.p d

As for water present in the solvent during prepara-
tion of H complexes, it decelerates or accelerates thg

growth of the melt viscosity for H complexes based ; ;
. prepare precursors is very slow, higher temperatures
on BZPMe and BZPEt, respectively. are recommended as compared with curing of H com-
The dependence of the melt viscosity on the plexes based on dimethyl dihydrogen benzophenone-
shear rater was studied for the H complex based ontetracarboxylate.

(3) Since curing of H complexes based on diethyl
hydrogen benzophenonetetracarboxylate &C9t
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Abstract—The kinetics of thermal polymerization of ammonium saltd\gN-dimethylaminoethyl methacry-

late and mineral acids (HCI, HNQ H,SO,, and HPO,) were studied by dynamic differential scanning
calorimetry. The apparent rate constants, reaction orders, and thermal effect of polymerization of the salts
were determined.

Water-soluble cationic polyelectrolytes based on Previously [11], when studying thermal transforma-
aminoalkyl esters of (meth)acrylic acids and theirtions of AS DMs by DTA and TG in air, for all the
derivatives, tertiary and quaternary salts, attract corstudied salts we observed the endothermic peaks with
siderable interest, which is due, on the one hand, tmaxima at 56120°C and exothermic peaks with
the possibility of widely varying their chemical nature maxima at 105210°C without weight loss, caused by
and physicochemical characteristics and, on the othenelting of the crystalline phase of AS DMs and their
hand, to their wide use in various branches of nationgdolymerization, respectively. For sdlf polymeriza-
economy, industry, technology, and medicineqJL tion and degradation proceed simultaneously.

The most used procedure of their production is the The use of DSC, furnishing rich information on
liquid-phase polymerization in the presence of variou®ehavior of polymer systems under nonisothermal
initiators [1-4]. Of special interest are studies of conditions, allows study of chemical and physical
solid-phase polymerization of ammonium salts usingransformations in a wide temperature range, estima-
thermal methods, in particular, differential scanningion of qualitative and quantitative characteristics of
calorimetry (DSC) and differential thermal analysisthese transformations, and calculation of the kinetic
(DTA), allowing monitoring of the reaction kinetics, parameters of the process-§i.
q;;alitative trans_f(_)rmations of reactants, and the effect |, Fig. 1 are presented the DSC curves for salts
of various conditions on the reaction pathways$ |_/ These curves reveal clearly pronounced endo-

In this work we studied solid-phase polymerizationthermic and exothermic effects caused by melting and
of ammonium salts ofN,N-dimethylaminoethylmeth-

acrylate (AS DM) and mineral acids by DSC in air.
AS DMs were synthesized by the reaction of equi-
molar amounts of DM and mineral acid in an organic o M
solvent according to the scheme [10] §
=]
CH,=C(CH,)C(O)OCH,CH,N(CHy), + H*A- |
~5 [CH,=C(CHy)C(O)OCH,CH,N(CHg) ,H'IA ™, v !
where A is CI” (I), NO3 (II), HSQ, (1), and 20 60 100 140 180
H,PO4 (IV). T,°C

. . . Fig. 1. DSC curves for ammonium saltslV . (dH/dt) Rate
The synthesized ammonium salts are white crystal- o heat evolution, andT) temperature °C); the same for

line products, readily soluble in water and polar Fig. 2. Numbers at curves are numbers of compounds in
solvents. Table 1.
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Table 1. Temperature ranges of melting and polymeriza{Table 2). The relatively low enthalpies of polymeri-

tion of AS DMs from DSC data zation of AS DMs (independent of the nature of the
anion) are probably due to the effect of bulky sub-
Temperature,”C stituent on the reactivity of the double bond in com-

_ — parison with methacrylic acid.

Salt melting polymerization To evaluate the apparent kinetic parameters of
t t t t thermal polymerization of AS DMs, we used the
it fin it fin methods of mathematical treatment of data-96

| 102 130 193 203 12-14).

I 42 65 71 180 The apparent reaction orders, obtained by the

i a7 67 86 147 FreemanCarroll method [12], are in a good agree-

v & 83 92 123 ment with those evaluated by the Kissenger method

[13] (deviation does not exceed 3%) (Table 2). Hence,

o . considering the experimental errors, we can assume
polymerization of these salts, respectively. The tem- g b

with sufficient accuracy that the reaction is second-
ggga;éurf ranges of these processes are presentedolrréler regardless of the salt nature.

Analysis of the DSC curves for salts-IV (Fig. 2) T_he _apparent total _actlvatlon energy, of pOI%/;‘-_
registered at various heating rates (2.5, 5.0, an erlzatl_on of salts varies from 23.0_ to 83.0 kJ ntol
10.0 deg mint) allowed unambiguous conclusion that9€Pending on the nature of the anion (Table 2). For

the observed thermal effects correspond to polymerfomparison, in Table 2 are gresented the \1alue|§a?f
zation; additional (concurrent) reactions were nofo' thermal polymerization of AS DMs, evaluated for

found. For sali. as mentioned above. the quantitativethe reactions performed under traditional isothermal
estimation of the polymerization parameters was ndtonditions [15]. As seen from data listed in Table 2,

carried out owing to parallel polymerization and!€ values ofE, obtained under isothermal and dy-
degradation processes namic conditions are in a good agreement (deviation
o 6%), which suggests a possibility of using dynamic

‘The heat of polymerization for salts-IV, deter- psC for studying thermal polymerization of salts.
mined by comparison of the peak areas of the sample

and reference [6, 8], varies from 43 to 48 kJ Aol The comparative analysis of the kinetic parameters

of thermal polymerization of AS DMs (Table 2)
showed that these salts are fairly reactive; their poly-
merization proceeds at a high rate increasing in the
order IV < Ill < II.

@)

dH/dr

EXPERIMENTAL

AS DMs were synthesized by the procedure de-
20 60 100 140 180 scribed in [10].

T,°C The DSC curves were recorded on a PerEimer

(© DSC-2 scanning calorimeter with a heating rate of
1.5, 2.5, 5.0, 10.0, and 20.0 deg minthe weighed
portion was varied from 0.5000.001 to 1.50&
0.001 mg. Indium was used as a reference. Sealed
small platinum crucibles were used. When studying
thermal polymerization of saltd —IVV by the dynamic

I\NA \3 DSC, we followed the main principles of thermal
D analysis [#9].
60 100 140 100 140

dH/dv

T, °C T, °C To evaluate the kinetic and thermodynamic param-
Fig. 2. DSC curves for polymerization of salts (a), eters of the process, we assumed tha®[{1) the heat
(b) 1, and (c) IV. Heating rate (deg mif): (1) 2.5, Q,, determined at a given time interval from the DSC
(2) 5.0, and 8) 10.0. curve, is in direct proportion to the degree of poly-
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Table 2. Apparent kinetic parameters of polymerization of AS DMs from DSC data

Salt
Parameter
I i v

Enthalpy -AH, kJ mol? 48.28+0.96 44.01+0.88 43.03£0.86
Entropy -AS J mot! K-1 117.18+2.34 109.48+2.19 113.84+2.28
Activation energyE,, kJ mof?, by method:

1 22.87 49.89 83.14

2 23.11 48.23 81.84

3 19.79 41.16 77.47

4 23.04 48.62 82.54

5 [15] 22.1 34.3 77.3
Reaction ordern, by method:

1 1.87 2.02 1.98

2 1.86 1.91 1.88
Reaction rate constark, mof? min?,
by method:

1 4.67 1.94 1.13

2 4.73 1.98 1.09

3 4.05 1.81 0.93

4 4.71 1.92 1.10

Note: Method: (1) Freemaarroll, (2) Piloyan, (3) Kissenger, (4) BorcharBaniels, and (5) isothermal.

merizationa throughout the process duration and (2)
the total heat of polymerizatio@,, corresponding to

the total area of the DSC peak, exactly corresponds to], Askarov, M.A., Mukhitdinova, N.A., and Naza-
the process as a whole from the initial to final stage;

a =1 - (QQp)-

These assumptions are true for chemical reactions
with clearly pronounced initial and final stage, which 2.

is observed for saltdl -1V .

The apparent kinetic parameters (reaction order,
activation energy, and reaction rate constant) of pon-3-
merization of AS DMs were determined by the Free-
man-Carroll [12], Kissenger [13], and Borchardt 4.

Daniels [14] methods.

CONCLUSIONS

(1) Thermal polymerization of ammonium salts of 6.
N,N-dimethylaminoethyl methacrylate was qualitative-
ly and quantitatively studied by the dynamic differen- 7.

tial scanning calorimetry.

(2) The calculated main kinetic and thermody-
namic characteristics of polymerization of these am-8.
monium salts (enthalpy, entropy, apparent activation
energy, order and rate constant of polymerization)
suggest that the process parameters depend on the
nature of anion; the reactivity varies in the order

i > 1 > 1v.

9.
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Abstract—The IR MATIR spectra in the 1538680 cn1! range were studied for epox®PP resins My =
1650-3400) in coatings on germanium substrate obtained from oligomer solutions in methylene chloride and
Cellosolve with the concentration = 10-50%. The concentration dependences of the relative viscosity

of narrow-MWD fractions of epoxy oligomersviy, = 1500-5300) in chloroform and Cellosolve solutions

were studied. The structure of the network of cross-linked polymers based on d@gxy 2100-3400) and
phenolformaldehyde My = 860) resins was studied by the electron-microscopic silver chloride decoration
method. Based on the cluster lattice model, the optimal molecular weight and the concentration regimes were
determined for epoxy oligomers in the lacquer composition for can protection.

Kurmakovaet al. [1] found that the chemical sta- orientation and polarizability anisotropy parameters of
bility of cross-linked polymer coatings obtained fromthe macromolecules on the solid surface [7, 10].
solutions of epoxy-4,4sopropylidenediphenol (DPP)
and phenoiformaldehyde resins [2] depends on they,
molecular weightM, functionality, and the density of
cross-linking of epoxy oligomers {5]. It is believed
[1] that the differences in the chemical stability of
cured epoxyphenol coatings on metal substrates [2]
formed from narrow-MWD fractions of epoxPPP 40 a'(v) spectra of epoxy oligomersvy = 450
resins with close average molecular weigMsand 3400) in chloroform solution takes a minimal value in
close amounts of epoxy and hydroxy groups [1] argne vyicinity of a certain critical valuec*, and the

due to nonlinear structure of the oligomers Withmayimal concentration excess of the molecules on
My = 2000-5300 [4]. The fractions of epoxy resins yhe surface is observed at < c* [7].

containing branched macromolecules are more prone i uti ‘ i th a fini
to aggregation in Cellosolve solution than linear mac- Diluté solutions of epoxy oligomers with a finite

romolecules [1], and the corresponding coatings ex?Umber of Kuhn segmenty = 1-3 contain rod-like
hibit low chemical resistance to organic acids. macromolecules which are self-associated at moderate

concentrations in chloroform and Cellosolve solutions
It is known [6] that the orientation ordering in the [4, 12]. The change in the slope of the concentration
boundary layers of epoxy oligomers on the surface ofiependences of the relative viscosity of the narrow-
optical crystals can be studied by IR MATIR spectrostMWD fractions of epoxy resin E-05 in Cellosolve
copy [7]. This approach implies the use of Fres&nel solution is due to the difference in the hydrodynamic
and KramersKronig formulas and takes into accountbehavior of linear and branched macromolecules [1].
the intermolecular interaction potential [6, 9]. ThisAccording to the Rayleigh scattering data [11, 12],
yields correct absorptiom(v) and refractiom(v) spec- DER-663 epoxy resinN = 2) in chloroform solution
tra, as well as complex polarizability'(v) spectra of in the vicinity of the critical concentratioo* exhibits
oligomers in their intrinsic absorption region and thea decrease in the light scattering intensity relative to

As shown previously [10, 11], the orientation of
e macromolecules on the surface of optical crystals
of germanium and KRS-5 depends on the molecular
weight M and concentration of polymers in solution.

In particular, the orientation parameterof the macro-
molecules on the KRS-5 surface as calculated from
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Table 1. Characteristics* of the samples of epoxy resins DER-664, DER-668, and E-05 and narrow-MWD fractions of
oligomers in chloroform (CF), methylene chloride (MC), and Cellosolve (EC) solutions, 298 K

3 1
Sam- Epoxy [, cmg M, My M,,/My
ple no. | oligomer Mrel EN, % +0.05 o
’ CF MC EC -

1 DER-664 - 10.5 11.0 9.9 4.4-4.9 2100 1650 1.9 1.598
2 DER-668 84.7 175 175 13.4 1.0-2.0 3380 3400 2.7 1.623
3 E-05 61.6 - 15.0 12.3 1.0 2890 2500 2.5 -
4 E-05** 41.1 - 135 11.0 1.2 2590 2100 2.6 -
5 Fraction 1 - - - 15.9 0.9 - 4630 1.4 -
6 Fraction 2 - - - 11.0 0.8 - 5300 1.4 -

* Relative error of determining the intrinsic viscosity][is +5, relative viscosityn, of 42% solutions of oligomers in Cellosolve
3, and epoxy number (EN}0.2%. TheM,, parameters are calculated for solutions in chloroform, Bgdand M,,/My are
determined by gel-permeation chromatography.

** Low-molecular-weight sample of E-05 resin.

the ¢ < c* region corresponding to formation of dis- at a high rate, which decreses their protecting effici-
crete aggregates of macromolecules [7]. ency [4, 5]. It should be noted that loosely cross-

The cluster model [13] distinguishes two stages ofinked networks based on epoxy oligomers with low
aggregation of macromolecules in solutions. In dilutgnolecular weight are permeable [17], and the corre-
solutions, the probabilitp of formation of aggregates SPonding coatings also have low protecting efficiency.
is determined by pair collisions of the molecules, andl he optimal protecting efficiency of epoxghenol
the degree of aggregation of macromolecules tends fgsin-based coatings on metal substrates is achleyed at
slowly increase with increasing concentraticnat the molecular weightM of the epoxy oligomers in
[nlc < 1, where fi] is the intrinsic viscosity. Indefi- the region of My = 2100-5000 [1, 4].

nite growth ofs at [n]c > 1 is due to aggregation of | this work, we studied the IR MATIR spectra in
macromolecules by the clustetuster mechanism the 15351680 cm! range for epoxy resinsMy =
[13]. The concentration of the aggregatgs- c/s[14]  1g50 andMy = 3400) in coatings on germanium
is maximal at the probability 0.31 § < 0.69, where  gpstrates obtained from solutions of oligomers in
0.69 is the threshold value qf; for simple cubic methylene chioride and Cellosolve. Based on the spec-
lattice and Euclidean dimensionaliy= 3 [13]. With 5 of absorptione(v) and reflectionn(v) indices, the
growing molecular weighM of the macromolecules, concentration dependences were calculated for the
p approaches the threshold valpg and in the case grentation and polarizability anisotropy parameters
of the flexible-chain macromolecules in a thermo-, gligomers on the surface. The viscosity data ob-
dynamically good solvent the fractal dimension of theained were used for determining the optimal concen-
globules in the entangled state B = 5/3 [15].  {ration regimes of oligomers in solutions in terms of
A transition from discrete clusters to infinite clusterthe cluster model. The structure of the surface of the
on the surface of polymer films and coatings involvescross-linked epoxyphenol resins for epoxy oligomers
a change in the fractal dimensidh appearing in the with My = 2100-3400 was investigated by the elec-
expression describing the density of the cluster crosgron-microscopic silver chloride decoration method.

linking sites as a function of the radiu of the cir- The aim of the work is to study the aggregation of

cumference _incorporating the cluster of macromoles,,cromolecules in solutions and the orientation order-
cules [16]. The density of the points of the physicaliyg of the macromolecules on the coating surface, as
QVell as the structural parameters of the network of

; . cross-linked epoxyphenal resins, as influenced by the
totically approaches a power funcitonRe ¢, where  gjecylar weight and concentration of epoxy oligo-
¢ is the correlation radius [13], the fractal dimensionyers 1t should be noted that these factors govern the
D of the clusters of macromolecules being approXiphysicochemical principles of designing oligomeric
mately equal to 5/3 aR < C. compositions, as well as the choice of the optimal

Densely cross-linked coatings based on epoxyconcentration regimes of oligomers in lacquer com-
phenol resins experience internal stresses and degrguiesitions intended for can protection [2].

presented as a function of the cluster radriasymp-
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CLUSTER MODEL OF AGGREGATION

EXPERIMENTAL

We studied samples of DER-664 and DER-668
(Dow Corporation) and E-05 (Pigment Research and
Production Association, Joint-Stock Company) epoxy
resins, as well as narrow-MWD fractions of the E-05
resin whose characteristics are presented in Table 1.
The latter fractions were prepared by precipitating
with water from 10% solutions in acetone followed by
distilling off the solvent. The concentration depen-
dences of the relative viscosity,, Of oligomeric
samples in chloroform and Cellosolve solutions were
obtained on an Ubbelohde capillary viscometer at
298 K in the concentration range = 3-55 wt %
(shear rate 1107%, flow time of chloroform 86 s).
The intrinsic viscosity fi] was determined by the
conventional procedure [18], and the molecular weight
of the samples, by liquid chromatography [19].

The IR MATIR spectra of the oligomers in coat-
ings on the germainum surface undeandp polariza-
tion of the incident light were recorded on a Specord
IR-75 double-beam spectrophotometer and a Perkin
Elmer 1720 X single-beam Fourier spectrometer using
three- and four-mirror MATIR accessories and
MATIR elements made of single-crystalline germani-
um (N = 2x 14, 6 = 45°) [6]. The spectra were re-
corded in the 15351680 cn1* range with a resolution
of 1 cni (Fig. 1). In the single-beam procedure, the
IR MATIR spectra of the oligomers on the substrate
surface were recorded in the signal accumulation
mode (10-100 scans) by subtracting from the IR spec-
trum of the sample the absorption of the MATIR ele-
ment (germanium) in the reflection coefficieRt (%)
vs. wave numbew (cn) coordinates with the rela-
tive error of <0.05%. The RPI-4 replica served as
polarizer [6].

The absorptionz(v) and refractionn(v) indices
were calculated by computer processing, according to,

OF EPOXYDPP OLIGOMERS 133

R, %
70

30

1530 1580 1630 v, cnmt

Fig. 1. IR MATIR spectra of epoxyDPP resin in the 1530
1650 cntl range in () p- and @) s-polarized incident light.
Coating on germanium substratd € 2 x 14,6 = 45°) from
solution of sample no. 2 in Cellosolve,= 31%, 50 scans.

(R) Reflection coefficient andv) wave number.

p
1.0

@)

0.5

&g

3.5

2.0
3
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v, crrrl

0.5
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1 ~-1
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v, crrrl
Fig. 2. Spectra of (a) 1-3) absorption indicese(v) and
(b) refraction indicesn(v) in (4) p- and &) s-polarized
incident light in the 15561650 cntt range and decom-
position of thev(C=C) doublet into individual bands at
(1) 1583 and 2) 1608 cnrt [(3) aggregate curve)]. Coating
on germanium from solution of sample no. 3 in Cellosolve,
c = 31%, N = 28. (vy Wave number.

1650

[8] were estimated as follows: 1535 Gl n; =

5336 anch; = 1.5366, and 1665 cm, n, = 1.5338

Fresnel's and Kramer&ronig procedures [8, 9], of and n,= 1.5368. The parametet at the reference
the IR MATIR spectra of epoxy oligomers in coatingspoints was calculated from the IR absorption spectra

in the 15351680 cm?

region corresponding to of oligomers in chloroform solutions using the values

v(C=C) vibrations of the double bonds in the aromatiof the absorption coefficierd = 4nva [6]. The corre-

fragments of the macrochain [7] (Fig. 2).

The 4-6-mm-thick coatings on germanium su
strate were obtained from solutions of sample nes. 1
4 in methylene chloride and Cellosolve @t 5-50%
and dried in air at 373 K. The refraction indeg) at
the reference points [8] was determined by extrapolan
tion of the ny values (16980 cit) to the 1535  th
1665 cn1t range [20]. The corresponding values forth

components, 1583 and 1608 thn
due to the stretching vibrations of C=C double bonds

sponding values for sample nos. 1 and 2 were es-
b.timated ate;(1535 cm*) = &,(1665 cm') = 4 x 10°.

The ®(v) spectra were decomposed into individual
of the doublet

the aromatic fragments of the oligomer chain in

e 15351665 cn* range, and the intensitg and
e integral intensityA(z) of the band at 1608 cm

sample nos. 1 and 2 (Table 1) at the reference pointgere calculated similarly to [7] (Fig. 2). The band
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Table 2. Intensity 2 of the band at 1608 cm, anisotropy of the reflection indem — Ny, polarizability o' — oy, and
orientation parameter, ¢, =, and S of macromolecules as calculated from th¢v) andn(v) spectra of oligomers in
coatings on germanium substrates obtained from solutions of the samples in methylene chloride and Cellosolve

: D ) S
Sample 0 & +£5%, (o's— o) x 1072 p,s .
no. | &% | N=28 | 7™ | 40005, 10,03 91 deg
T T
Solvent methylene chloride
1 32* 0.87 0.29 0.87 0.59 -0.15 0.19 47
40** 0.90 0.07 0.20 0.89 -0.04 0.04 53
45 0.95 0.15 0.43 0.65 -0.11 0.15 49
2 18.7* 1.10 0.49 1.44 0.38 -0.26 0.35 41
28** 1.21 0.05 0.13 0.90 -0.04 0.04 53
31.7 1.21 0.59 1.74 0.34 -0.20 0.39 40
Solvent Cellosolve
2 28** 0.91 0.06 0.17 0.90 -0.03 0.04 53
31 0.86 -0.12 -0.33 1.32 0.12 -0.09 58
3 31 1.71 0.69 2.03 0.34 -0.34 0.39 40
4 31 1.72 0.65 1.91 0.35 -0.33 0.38 40

* Local maximum of orientation of the macromolecules on the surface.
** Local minimum of orientation of the macromolecules.

shape was approximated by superposing the Lorentatios D, ¢ of the band at 1608 i in the &(v) and
and Gauss functions, the former with the contributiore'(v) spectra under assumption that= 0° [7].

of 0.8. The parametet was determined accurately to The orientation order was characterized by the

within less than 7%. polarizability anisotropyoy; — oy, and the parameter
The polarizability spectra'(v) were calculated by S = 1/2(3(coSe) 1), whereg Is the angle between

the expression [8] the transition momen¥! (1608 cm‘l) and the X axis
of the XYZ larobatory coordinate system [9]. The
g = 3[(”3(3) — 1)/(® + 2)/4nN,, (1) effective depth of penetration of the light into oligo-

meric coatings on germanium substrate was calculated
wheren = (2n, + ng/3, a = (20, + ag)/3, andNp is by the expressioly = In(RyR)/4nva [6] as~1 um.

the Avogadro number [9]. Coatings with a thickness of-4% um on electro-

The dichroic ratiosDIO, &) = Ap/AS (whereAp and lytically tin-plated sheet metal were prepared as pre-
A are the integral intensities of the band at 1608tm scribed for the EP-547 lacquer formulation [2] and
for s- andp- polarized incident light, respectively) and formed from solution of epoxy and FPF-I( = 860)
Dp,s(@) = a'pla’s were calculated from the(v) and ~ phenoHormaldehyde resins in Cellosolve at the
o'(v) spectra, respectively (Table 2). epoxy resin concentration in the solutiorr 31 wt %
and the mass ratio of the components of 4:1. The
coatings were cured at 473 K for 10 min and cooled in
air at a rate of 20 deg miih. The preparations were
produced by AgCI sputtering onto the external surface
of the coatings in the 1.38 10> Pa vacuum to effec-
tive thickness of 0.4 nm and dissolved in hot chloro-
form. The carbon replicas were prepared by the stan-
dard procedure [16]. The AgCl molecules are accepted
by hydroxy groups of epoxy and phenfdrmal-

The second-order orientation parameter was
determined by the expression

T = (@Dps — (L - 32siFP)(AD,s + 2).  (2)

Here, the factorg takes into account the light wave
field effects and is approximately equal to thg/ng
ratio [9], andp is the angle between the direction of

- . _1

tﬂe ?'p‘)'e mom?nthof trlansmoM (1?08 Icm7) and  gehyde resins which are the AgCl nucleation centers

the long axis of the oligomer molecule [7]. [21]. The photomicrographs of the coatings were ob-
The parameteZ was calculated from the dichroic tained with an EVM 100 L electron microscope; the

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



CLUSTER MODEL OF AGGREGATION OF EPOXYDPP OLIGOMERS 135

(a) (b) (c)
e i ] ol |
[ p-
l. Fe . SRR -
[V IR o &
- e "
e N :,
?;. .:.h 1: . o W
.-_:*. '.."". g,
"o ‘f..' .L."!- i - of -
L v . :
)
..l '- I

Fig. 3. Photomicrographs of the surface of cross-linked eppkgnol coatings on tin-plated sheet metal. Ep@XyP resin
samples (a) no. 2 and (b, ¢) no. 4. Magnification: (a, #0000 and (c)x15000.

magnification in the computer processing of the dechloride solution (Fig. 4). For sample no. 2, the pa-
corograms was 100000 (Fig. 3). rameterS takes a minimal value at the critical concen-

Using the decorograms of the coating surfac ration c* of 28+1%. In this case, the long axis of
(Table 1, sample nos-2), we determined the density h\e(:ZT%croToleculesd_ma}[kes V‘{'th theey planef OI) th?
p of the decorating AgCl particles corresponding to /£ aboratory coordinate system an angief abou
macromolecular clusters [22]. We used the model oP¥ Which corresponds to complete disordering of the

percolation along the bound circumferences centered
at particles [16]. With increasing radiy®), the cir-
cumferences overlap and get bound into clusters to
form a percolation cluster. The lattice densjtywas 0.81
calculated by the expressiopy = p((R))/p', where

p((R)) is the particle distribution densityp' is the “
density of the points of a two-dimensional lattice S 0.6
equivalent in the spatial distribution pattern of the par-

ticles and in the coordination nhumbar correspond-

ing to the area enclosed by the first maximum of the
function Ztp(R)g((R)), g((R)) is the radial distribution

function [23]. Form = 3, the relatiorp' = 0.774? [23] I I I
holds, wherer is the most probable distance between 20 30 40 ¢, %
the particles. The density of the cross-linking sites of (b) o 25 3
the network of the cross-linked epexghenol resin z (o= ) x 107, enm
was calculated by the expression [21]

z

04

0.8

R
pPAR) = [1 + Zﬂpf9(<R>)<R>d<R>]/Tt<R>2- ©)
0

04
In the &(v) spectra of epoxyDPP resins (Table 1,

sample nos. 1 and 2) in coatings on germanium sub-
strate, the intensity of the band at 1608 “Cnfor

s polarization of the incident light exceeds that for
p polarization [11]. Therefore, the dichroic ratiay, ¢

is under unity (Fig. -2’ Table 2). The data obtained (4) polarizability anisotropyo; — o, of macromolecules
suggest that the orientation parameté?rﬁs and X as functions of the concentrsati(mgf the epoxy resin in
of the oligomer molecules on the surface depend on methylene chloride solution. Coatings on germanium,
the concentratiore of the oligomers in the methylene  samples no. (a) 1 and (b) 2.

20 30 40 c, %
Fig. 4. (1) Orientation parametersﬁ)p,s, 2, 3 %, and
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Table 3. Concentration regimes and parameters of the aggregates of oligomer molecules in solutions of chloroform
(sample nos. 1, 2) and Cellosolve (sample nos. 5, 6) as estimated by capillary viscometry, 298 K

S D _ p
Sirgp'e ¢, % | [cz0.1 | ¢, gdrt P ‘+((1) 611/3)
: +0.05 +0. E=3 E=2
1 8.9 1.4 6.3 213 1.54 0.53 0.49 0.80
17.9 28 5.3 5.03 1.54 0.80 0.21 0.62
25+ 4.0 4.0 9.44 20 0.89 0.12 0.51
28.4 45 3.9 10.7 2.0 0.91 0.11 -
33.3 5.2 3.7 13.7 2.0 0.93 0.10 _
2 9 2.4 3.6 3.67 1.54 0.73 0.29 0.68
16.5 43 2.3 11.1 1.54 0.91 0.10 0.49
25,4+ 6.7 1.0 37.0 1.74 0.97 0.034 0.486
30.3 8.0 0.9 51.3 1.74 0.98 0.027 0.455
5 15 2.4 8.5 1.77 1.42 0.43 0.53 0.80
25 4.0 o5+ | 263 1.42 0.62 0.34 0.67
30* 3.8 8.7 3.43 1.65 0.71 0.25 0.60
42 6.7 5.7 7.35 1.65 0.86 0.18 0.61
6 17 2.1 11.1 1.53 1.22 0.35 0.54 0.76
25 3.0 11.5% | 218 1.22 0.54 0.32 0.61
30* 3.6 9.4 3.19 1.44 0.69 0.18 0.48
40 48 7.2 5.57 1.44 0.82 0.16 0.51
42 5.1 6.6 6.36 1.44 0.84 0.13 0.49

* Concentrationc* corresponding to the fracté&q—fractalD, transition.
** Maximal concentration of the aggregates,

molecules on the surface [6]. In tlie< ¢* andc > c*  the macromolecules in coatings on germanium ob-
regions, the increase in the orientation parametertsined from oligomer solutions in methylene chloride
of oligomer molecules on the substrate surface is due observed at = 40%, which significantly exceeds
to a decrease in the anglg For example, at = the critical concentration for sample no. 2 (Fig. 4b,
18.7 andc = 31.7% the anglep is about 40, and the Table 2). Growth of the parametefsand og — a, at
polarizability anisotropyag — o, of the oligomer ¢ > c* andc < c* is due to a decrease in the angle
molecules on the surface increases relative to the corelative to the value of B4corresponding ta@ = c*.

. ; .

centration regime at:.— c* (Table 2). _ _ In coatings obtained from Cellosolve solution of
For sample no. 1, virtually complete disordering ofsample no. 2, the dependence of the anisotropy of the

refraction indexAn = ng — n, on the concentration is

06 nonmonotonic. The dichroisnD, 5 of the band at
1608 cnit is close to unity, andAn = 0, which is
04 F due to disordering of the molecules on the surface at
Cc = 28+1% (Fig. 5, Table 2). The inversion of the
° sign for An is observed at < ¢* (An > 0) andc > c*
5021 (An < 0). The analogous inversion of the dichroism
Dp,s and the sign ofAn was revealed for coatings
0|—1 ! ! b obtained for sample nos-2 atc = 31%. With grow-
20 40/c, % ing molecular weight of the samples, the orientation
of the oligomers on the surface becomes less ordered,
02 and, consequentiyAn > 0 (sample nos. 3 and 4) and

. _ An < 0 (sample no. 2).
Fig. 5. An = ng — n,y parameter as a function of the concen- .
tration c of the oligomer in Cellosolve solution. Coating on As known [9], the Kerr constant describes the

germanium, sample no. 2. anisotropy of the polarizability of molecules in the
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visible range of the spectrum. In solution of benzyl I Nrel
alcohol (or aniline) in CGJ the Kerr constant exhibits 6
inversion of the sign [9]: positive values correspond
to dilute solutions, and negative, to formation of ag-
gregates of molecules in concentrated solutions. 4
Therefore, virtually complete disordering of the mac-
romolecules on the surface corresponds to minimal
values of parameteiSandog — % (An) at the critical
concentrationc* of oligomers in solution, and the
growth of the parameters at< c* andc > c* is due

to the change in the degree of aggregation of macro- :
molecules in solutions (Tables 2, 3). With growing 10 30 50 ¢, g drl
molecular weight of oligomers, the orientation and '
optical anisotropy of macromolecules on the surface

- e - 1.0
decrease at the concentration of epoxy resin in Cello-
solve solution of 31%, which corresponds to the value
prescribed for the composition based on epoxy and 1
phenolformaldehyde resins [2].

As known [13], the density of the cross-linking 06 Y
sites of fractal aggregate tends to decrease with in- =
creasing degree of aggregatianor hydrodynamic ]
volume(V) of the aggregate of macromolecules by the
law valid for E= 3 0.2

p = VsiV) = sP-E)D (4) ! !
10 30 50 ¢, gdr?t
WhereV iS the hydrOdynam": VOIume Of the macro- F|g 6. (]_, 2) Relative nrel and a_', 2‘) current intrinsic
molecule. [n]; viscosities as functions of the concentratienof

oligomers in chloroform solution. Samplé,(1) no. 1 and
(2, 2) no. 2, 298 K.

IN el 4 |

In the case of fractaB,—fractalD, transitions, the
density p depends on the fractal dimensi@n of the
aggregates [24]. In the first approximation, the relative
viscosity 1, in solution is described by the expres-
sion [14]

INne = Mlcgs® PP = m].c (5)

where |]. is the current value of the intrinsic vis- 2
cosity whose absolute analog is, as known [18], the
parameter o — 1)/c.

As VS(V) = [n]/[n]; [18], expressions (4) and (5)
can easily be combined into the relation for the den-
sity p of the aggregates

20 40 ¢, %
p(s) = [m/[nlcs = gD-3)D, (6) Fig. 7. Relative viscosityn,e as a function of the concen-
tration c of the oligomer in Cellosolve solution. Sampl® (

where s = [n].c/lnn,e [14]. no. 5 and 2 no. 6.

Expression (6) suggests that the slope of &  variation of fy], with ¢ (Fig. 6). For low-molecular-
plot on the logarithmic scale is equal t® ¢ 3)ID,  weight sample no. 1, the parametei ] attains satura-
and p(s) at s > 1 asymptotically approaches a powerijqn "4t ¢ > 35 g drl. For narrow-MWD fractions of
funct_lon [13, 15], which for polystyrene in bromoform epoxy resin E-05 (Tables 1, 3)n], varies with the
solution at pjc > 3 corresponds td ~ 5/3. oligomer concentration in Cellosolve solution by a

For sample nos. 1 and 2 the dependences of thower law. The shape of the curvegs) calculated
relative viscosityn, on the concentratioo of oligo-  from the n(c) dependences for solutions of oligo-
mers in chloroform solution differ in the nature of mers in chloroform and Cellosolve (Figs. 6, 7) is in
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2 4 ] ] ]
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Fig. 9. (a) Concentration of the aggregates of macro-
Fig. 8. Density of aggregates as a function of the degree molecules in Cellosolve solution as a function of the flow
of aggregations of the oligomer molecules in solutions probability p and (b) lattice densitys/{V) as a function
of (a) chloroform and (b) Cellosolve in logarithmic coor- of the parameterAp = |p — p.|. Sample {) no. 5 and
dinates. Samplelf no. 1, @) no. 2, @) no. 5, and 4) no. 6. (2) no. 6.

agreement with expression (6), these curves in thierm. The concentration of the aggregai@svaries
logarithmic coordinates consisting of two linear secnonmonotonically with increasing flow probability
tions (Fig. 8). p=1-1/s[14] (Fig. 9). It is maximal in the region of

. 0.31 <p < 0.69 and sharply decreasesmt> 0.69.

| Itlwas four:jc_i thtat thfe slopde OJA%S) curvels in the 1 The appearance of thi(p) curves suggests a transi-
np-ns coordinates for wide- Sample NOS. Linn to a continuous fluctuation network of engage-
and 2 in chloroform solution changes at the critical,aqts in solutions of oligomers in the vicinity of
concentratiorc* corresponding to the flow probabilty [14], as the lattice densitp = S(V) of aggregates in
p>0.69 (Fig. 8a). At > c*, the aggregates of macro- the yicinity of the flow thresholdp, = 0.69 E = 3)

molecules forming in the case of sample no. 1 arg.;isfies the expressign~ (p — 0.69F, wherea = 0.4
more compact than for sample no. 2, the degree (:[&3, 24].

aggregations increasin ith increasing molecular .
ggregat ! ng with "9 . The densityp of the aggregates of macromolecules
weight M (Table 3). g . .
. . decreases with increasing molecular weight of the ag-
In solutions of narrow-MWD fractions of the E-05 gregatesMg = Ms and the flow probabilityp (Table 3,
resin (Table 3, sample nos. 5, 6) in Cellosolve, fractalfig. 10). As follows from thedependence of the den-
D;-fractalD, transitions occur at* ~ 30% and the sity of aggregates of macromolecule®n the param-
flow probability p. = 0.69. The resulting aggregateseter Ap = p — 0.69 obtained for nine fractions of the
are looser than aggregates of the oligomer in chloro=-05 resin iy = 1500-5300, M,,,/My = 1.4) in Cel-
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Table 4. Cluster structure parameters for cross-linked eppkgnol polymers in coatings on sheet metal as estimated
by electron microscopy

D1(R< D,(R> R
Sample Y £ om 1(R<9) 2(R>0) - p (R) Cp
no. +0.01 +0.05 E=3 E=2 nm
2 0.88 33 1.66 1.89 3 0.62 0.79 36 24
3 0.69 28 1.57 1.89 >3 0.70 0.77 26 18
4% 0.63 18 1.15 1.87 <3 0.74 0.53 19 11
4 1.35 126 1.89 2.00 4 - _ 363*+ | 116

Note: The densityp of the aggregates of macromolecules was calculatedEfer3 andE = 2 using the viscosity data for sample
nos. 24 in Cellosolve solution at = 30%. Thel, parameter was calculated from the average hydrodynamic radius of the
aggregatesR) = O.512(V>/q>)1/3, where © is the Flory constant [13, 18].

* For the first section of the network of smalgCl particles.
** For the second section of the network corresponding to densely packed clusters of macromolecules.
*** Maximal radius of aggregates of macromolecules [13].

losolve solutions at = 30%, for the threshold value found a marked decrease in the lattice dengjty),
Pc = 0.69 the densityp is equal to 0.62 andMy = correlation radius, and fractal dimensiord,; com-
3500+200, which corresponds to the hexagonapared to sample no. 2.

(m = 3) planar lattice [25]. Thus, the most uniform |, sample no. 4 the network containing units of

network = 3, E = 2) of the cross-linked epoxy g4y and pheneformaldehyde resins breaks into
phenol polymer can be expected for epoxy oligomer

with My = 3400 (Table 4).

We found that the most uniform network of the 03
decorating AgCl nanoparticles representing the chemi-
cal network of cross-linked epoxphenol polymer is
characteristic of the oligomer sample no. 2 (Fig. 3a). g
The distribution pattern for small AgCI particles cor-
responds to the network of cross-linked epoxy oligo-
mer, and larger AgCl particles correspond to ag- -0.5
gregates of the high-modulus component (FPF-1 resin)
uniformly distributed over the epoxy polymer matrix. . .
The most probable distanaebetween the points of g 9 10 InM;
the small-scale network composed of regular hexa-
hedrons ifn = 3, E = 2) [23] is equal to 15 nm, and p
that for large-scale network, 150 nm. 08 F (b)

The correlation radiug and the fractal dimension N
D of the clusters of macromolecules was determined
by the expression for the lattice density [13]

p((R) ~ (RP-2 ©)

where(R) = ( at the flow thresholgD, = 0.5 E = 2)
[15, 21, 25]. 061 s

The uniform network of macromolecules of the L L L
cross-linked polymer corresponds B, = 1.66 and -0.1 0.0 0.1
D, = 1.89 calculated from the slope of thg({R)) P=Pe
depepdenc_e in th.e quarithmic coordinates (Fig._ 11). Fig. 10. Density of aggregates of macromoleculgsin
The inflection point in thep,((R)) curve plotted in Cellosolve solution as a function of (a) molecular weight of
these coordinates COI‘I’eSpondSCt(El& 22] equal to aggregatesMg and (b) parametenp = p — pe. ¢ = 30%,
33 nm (Table 4, sample no. 2). For sample no. 3 we fractions of the E-05 resinMy = 1500-5300.

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



140 KRASOVSKII et al.

“lattice animals type [24]. For such clusters the cor-
2r (@) relation radius is by an order of magnitude greater
than{ corresponding to the first fragment of the net-
work with a low density of AgCI particles (Fig. 11).

In accordance with the cluster approach [13], the
density p of the aggregates as calculated from the
viscosity data for narrow-MWD fractions of oligomers
for three-dimensional§ = 3) and two-dimensional
(E = 2) space increases with decreasing molecular
weight M of the oligomers relative to the valudy =
3400, as the concentration regime of the macromole-
cules in solution varies from = c* to c < c* (Table 3,
Fig. 10). For wide-MWD sample nos-2, the den-

In (R) [nm] sity p of aggregates on the surfade £ 2) substantial-
(b) ly decreases with decreasingl of the oligomers
owing to a decrease in the fractal dimens@pof the
04r aggregates (Table 4). This causes optical anisotropy to

increase (Table 2), the network of the cross-linked
epoxy-phenoal resin to break down into discrete clus-

-
£ i ters, and the chemical resistance of the coatings to
deteriorate.

X
03k S 3 CONCLUSIONS
2' '3 (1) The orientation ordering in oligomer coatings
In (R [nm] on germanium substrate can be determined by IR

MATIR spectroscopy. The ordering depends on the
Fig. 11. Lattice densitypy of the decorating particles as  molecular weight and concentration of the oligomers
a function of the radiugR), nm, of the circumference in- iy gplutions. Complete disordering of the macromole-
corporating the cluster, as plotted in the logarithmic coordi- ¢ 1a5 o0 the surface is observed at the critical concen-
nates. Samplelj no. 2 and 2) no. 4; @) “lattice animal’ - " . _ .
fragment of sample no. 4. Radius dimension, nm: (a) with tration ¢ O_f epoxy oligomer W_IN = 3400) in Ce”(_)'
coefficient 2 and (b) with coefficient 15. solve solution of 2&1%. The increases of the orien-

tation and polarizability anisotropy parameters of
discrete clusters (Figs. 3b, 3c). In this case the demacromolecules on the surface are due to formation of

corogram of the polymer surface consists of sectiondiscrete aggregates in solution at< c*.

lean o = 0.63) and rich g = 1.35) in small AgCl (2) Based on the cluster lattice model, expressions

particles representing_ various_ fragnjen_ts of the Nelyere obtained for the densitys) of the aggregates of
work of the epoxy resin. The discontinuity boundarie§y, ;. omolecules suitable for calculating, from the
are the sites of localization of large AgCI particles at- '

; : : viscosity data, the critical concentration$ of oligo-
tributed to FPF-1 resin, which suggests phase SePalgiars in solutions. For narrow-MWD fractions of the

tion of the components [16,_ 17]. '_Fhe average dlstancg_o5 resin ¥y = 1500-5300) in Cellosolve solution
r between large AgCl particles is equal to 200 NMyq Gensityp(s) of aggregates of the macromolecules
and that between small particles, to 1n. decreases with increasing molecular weight of epoxy
The valuesp, = 0.63, D; = 1.15, andm > 3 oligomers and the flow probabilitp. For the thresh-
(Table 4, sample no. 4) obtained for the first fragmenbld probability p. = 0.69 andc* = 30%, the value
of the network of small AgCI nanoparticles (Fig. 3b) My = 3500+200 was obtained which is an optimal
support the conclusion concerning low local densityone. With decreasing molecular weight the average
of clusters of macromolecules. For the second fragdensity of aggregates(s) in solution and on the sur-
ment of the decorogram characterized by high locédhce tends to increase. The valpe= 0.62 for My =
density of distribution of small AgCl nanoparticles 3500 andc = 30% corresponds to a hexagonal planar
(Fig. 3c) the valuep; = 1.36,D = 1.89, andm = 4 lattice or the most uniform network of macromole-
suggest formation of closely packed clusters of theules on the surface.
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(3) According to electron-microscopic data, epoxyll.

oligomer withMy = 3400 is characterized by the most
uniform network of cross-linked epoxphenol poly-
mer on the coating surface. A decrease in the molecu-

lar weight of epoxy resin from 3400 to 2100 causes|2,

breaking down of the continuous network of the cross-
linked epoxy-phenol polymer into fragments with low
and high local densities of discrete clusters of macro;3
molecules, as well as a sharp decrease in the chemiﬂ
stability of lacquer protecting coatings on sheet metal.
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Abstract—The fruit body composition of the cultivated wood rotting fultjianerochaete sanguind®-65,
Ganoderma applanaturd—-94, and Ganoderma applanaturd0-90 and their sorption characteristics with
respect to Cr(lll) and Methylene Blue are studied.

The existing processes for cellulose bleaching with EXPERIMENTAL

chlorine-containing reagents are necessarily accom-

panied by contamination of both the environment and Three fungal strain®h. sanguined 6-65, G. ap-
the target product (bleached cellulose) with toxicplanatum 4-94, and G. applanatum40-90 were
chlorinated organic compounds (dioxins). In this congrown by surface cultivation in 500-ml Erlenmeyer
nection searching for environmentally safe processd&sks at 26C in a culture medium (175 ml) devel-
for cellulose bleaching using biological agents is @Ped by Gavrilova [3]. Its composition was as follows
pressing problem. As known, it is possible to removdd | ): glucose 10.0, pentone 2.5,,KPQ, 0.4,

lignin from cellulose and thus increase its whitenes&950; 0.5, ZnSQ 0.001, NaCl 0.3, FeSp0.005,
m.and CaC} 0.05. The culture medium was sterilized

by direct treatment with white-rot fungus mycelium, ; : I q led
pure hemicellulase (cleavage of ligno-carbohydrat&® oret use n tan autoO(I: ave ulnt edr prtissure, Ipolod'e kto
bonds) and ligninase preparations (lignin degradationj00M t€MPErature, and inoculated with mycetial disks
and also with an enzymatic system from a mycelialo:> n|1_m) n Petrltﬂlshest_o_? a ?ure_dcutl_ture agar. As the
. ror ¥-= “mycelium grew, the activity of oxidative enzymes in
Silurj;?j}nThfeuLatiteﬁaf,?ﬁe Irg\?vugsﬁuf;lltl\ilcat;%?iv?: I'ggf'_n the culture medium was monitored. After reaching the
fici?ant ce?lulosg bleachgi’n rocesseg baced oz. ihe LRE2K activity the cultural liquors from different flasks,
gp which a given fungus was cultivated, were com-

of lignin-degrading enzymes from various strains Olyineq filtered through a capron filter, and tested as
wood-rotting fungi is under development at the St g|ul0se bleaching agents.

Petersburg Academy of Forestry Engineering [1, 2].

Wastes from such processes represent fungal fruit 1n€ residual fungal fruit bodies were analyzed by
Euccesswe extraction with hot water for 8 h, alcehol

bodies containing chitin, cellulose, melanin, and othe .
components which can be used in various branches gEnzene (1 : 2) mixture at bp for 8 h, and 6% NaOH at
P °C for 12 h. The residual insoluble chitiglucan

industry and inmedicine. complex (CGC) was then hydrolyzed in concentrated
The goal of this work is to study the chemicalHC| at 70°C for 7 h. The nonhydrolyzed fraction was
composition of the cultivated wood-rotting fungi additionally treated with a mixture of hydrogen perox-
Phanerochaete sanguinea6-65, Ganoderma ap- ide and ammonia (1 : 10), and hydrolyzed again under
planatum4-94, andGanoderma applanaturt0-90 the same conditions. The resulting hydrolyzates were
and to evaluate the sorption capacity of the fungatombined and analyzed for glucose and glucosamine

material and prospects for its utilization. spectrophotometrically using color reactions of glu-
cose with anthrone and of glucosamine with salicylal-
T Deceased. dehyde. The results are given in Tables 1 and 2.
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Table 1. Fraction composition of fungiPh. sanguineal6-65, G. applanatum4-94, and G. applanatum40-90

. 0 L
Suain Moisture, Fraction, %, soluble in indicated solvent Insoluble
0, i 0,
% hot water alcoholbenzene mixture| 6% NaOH residue, %
Ph. sanguinea 16-65 87.9 18.1 15.4 49.8 16.7
G. applanatum 4-94 91.0 19.0 12.9 55.9 12.2
G. applanatum 40-90 89.4 9.4 9.5 61.1 20.0

Note: Fraction composition is expressed in per cents from dry sample weight.

Infrared spectra were registered on a Specord 80/8&cteristic of chitin of various origins. The spectra are
instrument (Carl Zeiss, Jena) using KBr techniquenearly identical with those obtained for CGC from

Sorption experiments were conducted as followsmYCelium of the fungusAspergillus niger

To a weighed portion of the sorbent (0.1 g recalcu- The elemental analysis data (Table 2) of the fungi
lated to dry sample) we added 20 ml of a buffer soluafter removal of the three soluble fractions demonstrate
tion and 10 ml of 0.01 M CrGl After a lapse of time the presence of nitrogen, which is indicative of chitin.

the sorbent was filtered off, and the residual Cr(lll)
was determined in the filtrate by chelatometric titra-
tion [4]. Sorption of Methylene Blue was performed

Data on the composition of the insoluble fraction,
obtained after it was totally hydrolyzed, confirmed the

conclusion that this residue is represented by chitin
as follows. To a 0.3-g sample 20 ml of 0.5% Methyl- )
ene Blue and 80 ml of distilled water were addedglucan complex. The hydrolyzed forms were demon

: . trated to be glucose, formed in cleavage of the glucan
After a lapse of time the sorbent was filtered off, andiomponent of CGC, and glucosamine formed in hy-

the filtrate was analyzed spectrophotometrically forOI . e
. . ) rolysis of the chitin component tdl-acetylglucos-
Methylene Blue. The sorption capacity fisherichia mi%e with simultaneous ICéleacetylation. )I/:?om these

coli was estimated from the amount of adsorbe : i :
Methylene Blue (0.016 Og of adsorbed Methylene Blue}rit:f: Vtvﬁed?l}ﬁgg;nﬁﬂighgoz?gpﬁggg o:I)CGC isolated

corresponds to 176 10° bacteria). N
Table 3 shows that the chitin content in CGC is

Table 1 shows that the highest moisture is observeg. .~ : : : : i~
for the fungusG. applanatund-94 and the least, for eﬁilgh in fruit bodies of all the strains studied, especial

Ph. sanguineal6-65, both growing on hardwood. Table 2. Elemental composition of insoluble residue of

Under natural conditions (in air, but not in aqueousngi ph. sanguineal6-65, G. applanatum4—94, and
medium as in this work) fruit bodied of these fungi. ‘applanatum40-90

are characterized by considerably lower moisture. The

water-soluble fraction consisting of mineral salts and Composition, %
soluble hemicelluloses varies from strain to strain. Strain
The least content is found i®. applanatum40-90 C H N ash

growing on softwood. The same strain contains the :
least amount of fats and resins representing the fra&h- sanguinealé-65| 415 | 6.5 | 2.2 | 0.7
tion soluble in the alcohebenzene mixture. Hot C- @pplanatum4-94 428 | 7.0 | 2.2 | 0
aqueous NaOH dissolves proteins and melanin (parE: PPlanaum40-90 ) 420 | 6.6 | 16 | 09
ly). The percentage of this fraction is the highest

(50-60%). The CGC content ranges from 12 to 20%gape 3. Composition of CGC isolated fromh. sanguinea

fungus Aspergillus niger(50%), but comparable with

that in the yeasBaccharomycetes cerevisd®%) [5]. Content, %

It was demonstrated by the IR spectra that the in- Strain it |
soluble residue is represented by chitifucan com- chitin glucan
plex. The spectra show the adsorption bands at 12Q%, sanguinea16-65 59.0 41.0
and 1376 cm' (CH and Ch groups) typical of cellu- G applanatum 4-94 740 26.0
lose and other glucans [6] and also at 1652, 1555, ard@. applanatum40-90 64.0 36.0
1310 cn1t (amide I, Il, and Ill, respectively) [7] char-
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Table 4. Sorption characteristics of fungth. sanguined6-65, G. applanatum4-94, andG. applanatun40-90 after
treatment with hot water

Sorbed Cr(lll), mg, at indicated pH and sorption time
1.68 4.60 6.86 SEC,
Strain mg-equiv g1,
t, min at pH 6.86
1440 1440 10 60 1440
Ph. sanguinea 16-65 1.42 0.95 1.73 1.67 1.66 0.62
G. applanatum 4-94 1.23 0.90 1.69 1.90 1.87 0.41
G. applanatum 40-90 1.08 0.98 1.73 1.69 1.69 1.11

ly in G. applanatumd-94 for which it is comparable tum 40-90 contain up to 20% chitirglucan complex,

with that in the wood rotting fungu§omes fomen- the relative content of chitin and glucan in CGC being

tarius (71%) [5]. However, in contrast to the fungi dependent on the strain.

St!,ldIEd, CQC fromF. fomentar_lusaddltlonally con- (2) The fungal strains studied show high sorption

tains 10% intracellular melanin. capacity for Cr(lll), Methylene Blue, an&sherichia
Such a high chitin content in CGC of the fungi coli.

studied and also the fact that their fruit bodies contain

proteins suggest that these strains can be efficient ion

exchangers for heavy metal ions. We studied the sorp-

tion properties of the fungi after treatment with hot ; L

water with an example of Cr(lll). Sorption was per- O:N- Malysheva for help in cultivating the wood-

formed over the pH range from 1.68 to 6.86. For all°tting fungi.

the fungi studied the maximal sorption in 24 h was

observed at pH 6.86. The major fraction of Cr(lll) was REFERENCES

demonstrated to be sorbed in the first 10 min. The  pashukhina, G.A., Soloviev, V.A., and Malyshe-

highest static exchange capacity (SEC) was shown by va, O.N., Abstracts of Papersth Int. Conf. on Bio-

the strain G. applanatum40-90 containing 61.1% technology in the Pulp and Paper Industryienna
proteins (Table 1) capable of fixing heavy metal ions. (Austria), 1115 June, 1995, p. 120.

Comparative analysis shows that CGC from the2. Soloviev, V.A., Pashukhina, G.A., Malysheva, O.N.,
fungus Aspergillus nigerdemonstrates better sorption et al, Proc. 7th Int. Conf. on Biotechnology in the Pulp
characteristics in strongly acidic solutions (depending and Paper Industry Vancouver, BC (Canada), 16
on the composition, SEC for Cr(lll) at pH 1.68 is 19 June, 1998, p. B25B259.
1.81-2.01 mg-equiv gl [8]). The strains studies in 3. Yakovleva, N.S., Gavrilova, V.P., Solov’ev, V./et al,
this work show better sorption from neutral solutions, Mikol. Fitopatolog, 1993, vol. 27, no. 6, pp. 481.
and, although SEC obtained for these strains is lowe#. Hibil, R., Komplexony v chemické analysPrague:
it should be taken into account that it refers not to Ceskoslov. Akad. Ved, 1957.

CGC, but to fruit bodies only treated to remove thes. Nud'ga, L.A., Petrova, V.A., Ganicheva, S.kt al,
water-soluble fraction. Materialy Pyatoi Konferentsii‘Novye perspektivy v is-

Finally, the fungal strains studied demonstrate high sledovanii khitina i khitozana (Proc. 5th Conf.“New

exchange capacity for Methylene Blue: recalculated to Smﬁ’gdslégg&ﬁymgéqgn and ChitoSarMoscow:
the sorbed amount dEsherichia coliit was found to ’ o '

ACKNOWLEDGMENTS

The authors are grateful to V.A. Solov’ev and

be 176x 1%, 118x 1(P, and 317x 10° for Ph. san-
guineal6-65, G. applanatumi-94, andG. applana-
tum 40-90, respectively.

CONCLUSIONS

(1) Fruit bodies of the cultivated fundgPh. san-
guineal6-65, G. applanatumt-94, andG. applana-

6. Zhbankov, R.G.|nfrakrasnaya spektroskopiya tsellyu-

lozy i ee proizvodnykKinfrared Spectroscopy of Cellu-
lose and Its Derivatives), Minsk: Nauka i Tekhnika,
1964.

. Panson, T.G., Marchessault, K.N., and Liang, C.G.,

J. Polym. Sci vol. 43, no. 141, pp. 16106.

. Nud’'ga, L.A., Ganicheva, S.I., Petrova, V.Aet al,

Zh. Prikl. Khim, 1997, vol. 70, no. 2, pp. 24246.

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



Russian Journal of Applied Chemistry/ol. 74, No. 1,2001, pp. 145148. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 138142.
Original Russian Text Copyrigh® 2001 by Nud'ga, Petrova, Ben'kovich, Petropavlovskii.
MACROMOLECULAR CHEMISTRY
AND POLYMERIC MATERIALS

Comparative Study of Reactivity of Cellulose, Chitosan,
and Chitin—Glucan Complex in Sulfoethylation

L. A. Nud'ga, V. A. Petrova, A.D. Ben’kovich, and G. A. Petropavlovskii*
Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg, Russia

Received July 20, 2000

Abstract—Sulfoethylation of the chitinglucan complex, isolated from mycelium of the mold fund\sper-

gillus niger, by substitution with sodiunmB-chloroethylsulfonate or addition of sodium vinylsulfonate is
examined. A comparative study is made of the reactivity of the chitircan complex, chitosan, and cellulose

in the both reactions. The sorption characteristics of the sulfoethylated products with respect to Cu(ll) and
Cr(lll) are determined.

It is known that introduction of sulfo groups in sultones). For alkylation of cellulose all the three
cellulose and some other polysaccharides makes thetypes of reagents were used; selection of a reagent was
water-soluble. Solutions of the resulting sulfo deriva-governed by the length of the alkyl residue. Thus, for
tives are stable in polymineral media, which is im-synthesis of sulfomethyl and sulfoethyl cellulose
portant in view of their use in metallurgy and oil pro- ethers haloalkylsulfonates were used [7]. Sulfoethyl
duction. Also sulfo derivatives can be used as catiogellulose was also obtained by addition of sodium
exchangers and blood anticoagulants. Thus, chitin wadnylsulfonate [8] (this reaction is also known as sul-

sulfonated to synthesize a full analog of heparin [1]fovinylation, despite the fact the product is a saturated

The sulfoethyl group imparts the same properties téglr:ze?l}/ll[oitgg r)v'vé?ethaﬁsgaiese(g ?é%her homologs al-

polysaccharides as the sulfo group, but additionally _ _
makes the resulting ether more resistant to hydrolysis Study of cellulose sulfoethylation by reaction of
in acid and alkaline solutions, since it is bound to thdhe first type showed that the yield increases when the
skeleton chain of the polysaccharide by an ether bond@gaction is performed in a diluent [7]. Additionally,
It was reported also that sulfoalkyl derivatives ofthis reduces the degradation of the macromolecules
polysaccharides can exhibit biological, particularly2nd improves the uniformity of the substituent distri-
anti-AlD activity [2]. bution along the polysaccharide chain. Also the use of
_ L a diluent improves the product solubility and the qual-

It is known [3-5] that sulfoethyl derivatives of jty of its solutions. It was demonstrated that the best
cellulose and chitosan can be obtained, having 3yited diluents are branched alcohols or their mixtures
degree of substitution (DS) sufficiently high to makeyith xylene. The optimal temperature of the reaction
them water-soluble. At the same time, despite the fags 8(°C from the viewpoint of competition of hydroly-
that chitin-glucan complexes (CGCs) show promisesijs of sodiump-chloroethylsulfonate -NaCES) and
as a source of chitin (utilization of various biochemi-substitution of the cellulose hydroxyls. The degree
cal work wastes), there is only limited information onof substitution attained in this reaction was no more
preparation of sulfoethyl derivatives of CGC [6]. Thethat 0.8, whereas in reaction of the second type [with
fact that chitin-glucan complexes contain both chitin sodium vinylsulfonate (NaVS)] products were ob-
and glucan fragments makes it possible to compan@ined with SD of about 2.0.
met&GSCarrﬁ:C:ggéixgh that of cellulose and chitin- ) i \work for cGc sulfoethylation we used sub-

_ o ~ stitution with B-NaCES and addition of NaVs.

Depending on an alkylating agent, sulfoalkylation 4,0 .2ce of substitution the reaction is written as

can proceed either as substitution (with haloalkylsul-

fonates) or addition (with vinylsulfonate or alkane R(OH) + CIR;SO;Na + NaOH —» R-OR;SO;Na

T Deceased. + NaCl + H,0.
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Table 1. Results on substitution sulfoethylation of chitglucan complex in isopropanolT(= 80°C; N,; CGC:
B-NaCES : NaOH = 1:3:6)

Run no.* 7, h DD Sulfur content, % DS S % [n]**
1 1 - 0.63 0.04 4.8 -
2 2 - 0.87 0.05 7.0 -
3 3 - 1.27 0.08 32.7 -
4 3 - 1.66 0.11 32.0 -
5 1 0 6.20 0.50 66.0 1.2
6 2 0.05 8.00 0.64 80.0 3.0
7 3 0.15 8.90 0.75 97.0 1.7
8 3 - 7.40 0.52 99.5 3.8
9 15 0.87 5.32 0.35 72.5 -

* (4) Reagent was added in portions at 30-min intervals;:7f5initial CGC was included with isopropanol; and (8, 9)
B-NaCES : NaOH = 1:1: 3, thetarting materials were, respectivelypod cellulose and chitosan from crab shells, the reagent
was added in portions at 30-min intervals.

** Determined in 2% NaOH (for the soluble fraction).

Addition by the Michael reaction is written as 1.88x 10°. In the work we used TsA wood cellulose

(M, = 1.1x 10°). B-NaCES was recrystallized from
5°C ethanol.

CICH,CH,SO;Na + NaOH——— CH,=CHSO;Na
Sodium vinylsulfonate was preparad frgiyNaCES
+ NaCl + H,0, by reaction with 28% NaOH at5°C for 1 h. In sul-
fovinylation we used both crude vinylsulfonate con-
R(OH) + CH,=CHSONa —> ROCH,CH,SO;Na. taining NaCl and the product recrystallized from iso-
propanol ortert-butanol.

Finally, addition of alkane sultones is written as Sulfoethylation was carried out in isopropanol at

80°C under nitrogen with stirring. A calculated por-
ROH + g}/RZ > R-OR,SONa. tion of B-NaCES was introduced either as one portion
SO, just at the beginning of the reaction or in equal por-

tions at 0.5-h intervals.

In these reactions R = Cell, Chit, CGC3 R CHy, The product was filtered off, washed to remove
CoHy and R = CgHg, CyHg, CsHygp NaCl and residual alkali with 80% methanol, dehy-
The sulfoethylated derivatives of CGC were examdrated with acetone, and, finally, dried at°@0in
ined as sorbents for Cu(ll) and Cr(lll), and theira vacuum drier. All the products were analyzed for

sorption characteristics were compared with those ofulfur by Schoeniger. The solubility in wate$)(was
chitosan and CGC. determined by conductometric titration. The intrinsic
viscosity was determined in 0.5 M NaOH.

EXPERIMENTAL The sorption capacity of the products was deter-
mined in static experiments [10]. Sorption was per-
In experiments we used CGC isolated from myceliformed from 0.01 M copper acetate or C§CThe ex-
um of the mold fungudspergillius niger The chitin  periment time was 24 h. pH was adjusted by adding
and glucan contents in the product were 81.6 andn appropriate buffer solution.

15.6%, respectively. In the reactions we used as-iSO- 1ha Kineti ; :
. . e kinetics of sulfoethylation witlt-NaCES w
lated CGC with a moisture content of 72.5%, or pre-, y ip-NaCES was

- : : ; studied as influenced by the alkylating agent concen-
liminary inclusion was performed with the same al-yation  procedure of its introduction, and CGC pre-
cohol as was then taken as a diluent. j i

treatment procedure. The results are summarized in
Chitosan was prepared from crab shells by alkalindable 1. As should be expected, with increasing reac-

deacetylation. The degree of deacetylation (DD) ofion time (all other conditions being equal) the sulfur

the product was 0.88 and the molecular madg,= content in sulfoethylated CGC (SECGK) and, there-
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fore, DS increase (see run nos3}, though remaining Table 2. Addition sulfoethylation of chitinglucan com-
at a low level. Introduction of3-NaCES in several plex (T = 80°C; N,; CGC:NaVS:NaOH = 1:6:3)
portions somewhat increases DS (run no. 4) as a resuit
of decreasing consumption of the reagent in hydroly-Run| 0 | T |Sulfurcon-i o | oo
sis. However, significant increase in DS was observed©-* h | ftent, %
only when preliminary inclusion with isopropanol
was used, providing replacement of water without
deterioration of the highly developed inner surface
of CGC. In experiment nos.- DS is above 0.50,
and the products become substantially water-soluble.
Alkaline conditions initiate partial deacetylation of
the chitin fraction of CGC. Although DD increases "

with time in this case, it remains small (0:03.15). Isopropanol
Therefore, the reaction products cannot be regarded asg |tert-Butanol
polyampholytes, in contrast to CGC carboxymethyla- 10 ||sopropanol
tion products in which DD reached 0.20.37 at DS 11 |tert-Butanol
of 0.16-0.81 [11].

The results obtained show that sulfoethylation’ (i;% 'p;“;ﬂglnN‘g’{t/hS '\fv(;zrslﬁ?gg tf)recmGo?/eWNaZé?Cl(l;?\le;vglth
proceed_s to a gre_ater degree_ Wlth Ce.IIUIose’ n this Wag pErified to remove NaCl by treatment Witdar,t-butanol;
case ne'th_er inclusion nor por_UonWlse introduction of (8, 9) cellulose was a starting material; and (10, 11) chitosan
B-NaCES is needed. With chitosan DS 0.35 was ob- yas a starting material.
tained without inclusion, but with portionwise intro-
duction of B-NaCES. It should be pointed out thatof addition sulfoethylation the reaction proceeds to a
with cellulose and chitosan higher solubility in watergreater degree, providing higher DS and totally water-
is attained at lower DS as compared to CGC. Similagoluble products. Furthermore, in the addition NaOH
result was obtained previously in carboxymethylatioracts only as a promoter; the consumption of this re-
of CGC [11]. Evidently, in sulfoethylation also the agent is lower, eliminating deacetylation of the chitin
substituent is nonuniformly distributed throughout thefraction of CGC.
amorphous and ordered regions of the CGC supra-
molecular structure.

1.02 0.06 54
1.42 0.09 14.2
2.13 0.14 21.5
9.07 0.85 | 100
9.67 0.95 | 100
2.70 0.18 32.3
3.27 0.22 35.0
11.30 1.05 | 100
12.08 1.21 | 100
8.77 0.76 | 100
10.19 0.98 | 100

Isopropanol
"

tert-Butanol

O~NO OIS WN B

WWWWWWWwwwN -

Finally, despite the fact that one more stage (prep-
aration of NaVS fromB-NaCES) is needed, addition

Addition sulfoethylation with NaVS was studied assulfoethylation is more preferable, as providing

influenced by the reaction medium and time and alsaniform highly substituted water-soluble products.

by the quality of the alkylating agent and pretreatmenSodium vinyl sulfonate can be prepared from crude

of the starting material (Table 2). The results show3-NaCES (the presence of NaCl only slightly influ-

thattert-butanol is the most suited diluent for the reac-ences DS in the product). It should be pointed out also

tion. This is true for all the starting materials studied:that if preliminarily included CGC is used, the reac-

CGC, chitosan, and cellulose. Evidently, the reasofivity of CGC, chitosan, and cellulose in theac-

is that the accessibility of reaction centers of polysaction with NaVs is leveled.

charides increases in diluents with bulky molecules. DS

The figure demonstrates the kinetic curves of sul- 1.5F
fovinylation with cellulose, chitosan, and CGC, ob-

tained under identical conditions without inclusion. 3
The degree of substitution increases with time. The 1.0
effect increases in the order CGC < chitosan < cellu- 2

lose. Such a difference in the reaction rate for poly- 05
saccharides having the same reaction centers can be
attributed to different supramolecular structure.

Purification of NaVS to remove NaCl somewhat 1 2 31, h
!ncrea‘_ses DS, but to 6_1 lesser _eXt_ent than prellm_lnary Kinetic curves of sulfovinylation of{) CGC, @) crab shell
inclusion of CGC, as in substitution sulfoethylation.  chitosan, and3) wood cellulose in isopropanol at 8 and
Therefore, of primary importance in these reactions is polysaccharide : NaVSNaOH = 1:6: 3. (DS) Degree of
a highly developed inner surface 6GC. In thecase substitution and ) time.

/‘1
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Table 3. Static exchange capacity of CGC and its derivadius niger, by substitution with sodiunf-chloroethyl-

tives

SEC, mg-equiv df,
Sample | DD DS pH* for indicated ions
cr* cuwt

CGC 0 0 1.68 1.81 -

CANGC [ 031 | O 1.68 1.90 -

CANGC [ 070 | O 1.68 2.44 -
SECGC | O 0.18 | 1.68 - 7.60
6.80 - 11.90
SECGC | O 0.74 | 1.68 1.30 10.80
6.80 6.70 11.60

CAN 015 | 0 6.80 2.20 -
CAN 080 | O 6.80 - 4.50

The sorption experiments were carried out with the
iniital CGC, SECGC with DS of 0.18 and 0.7gar-
tially deacetylated CGC (CANGC), and crab chitosan. 1
The static exchange capacity (SEC) at various pHs is
given in Table 3. The general trends are as follows.
(1) All the sorbents studied better sorb Cu(ll) than
Cr(lll). (2) The metals are better sorbed from neutral
solutions than from acid solutions. (3) The greater ™
the amount of adsorption centers in sorbents (amino
groups in CAN and CANGC, sulfoethyl groups in
SECGC), the higher SEC, regardless of the sorption®-
mechanism on these groups. In the case of SECGC
the ion-exchange sorption dominates, and the contri6.
bution of complexation with aminoacetyl group can-
not be higher than SEC of CGC (free primary amino
groups were not found in the CGC samples studied).7.
In CAN and CANGC samples bearing primary amino
groups sorption proceeds through complexation. Com-g.
parison of SEC obtained at pH 1.68 suggests that the
ion-exchange mechanism is more favorable for theg
both cations.

CONCLUSIONS

(1) Sulfoethylation of the chitinglucan complex,
isolated from mycelium of the mold fungusspergil-

10.

11.

sulfonate or addition of sodium vinylsulfonate is
examined. The addition proceeds to a greater degree
than the substitution. The addition products demon-
strate more uniform distribution of substituents along
the chain, which provides total solubility of sulfo-
ethylated derivatives in water.

(2) In the both reactions the reactivity of the poly-
saccharides decreases in the order cellulose > chito-
san > chitirglucan complex.

(3) Preliminary activation of CGC by inclusion
and sulfoethylation by the addition mechanism allow
preparation of highly substituted CGC derivatives.

(4) The maximal sorption of Cu(ll) and Cr(lll)
with sulfoethylated CGC was observed from neutral
solutions.
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Abstract—The kinetics of urethane formation was studied in relation to the stabilizer type. A series of
urethane elastomers (sealants, coatings, adhesives), derived from stabilized prepolymers and polyoxyalkylene-
polyols of various molecular weights, were developed.

In production of cold-curable urethane elastomers Urea groups are also formed by reaction of the iso-
[1-3], block copolymers of ethylene and propylenecyanate-containing prepolymer with amine-type curing
oxides with terminal hydroxy goroups (Lapr?))&are agents:
widely used as polyether components. As compared to

any polyester analogs, polyethers ensure higher frost ~R-NH;#~R-NCO - ~R-HN-C-NH-R~.

and hydrolysis resistance of the composite materials. g

Polyoxyalkylenepolyols readily react with toluene
diisocyanate (TDI) to form reactive oligomers, pre-

1]
At the same time, curing of the prepolymer can

polymers, which are intermediates in production ofoccur by trimerization /) of the terminal isocyanate
castable polyurethanes, sealants, corrosion-protecti@oups under the action of a catalyst:

coatings, adhesives, etc.

The urethane formation processes are based on

polycondensation of a polyol with the prepolymer,
yielding urethane units:

~R-OH + ~R-NCO —» ~R-HN-C-O-R~-.

|
(O

O
Il

~R— NI/C\II\l —R~.
Gy rC
7 N
S l\ll N IV
R~
Urethane and urea units in polymeric chains, owing

3-R_NCO =%

. _ . to the presence of labile hydrogen atoms, react with
The main urethane formation reaction is alwaySsocyanate groups to form a three-dimensional cross-
complicated by various side reactions somewhat diginked structure containing allophan®)(and biuret

torting the structure of the final polymer, i.enacro-

molecules of a highly elastic polyurethane consist o
segments with different thermodynamic flexibility.
“Soft” segments with weak intermolecular interaction
and low glass-transition point are formed by oligo-
meric chains, antthard’ segments consist of products
of reaction of the isocyanate group with low-molecu-
lar-weight compounds. Despite thorough drying of
the polyol, amino groupdl are formed in certain

amounts; they very rapidly react with isocyanate
groups to give urea unitll in the macromolecules:

~R-NCO + HOH — ~R-HN-C-OH — ~R-NH,.
[
O

1 Laprols are produced on a large-tonnage scale by the Nizhne-

kamsknefteorgsintez Joint-Stock Company.
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with many metal ions occurring in the forms of salts,
46k oxides, hydroxides, etc. Its reactivity toward isocya-

] nates is very low; hence, in systems containing iso-
i cyanates and metal ions acetylacetone will form prac-
3812 tically exclusively metal acetylacetonates, which cata-
K lyze the reaction between the NCO and OH groups
10 and do not promote side reactions in the course of

urethane formation.

In this work we examined for the first time the sta-
: bilizing effect of readily available hydrochloric acid
60 120 , min n prepolymers based on polyoxyalkylenepolyols. The
Fig. 1. Kinetic curves of synthesis of prepolymers from on prepoly polyoxyalky POIYOIS.

polyethers with various additions:AY content of NCO polyether is prepared in the presence of a base catalyst.
groups and 1) time; the same for Figs. 2 and 3. Synthesis: Base impurities are strong catalysts of trimerization of

2.2 1 [ 1

(1) with HCI, (2) with acetylacetone, an@) from nonstabi- prepolymersI{/), reducing their storage life and reac-

lized polyether. tivity and even causing gelation. Addition of acid
A, wt % compounds into the reaction mixture in synthesis of
6 J prepolymers favors neutralization of alkali and more

complete reaction between the NCO and OH groups.

| 2
3
A 4\
I \‘\‘\‘ EXPERIMENTAL

4r The polyether was placed in a vessel equipped with

: : - _ a stirrer and a jacket for heating or cooling and dried

Fig. 2. Kinetic curv6eg of synthelsizs(,) g% rg;]rle?polymers from in a vacuum to a moisture content of about 0.05%;

varioué TDI samples stabilized with HCI1)( T-65/35, af_ter that, a s_tablhzer (0'05_ wt %) was added, the
(2) T-80/20, @) T-102T, and 4) nonstabilized TDI. mixture was stirred for 510 min, and TDI was added

in an amount required for preparing a prepolymer of

The presence of polar groups of different naturea specified molecular weight. Urethane formation is
randomly or regularly distributed in a relatively low- exothermic; therefore, TDI was added in portions and
polar matrix of flexible oligomeric chains, is a specif- the reactor was cooled through the jacket, so as to
ic feature of urethane elastomers, largely determininghaintain the temperature at 705°C.
their supramolecular structure and chemical and phys- L
ical properties. Owing to these groups, all types of The_: process of sealant preparation mc_ludes the
urethane elastomers are characterized by fairly intend@/lowing stages: (a) preparation of a sealing paste
intermolecular interactions, mainly of the hydrogen(Pasteé A) by mixing a reactive oligomer (thiokol or
bond type. The developed three-dimensional networRolyol), a filler, a catalyst, and the other additives;
of physical cross-links in network structures supple{P) preparation of a curing paste (paste B) by synthe-
ments the chemical cross-linking. The longer thesis of a stabilized prepolymer from polyoxyalkylene-
chain of the hydroxyl-containing component, thepolyol with addition of a hydrophobic filler if re-
lower the concentration of labile hydrogen atoms inquired; (c) mixing of pastes A and B directly before
urethane groups and hence the weaker the intermolezpplication to a working surface. We used polyoxy-
ular interactions and the more flexible the polymericalkylenepolyols of molecular weight 3068000 [TU
chain. High rate of chain growth in reaction of a poly-(Technical Specifications) 2226-023-10488093)
ol with the prepolymer favors preparation of highlyand a polysulfide oligomer (brand | thiokol). As cur-
elastic materials, and high cross-linking rate resulting catalysts we used dimethylaminomethylphenols
in preparation of stronger composites, up to formatiojOM-1, OM-2, OM-3) of Agidol 51, 52, and 53
of “glassy polyuretyhane. brands (TU 38-3035686) in amount of 1.53.5 wt

The main goal in urethane formation is to preservearts per 100 wt parts of polyol; the filler was P-803
the reactivity of the prepolymer and enhance its stabilindustrial carbon [GOST (State Standard) 78BH
ity in storage. The effect of acetylacetone as a stabilin amount of 66-80 wt parts per 100 wt parts of poly-
zer in reaction of an ester polyol with TDI was studiedol. The composites were tested on an RMI-250 tensile
in [4]. It is known that acetylacetone forms chelatedesting machine according to GOST 7782.
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Figure 1 shows the kinetic curves of the synthesis

of prepolymers from polyoxyalkylenepolyol of molec- A Wt3%
ular weight 5000 and TDI (T-80/20) in the presence 3:0 2
of HCI and acetylacetone and from the active poly- 26 1
ether. In reactions of TDI with active polyols, side
formation of allophanesV is possible. In storage, 29
these prepolymers often undergo gelation due to for- : - L L _
mation of a three-dimensional cross-linked structure 60 120 =, min
through side allophane bonds: Fig. 3. Kinetic curves of synthesis of prepolymers in the
presence of various stabilizersl) (diisopropyl hydrogen
~R-N—-C-O-R~ + ~R-NCO phosphite, 2) diisooctyl hydrogen phosphite, ang)(phos-
[ phorochloridite.
A0
O 'NH-R~ curing coagent of reactive oligomers with various
— 5 ~R-N-C-O-R~. functional groups allows practically complete chemi-
Lo cal binding with simultaneous improvement of phys-
C O - -
7N\ icomechanical parameters. The advantage of these
VI © '|\'_R~ sealants is that the sealing and curing pastes are taken
ey in comparable amouns (ratio A : B varies from 2:1
O NH-R~ to 1: 1), which favors good mixing of the components

. _ _ under industrial conditions.
By aminolysis, we detected in the prepolymer allo-

phane groups in amount of 852 wt %, which are The physicomechanical parameters of polyurethane
practically absent in the prepolymer based on stapg€alants determined in extended tests are Ilsteq in
lized polyols. IR examination revealed the presencd Plé 1. The advantages of our formulations are sim-
of trilsocyanurate structures in the prepolymer fromP!€" Process and lower power consumption due to
active polyethers, which results in cross-linking ofdecreased amount of the components and curing at

polyurethane macromolecules. In this process, the vié20M t€mperature. Also, there are vast prospects for

cosity increases and the content of isocyanate groupseduction of colored composites.

decreases. It is known [5] that the rate of allophanate Polyoxyalkylenepolyols of molecular weight from
formation considerably exceeds the rate of trimerizas00 to 6000 are commercially available. Experiments
tion of isocyanate groups. A sharp decrease in thghowed (Table 2) that the best combination of elastic-
content of NCO groups is particularly noticeable withity and strength is attained when the molecular weight
the polyether of a lower molecular weight (Fig. 2,0f the polyol is 30065000. With lower-molecular-

curve 4). The brand of the TDI used does not play aweight polyethers, denser cross-linked materials are
significant role. formed, which exhibit increased cohesion strength but

. low elasticity. With the molecular weight of the poly-

In the case of the stabilized prepolymer, urethan@iners above 5000, the strength of the composites
formation is characterized by occurrence of the maigcreases. Introduction of a stabilizer (0.05 wt % HCI)
reaction [reaction (1)]. The type of the stabilizer hasnio the prepolymer levels its reactivity toward poly-
no significant effect on the kinetics of prepolymer s and suppresses side reactions. Formation of ure-
synthesis; the content of the NCO groups becomegane elastomers occurs as a chain growth reaction.

approximately constant within 90 min and does nofyhen the polymer contains no allophane cross-links,
change further (Fig. 3). its reaction with polyol yields linear macromolecules,
A process was suggested for preparation of polywhich is favorable for microphase segregation; such
urethane (TU 38.30300985, 38.403010395, composites exhibit higher elasticity.
38.403010495, 222600201-30134895) and thio- Phenol Mannich bases (PMBs), dimethylamino-
urethane sealants containing a stabilized prepolymenethylphenols, are widely used catalysts of reactions
based on polyoxyalkylenepolyol of molecular weightof oligothiols and polyols with isocyanate-containing
5000. The composite materials as compared to therepolymers. It was found previously [6] that the
industrial analogs are characterized by increaseaktivity of these catalysts varies in parallel with their
strength, elasticity, and water resistance and by godshsicity. When the amount of the catalyst is low, the
adhesion to various substrates. The use of a catalytidigomers react slowly, which favors formation of a
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Table 1. Properties of polyurethane sealants

Ratio of pastes A:B
Parameter
22:1.0 22:1.2 22:15
Normal curing conditions (2%, 7 days)
Nominal tensile strength, MPa 0.98-1.03 1.1-1.26 1.4-1.66
Relative elongation at break, % 500-530 510-550 400-510
Adhesion to metal (at exfoliation), kNTh 3.04.7 1525 0.9-1.2
Hardness (TIR), arb. units 46-52 50-54 55-57
Keeping in water at 8@, 6 h; rest, 3 days
Nominal tensile strength, MPa 0.9-1.34 1.1-1.28 1.4-1.64
Relative elongation at break, % 350-420 220-260 350-370
Keeping at 100C, 10 days
Nominal tensile strength, MPa 1.3-15 1.25-1.7 1416
Relative elongation at break, % 440-500 210-310 300-320
Extraction in water, 1 day
Degree of swelling, wt % 0.06 0.14 51

Table 2. Main physicomechanical characteristics of composites

M = 3000 M = 5000

Parameter
1 2% 3 4*

Nominal tensile strength, MPa 2.6-2.9/2.12.2* | 1.2-1.5/Gelation| 2.4-2.7/2.1-2.5 2.8-3.0/1.82.1
Relative elongation at break, % |130-190/556-600 |480-630/ - 530-780/350-420 | 350-380/2506-320

* Stabilized prepolymer.
** (Denominator) values after storage of the prepolymer for 3 months.

low-defective network, and the resulting composite®f the catalysts formation of isocyanurat&s, which
exhibit increased cohesion strength and elasticitgo not react with the polyether at room temperature,
(Table 3). becomes more probable. As a result, the strength and

The increased content of the catalyst favors fastétdhesion characteristics of the product decrease.
reaction of the oligomers, but the resulting network We also examined the possibility of using Schiff
can become defective. Furthermore, at larger amounksses derived from aliphatic diamines and various

aldehydes as catalysts for curing of single-component
Table 3. Influence of the catalyst amount on the physico-sealants of the polyurethane and thiourethane nature.
mechanical characteristics of composites With aldimines it is possible to avoid a drawback

characteristic of traditional single-component urethane
Pll\gg ?Ii/)tn;z\r:ttyswgfp?,gigf ' systems: release of GQat curing of isocyana_te pre-

Parameter polymers with moisture present, as a rule, in fillers.

15 35 We studied the reaction of mono- and diisocyanates

with Schiff bases and hydrolysis of Schiff bases at
Nominal tensile strength, MRa 2.5-3.0 1.0-1.6 various ratios of the components, curing temperatures,
Relative elongation at 350-400 280-340 and pH values of the medium. With decreasing pH the
break, % hydrolysis of Schiff bases accelerates and the reaction

of isocyanate groups with water decelerates. Electron-
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Abstract—New boric acid esters with an azomethine bond were prepared. These compounds exhibit an
efficient fungicide and heat-stabilizing effect on elastomers based on SKTV-1 rubber.

Aging and stabilization of polymers is still an ing to the methyl and methylene protons of the ethoxy
urgent problem. There is a growing interest in multi-group.
functional stabilizers containing in the same molecule The mass spectra of the boric acid esters contain

a number of functional groups acting by differentolecular peaks (Table 1), but their intensity is rela-
mechanisms [1]. It is known that organoboron comyjyely |ow. The molecular peaks of all the compounds
pounds exert a fungicide [2, 3] and heat-stabilizinghaye a close intensity. Apparently, the extent and
effect [4-6] on polymeric materials. With the aim t0 character of electron density delocalization in substit-
develop promising fungicide additives and heat stabigents, affecting the stability of the compounds to elec-
lizers for siloxane rubber, we prepared new boric acigron impact, yield of molecular ions, and formation of

esters containing azomethine groups, in view of thetaple radicals, are similar in all the compounds.
fact that compounds containing C=N groups are effi-

cient heat-stabilizing agents for polysiloxanes [7]. The most characteristic and intense peaks in the

_ _ mass spectra of the borates are thosa #4135, 108,
Borates were prepared by heating of a mixture 062, and 65. They presumably originate from the
boric acid with pyrocatechol and hydroxy compoundsCgH,BO5 moiety, common for all the compounds.

containing azomethine groups at-&D°C in benzene All the compounds contain a strong peaknatz65,

with heteroazeotropic distillation of the released WaterCOrresponding to the éHJSr ion, which can form only

The structure of the products was proved by IR andy rearrangement with hydrogen transfer from one
1H NMR spectroscopy, mass spectrometry, and elgart of the molecule to another.

mental analysis. The physicochemical characteristics of the com-
The IR spectra of the compounds contain bands gtounds are listed in Table 2.

1040+10 and 135@10 cm™ characteristic of the  The gynthesized esters were added to rubber stocks
symmetrical and antisymmetrical V|brat|onls of thepased on SKTV-1 siloxane rubber. The optimal con-
B-O group and at 109810 and 124& 10 cnmi™ char-  tent of the additives was 1 wt part per 100 wt parts of
acteristic of the symmetrical and antlsymmetrlcail Vi-rubber. With larger amounts of the additives, the
brations of the €O group. The band at 164( cm = physicomechanical properties of the rubbers get
is due to the CH=N vibrations, and that at 1754 ¢m worse. The rubber stocks were prepare on rollers
to the stretching vibrations of the ester carbonyl (inusing standard formulations. Boric acid esters do not
IIand V). exude to the surface of siloxane rubber and do not

The IH NMR spectra of the compounds are given@ffect the peroxide curing of rubbers.
in Table 1. The proton signals of the pyrocatechol ring Rubbers with triaryl borate additives were tested
are observed at 6.2(0.04 and 5.6&0.02 ppm. The for fouling with mold fungi. The fungus resistance of
azomethine proton gives a signal at 81603 ppm. rubbers (extent of fungus growth on rubber samples)
The chemical shifts of protons of the substituents arevas evaluated in a six-point scale [GOST (State
also given in Table 1. In addition, the spectralbf = Standard) 904975]. The results are listed in Table 3.
andIV contain signals at 1.23 and 3.58 ppm, belongit is seen that the borate-containing rubbers are fouled
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Table 1. NMR and mass spectra of the synthesized compounds

IH NMR spectrum,3, ppm Mass spectrum
Com- ;
pound* 1 2 3 4 5 6 7 M m/z=135, | m/z=108, | m/z=92, | m/z=65,
CH | CHR | CH | crt | eHf | e | cHT | (Moo | 8 | e 0, | G0 | | O,

| 6.20| 5.61| 5.68| 5.48| 8.18 6.72 | 365(32) 79 87 93 71
Il 6.24| 5.62| 5.71| 5.49| 8.14 6.78 | 365(34) 90 92 98 69
1 6.22 | 6.62| 5.69| 542 8.12| 5.71| 5.98 | 387(30) 67 95 91 68
v 6.20| 5.60| 5.61| 5.40| 8.13| 5.71| 5.98 | 403(29) 72 95 90 66

(3) (4) (3) (4) (6) (7
R— CH N e N“ CH N @COOCZHg,,

@ @ @ @@ , ©

3 @

(3) 4 (6)_(7)
(5) . O~
R— CH=N —@—COOQH& where R is o B0

oH? v @O

Table 2. Yields, melting points, and elemental analyses of triaryl borates

Found, %/Calculated, %
Compound| Yield, % mp, °C Formula
C H N B
I 90 199-195 | 75.76/75.67| 4.42/4.38 3.81/3.84 2.86/2.96 |Cy3HsBNO;
Il 86 219-220 | 75.78/75.67 | 4.44/4.38 3.80/3.84 2.92/2.96 |Cy3HsBNO;
I 77 177178 | 68.19/68.21| 4.68/4.65 3.59/3.62 2.83/2.84 | Cy,HgBNO;
v 72 155-156 | 65.64/65.53| 4.53/4.49 3.44/3.47 2.59/2.68 | C,y,HgBNOg

with mold fungi to a considerably lesser extent tharelongation set. The inhibiting effect of the suggested
the rubbers with no additives. For example, the rubadditives was evaluated in comparison with the rubber
bers with the suggested additives remained fungugontaining no additives. The characteristics of rubbers
resistant for 84 days, whereas the rubbers with ngt thermal aging, determined according to GOST
additives are intensely fouled in this period (5 points)270-75, are listed in Table 4. It is seen that the syn-
Of the four examined triaryl borates, three are eﬁ|C|entheS|Zed triaryl borates inhibit thermal aging of rub-
fungicide additives to siloxane rubbeis:lll , andlV .

Compoundll showed a weak fungicide aC“V"[Y- This Table 3. Evaluation of fungus growth on vulcanized silox-
COmpOUﬂd differs from onIy in pOSitiOﬂ of Ilnklng ane rubbers in the six-point scale

of the 2-naphthyliminomethyl group to the phenyl

ring. It may be assumed that the more rigid molecule Fouling, points, in indicated time, days
of Il containing a substituent in theposition of the  Compound
phenyl ring diffuses to the rubber surface considerably 28 56 84 120

more slowly, so that its surface concentration appears

to be insufficient to suppress the fungus growth. 8 112 152 ;—g

The heat resistance of the rubbers was evaluateq 0 1-2 1 1-2
from variation of their main physicomechanical prop- v 0 0-1 1 1-2
erties: modulus of elasticity at 100% elongatidi, No additive 4 4 5 5

nominal strengttP, relative elongation at bredk and
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Table 4. Thermal aging of vulcanized siloxane rubbers in the presence of triaryl borates

Before aging After aging

Com-
pound Migo | P L I 25(°C, 5 days 300°C, 1 days

MPa % Moo MPa Kp KL l, % |Migp MPa| Kp KL [, %
I 1.8 7.0 | 390 4 2.0 0.60 0.51 8 25 0.56 0.50 9
I 2.2 6.8 | 330 5 3.4 0.75 0.42 7 Brittle
I 2.4 7.2 | 320 6 3.0 0.68 0.56 5 25 0.58 0.62 6
v 2.1 7.1 | 360 9 3.2 0.70 0.72 3 25 0.65 0.67 8
No addi-| 2.2 59 | 240 0 4.8 0.51 0.52 5 3.8 0.44 0.50 0
tive

Note: KP = Plpo, KL = L/LO

bers. For example, after keeping for 5 days at°®50 enhance the heat resistance of the rubbers. With these
the modulus of elasticity of the rubbers with the addi-additives, the service life of siloxane rubbers in-
tives increases to a lesser extent (by a factor 0of2).5 creases, and it becomes possible to use them in warm
than that of the rubber with no additives. This meanand humid climate at elevated temperatures without
that in the presence of the additives the cross-linkingdditional heat stabilizers.

of the siloxane rubber occurs to a considerably lesser

extent. The loss of the rubber strength in the presence

of the additives is 1020% smaller than in their ab- CONCLUSION
sence. At a higher temperature (3G9, the changes

in the modulus of elasticity and strength are also CONe
siderably less pronounced in the rubber samples coly,|
taining additives (exceptl).

CompoundlV is the most efficient heat stabilizer.
This is due to the presence of the following atoms and REFERENCES
groups: (1) boron atoms scavenging radicals owing to

pronounced tendency to add groups containing freg ..oy G.E. Usp. Khim, 1991, vol. 60, no. 10
electrons; (2) nitrogen atoms capable of chain termi-" ;" 2900 2249 ' ’

n?ft'otn; (3.) h;{droxy groupts_ enhfanﬁlng ;[heds_tatl)IIIZIQh . Chem, T.S.S., Chang, C., and Floss, H.G.,Org.
errect owing to easy reaction or pnhenol radicals wi Chem, 1981, vol. 46, no. 13, pp. 2662665.

peroxy radicals; and (4) ester group. 3. Fedortsova, E.V., Idlis, G.S., Shvarts, E.\& al,
Our study showed than the synthesized triaryl zh. Obshch. Khim.1994, vol. 64, no. 1, pp. 13941.
borates exert a fungicide and heat-stabilizing effect og  3pN patent Appl. 60-104148.
siloxane rubber. It is known [8] that siloxane rubber FRG Patent Appl. 4015844
ggie|2raptgoBg;?;du;igﬁsgftaﬂfb%e?;d mlcroorganlsmé Radionov, Yu.M. and Danilov, S.IDokl. Akad. Nauk
SSSR 1986, vol. 288, no. 1, pp. 14346.

Recently the requirements to environmental safety jpN patent Appl. 58-120651.
of additives to elastomer formulations became MOr8  5irisova. N.N.. Rebizova. V.G. and Kosenkova. A.S

stringent [9]. Vliyanie faktorov tropicheskogo klimata na svoistva
The synthesized triaryl borates meet the require- kauchukov i rezin. Proizvodstvo RTI i ATEffect of

ments imposed on fungicide additives: they are suffi- Tropical Climate Factors on Properties of Rubbers.

ciently toxic for mold fungi and nontoxic for humans  Production of Rubber and Asbestos Items), Moscow:

(LD5o 590-640 mg kg?); they are well compatible ~ TsNIITEneftekhim, 1976.

with the rubber, do not prevent peroxide vulcaniza9. Mukhutdinov, A.A. and Mukhutdinov, E.AKauchuk

tion, do not give rise to process complications, and Rezina 1997, no. 1, pp. 3443.

New triaryl borates containing azomethine groups

re prepared. The borates are heat stabilizers for
canized SKTV-1 rubbers and simultaneously pro-

tect them from fouling with mold fungi.
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Abstract—The chemical composition of organic bases from tars of stepwise semicoking of lignite was
studied. The features of distribution of organic nitrogen in a coal macromolecule and the most probable
pathways of thermal degradation of the nitrogen-containing fragments were examined.

Up to now, fossil fuel is one of the sources ofsponding, according to DTA, to the maximal yield of
diverse nitrogen organic compounds (NOCs). Data othe tar. The tar yield (wt % based on OML) in stages
structural types of organic nitrogen and its distributionl, I, and Ill was 1.5, 4.9, and 3.4, respectively.
in a coal macromolecule are necessary for determining

the chemical structure of coal and recovering in maxi The tars were subjected to total chemical group

h . i analysis [2]. The yield of organic bases in stages I, Il,
mal yield the NOCs of the given structural-group anagnd lll, Wt % based on anhydrous tar (wt% based

gualitative composition. Nitrogen organic compounds
are valuable raw materials for preparing a wide set ofn OML), was 0.85 (0.013), 1.85 (0.091), and 1.17

pesticides, pharmaceuticals, dyes, heat-resistant fibe Q,‘O40)’ respectively.

special-purpose rubbers, ion-exchange resins, flotation The general characterization of the molecular struc-

agents for rare and rare-earth metals, surfactants, atugre of nitrogen organic compounds was based on data
vitamins. Recovery of NOCs from coals in high yield of IR, UV, H and3C NMR spectroscopy, cryoscopy,

is hampered by the lack of detailed information on theslemental and quantitative functional analysis, and

chemical composition of the semicoking tars, whichcapillary gasliquid chromatography (CGLC) [35].
in turn, does not allow scientifically substantiated

selection of the initial brown coals and optimization
of their processing.

The structural-group composition of organic bases
from tars of stepwise semicoking of Near-Moscow
_ _ _ lignite, calculated from the CGLC data, is listed in the

The goals of this work were to study in detail thetable. It is seen that the organic bases recovered in
chemical composition of organic bases from tars ofjifferent temperature ranges of OML degradation sig-
stepwise semicoking of lignitk,determine the fea- nificantly differ in the structural-group composition.

tures of distribution of organic nitrogen in the lignite F le. th din th
macromolecule, and reveal the most probable path- ~©F gé‘a";g;bt r? tars rer:](_:o;]/ere in t efte_mplfarature
ways of thermal degradation of the nitrogen-containt&"9€ ave a high content of picolines,
ina f lutidines, ethyl-, n-propyl-, isopropyl-,n-butyl-, and
g fragments. : ) o 150 . .
o _ _ isobutylpyridines, and aliphatic and aromatic amines.
~ Semicoking was performed in a retort so as to minThe content of pyridine, quinoline, isoquinolines,
imize the pyrolysis of‘primary” vapor-gas products benzoquinolines, benzoisoquinolines, indoles, carba-
[1]. Therefore, the major components of these prodzoles, hydrogenated quinolines and benzopyrroles, and
ucts can be fairly reliably assigned to certain nativgolycyclic NOCs is the highest in the tars recovered
fragments of the organic matter of lignite (OML). in the range 45055C°C.
The tar was collected in three temperature rang€s: ( o :
(1) <350, (Il) 350-450, and (Ill) 450-500°C, corre- The distribution of NOCs in the coal macromole-
cule can be estimated more descriptively from the

1 Lignite from the Near-Moscow fields was studied (Kimovsk Yield of separate groups of I\_IOCS (see table). It is
open pit). seen that the tar recovered in the second stage of
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Structural-group composition of organic bases and yield of separate groups of nitrogen-containing compounds from tars
of stepwise semicoking of lignite

Content, wt % based on whole fraction Yield A x 10, wt% based on OML
Sam-
ple Group of compounds for indicated stage
no.
I Il I I Il I
1 Pyridine 0.50 1.15 2.45 0.65 10.62 9.80
2 Picolines 6.82 11.65 7.92 8.87 106.02 31.68
3 Lutidines 8.51 13.95 9.45 11.06 126.95 37.80
4  |Ethylpyridines 0.90 1.65 0.92 1.17 15.02 3.68
5 |Cs-Pyridines 7.91 9.45 6.65 10.28 86.00 26.60
6 |>C,-Pyridines 6.42 8.52 5.00 8.35 77.53 20.00
7 | Quinolines 1.95 4.65 8.45 2.54 42.32 33.80
8 Isoquinolines 0.95 2.30 4.45 1.24 20.93 17.80
9 Benzoquinolines 0.65 1.82 5.55 0.85 16.57 22.20
10 |Aromatic amines 1.95 2.50 1.25 2.54 22.75 5.00
11 |Indoles 2.45 4.35 6.25 3.19 39.60 25.00
12 [Carbazoles 0.65 1.50 2.85 0.85 13.65 11.40
13 | Polycyclic NOCs 0.95 2.45 5.62 1.24 22.00 22.50
14 | Aliphatic amines 1.65 1.90 0.85 2.15 17.30 3.40
15 |Hydrogenated quinolings  8.90 10.50 13.45 11.57 95.60 53.80
16 [Hydrogenated benzo- 9.30 12.80 15.35 12.09 116.48 61.40
pyrroles

semicoking (356450°C) is characterized by the high-temperature coking of coals, it is important to
highest content of NOCs. The major organic baseslucidate the nature of its precursors.

(contentA x 10%, wt % based on OML) are picolines 1 solve this problem, we calculated the structural
(106.02), lutidines (126.95), hydrogenated quinolinesnq energy characteristics of separate components of
(95.60) and benzopyrroles (116.48), propyl- (86.00}ganic bases. The calculation was based on data on
and butylpyridines (77.53), quinolines (42.32), anthe |engths of the ON bonds and on the assumption
indoles (39.60). that the bond length is inversely proportional to the

The table shows that the fragments of the molecubond dissociation energy.

lar (or bituminous) fraction and the periphery of the e giryctures of separate representatives of lignite

macromolecular network of the lignite macromoleculeorganic bases. identified in the tar. and theNCbond
contain pyridine and its alkyl derivatives (methyl-, |ongths are g’iven below: '

dimethyl-, trimethyl-, ethyl-, n-propyl-, isopropyl,

n-butyl-, isobutylpyridines). Also present in small O H CH
: . . . [ 5C2 3
amounts are aliphatic and aromatic amines. The mac- o GH
romolecular network of the lignite molecule is built of 6 a ‘
fragments of quinoline, isoquinoline, benzoquinolines, 4°NA 1 °NH 5
indole, carbazole, hydrogenated quinolines amd ben- 5 16 )
zopyrroles, and polycyclic NOCs whose relative con- l4 5 1.440A l;_16 1.339A
tent in the organic bases increases with increasing lsg 1.4502A li516 1.325A

temperature of OML degradation.

o . . 14 15
The scheme of the distribution of various nitrogen-H;C H  HLC, NH g NH_CH,
containing fragments in the lignite macromolecule " 577 8 | 9
NH
3 13

suggests ways to optimize semicoking of lignites to 1\N 7

obtain tars enriched in given groups of NOCs or even 13 4

in |r?d|V|duaI corr.1po.nents. o s 14824, ls 14 1.450A g ;5 1.454A
Since ammonia is the main nitrogen-containing |, 15 1.478A lg_14 1.343A 1 153 1.265A

gaseous product of semicoking and, the more so, lg 15 1.343A 1, 131.2640A
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Scheme of distribution of various nitrogen-containing fragments in a lignite macromolecule
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Iy 1.261A
log1 1.267A

l;_g 1.265A
lg g 1.265A

14
5 NH

13 0715

li_13 1.398A
l1513 1.322A
lg 14 1.473A
lg_14 1.472A
l1195 1.321A
l10.15 1.400A

(H]

CH;0

= | C,H

PLATONOQV et al.

H3
l1g 55 1.263A : .
15 25 1.266A l; 45 1.265A l; 15 1.264A
l1415 1.265A l17.15 1.462A
-0 lio19 1.371A
Yo l1119 1.443A

) The bond lengths suggest that compoutds, 7,

l1 10 1.263A 8, and10 will decompose first, and compounds-6
lg 10 1.266A and 9 will be more heat-resistant. Therefore, the fol-
P lowing pathways of thermal degradation of compo-
nents with formation of ammonia were suggested:

X
12|
e
"NA YR 8 0
13 4 g ° NH N H _
1215 1.325A i N N :N:H
lgo 1.343A

A (H]
l9-10 1.3254 + CHLCH,CH,CH,NH, —> C4Hi0* NH3,

CH,O(HO)

OH
H
LRV Y@ RELIRETN
CH0 OH HO OH
— =
NH NH

H = Hs
y — I + 3CH,+ CO + NH; + CH;-C=CH + nH,,
3 HO” 'N

CHy

+ CO + NHy,
5

CH,
[H] |
HO /I H3
N [H] + 2CH, + H,0,
A

X
e
N

N
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[OH] |hooc Hs
He '[H H
o CHs I ijjczs A%COZ+ C@C + CH, + nHy,
NA HsC ™NA Hs

H H

CH; , EHs oy

= X [H] .

— 3CO +NH; + 2CH=C-—CH;—C=N

|—>H3C\U

NH

~ NS
N3 N0
o)

2CH;—C=CH + CH,—C=N
2HC=C—CH, + 2CH, + 2NH,

teC |
J’ 3CHEC—CH3
fHs
= | ‘ ?H3

H5;C CHj

The lack of published data on the lengths and disef the coal macromolecule, and also purine bases,
sociation energies of the-@Gl bonds in complex mole- aliphatic and aromatic amines, and diamines.
cules did not allow us to confirm the suggested degra-
dation pathways by calculation of the activation ener- REFERENCES
gy for each procese,.g., by the Moin’s method [7, 8].
However, it can be definitely concluded that the majon  pjatonov, V.v., Thermochemical Transformations of

sources of ammonia in high-temperature coking of coals from the Kuznetsk FieldSand. Sci. Disserta-
lignites are structures containing pyrrole, pyrimidine, tion, Moscow, 1972.

and piperidine rings, purine bases, five- and six; kamneva, A.l. and Korolev, Yu.GLaboratornyi prak-
membered lactams, aliphatic and aromatic amines, and tikum po khimii topliva(Laboratory Course of Fuel

diamines. Chemistry), Moscow: Mosk. Khimiko-Tekhnol. Inst.
im. D.l. Mendeleeva, 1976.
CONCLUSIONS 3. Platonov, V.V., Tabolenko, N.V., Klyavina, O.A, and

Ivleva, L.l., Izv. Akad. Nauk Est. SSR, Khjni984,

(1) The chemical composition of organic bases Vol 33, no. 2, pp. 102109.
from tars of stepwise semicoking of lignite from the4. Platonov, V.V., Tabolenko, N.V., Klyavina, O.A., and
Near-Moscow fields was studied. Ivleva, L.I., Izv. Akad. Nauk Est. SSR, Khjni985,
. L . ) vol. 34, no. 1, pp. 1116.
(2) The. qunamlcs of dl_strlbutl_on_of various nitro- . Platonov, V.V., Tabolenko, N.V., Klyavina, O./4et al,
gen-containing fragments in the lignite macromolecule” i Tverd. Topl. 1987, no. 4, pp. 2732.

was elucidated, and the feasibility was demonstrategl Platonov, V.V., Proskuryakov, V.A., Polovetskaya, O.S
for thermal degradation of lignites to obtain tars en-" and Platonova. M V.Zh Prikl. Khim. 1999 vol. 72.
riched in a definite set of organic bases. no. 2, pp. 314318. ' ' I

(3) Possible pathways of thermal degradation of. Moin, F.B.,Usp. Khim, 1967, vol. 36, no. 7, pp. 1223
separate organic bases with formation of ammonia 1243.
were suggested. The main sources of ammonia ag Moin, F.B., Dokl. Akad. Nauk SSSR963, vol. 152,
pyrrole, piperidine, pyrimidine, and lactam fragments no. 5, pp. 11691172.
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Thermodynamic Characteristics of Vaporization
of Diethylarsine and Triethylmethoxystannane
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Belarussian State Technological University, Minsk, Belarus
Received March 1, 2000; in final form, June 2000

Abstract—Saturated vapor pressures of diethylarsine and triethylmethoxystannane were measured in a wide
temperature range. Thermodynamic characteristics of their vaporization and temperatures of the decomposi-
tion onset were determined.

The use of arsine in the synthesis of submicrometer The temperature dependences of the experimental
structures of gallium arsenide by organometallic gassaturated vapor pressures (Table 1) fit characteristic
phase epitaxy provides a high quality of the resultingexponential curves. They are well reproduced on heat-
products. However, from the environmental view-ing and cooling the systems. The semilogarithmic
point, it is urgent to look for organoarsenic com-plots of vapor pressure against temperature are linear
pounds with reduced toxicity and stability. The use ofwithin the limits of experimental errors, which in-
organotin compounds in the synthesis of thin-filmdicates that only vaporization processes occur in the
articles enables their contact soldering and preparatidemperature range under study.
of conductive oxide layers. Diethylarsine and triethyl-
methoxystannane are of interest in this connectionfable 1. Vapor pressure of diethylarsine and triethyl-
but published data on these compounds are limited t@ethoxystannane
their spectra. Therefore, the goal of this work was to

measure the vapor pressure of these compounds and to T» K P, mm Hg T K P, mm Hg
determine their thermal stability and thermodynamic
characteristics of their vaporization. Diethylarsine

The experiments were carried out under static con- 281.05 234 332.05 219.0
ditions by a membrane method for samples containing 288.45 34.0 337.45 265.2
99.9 mol % main substance. A sample was introduced 294.15 45.0 342.55 3154
into a membrane chamber by distillation in vacuum 298.25 54.2 346.35 368.1
using an all-glass sealed system, which was prelimi- 302.05 734 349.95 403.3
narily heated under evacuation with a zeolite pump to 310.35 93.0 353.35 445.1

316.75 121.2 357.85 514.0

remove moisture adsorbed on glass. Vapor pressures

were measured with an MChR-3 manometer accurate 324.25 163.8 362.95 602.6

to 0.1 mm Hg at fixed temperatures controlled by 328.95 1950 366.35 6618
a liquid thermostat. A silicone liquid was used for Triethylmethoxystannane

the temperature control above 313 K and water, at 375 45 28 37555 53.7
lower temperatures. The accuracy of the temperature 355 45 4.4 379 65 631
control in this temperature range wa$.05 K. Prior 325 65 59 388.75 87.4
to and after the completion of an experiment the 33395 95 399.25 126.4
membrane chamber was cooled to the temperature of 343 25 14.4 405.65 155.8
liquid nitrogen, and the residual vapor pressure was 351.75 20.9 410.85 185.2
an evidence of side processes occurring in the system 358.65 28.1 421.15 254.4
on heating. Experimental vapor pressures were treated 358.75 28.7 421.45 257.2
by the least-squares method at a confidence level 366.15 38.3 435.25 373.0

of 0.95.
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Table 2. Coefficients of the equation Idg=-A/T + B and Antoine’s equation IR =-A/(C +t) + B and enthalpies
and entropies of vaporization

A B AHOM),* kI molt | AS(T),* J mort K1 Ax* B** Cr*

Diethylarsine

1721.5:2.7 | 7.52+0.01 | 32.96+0.05 | 88.92+0.16 | 31553 | 16.08 | 37.176
Triethylmethoxystannane

2374+19 , 8.05+0.05 , 45.45+0.35 , 99.9+1.0 , 4027.3 , 16.36 , 49.416

* Diethylarsine: T = 281-366 K; triethylmethoxystannanel = 312435 K. ** Antoine’s equation.

The data on the vapor pressuPe(mm Hg) were 6.42 kJ motL. This is a limiting value, as dispersion
treated by the equation I&g= —-A/T + B and by the interactions in solution were not taken into account
Antoine’s equation. The calculated constants of thg3, 4]. With this value taken unchanged in liquid di-
equations and enthalpies and entropies of vaporizatiogthylarsine, we obtainD(As-C,Hg-As) equal to
are given in Table 2. The enthalpies of diethylarsines.64 kJ mat?, which can be used to estimate the en-
and triethylmethoxystannane vaporization f(;und bythalpies of vaporization of arsenic dialkyl derivatives.
the Antoine’s equation are 35.15 (273.15 K), 34.24 :

(298.15 K), and 32.49 and 49.91 (273.15 K), 48.71 1 replacement of an ethyl group in SptG),,
(298.15 K), and 42.61, respectively. having AH(T) = 46.6:0.6 kJ mot® and ASXT) =

. . . 02.41.7 Jmott KL, by a methoxy group in tri-
tri;ﬁﬁ\éﬁﬁgesmﬁgﬁlear g?é%?attseglf S'S?;hyltir:'gi aenr Sthylmethoxystannane reduces the enthalpy of vapori-
y| y e ratod 9 C g ffh Eation to 45.450.36 kJmot?, i.e., it only slightly

mental pressures of unsaturated vapors of diethylke o the intermolecular interaction energy.

arsine and triethylmethoxystannane, well agree with

the weights calculated from their formulas, which

proves that monomeric molecules are present in the CONCLUSION

vapors. The pressures of unsaturated vapors obey theTh btained . tal dat th _
Gay-Lussac’s law within a wide temperature range. ' "¢ obtaineéd experimental data on the vapor pres

Heating unsaturated vapors in steps of 1 K with sufsure and thermodynamic properties can be used in the

ficient in time thermostatic control at each fixed tem-d€velopment of procedures for exhaustive purification
perature allowed us to detect the temperatures of ttff Substances and in the gas-phase synthesis of
onset of noticeable irreversible decomposition of di-S€Miconductor materials by decomposition of alkyl
ethylarsine (497.5 K) and triethylmethoxystannan&®mpounds.

(493.3 K).

As the enthalpies of vaporization of triethylarsine REFERENCES
(38.52£0.74 kJ moTl) [1] and diethylarsine (32.96 - _ _
0.15 kJ moTl) were obtained from the data on thel- Baev, A.K.,_Slllvanch|k, I.P., and Kozyrkin, B.1Zh.
vapor pressure in the same temperature range, their OPshch. Khim 1980, vol. 50, no. 9, pp. 1931937.
difference of 5.56 kJ mot should be attributed to the 2. Baev, A.K., Obshch. Prikl. Khim. (Minsk), 1972,
change in the intermolecular interaction on the re- issue 5, p. 33.
placement of one §Hg group by hydrogen. In view of 3. Baev, A.K.,Zh. Khim. Thermodin. Termokhim1992,
the fact that the integral enthalpy of vaporization [2] is vol. 1, no. 2, pp. 143158.
determined by the number and energy of bonds exis#. Baev, A.K.,lzv. Vyssh. Uchebn. Zaved., Khim. Khim.
ing in solution, we can deducB(As-CyHs-As) = Tekhnol, 1999, vol. 42, no. 6, pp.-3a1.
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Abstract—The processes are examined that occur when dilute gas mixtures are prepared by the evaporation
of a solution of impurities in an indifferent liquid solvent from the surface of a porous solid. Relationships
between the concentrations of the impurities in the liquid and gas phases are given.

A procedure for dosing small amounts of volatiletransport along the pores. Therefore, the process is
impurities in gases was suggested in [1]. This procealmost independent of the equilibrium vapor pressures
dure enhances the capabilities of the known techniquef the components.

[2, 3] by increasing the surface area for the evapora- In a steady-state mode the evaporation from the

tion on a liquid-vapor interface owing to the use of surface of a porous solid and from the meniscus in the

a capillary-porous solid. The technique can be used %be results in changes in the position of the liquid

a larger scale if highly volatile components are dis'level The rate of its miaration alona the measurin
solved in an indifferent liquid solvent with a vapor ube.(Fi 1) is tt Whgrel is the c% larv Tenath g
pressure lower than the vapor pressure of the impurF g. ' prilary leng

ties under study [4].

andt is the time. If the capillary cross section %
and the liquid density ip, the weight of substance
The aim of this work was to describe in more detailevaporating in unit time i§p (Al /At). When the space
the possibilities of the suggested dosing procedurgelocity of the gaseous diluent 8, the relative
We emphasize that this procedure can be used for thgeight concentration of thdth component in the
preparation of gas mixtures of pollutants with a givenjquid containing several components will correspond
composition not only for calibration of gas sensors,
but also in modern technologies of obtaining pure

6 4
gases. 7

The operation of the leak device is the following.

A solution of impurities in a liquid solvent is placed Gasf _ __G>a5
in narrow glass tub@ with a widening in its top end 3
filled with capillary-porous solid (Fig. 1). Its bottom SR
contacts the solution, and flat upper interfa¢eis il 3
directed to the space through which a diluent gas is L LS L
continuously flowing. The diameter of the glass tube -
is chosen in such a manner that the liquid does not -
flow out via its open lower end. The position of
the liquid meniscus in the lower part of the tube is - /
detected at regular time intervals with a cathetometer. ,— 1L~
In a conventional case the limitations in the choice of -
the tube diameter prevent measuring evaporation rates -
of poorly volatile liquids. The evaporation rate is

proportional to the evaporation surface, all other ‘
factors being equal. The surface of a finely porous I
solid |mp_regnated Wlth. a liquid is the. mo_st _SUIt_&lbIe Fig. 1. Scheme of the leaking devicel)(liquid solution,
for technical use of this property. A fine liquid film o) ransparent tube 3f porous solid, 4) evaporation sur-
distributed over this solid evaporates evenly with a face (liquid-gas interface),§) meniscus, andgj gas space;
rate considerably higher than the rate of the liquid (o) effective diffusion layer andlY capillary length (mm).
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to the concentratiorX; (g/cm3) in the resulting gas:

pS(Al/AL)
= Xi—

i i 9 (1)

p (1,2

With regard to the dependence of the volume of the
vapor of the liquid on the absolute temperatiighe 2
volume concentration of theh componenC; (vol %)
is calculated by the formula

TN, (Al/At
L3P TN (Al/aD
9o=M; N,

C = 8.20x , )

(1, 2)

whereM; and N; are the molecular weights and mole
fractions of the components of an evaporated liquid. 7

This relationship is similar to the relationship for
the conventional installation [1]. 0 & y

At a constant cross section of a porous solid under Fig. 2. Scheme of concentration distribution in the porous
steady-state conditions the flows of impuriti@¢sand solid: (1) the impurity is more volatile than the diluent and
of liquid solventJ; are constant throughout the length (2) the impurity is less volatilec™ andci_ are the same for
(the averaged cross section of the pores is constant);?°th cases.
hence,

)]
(€

facey = 0
J =Scy J. = Squ, (3)

- - (0 _
whereu andu, are linear migration rates of the com- o = D(@/0Y)y=o = (¢ - cou = D (D
ponents.

The starting nonstationary transfer process includeshere the effective diffusion layer is
several stages, the diffusion being the limiting stage in
the liquid layer adjacent to the interface. In the steady- 3 = D/u. (8)
state regime (operation) the transfer of an impurity
component is described by the equation of linear con- The time of attaining the steady-state regime is
vection-diffusion transfer in pores described in detail in [5]. We estimate the critical time
of its settingt as

&c oc
Day—z'l'UE = 0, (4) T ~ 82/D = D/Uz. (9)
whereD is the coefficient of impurity diffusionC is The ratio between the flowd/J_ and the sectiors
its concentration, ang/ is a coordinate. along the whole length of the porous solid are con-

The limiting conditions are: stant, hence

- - . uc — D(@cldy), - o
Cy = C, yp = 0 at the interface, uy = y = e, (10)

ug - D(&c/@y)yzo B

C = C% y = » far from the interface. (5)

It is impossible to find from Egs. (7) and (10) the
concentrations in any point and, in particular, at the
interface wherey = 0. They can be found using the
=1 _ gwD 6 Raoult's equations by comparing the flows in the gas
¢ - C phase. Let the pressures of an impurity and solvent

vapor in the gas phase heand p_, andpy and pE
The diffusion density of the flow at the inter- be their vapor pressures above the pure components,

The integration of Eq. (4) with regard to (5) gives

cC - Cy
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Experimental test of the procedure respectively, at a given temperature. Then in the gas

Content,x10’ vol %, at indicated air P21 - N) pdAN - 1)
. flow rate, cn¥ st J N = 5 = 5 . (11)
Mixture pON p
0.5 1.0 4.0
Therefore,
10.0% HCI + 90.0% HO* 040 1
Taken HCI 14.08 7.04 3.17 N= (e + 1 (12)
. 7. 1 . .
-T-glligg Ebg 1%0 63091 295_50 or, with regard to the fact that the amount of im-
Found HO 125 63.0 29.0 purities is noticeably smaller than that of the liquid
solvent,
10.0% NH; + 90.0% HO**
Taken NH 6.16 3.06 0.37 pL(JLpO/JpE + 1) pL(cE/copE + 1)
Found NH 6.10 3.00 0.37 Cy ~ = . (13)
Taken HO 55.44 27.94 33.3 ML ML
Found HO 55.20 27.80 33.10 .
5.0% HO + 95.00 GHOH™" If (c? p°/cop®) — 0 on condition thap®/p? < c/c®
‘ . > L (vapor pressure of the impurity is very smakf ~
;guﬁg %8 2'72 g'gg 140 p_/M,, which corresponds to the concentration of
: : : the pure solvent. Itd p°/cp >> 1, ¢y ~ Ppl/p°,

* Acidimetric determination of HCI, gravimetric determina-
tion of H,O by absorption in a calcium chloride tube.
** Acidimetric determination of NH, determination of HO
as in the previous case.
*** Back-titration of sodium thiosulfate with Fischer’'s reagent
with starch as indicator; alcohol was not determined.

7

— —t—

L~ 3

\

NN
\

120

50

Fig. 3. Scheme of dosing unit: 1 body (polymethyl
methacrylate), Z) porous solid (caked glass crumbs),
(3) glass tube, 4, 5 elastic sealing plugsg] by-pass, and
(7) mixing chamber.

i.e., the concentration of the impurity at tirgerface
is lower than the starting concentration. The both
situations are illustrated in Fig. 2.

The data of experimental tests of the procedure (see
table) are taken from [5]. The drawing of the dosing
unit is shown in Fig. 3.

As seen from the given experimental data, the
dosing unit is able to operate with impurities whose
partial pressure can be both lower and higher than
the pressure of the diluent.
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Abstract—The statics and kinetics of hydrolysis of nitrosylsulfuric acid were studied at the initial sulfuric
acid concentrations in the range 66 wt % and temperatures in the range-200°C or 30-13(°C. The
results were compared with the published data.

The reactivity of nitrosylsulfuric acid (NSA) de- the sulfuric acid concentration grows from 57.5 to
pends on the degree of its hydrolysis and is deterf5 wt % (concave curve), passes through an inflection
mined by the concentration of nitrogen compoundgoint at 73 wt % HSQ,, and then decreases more
formed in the solution in the free state in the course oflowly (convex curve). Such behavior is observed
hydrolysis. The NSA hydrolysis is an important in- over the entire studied range ob®; concentrations.
dustrial process, which has been little studied so faFhe increase in the O3 concentration facilitates the
because of experimental difficultes. Data for dilutedNSA hydrolysis. The lower the sulfuric acid concen-
(60-70%) sulfuric acid are lacking. tration, the wider the O3 concentration range corre-

. . . sponding to a drastic growth of the hydrolysi ree.

In this work, the statics of NSA hydrolysis was FFcJJr thegl—bSOAr conce(‘r:]nratitoncsJ Lpe toy%g )\C\?t%/oo,le?hiie
studied with an SF-46 spectrophotometer. A cell W'tnange is 0-0.55%. At a further increase in the,8;

the nitrose sample and a reference cell were mains,\conration, the degree of NSA hydrolysis increases
tained at constant temperature using a special attacll;' 3 consierably lesser extent. Ap®k concentra-
ment in the form of a 1-mm-thick brass plate containjong ahove 1.21.6% the hydrolysis degree increases

ing pockets for two cells and light-transmitting h°|es-virtually linearly for temperatures within 2a00°C,
Silicone oil delivered from a UH-8 thermostat throughdepending on the decrease in the sulfuric acid con-
a heat-resistant pipe was circulated within the attachsgniration.

ment. It was found that in the concentration range 0 _ _ ] _
5% N,Oz and 57.5100% H,SO, the LambertBeer The experlm_enta_l data _obtalned confl_rm once again
law is fulfilled. The degree of NSA hydrolysis was that the hot regime is efficient for operation of sulfuric
calculated from the residual NSA concentration of the o %

nitrose sample, as determined from comparison of its 100’
optical density with that of the nitrose sample contain-
ing 57.7 wt % of the initial sulfuric acid (assuming
100% hydrolysis of NSA).

The degrees of NSA hydrolysis are given in 60 |
Table 1, and the dependences of the hydrolysis degree
o on the initial sulfuric acid concentratiof s, a0t
at about 20C are shown in the figure. The éhperl-
ing’s data [1] for nitroses with about 0.2% ,05
(curve 1), the data of [2] for nitroses with 0.19%
N,O3 (curve 2), and experimental data obtained in
this study (curve3) were compared. As seen, for the —

H,S0, concentration exceeding 80% the data of [1, 2] 60 70 80 90 100

are similar, whereas at concentrations less than 80% CHys0, WL

the hydrolysis degree is lower than that found in [1]. Degreex of NSA hydrolysis vs. the initial sulfuric acid
Our results are underestimated compared to [2]. The concentrationCyy, s, Temperature 2@; N,O3 concen-
degree of NSA hydrolysis decreases considerably astration 0.2%. {-3) For comments, see text.

80
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Table 1. Hydrolysis of nitrosylsulfuric acid

Hydrolysis degree, %, at indicated Hydrolysis degree, %, at indicated
N,O5 con- o N,O5 con- o
centration, temperatureT, °C centration, temperatureT, °C
% %
20 50 80 100 20 50 80 100
76 wt % H,SO 66 wt% H,SO,
4.19 73.5 75.0 76.1 77.1 4.28 82.2 85.2 85.9 91.2
2.67 69.2 69.9 70.6 72.1 2.80 77.7 82.8 83.9 88.0
0.55 54.4 57.9 59.8 61.7 1.60 73.2 78.9 79.1 84.2
0.16 19.7 25.2 28.3 30.0 0.94 72.1 75.5 77.3 82.4
0.47 48.6 51.2 54.2 56.6
73 wt% H,SO 63 wt% H,SO,
4.22 74.3 75.1 77.8 77.9 5.26 88.1 89.5 90.5 91.6
1.05 71.6 74.9 76.0 77.0 2.62 81.9 83.2 87.3 88.6
0.80 68.6 69.9 74.8 75.0 1.73 77.2 83.0 84.5 85.7
0.54 60.0 62.0 62.7 65.4 1.12 75.4 82.3 83.8 84.9
0.37 37.6 41.1 43.6 44.8 0.15 53.2 54.0 57.9 59.9
70 wt% H,SO 60 wt% H,SO,
4.22 76.1 78.5 79.7 80.2 4.54 92.8 92.9 97.3 98.0
1.57 71.3 77.6 77.8 79.2 2.67 88.0 90.6 96.0 97.0
1.29 70.9 76.5 77.7 79.2 1.15 81.6 90.3 914 93.0
0.62 66.2 68.6 69.2 70.8 0.69 78.6 86.5 88.1 89.2
0.40 46.2 49.7 50.9 52.4 0.28 76.7 85.8 87.0 88.1

acid system and NSA denitration. The high efficiencywas charged into two cells of the conductometer and
of utilization of high-nitrose solution was also con-cooled to OC. Then, the cells were rapidly trans-

firmed. In the process, the nitrose activity increaseported into a thermostat preheated to a specified tem-
not only owing to the increase in the,8; concentra- perature. After that, the time and the conductometer
tion, but also owing to the fact that the equilibrium readings were recorded. In the course of the NSA hy-
in the nitrose is shifted toward the products of NSAdrolysis the nitrose conductivity increased and then
hydrolysis. remained constant after the lapse of some time. This
time was assumed as the time of complete hydrolysis.
The second cell served for measuring temperature.

The reaction of NSA hydrolysis is of the overall

The kinetics of NSA hydrolysis was studied on an
Impul's KL-2 conductometer. The nitrose studied

Table 2. Rate constantk of NSA hydrolysis second order and of the first order with respect to each
component. The rate constant was calculated by the
k, I mol"t min%, at indicated HNSO; formula [3]
T concentration, wt %
o 1 Coo(Cro = X1)
C 4 10 15.2 k = [
(1.2% NO3) | (3.0% NO3) | (4.5% N,Oo) UCro = C20)  Cro(Ca0 — %)
30| 9.61x10% 5.52x 1073 0.095 where C;y and C,( are the initial concentrations of
50 | 3.36x 10°° 1.43% 1072 0.184 HNSGO; and H,O (M), respectively, andK; and X,,
60 | 4.56x 102 1.69x 102 0.238 the concentrations of unchanged components (M).
80 7.68x 10~ 3.24x 107 0.314 . .
100 118§ 10—2 590i 10—2 0.455 The eXpenmentaI data treated in thdn [C20(C10—
120 | 1.66x 102 7.58x 1072 0.520 XD/C1o(Cog — X5)] coordinates fall on a straight line,
130 | 2.19x 1072 9.72x 102 0.780 which confirms the value of 2 for the overall reaction
order.
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Table 2 shows how the kinetic parameters of NSA CONCLUSIONS
hydrolysis at the initial sulfuric acid concentration of o o
72.3 wt % change with temperature. As seen, the rate (1) The degree of hydrolysis increases with in-
constant of the hydrolysis increases with®4 con- creasing temperature and,®h concentration in solu-

centration and temperature. Depending on temper&pn and with decreasing sulfuric acid concentration.

ture, the increase in the 3 concentration from 1.2 (2) The hydrolysis rate is comparable with the
to 3.0 and 4.5% increases the rate constant by a factaates of the other stages of the nitrose process.
of 5.7-4.4 and 9936, and the increase from 3.0 to

4.5%, by a factor of 178. At the temperature in- REFERENCES

creased from 30 to 50 and 1qDat the NO5 concen- _ _ _ _
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perature coefficient increases from 0.57 to 1.75. 1054, vol. 27, no. 6, pp, 594699,

The Obta|ned data on the StatICS and k|net|CS Oé Stromberg, A.G. and Semchenk(), D_Fizicheskaya
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nitrose process. Shkola, 1988.

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



Russian Journal of Applied Chemistry/ol. 74, No. 1,2001, pp. 176171. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 1,
2001, pp. 164165.
Original Russian Text Copyrigh® 2001 by Igumnov, Lekontseva, Shipigusev, Gomzyakova, Soshin.
BRIEF
COMMUNICATIONS

Synthesis of Hexafluoroacetone by Catalytic Oxidation
of Hexafluoropropylene

S. M. Igumnov, G. I. Lekontseva, A. A. Shipigusev,
O. D. Gomzyakova, and V. A. Soshin

Perm Branch, Prikladnaya Khimiya Russian Scientific Center, Perm, Russia
Received May 17, 1999; in final form, August 2000

Abstract—Oxidation of hexafluoropropylene with molecular oxygen in a fixed bed of a catalyst (activated
carbon promoted with alkali metal fluorides) was studied.

Catalytic oxidation of hexafluoropropylene (HFP) The required catalysts were prepared using a
is a most promising route to hexafluoroacetone (HFA)BAU-A brand crushed activated carbon with a particle
In known procedures oxidation is carried out using asize of 1.52.0 mm. In the tests the content of alkali
catalysts oxides of tin, iron, and indium [1] or fluori- metal fluorides was varied within-B0 wt %; in this
nated aluminum oxide [2], which in some cases igange the yield of HFA was almost constant. It was
activated with water (0.0640.003 mol per mole HFP found that at the content of alkali metal fluoride
[3]). Catalytic oxidation of HFP in the presence ofsmaller than 5 wt % the yield of HFA decreases,
palladium, platinum, rhodium, ruthenium, and iridiumwhereas the increase to more than 60 wt % is prac-
deposited on activated carbon was studied in [4]tically unfeasible. Oxidation at temperatures higher

In this work we found that the oxidation of HFP than 300C and the HFP : @molar ratio greater than
to HFA proceeds on a catalyst (activated carbon prol : 10 causes more profound oxidation of HFP yield-
moted with alkali metal fluorides NaF, KF, CsF, oring predominantly CO:

RbF) at 56-300°C and the HFP : @ molar ratio of The catalyst activity remains stable for 1500 h.
1:(0.1-10.0): During this period the particle size also remains con-
C. IME. A stant (1.52.0 mm). At longer operation the catalysts
CFCF=CR,+1/20, —2% "' 5 (CF,),C=0. (1) in question partially lose their activity because of
changes in the grain-size distribution. The conditions
The reaction probably proceeds with intermediat®f catalytic oxidation and experimental results are
formation of a carbanion generated by reaction witHisted in the table.
fluoride ion on the catalyst surface:
_ EXPERIMENTAL
CF,CF=CF, + F~— (CF3),CF + 0, (CF3),C=0 + F.
_ ) _ A tubular reactor (0.3 dﬁ) equipped with an elec-
Appearance of COJin the reaction products is yica| heater, a thermocouple, and pipes to supply the
due to more profound oxidation: initial components and Dand remove the oxidation
products was filled with a catalyst (0.25 dmThe
CF,CF=CF, + 1.50, - 3COF,. (2)  catalyst was activated carbon with 215 mm par-
i _ticle size, promoted with alkali metal fluorides. The
Formation of 1,1,1,2,3,3,3-heptafluoropropane igatalyst was preliminarily activated by heating in a
probably due to partial hydrolysis of CQ®ith resid-  fioy of dry nitrogen at 180200°C for 4 h. Then the
ual moisture on the catalyst and further addition Ofcatalyst was cooled to the required temperature and
hydrogen fluoride to HFP: HFP and Q were supplied at a rate of 1.8.0 | bt
in the required molar ratio.

The gas mixture from the reactor was condensed in
CF,CF=CF, + HF — CF;CFHCF;. (4) a trap cooled to-90°C and analyzed by gakquid

COF, + H,0 — CO, + 2HF, 3)
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Catalytic oxidation of hexafluoropropylene*

iti 1 0,
Catalyst, T o HFP : O, Composition of reaction product, % B o
wt % molar ratio HFP HFA COF, Freon 227 %
50 KF 100 1:3 11.8 55.4 29.3 2.5 62.8 88.2
25 CsF 220 1:2 13.1 48.4 36.1 2.4 55.7 86.8
30 KF 180 1:1 7.8 51.9 37.9 2.4 56.3 92.2
10 RbF 250 1:7 19.2 44.6 31.7 4.5 55.1 80.7
5 NaF 300 1:10 17.5 45.2 325 4.8 54.7 82.4

* (B) yield of HFA based on converted HFPg)( conversion.

chromatography. The individual components were (2) The main reaction is accompanied by side oxi-
recovered by low-temperature fractional distillation.dation of hexafluoropropylene to GGand 1,1,1,2,3,-

The components were identified by IR and NMR3,3-heptafluoropropane.
spectroscopy. The yield of HFA was 562%, and

conversion, 90%. REFERENCES

CONCLUSIONS 1. JPN Patent 60-550409.

(1) Procedure was developed for preparing hexaé- JPN Patent 58-22017.
fluoroacetone by catalytic oxidation of hexafluoropro-3. JPN Patent 58-23856.
pylene using activated carbon promoted with alkali4. Kurosaki, A. and Okazaki, SGhem. Lett 1988, no. 1,
metal fluorides. p. 17.
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Abstract—Differential high-temperature mass spectrometry was applied to study evaporation in sulfur-lean
melts of the systems G& and CuNi-S at 1500 K. Data on partial pressures and activities of melt com-
ponents were obtained.

Presently, a new autogenous technology for procebject of study by various methods in varied tempera-
essing of a nickel-containing copper concentrate okiure ranges [210].

tained in converter matte separation is being de- A previously described technique [10, 11] was ap-
; at . . %Iied to measure the partial pressures of copper and
produce copper with the minimum possible (for thisg - gyer CyS (pure grade) melt in the temperature
process) impurity conterltThe behavior of basic im- ange 13591500 K. As standard substance was used
purities (nickel and s_ulfur) in thls process is governe opper of MOOk brand, with partial vapor pressure at
by the thermodynamic properties of tt})eﬂ}u_S SYS 1500 K PY,, = 0.364 Pa. The copper and sulfur vapor
tem oat Ni content in the range 0.50% and up 10 pressures over GG melt were measured in [10]. It
21.0% sulfur. was found that at 1500 K the vapor over a;Sumelt
Here we report the results obtained in studyingcontains only atomic copper and diatomic sulfur mole-
evaporation processes in sulfur-lean melts of the sysules, whose partial pressures are practically constant
tem Cu-Ni-S at a temperature of 1500 K by differen-(0.043t0.02 and 0.150.02 Pa, respectively), being
tial high-temperature mass spectrometry. in sufficiently good agreement with published data

The investigation was performed on an MS-1301[12_14]'
mass spectrometer which, including apparatus units The temperature dependences of the partial pres-
for measurements by the Knudsen effusion methodures (Pa) of copper and sulfur in the temperature
and mass-spectrometric analysis of the vapor phasgnge 13961550 K are described by
allows experimental determination of partial vapor
pressures of melt components. In this work, the evap-  logpg, = 12.40£0.05 - (19300+730)T, (1)
oration occurred from a double effusion cell made of
molybdenum and calibrated by the calcium fluorideTable 1. Partials pressures of copper and sulfur over&u
vapor pressure [1]. melt at 1500 K

The set of studies of evaporation from -@i-S et composition, at. %| Partial pressures, Pa
melts also included investigations of evaporation from

sulfur-lean CuS melts and measurements of partial  Cu S Pcu Ps,
vapor component pressures over the,€umelt. The
latter was necessary since §Suwas used as pressure gg-i i-g 8-22 8-8‘211
standard in studying G&% and CuNi-S melts. 98.6 14 032 0.025
The system CuS has more than once been the 98.7 1.3 0.33 0.020
98.9 11 0.34 0.020
1 Gipronikel’ Institute, Joint-Stock Company and Severonikel 99.0 1.0 0.34 0.009
Combine, Joint-Stock Company (Kola Mining and Smelting 99.1 0.9 0.34 0.007

Company).
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logps, = 10.710.12 - (17 300£530)T. 2) ps, Pa

A Cu,S preparation was used as pressure standard 0-05 [
in measuring the partial pressures of copper and sulfur
over a copper melt containing in the initial state 3
2.2 at. % sulfur at 1500 K. The partial pressures
measured in the course of evaporation of this sample
are presented in Table 1.

Table 1 shows that in the course of evaporation the
partial pressure of copper is virtually constant and
equal to the partial pressure overfSy and the partial
pressure of sulfur falls from 0.047 to 0.007 Pa with 0.0l o
decreasing content of sulfur in the melt. ' . - . .

. 0,
The dependence of the partial pressure of sulfur on Partial 1.0 o 1.4 1.8CC,fat. If/o .
the content of sulfur in the melt at 1500 K is shown +2rtia! pressure of sulfups, vs. contentC of suliur in
. . the Cu-S melt.
in the figure.

Published data on the partial pressure of sulfur in Table 2 shows that the partial pressure of copper
the given range of compositions and temperaturegver melts is virtually constant, as also is the content
are diverse. For example, a value of 0.001 Pa wasf copper in the melt. The partial pressure of nickel
presented in [14]. Schuhmann and Moles obtained fopver the melt at this temperature is (0@5)x
compositions in this range at a temperature of 1523 K03 Pa, which is close to the detection limit of the

a partial pressure of sulfur equal to 0.025 Pa [15].

High-temperature mass spectrometry can be usef eﬁ)tleazt' iasglc? IEressures of the components overliuS

as a variety of the classicalvapor pressure method
in determining the thermodynamic activity. The basic \e|t composition, at. %|  Partial pressure, Pa
. _ 0 . . ) . p l
equation of the method, = p;/p;’ gives directly theg;
value as a ratio of ion currents. Sinpg= bl; T and Cu Ni IS P phix 1073 p
pY = bI’T, then Cu_ | ™ 2

0.03

a = I./19 3) Sample no. 1
0 . _ 90.4 7.5 2.1 | 0.320 ~0.5 0.140
wherep; and p;” are the partial pressures gh com- 90.4 7.7 1.9 0.321 ~0.5 0.149
ponent, measured over a composition under study an®0.4 7.9 1,7 0.332 ~0.5 0.151
pure component, antf and Iio are the respective ion 90.4 8.2 1.4 | 0.324 ~0.5 0.156
currents. 90.3 8.5 1.2 0.339 ~0.5 0.110

0 _ 90.3 8.8 0.9 0.336 ~0.5 0.095
If pure copper p¢, = 0.364 Pa) at the same tem- 95 06 0338 05 0051

perature is taken as the standard state of copper, thegg ' N

the activity of copper in molten G$ and CuS melt 885 | 111 04 ] 0340 0-5 0.020
containing ca. 2 at. % S is approximately unity. If the Sample no. 2
state of sulfur in the &85 melt is taken as standard, 9o 5 5.0 45 0.355 ~0.4 0.153
then the activity of sulfur in a G&5 melt containing  90.5 5.1 4.4 | 0.345 ~0.4 0.158
ca. 2 at. % S is 0.31 and falls to 0.05 with its content 90.5 5.4 4.1 | 0.332 ~0.4 0.164
in the melt decreasing to 0.09 at. % S. It is noteworthy 90.5 5.6 39 | 0332 ~0.4 0.163
that, in going from melts containing ca. 30 at. % S to 90.4 5.9 3.7 0.340 ~0.4 0.158
melts with~2 at. % S, the activity of sulfur decreases 90.4 6.2 3.4 | 0.386 ~0.4 0.191
from 1 to 0.3 and the activity coefficient of sulfur in- gg-j 6.6 30 | 0339 | ~04 0.162

creases from 0.03 to 0.15. 7.0 26 | 0360 | ~04 | 0.178
_ _ _ 904 | 75 21 | 0309 | -~04 0.138
The evaporation from GiNi-S melts was studied gg4 | 8.2 14 | 0315 | -~05 0.154

on preparations containing (at. %) copper 92.7 andgg.2 9.0 08 | 0331 ~05 0.084
90.6, nickel 4.9 and 4.8, and sulfur 2.4 and 4.6. The gg.5 10.0 05 0.308 ~05 0.046
working temperature was 1500 K. The experimental 88.6 | 11.1 0.3 | 0.330 ~0.5 0.025
results are presented in Table 2.
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measuring instrument. The partial pressure of sulfur4.
depends on the content of sulfur in the melt, with this
dependence expressed by the equation 5.

Ps, = -0.019[SF + 0.12[S] - 0.0046. % &

The activity of copper in CeNi-S melts is close to -
unity with the state of copper in G8 (pcy in cwS =

0.34 Pa) as the standard state and somewhat lesg
than unity if its state in metallic coppepg, in cu =
0.364 Pa) is taken as the standard. 9
If the state of sulfur in CyS (ps2 = 0.15 Pa) is
taken to be its standard state, then the activity of

sulfur in the CuNi-S melt decreases from about 1 to10.

0.1-0.2 with the content of sulfur in the melt decreas-
ing from 4.5 to 0.3 at. %. In this case, the content of

copper in the melt remains virtually constant, and that1.

of nickel increases from 5.0 to 11.1 at. %.

12.
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HISTORY OF CHEMISTRY
AND CHEMICAL TECHNOLOGY

First Studies in the Field of Fixation of Atmospheric Nitrogen
In Russia (Experiments of A.l. Gorbov and V.F. Mitkevich
in 1906-1912)

The only sources of fixed nitrogen in the late
XIX-early XX century were natural Chile saltpeter
(sodium nitrate) and ammonia obtained in very limited
amounts as a by-product of coal carbonization. Chile,
a relatively small state, supplied saltpeter to, in fact,
all the world’s countries. No major deposits of salt-
peter were known in any other region.

Chile saltpeter was used to manufacture nitric acid
and served as fertilizer. A steady production of nitric
acid in Russia was of interest for the Russian military.
The agriculture needed fertilizers. The agrarian re-
forms started in 1906 gave rise to higher demand for
fertilizers. For example, during the period from 1906
till 1912, the overall consumption of mineral fertili-
zers in Russia increased from 7.6 to 35.3 million
poods (1 pood = 16 kg). The use of nitric fertilizers
(Chile saltpeter) increased during the same period
from 1.0 to 3.1 million poods, i.e., more thahree-
fold [1]. The RussianJapanese war demonstrated that,
without domestic sources of fixed nitrogen, it is rather
difficult to supply a sufficient amount of nitric acid to
the industry of explosives.

It should be noted that, in addition to the gross
expenditure for import of saltpeter, there were other
factors stimulating the work aimed at obtaining nitric a known specialist in explosives; Ministry of Trade
acid directly from atmospheric nitrogen. Russia re- and Industry: professors N.S. Kurnakov and |.F. Shre-
ceived the whole amount of Chile saltpeter through its der, prominent physical chemists, and professor
western boundary and Baltic ports. In case of military V.F. Mitkevich, a specialist in electrical engineering;
action in this region, a complete termination of salt- Chief Engineering Department: professor A.l. Gorbov,
peter supply would be expected, which could deprive a chemist and initiator of commission’s creation and
the armaments industry of the most important sourceits secretary [2, 3]. In its first meeting on February 14,

Vladimir Fedorovich Mitkevich

of raw materials.

In December 1905, an interdepartmental Commis-
sion on the Problem of Obtaining Nitric Acid by Oxi-
dation of Atmospheric Nitrogen was created at the
Chief Engineering Department of the Ministry of
Defense. The commission included staff members of
the Artillery department: professors of the Mikhailov-
skaya Artillery Academy lieutenant-general G.A. Za-
budskii (Chairman) and V.N. Ipat'ev, and colonels
A.V. Sapozhnikov and N.M. Vittorf, Naval Depart-
ment: P.P. Rubtsov angbrofessor S.P. Vukolov,

1906, the commission stated thdhe Empire has no
major deposits of saltpeter and, therefore, only manu-
facture of nitric acid from air is to be consideréd.
Gorbov and Mitkevich were assigned to perform pre-
liminary experiments in this direction.

Aleksandr Ivanovich Gorbov (1852939) gra-
duated from the Natural Department of the Physico-
mathematical Faculty at St. Petersburg University in
1883. He was a pupil of A.M. Butlerov (1828886),
who created the theory of structure of organic com-
pounds, and a close friend of D.I. Mendeleev (1834
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1907). In 18831885, he worked at the University, Germany. Experiments were first done at the Mining
and in 18851894, at the chemical laboratory of the Institute; later, M.A. Shatelen (1868957), the dean
St. Petersburg Academy of Sciences. Beginning inf the electromechanical department of the Polytech-
1894, he taught at the Military Engineering Academynic Institute, proposed to construct a pilot installation
Gorbov was a well-educated chemist and an activat the St. Petersburg Polytechnic Institute. Based on a
member of the Russian Physicochemical Society. Higast experimental evidence, the authors established
main scientific investigations were concerned witha clear dependence..between the percentage of ni-
various problems of military technology. He alsotrogen oxide formed in burning of air under the action
was one of the best-known popularizers of chemicabf an electric arc, volume of air introduced into the
science in the country [46]. Since 1926 and till the furnace during 1 h per kilowatt of electric arc power,
end of his life he had been Editor-in-Chief 8hurnal and grams of nitric acid into which the nitrogen
Prikladnoi Khimii (Soviet Journal of Applied Chem- oxides can be converted..In the authors’ opinion,
istry) [7]. the equation had general character, being not related

Viadimir Fedorovich Mitkevich (18721951), hay- ° &Y furnace design feature [13, 14]
ing graduated from the Physicomathematical Faculty Gorbov and Mitkevich established the influence of
of St. Petersburg University in 1895, taught electricalvarious factors on the efficiency of nitrogen fixing. In
engineering and physics at higher school institutiongarticular, it was found that the specific yield of the
in St. Petersburg and at the Electromechanical Depanproduct per unit electric power expenditure decreases
ment of the Polytechnic Institute beginning in 1902.with increasing total power of the furnace. The poss-
He laid the groundwork of the course Theoreticalible reason was that zones with lower temperature
Foundations of Electrical Engineering. In 1906, hav-appear in the furnaces, with reverse reactions occur-
ing backed his adjunct’s dissertation, Mitkevich wasring therein. The authors noted [14] that.it is im-
elected a professor. During many years he held thpossible to apply arbitrarily high power to a given
chair of the fundamentals of electrical engineering, irffurnace, and a power exists for this furnace of the
1927, he became a corresponding member, and maximum energy efficiency.Thus, it is necessary to
1929, a full member of the Academy of Sciences ofind its own optimal process regimes for each furnace
the USSR. Of exceptional importance are Mitkevich’sdesign. However it is important to have furnaces
studies concerned with the nature of electric arc, sunwith as high power as possible, this making much
marized in the monograp® vol'tovoi duge(On the simpler the monitoring of their correct operatioi4].
Electric Arc). In 1907, he was awarded Popov Prize

for these classical investigations—{E]. Eight furnaces were constructed for experiments,

differing in the arrangement of electrodes, method of
At the end of the XIX century, William Crookes, air supply, and design of condenser and combustion
the known English physicist and chemist, demonchamber. Two furnaces were single-phase, and the re-
strated experimentally that strong electric discharge imaining six, three-phase. The power of seven furnaces
air may lead to oxidation of nitrogen to give nitric andwas varied within 1630 kW, and the eighth, three-
nitrous acids. Further experiments revealed that 43.5ghase furnace had power ranging from 60 to 220 kW.
of nitric acid per 1 kW h can be obtained in the oxi- Special apparatus developed by the authors allowed
dation of atmospheric nitrogen [2, 3]. Later, a yield ofmonitoring of the process and variation of the experi-
60-75 g of HNG; per 1 kW h was achieved. In 1906, mental conditions.
the first commercial installation for nitric acid produc-
tion was constructed in Norway, a country rich in
low-cost hydroelectric power. It is this method that
Gorbov and Mitkevich became interested in.

Large-scale experiments were conducted under
plant conditions at Sestroretsk, near St. Petersburg.
The NO content of gases was on the average 2.44%,
and the vyield of nitric acid, 70.5 g per 1 kW h. In

Gorbov and Mitkevich studied the conditions for 1916, Gorbov and Mitkevich designed a 3000-kW
efficient production of nitrogen oxides and, in the endfurnace, and a plant started to be constructed at Kon-
nitric acid during several years. However, already irdopoga, on the northwestern bank of Lake Onega in
May 1906 the authors presented an original design dfarelia. The site was chosen with account of the
an arc furnace for fixing atmospheric nitrogen. Thehydropower of River Suna flowing into Lake Onega.
furnace design was patented in Russia, Norway, anih 1918, the construction of the plant was suspended.
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Gorbov and Mitkevich's furnace:1( 2) electrodes creating
the electric arc, 3) cylindrical furnace, 4) space for cool-
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Abstract—The formation of nickeltantalum compounds in halide fluorotantalate melts was studied &C750
The mechanism of electroless tantalum plating onto nickel is considered and it is suggested that dis-
proportionation underlies the spontaneous transfer.

In electrolytic recovery of tantalum in a nickel cut-out from rolled nickel of 99.99% purity, treated
crucible-cathode, thaickel impurity completely passes with a mixture of HNQ, H,SO,, and CHCOOH
into the cathode deposit to form acid-resistant comacids, and washed with water and alcohol. The po-
pounds [1]. Previously [2, 3], the behavior of nickeltential of the nickel plate was measured relative to
has been studied in salt mixtures containing 2.5 mol% polished tantalum rod. Fusion cakes of salt mix-
K,TaF, commonly used in electrolysis, and it hastures were analyzed on an IK 20 IR spectrophotom-
been found that electroless deposition of tantalum ionster. X-ray patterns of the samples were taken on
to form mainly the compound NTa occurs at its sur- a DRON-2 diffractometer with graphite monochroma-
face. In view of the use of nickel in apparatus fortor (Cq< radiation, scan rate 2 deg min analysis
metal-thermal production of high-capacity tantalumdepth ca. 1lum). The highest peak in Figs. 1 and 2
powders [4], it is of interest to study the interactionis taken to be 100 on the relative intensity scale.
of nickel with a NaCtK,TaF,; (14 mol %) melt hav- Tantalum was determined in melts by X-ray fluores-
ing practical importance [5]. cence analysis with a SpaRK X-ray spectrometer

The aim of this study was to elucidate the mech- (Ag anode, threshold sensitivitgy, = 0.001%, rel-

anism of electroless tantalum plating onto nickel from ative error 510%).
halide melts containing KaF, analyze the com-  According to experimental data, the corrosion of
position of nickettantalum intermetallic compounds nickel in chlorldefluorotantalate mixtures at 750
in relation to their formation conditions, and obtainwas 25 g ni? h%, depending on the sample exposure
protective coatings on the nickel crucible walls directtime, which contradicts the conclusions made in [6]
ly in the process of obtaining sodium-reduced tanabout high corrosion resistance of the metal in a chlo-
talum powders. ride melt with 4 mol % KTaF,. The corrosion of
nickel terminates when tantalum metal is introduced
EXPERIMENTAL into a melt in the form of plates or a powder. Five
intermetallic compounds exist in the -Nia system:
The investigation was performed in a hermeticallyNigTa, Ni;Ta, Nib,Ta, NiTa, and NiTa[7]. The com-
sealed steel retort in helium at 780 As a container pound NiTa, possessing the minimum Gibbs energy
for the melt served nickel or glassy carbon (SU 2000and having the highest growth rate constant as com-
crucible. Sodium chloride of special-purity grade waspared with the other phases, is the most stable [8]. It
calcined in air at 600C and melted in an atmos- is this compound that was unambiguously identified
phere of pure helium. Potassium heptafluorotantalaten 356-4004m-thick rolled nickel in melts contain-
was obtained from HF solutions and dehydrated byng 2.5 mol % KTaF, in those cases when two plates,
heating in a vacuum at 400. Working samples were of tantalum and nickel, were placed in the melt si-
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1, arb. units example, introduction of a tantalum metal powder into
the melt in amount of 5 or 10 wt % makes the tanta-
lum concentration in the melt grow from 23.1 to, re-
spectively, 24.1 or 25.4 wt% in 3 h. The rate of
formation of surface diffusion alloys-coatings marked-
ly increases since the introduction of a tantalum metal
powder into the salt mixture immediately before an
experiment rules out the possibility that the overall
rate of electroless transfer of tantalum onto nickel is
1, arb. units . controlled by the first stage of the procestntalum
i 2 corrosion [9]. In NaGlK,TaF, (14 mol %) with
0.8 wt% dissolved tantalum powder, the mass of
nickel samples increases already in the course of melt-
ing, and formation of intermetallic layers starts on
their surface. During the time of experiments, includ-
ing heating, miing, andkeeping at 758C for 15 min,
protective layers are formed, composed, according to
L, arb. units 3 XPA, of a mixture of NiTa and tantalum-richer com-
40k \ J pound NipTa. This indicates that conditions more
favorable for formation of protective coatings are

L created by the higher concentration ofTiF, in

201 o JII the melt and introduction of tantalum into the bath in
%JAAJ U
10 30 50
6, deg

o IV the form of a metal powder. The maximum thickness
of the obtained coatings was about g. On the

Fig. 1. X-ray diffraction patterns of nickel samples. oNi T3 + [Tal 2 3Ni.-Ta. AG = -86.6 kJ g-atl Ta

(1) Relative intensity and@) Bragg angle; the same for 3 [Tal & 2 ' g-at '

40t

20

40

20

whole, the process is controlled by the dynamic equi-
librium

Fig. 2. Background: 2KCI : KF (by weight) with 2.5 mol % @
KoTak, T = 750°C. (1) 350 um rolled metal, 2) 50 um . .
foil, © = 4 h, and 8 50 um foil, = = 5 h. () NisTa, However, no NiTa compound or tantalum (foil
(1) Ni,Ta, (II) NiTa, and (V) Ta. thickness 50um) could be detected in dilute melts

with 2.5 mol % KTaF, by XPA. The results of an

multaneously. The compound fia could not be de- analysis performed on an MS-46 Cameca X-ray micro-
tected in any of the numerous experiments. The-pair analyzer of three samples with electroless coatings 18
tantalum piate50-um-thick nickel foil—was used {© 23 Hm thick demonstrate the same total content of
to obtain, at experiment duration of 4 h, coatings inf@ntalum in the range from 51.665 to 53.706 wt %, in
which X-ray phase analysis (XPA) revealed, in addi-2greement with XPA data. The phenomenon of elec-
tion to NisTa, two tantalum-richer intermetallic com- troless transfer is commonly associated with the pres-
pounds, NjTa and NiTg (Fig. 1, X-ray pattern na2). ~ ence in the melt of two charged species of a de-
Five hours after the beginning of an experiment, tanPosited metal [9]. In other words, disproportionation
talum starts to be co-deposited together with the inof tantalum ions underlies the spontaneous transfer of
termetallic compounds (Fig. 1, X-ray diffraction pat-tantalum onto nickel.

tern no. 3). Several studies of the mechanism of electrochem-
To obtain high-purity tantalum powders by theical reduction in the NaCKCIl-K,TaF, melt have
metal-thermal method, the time of formation of abeen reported in the literature. Lantelrae al. [10]
protective coating on the nickel reactor walls shoulddemonstrated that reduction of tantalum proceeds in
be the minimum possible. The metal loss from rolleca single reversible stage Ta(V) + % Ta(0). The
tantalum about 500um thick at 750C in a salt single-stage mechanism of tantalum discharge was
mixture NaChK,TaF, (14 mol %) is approximately confirmed by Kuznetsov [11] and Polyakova [12], but
380 g nt2 h™! in the absence of nickel and becomeswas identified as irreversible. The authors of [13, 14]
higher for the nickeltantalum pair. Simultaneously, allow for the presence of low-charge tantalum species
the concentration of tantalum in the melt grows. Foiin the molten mixtures and explain the formation of
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carbides of high-melting metals by the disproportiona- 1, arb. units
tion reaction. o e o °

The electrochemical behavior of tantalum was ]
studied by linear and stationary voltammetry [10, 12] 40
in chloride melts with low KTaF, concentration
(0.04-0.25 mol %). o B

Chloride-fluorotantalate melts with high ,KaF, 20T
content were chosen by the authors of the present o
study in view of the fact that salt melts with 2.5 and
14 mol % are of practical importance for obtaining I — ' ! !

arb. units
tantalum powders by electrolysis and sodium-reduc- % 0§ o op

tion. In addition, to make the formation of surface o 9
diffusion alloys-coatings faster, tantalum metal powder .

was added, directly in the course of the experiment, 40F .

to the salt mixture before its being charged into the re-

actor, i.e., formation of low-charge compounds was ot

promoted. When the content of tantalum powder in- 20} i

troduced into the salt mixture prior to melting was o H
raised to 5 wt % and more, XPA revealed the com- {\J

pound K;TaCl (Fig. 2), which points to the existence e : - :

in the melt of two kinds of charged species in com- 7, arb. units
parable amounts. S te o o 3

* JI
o I
i

An IR spectral study demonstrated that the dis-
sociation by the scheme 40

K,TaF, —> KF + KTaFg ) e .
becomes stronger with increasing content of tantalum
metal in the chloride-fluorotantalate melt. The spec- ] U b
trum clearly shows a shift of the T& absorption .
band from 535 (KTaF,) to 545 cm* (KTaFg), which 20 40 0, deg
is due to the fact that the ¥& bond in the hexaco- Fia. 2. Xr tern of a frozen melt. Backaround:
ordinate complex becomes stronger because of the deq 5, % Ta,f;y (ff Mol %) and tantalum  metal ?Wt %):
creasing coordination number of tantalum ions (Fig. 3). (4 102(2) 5.0, and 8) 10.0. () K,TaR, (Il) K,TaCl,

This leads to the appearance of l&ind F ions in (1) K3TaClF, and (V) KTaFg (14 mol %).
the melt.

From the standpoint of théautocompleX model

1
of the structure of molten alkali metal halides [15], 0r 2
the melting of an ionic crystal is accompanied by sym-
metry breakdown in the mutual arrangement of par- i 3
ticles, resulting in that iordipole interaction is super-
imposed on the iofon interaction to give complexes. 30T

T, %

The role of a complexing agent in sodium chloride

is played by the cation whose binding energy in the
complex exceeds the cation energy in the second
coordination sphere by 78 kJ mbli.e., complex ions 10F
NaCE~ are present in the starting chloride-fluoro-

tantalate melt. The tendency of anions to fqrm com- 500 700 900 v, cm!
plexes becomes more pronounced with their increas- _

Fig. 3. IR spectra of potassium fluorotantalate in NaCl
ing ionic moment and polarlzablllty The formal ionic K,TaF, melt (14 mol %). (T) Transmission and)(wave

moment (I, A_) decreases in gom% from~Fo number. Content of Ta metal powder (wt%)1) (1.0,
CI” (0.75-0.52), and the polarizabilityA”") increases  (2) 5.0, and 8) 10.0.
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(0.64-2.96). As a result, the binding energy grows in i = KmnF _
passing from chloride to fluoride complexes because ~1000A
of a pronounced increase in their ionic momentumwhelre Km is the loss of Ta (gmh®), n is

Fluoride ions gradually replace chloride ions in autoe-[he Ta oxidation level.F is the Faraday constant

complexes, which leads to the appearance of free C ] ; . :
ions in the melt. Fluoride complex compounds ar Ahgequivt), andA is the atomic weight of Ta.
formed in mixed chloride-fluoride melts at a relative At a current density of 0.003 A cthand one-hour
excess of fluoride ions [16]. It is noteworthy that theTa loss of 50 gi? h™* in a melt with 2.5 mol %
amount of fluoride ions formed by reaction (2) in saltK,TaF,, the lowest oxidation level of Ta was approx-
mixtures NaCHK,TaF, is negligible, compared with imately +4.
the content of chloride ions in the melt. Hence, the de- : . . .
tection of just the chloride complex of a low-charge, | "€ concentration gradient of potential-determining
tantalum compound, aCk, by XPA in chioride- ions in various states of oxidation are the driving
P Pan B forces of the ion transfer occurring via diffusion at
fluorotantalate melts with addition of up to 5 wt % S
tantalum metal and more is a well-established fac he electrodes and convection in the electrolyte bulk.
The presence of potassium ions in the second coord2nS ©Of the reduced form diffusej ) from pure
nation sphere of the tantalum(lV) complexFaCl antalum, where their concentration is higher, toward
cannot be accounted for in terms of the-am inter-

the alloy, where their concentrationTlis Iovger, and

. : e , isturb the equilibrium ratio of ions [T&/[Ta>"] at
gg“}?ﬁj S'ﬂgfvé@ir'o?lgmﬂfn;tgmégi'nsi Ig?stﬁt;ariwgtnha he alloy surface. For the equilibrium to be restored,
dipole interaction, the potassium cation is more com@ F€action must occur, lowering the “Teconcentra-
petitive since its polarizability exceeds that of the soll0" at the surface of the positive nickel electrode.
dium cation [17]:a x 107 is 1.012 for K(I) at 806C Nickel reacts with tantalum to give a surface alloy
and 0.281 for Na(l). Probably, the iedipole inter-
action plays a key role in the case of formation of
the K,TaCl compound.

Km% 2.68x 1073, @)

3Ni + 2Td* - Ta>* + NisTa. (5)

Ta" ions with higher oxidation level, formed
The chemical reaction of tantalum(lV) compoundby reaction (5), diffuse toward the electrode made of

formation can be written as follows pure tantalum, which, in turn, disturbs the equilib-
rium ratio of tantalum ions [TH]/[Ta®"] at its sur-

4K,TaF, + Ta + 30NaCl + 2KF face, creating an excess of “Taions. The response

of the Ta/[T4"] system to the disturbing action of

— 5K,TaCly + 30NaF. (3) thej,, flow has the form of the tantalum dissolution

reaction to give ions of the reduced form*faafter
A calculation of the Gibbs energy of reaction (3)which these ions again start their motion along the
from reference data by the first Kireev method [18]gradient toward the alloy. Thus, the transfer process is
demonstrated that the occurrence of this reaction iglosed into the cycle occurring by the scheme [9].
unlikely (AG,qg = +853 kJ motY). It becomes pos-

sible only in the simultaneous presence in the melt of Tale Tat] ey [rat >| Ni-Ta | ni
\ . . : ) . 3
the pair tantalumnickel, when intermetallic com [Ta5"] Jox [Ta5*]

pounds are formed on the nickel surfacéG =
~118 kJ mot* for NigTa and -107.7 kJ mof* for
Ni,Ta [8]. This conclusion is confirmed by exper-
iment: the compound KraCl, (XPA data) and a shift . . :
of the equilibrium (2) %IFR s:gectral data) are only ob-, (1) The composition of nicketantalum intermetal-
served on raising the content of tantalum metal powddl¢ compounds in_chloride-fluorotantalate melts de-
to more than 5 wt % in the presence of a nickel plateP€Nds on the Krak, concentration in the melt,

It is noteworthy that the reduction of tantalum penta&Mount of tantalum metal added to the melt, thick-

hlori rachloride TaCl ntalum foil h ness of the_ nickgl substrate, and experiment duration.
ﬁ)ng I%Eéetr? tkentosxfn ?llgf agrlby tantalum foil has In melts with high content of KraF, (14 mol %),

introduction of tantalum powder in amounts of ca.

The tantalum oxidation level was calculated usindl wt % and more leads to faster formation of protec-
the corrosion current densitiéA cm™) obtained on tive coatings on nickel. It follows from experiments
shorting the external circuit of the electrodes withthat the nickel reactor walls are covered with;T
small resistances [3], by the formula [20] and NpTa compounds.

CONCLUSIONS
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(2) The compound KraCly was found in NaGl 8.
K,TaF, melts (14 wt %) upon introduction of tanta- o,

lum powder in amounts of 5 wt % and more. A con-
clusion is made that the formation of surface inter-
metallic compounds is due to the disproportionation

reaction. IR spectroscopy reveals the growing sharg0.

of dissociation by scheme (2).
(3) The surface alloy is formed by reaction (5).11

(4) The results of the study made it possible to
obtain directly in the course of sodium-reduction tan-

talum powders with low content of nickel impurity. 12.
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A New Technique for Synthesis of Nordstrandite
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Abstract—Basic physicochemical characteristics of aluminum trihydroxide prepared for the first time by
carbonization in the form of nordstrandite are described. Silicon-containing complexes present in the solu-
tion being carbonized act as stabilizers of the nordstrandite structure in the course of hydroxide precipitation
from aluminate solutions.

Nordstrandite, synthesized in 1956 by Robert varide onsets at pH > 13 because of the excess of alkali
Nordstrand, a known chemist, and named difiem, is, in solution. Then, on introducing CQnto the solu-
together with bayerite, gibbsite, and doyleite, a polytion, the pH decreases. With account of the modern
morphic modification of aluminum hydroxide Al(OKl) concepts, the occurring reactions can be represented as
[1-3]. Nordstrandite occurs in nature in eroded rocks,
in association with carbonates, and in a number of CO, + 20H = CO%> + H,0, (1)
bauxite ores [26].

_ +
A specific feature of thermal dehydration of nord- [AIOH) 7 + H;0" = AIOOH + 3H,0, ()

strandite is the formation af-Al,O5 possessing a spe-

cial type of crystal lattice defects and exhibiting ther- AIOOH + OH™ + H,0 = [AIOH)4] 3)
mal stability, which allows its use as a starting mate- -

L - Al(OH = AI(OH), + OH, 4
rial in production of supports of catalysts for dehydra- [AIOH) 4 (OH)s “)
tion, isomerization, reforming, and some other catalyt- CO, + 2H.0 = H.O" + HCO: 5
ic processes [6, 7]. 2 2 s s ®)

Synthesizing artificial nordstrandite involves cer- 2AIOOH + 2(Na, K + 2HCOg

tain technological difficulties. It can be obtained from = (Na, K),0 - Al,05 - 2CO, - 2H,0. (6)

X-ray-amorphous aluminum hydroxide by keeping

(“aging’) it in the presence of chelate-forming agents 1 ,cessing aluminum-containing raw materials

(ethylenediamine, ethylene glycol) under the condijng ajymina and other products, aluminum hydroxide

tions in which bayerite would be produced in the ab—Ia prepared in such a way that it should be obtained

sence of these reagents. Also, nordstrandite mixef{ {he form of gibbsite. In addition, bayerite, pseudo-
with bayerite can be obtained in reaction of aqueougoehmite, hydroaluminocarbonates of alkali metals
sc_)lutlons of aluminum with ammonium hydrOX|de,(HAC)1 and X-ray-amorphous modification of these
with subsequent many-day keeping at pH -18.0 materials can be obtained under certain carbonization
[7, 8]. The complexity and long duration of synthesiscongitions [1]. Theoretical prerequisites for obtaining
hinder large-tonnage production of nordstrandite byyordstrandite by carbonization of aluminate solutions
conventional methods and restrain its practical use.nad existed before [9], but have not been confirmed

Nordstrandite described in this communication wady Practice.
for the first time obtained by carbonization from alu- The carbonization conditions were chosen in view
minate solutions produced in manufacture of alumiof the specific features of nordstrandite formation
na. The mechanism of the carbonization process s nature. A condition favoring nordstrandite forma-
not completely clear despite numerous investigationgion is, as a rule, decomposition of basalt by weak-
The reaction of aluminate solutions with carbon dioxdy alkaline solutions via the compounds aluminohy-
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Table 1. Effect of aluminate solution decomposition conditions on the chemical and phase composition of the precipitate
[Composition of the starting solution (g df): R,O; 915, RO, 74.8, ALO,; 84.5, SiQ 1.46]

Carbonizatiorn Content in solution Content in precipitate
conditions obtained, g dm? obtained, g dm? Main phases
in the precipitate

T, °C | 1, h| R0, | RO, | Al,O; | SiO, [NaHCOy| AlLO; | Fe,05 | Si0, |R,0

50 55 (925|88.4| 0.21 |0.026] 11.1 63.4 | 0.03 | 1.50 [0.91| Bayerite

50 8.5 | 935|845 - 0.005| 23.6 62.9 | 0.04 | 1.60 |1.17| Bayerite, gibbsite

70 20 | 93.0| 87.1 - 0.010] 16.0 63.2 | 0.03 | 1.78 |1.62| Bayerite, HAC

70 4.5 ] 92.8| 88.3| 0.05 |0.025 12.1 63.4 | 0.03 | 1.85(1.28| Bayerite, gibbsite, HAC

70 6.0 | 924 92.4| 0.56 |0.042] O 62.0 | 0.03 | 1.60 [0.97| Nordstrandite

80 25 | 931 83.8 - 0.005| 25.3 60.3 | 0.03 | 1.40|1.32| Gibbsite, nordstrandite, HAC
80 25 | 93.0| 87.9| 0.01 |0.025 13.7 63.1 | 0.01 | 1.76 |1.46| Gibbsite, bayerite, HAC

80 4.0 | 93.1| 84.4 - 0.004| 23.6 63.3 | 0.03 | 1.89 |1.32| Gibbsite, HAC

drocalcite CaG Al,O5-2CGO, - 5H,0 or dawsonite The results obtained in carbonization of nondesil-
(Na, K),O - Al,O5 - 2CGO, - 2H,0. Since nordstrandite iconized aluminate solutions are presented in Table 1.
is mainly formed in the presence of silicon-contain-
ing mineral compounds, aluminate solutions with in-
creased, with respect to that in alumina productio
solutions, content of silicon were subjected to carbon
ization.

It follows from the data in Table 1 that a number of
onditions is to be met for aluminum hydroxide to be
formed as nordstrandite, including a temperature of
60-75°C and presence of a silica-containing phase in

a solution being carbonized. In all probability, it is sil-
Nondesiliconized aluminate solutions produced irica that stabilizes nordstrandite in the course of car-
leaching of nepheline cake were used in experimentsonization in a transition from metastable to crystal-
[10]. The carbonization was done with diluted carbonine phases. In the absence of silica in a solution be-
dioxide (16-25% CQ) to pH 11.0-11.3. The formed ing carbonized, all other conditions being the same,
solid phases and filtrates were separated on a Schaéifere occurs precipitation of the following phases
filter, with the precipitates washed with water atconventional for the alumina production: gibbsite,

30°C and analyzed for the content of main componenbayerite, or aluminocarbonates of alkali metals [1].
gravimetrically and by the volumetric and photomet- Lontical . h
ric methods. The concentration of tiearbonate al-  Crystal-optical studies demonstrated the presence

kali” (R,O,) in aluminate solutions, stoichiometri- of finely crygtalllne aggregates of nearly radial-beam
cally proportional to the amount of COions pres- Structure (Fig. 1). Inside the aggregates, there are
ent in solution, was calculated in terms of sodium Oxﬁomiﬁncflu;lons of '1[:he t_SIIIC{_:Itg_ phas?thNordst:an_dlte
ide as the difference between thtal” (R,0) and "as the following retractive indices of the crystalline
“causti¢’ (R,0,) alkalis. The total and caustig alkalis Phase:o = 1.582(1),p = 1.582(1),y = 1.586(1).

were determined using titration by conventional tech-
niques adopted in the alumina industry.

The granulometric composition of the obtained pha-
ses was determined with a SILAS laser granulometer.
Crystal-optical measurements and microphotography
were done with a COMIBAX microscope. The phase
composition of the precipitates was determined by
X-ray phase analysis and IR spectroscopy. X-ray pat-
terns were taken on a Philips automated powder dif-
fractometer with Cy radiation and graphite mono-
chromator. IR spectra were obtained with a Perkin
Elmer spectrometer in the wave number range-400
3800 cnt. Samples for measurements were prepared
by compaction of pellets with KBr. The solution pH  Fig. 1. Micrograph of nordstrandite sample obtained by
was determined with an EV-74 ion meter. carbonization of an aluminate solution.
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Table 2. Comparative table of interplanar spacings and relative line intensities for nordstrandite

Nordstrandite Number of reference in ASTM file

synthesized by

carbonization 24-6-97 15-141-96 12-401-96 18-31-96
d A |1, rel.units| d, A |1, rel.units| d, A |1, rel.units| d, A |1, rel.units| d, A |1, rel. units
4.794 100 4.790 100 4,789 100 4.790 100 4.790 100
4.332 23 4.320 25 4.322 12 4.330 20 4.330 25
4,220 11 4.210 18 4.207 10 4.200 15 4.220 25
4.171 17 4.160 12 4.156 8 4.150 13 4.160 20
3.891 8 3.890 12 3.887 4 3.890 7 3.896 15
3.611 8 3.610 8 3.600 4 3.600 7 3.601 10
3.425 6 3.430 6 3.429 4 — — 3.446 10
3.038 7 3.030 4 3.022 2 - - 3.022 15
2.988 5 - - - - - - - -
2.853 2 2.848 4 2.850 2 — — 2.867 5
2.766 3 - - - - - - - -
2.702 1 2.710 2 2.704 2 — — — —
2.699 2 — — 2.663 1 — — — —
2.501 3 2.501 2 2.497 1 — — — —
2.485 6 2.480 12 2.480 4 — — 2.481 15
2.458 12 2.455 8 2.450 2 — — 2.454 10
2.392 31 2.393 25 2.392 10 2.390 15 2.393 35
2.270 29 2.271 30 2.263 16 2.260 15 2.265 35
2.225 6 2.217 4 — — — — — —
2.074 2 2.074 4 2.074 2 — — — —
2.040 8 — — 2.033 1 — — — —
2.017 28 2.016 25 2.016 8 2.010 11 2.015 30
2.000 5 1.991 2 — — — — — —
1.945 2 1.945 6 1.943 1 — — — —
1.918 4 — — — — — — — —
1.903 23 1.902 20 1.901 8 1.898 11 1.904 20
1.888 6 — — 1.880 1 — — — —
1.804 4 1.804 4 — — — — — —
1.786 18 1.784 14 1.781 6 — — — —
1.771 3 — — — — — — — —
1.720 3 — — — — — — — —
1.702 2 — — — — — — — —
1.671 3 1.668 4 1.672 2 — — — —
1.652 3 1.653 4 - - - - - -
1.599 4 1.598 6 1.595 2 — — 1.595 10
1.572 4 1.572 4 — — — — — —
1.551 6 1.547 6 — — — — — —
1.516 7 — — 1.513 4 — — 1.513 10
1.478 6 — — 1.477 4 — — 1.478 10
1.441 15 — — 1.439 4 — — 1.440 20
1.430 7 — — 1.427 2 — — 1.431 5
1.402 2 - - 1.404 2 - - 1.403 10
1.386 1 - - 1.404 2 - - 1.403 10
1.356 2 - - - - - - - -

An IR spectrum of nordstrandite obtained by car{2, 3] and synthetic nordstrandite samples prepared by
bonization of a nondesiliconized solution is shown inother methods [7, 8]. The spectrum shows high inten-
Fig. 2. In the positions of the main bands, thgec- sity of stretching vibrations of OHgroups in water
trum is close to the spectra of both the natural mineraholecules (33003700 cm?), deformation vibrations
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T, %

35 25 15 5
Vv X 102, cm™!

Fig. 2. IR spectrum of nordstrandite obtained by carbon-
ization of an aluminate solution. (T) Transmission and
(v) wave number.

of OH™ groups (70061100 cm?) and vibrations of
the A-O group (around 500 c).

An X-ray phase analysis of samples obtained b)g
carbonization revealed virtual coincidence of the in-
terplanar spacings and relative intensities of the o
tained nordstrandite with the respective reference p
rameters in the ASTM file (Table 2).

The granulometric composition of nordstrandite
was as follows:

187

o
w
T

=t
87
T

Vsp, Cm3 g_l

e
—
T

1 3
log r [A]

g

Fig 3. Integral porogram of aluminum oxide obtained by
nordstrandite calcination at 5%0. (Vsp) Specific pore
volume and () equivalent pore radius.

CONCLUSIONS

(1) Nordstrandite was for the first time synthesized
y carbonization and its basic characteristics are de-
bs_cribed. No significant difference in physicochemical
properties between this kind of nordstrandite and that
obtained by the conventional techniques was revealed.

(2) The experimentally confirmed possibility of
obtaining nordstrandite by carbonization allows a sub-

stantial reduction in the price of the product and there-

dy, pM N, % by
0-6 1.0-35
+6-12 0.7-4.9
+12-16 3.6-6.1 1
+16-24 36.7-44.7
+24-32 25.8-30.9
+32-48 15.4-29.7
+48 1.32.6

2.

The average particle diameter is 24.6. A spe-
cific feature of the obtained nordstrandite is that it has 3-
a monogranulometric composition and-886% of the
material is constituted by particles 288 um in size. 4

The porous structure of aluminum oxide prepared g
from nordstrandite produced by carbonization was stud-
ied by mercury porosimetry. A nordstrandite sample
was heated at 558C for 6 h. The measurements were g
done on a mercury porosimetric setup comprising
high- and low-pressure porosimeters [11]. 7

It follows from the obtained integral porogram, 8.
plotted in the coordinates pore volurbegarithm of
equivalent pore radius (Fig. 3), that mesopores are9.
predominant in the material under study. This is in
agreement with the data of [6]. The high values of
the average pore volume (0.60.67 cn? gY), ob- 10.
tained in [7], were not observed in aluminum oxidesl1.
prepared from nordstrandite.

expands the range of its practical use.
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Abstract—A viscometric study was made of the polymorphous transformation of micelles in an aqueous so-
lution of cetyltrimethylammonium bromide in the presence of NaBr and sodium methylbenzenesulfonate.
The effects of temperature and nature and concentration of additives on the second critical micelle con-
centration were studied. The thermodynamic characteristics of the micellar transition are estimated.

It is well known that inorganic electrolytes and EXPERIMENTAL
polar organic compounds have a considerable effect
on the physicochemical characteristics of aqueous As a surfactant we used CTAB (analytically pure
solutions of ionic surfactants. Most clearly this effectgrade) multiply recrystallized from a mixture efce-
is reflected in the viscosity of a micellar solution [1]. tone and methanol (19 :1). As the criterion of high
It has been demonstrated experimentally that smaduality served the absence of a minimum in the sur-
spherical micelles formed at the first critical micelleface tension isotherm.
concentration (CM@ may transform into cylindrical , ,
micelles with increasing surfactant concentration or a Sﬂ?d'?m l::r?'mlﬁe andp-mc(ajthylbenzenes;lfor:ﬁte .
a result of addition of polar compounds. Such a trangPoth of analytically pure grade) were used withou
formation results in higher viscosity of the so-further purification.
lution and changes other thermodynamic character- The viscosities at 30, 35, 40, 45, and°60were
istics. The use of certain organic electrolytes, such asieasured by capillary viscometry with an Ubbelohde
benzenesulfonates, salicylates, etc., as additives tdscometer on an experimental setup described
an aqueous surfactant solution allows preparation dh [14]. The dynamic viscosityy (Pas) was deter-
highly viscous fluids, semisolid pastes, or gels. Thisnined from the outflow time of water and the solu-
phenomenon is widely used in pharmaceutical, foodions, using reference data on the viscosity of water.
and cosmetics industries, environmental protection,

etc. Therefore, studying the indicated polymorphism ]

is of considerable practical importance. 0.86 | ‘_**‘_.__._/4’“’
The asymmetrization of spherical micelles and §078_

the viscoelastic properties of aqueous solutions of e 2

cetyltrimethylammonium bromide (CTAB) in the pres- = I 3

ence of various additives have been studied extensive- x 0.70

ly [2-13]. However, systems with low additive con- T T

centrations were considered in most of these works. 062 F

Data on the thermodynamic characteristics of such -

systems are very scarce. 0541 1 1 1101y

1 2 3 4 5

thi mmunication, we r rt th ffects of
In this co unication, we repo e effects o CCTABXI()}’M

the CTAB concentration and temperature on the poly-
mQrph'Sm in dilute aqueous .SOIUUO”S of CTAB at rel- Fig. 1. Dynamic viscosityn of CTAB micellar solutions
atively high NaBr concentrations (0.2 and 0.4 M) and s e CTAB concentrationCarag * 10° in the presence
in the presence of an organic additive, sodium methyl- of various additives. Additive (M): ) 0.2 NaBr, @) 0.4

benzenesulfonate (NaMBS). The activation energy of NaBr, and 8) 0.025 NaMBS. TemperatureQ): (1) 30,

viscous flow is estimated. (2) 40, and 8) 50.
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Table 1. Viscosity of aqueous salt solutions of CTAB

2“ Dynamic viscosityn (Pa s) and relative viscosity,, at indicated temperature,C

o

;g 30 35 40 45 50

H

QS) n><103 P n><103 P n><103 P n><103 P n><10’3 uf"
0.2 M NaBr

1.17 0.8134 1.02 0.7266 1.01 0.6660 1.02 0.6020 1.01 0.5523 1.01
2.74 0.8294 1.04 0.7338 1.02 0.6725 1.03 0.6020 1.01 0.5523 1.01
5.05 0.8693 1.09 0.7554 1.05 0.6790 1.04 0.6079 1.02 .05523 1.01
7.60 0.9410 1.18 0.7841 1.09 0.6855 1.05 0.6079 1.02 0.5577 1.02
10.26 1.0128 1.27 0.8417 1.17 0.7117 1.09 0.6258 1.05 0.5577 1.02
15.25 1.2361 1.55 0.9424 131 0.7574 1.16 0.6616 111 0.5741 1.05
20.49 1.5705 1.97 1.1161 1.53 0.8161 1.25 0.6870 1.15 0.5944 1.09
30.12 2.2677 2.84 1.4509 2.02 1.0141 1.55 0.7780 131 0.6514 1.15
40.25 3.5185 4.41 2.0012 2.79 1.2829 1.97 0.8972 151 0.6769 1.24
50.26 5.8436 7.08 2.8631 3.98 1.6300 2.50 1.0619 1.78 0.7446 1.36
100.0 54.356 | 68.2 16.000 | 22.2 6.1391 9.40 2.9441 4.94 1.4933 2.73

0.4 M NaBr

0.500( 0.8055 1.01 0.7266 1.01 0.6594 1.01 0.6020 1.01 0.5523 1.01
1.00 0.8134 1.02 0.7338 1.02 0.6594 1.01 0.6020 1.01 0.5523 1.01
2.00 0.8533 1.07 0.7482 1.04 0.6725 1.03 0.6139 1.03 0.5577 1.02
4.00 0.9603 1.20 0.8245 1.15 0.7209 1.10 0.6358 1.07 0.5715 1.05
6.00 1.1186 1.40 0.9440 1.31 0.7868 121 0.6779 1.14 0.5920 1.08
10.0 1.5703 1.97 1.1897 1.65 0.9393 1.44 0.7706 1.29 0.6479 1.19
20.0 4.4000 5.52 2.5908 3.60 1.6876 2.58 1.1424 1.92 0.8503 1.56
30.0 11.221 14.1 5.4616 7.59 3.0285 4.64 1.7782 2.98 1.1829 2.16

0.25 M NaMBS

0.75 0.9809 1.23 0.7985 1.11 0.6725 1.03 0.6139 1.03 0.5632 1.03
1.00 1.0687 1.34 0.8561 1.19 0.6986 1.07 0.6258 1.05 0.5687 1.04
1.25 1.1803 1.48 0.9208 1.28 0.7508 1.15 0.6437 1.08 0.5715 1.05
1.60 1.2580 1.58 0.9857 1.37 0.7937 1.22 0.6810 1.14 0.6104 1.12
2.00 1.6518 2.07 1.2895 1.79 0.9630 1.47 0.7423 1.25 0.6514 1.19
2.50 2.4952 3.13 1.8188 2.53 1.2317 1.89 0.8843 1.48 0.7258 1.33
3.38 4.9444 6.20 2.8990 4.03 1.6866 2.58 1.1490 1.93 0.8822 161
4.00 8.7085 | 10.92 4.2735 5.94 2.2186 3.40 1.4061 2.36 1.0192 1.86
5.15 | 14.648 18.37 6.0417 8.40 3.1283 4.79 1.8956 3.18 1.2964 2.37
7.64 | 35.390 44.38 | 12.748 17.72 6.1456 9.41 3.5157 5.90 2.1764 3.98
10.0 59.717 74.88 | 23.517 32.69 | 11.089 16.98 5.8115 9.75 3.2732 5.99

The densities of the tested fluids were measured pydions and temperatures, is given in Table 1 and Fig. 1.
nometrically. Table 1 also includes the relative viscosity de-

The CMG, of CTAB in aqueous salt solutions was termined as the ratio of the outflow times of a solu-
determined from the dependence of the surface tensidipn tested and water.
on the surfactant concentration at a fixed tempera- The resulting dependences are broken straight lines
ture by the drop volume method [15]. In the measureggnsisting of two portions, which is consistent with
ments, th_e temperature was controlled to _W|th|rf°0.1 the results reported in [16, 17]. The break point cor-
Doubly distilled water was used for solution preparayegponds to the second critical micelle concentration

tion. CMC,. CMC, values are given in Table 2 along with
The dynamic viscosity in wateCTAB-salt ter- CMC, data obtained previously [15]. The results show
nary systems, measured at various CTAB concentrdhat the viscosity gradually grows with the con-

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001



190 CHUNSHENG MO, KOCHUROVA

Table 2. CMC; and CMG in CTAB aqueous salt solutions

CMC, x 163, M CMC; x 10°, M
Electrolyte, M at indicated temperature,C
30 35 40 45 50 30 35 40 45 50
0.2 M NaBr 3.75 5.40 9.00 11.50 | 13.50 1.71 1.79 1.86 1.93 2.00
0.4 M NaBr 1.50 2.50 3.10 4.00 5.50 0.66 0.73 0.80 0.88 0.95
0.025 M NaMBS 0.40 0.65 0.90 1.10 1.25 10.0 11.3 12.5 13.9 15.1

centration incresing above CMCEvidently, the shape ing to closer packing of polar groups on a cylindrical
of micelles is not changed between CMénd CMG,.  micelle surface, which cannot be realized on a spher-
Above CMGC, the viscosity increases more rapidlyical surface [19].

with concentration. According to Eyring’s theory [20], the viscosity
Figure 1 illustrates the effects of the nature and is related to temperaturd@ by

concentration of additives on the spherginder

micellar transition. It is seen that at 8D the CTAB . Nah (AG#)

RT

concentration at which transition occurs in 0.025 M vV
NaMBS is lower than that for 0.4 and 0.2 M NaBr.

In micellar solutions, CMg increases with tem-

1)

where AG” is the Gibbs activation energy of viscous

. ; ant electolve irati flow in the solution (J mat), V is the molar volume
perature at a constant eleclrolyte concentration angl,s mol™), n is the dynamic viscosity of the solution

decreases with increasing electrolyte concentration as), T is temperature (K)N, is the Avogadro

constant temperature (Table 2). It is known that th mber, h is the Planck constant, ard is the gas
temperature effect is about the same in the absence &Lfnstan’t. '

additives [18]. Addition of NaMBS favors formation _ o

of cylindrical CTAB micelles at lower salt concentra- ~The molar volume of surfactant in the equilibrium
tion as compared with the other salts. All these factghicellar solution,V, can be calculated by

indicate that the nature and concentration of the ad- 100

ditives play an important role in the asymmetrization Vo= — , (2)

of spherical CTAB micelles. (10> —~W)iMo + WM

avhereW is the surfactant concentration (g/100 ml so-
ltion), My andM are the molecular weights of water
and surfactant, respectively, aqdis the density of
the micellar solution (g cf).

Using Eg. (1) and taking into account that the stan-
dard enthalpyAH”, entropy AS®, and Gibbs energy
AG” of viscous flow activation are related yG™ =
AH” — TAS?, we can write

n :(NTAh) eXp(_ARSj eXp(A;D’ n= eXp(ARHT;é)(é)

= (NAn) gypf-85") _ AH?
A—(V—exp R ,Inn—InA+RT. 4)

The mechanism of the electrolyte effect on th
shape of micelles of ionic surfactants is associated t
a considerable extent with the salting-out effect lead

0.6

Inn [Pas]

1 1 1
3.1 32 33 10T, K™
Fig. 2. Arrhenius plots for determining the enthalpy of

activation. §) Viscosity and T) temperature. Solution The dependence n = f(1/T) is expressed graph-

composition: 1) H,0 + 1.17x 103 M CTAB + 0.2 M ically as a straight line intersecting the ordinate axis.
NaBr, ) H,0 + 4x 103 M CTAB + 0.4 M NaBr, and Examples of the Arrhenius plots for our experimental
(3) H,0 + 2x 103 M CTAB + 0.025 M NaMBS. data (Table 1) are given in Fig. 2. The slope of the
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Table 3. Thermodynamic characteristics of aqueous CTAB solutions in the presence of NaBr and NaMBS

AG* (Jmoll) at indicated temperature,C
Cerag X 10°, M AH*, kI mot! | AS*, J K!mol?
30 35 40 45 50
0.2 M NaBr
5.05 9265 9107 8946 8786 8626 19.00 32.10
7.60 9400 9209 9020 8826 8634 21.00 38.26
10.3 9620 9374 9128 8883 8637 24.50 49.08
15.3 10016 9686 9357 9025 8700 30.00 65.91
20.5 10614 10140 9661 9185 8710 39.50 95.27
30.1 11510 10865 10215 9568 8921 50.75 129.42
40.3 12600 11700 10813 9930 9044 66.25 176.95
50.3 13840 12690 11542 10394 9245 83.50 229.75
100 19420 17310 15200 13086 10975 147.50 422.42
0.4 M NaBr
1.00 9084 8978 8873 8767 8661 15.50 21.16
2.00 9200 9067 8934 8802 8670 17.25 26.55
4.00 9501 9307 9114 8920 8726 21.25 38.75
6.00 9890 9625 9360 9095 8830 26.00 53.13
10.0 10702 10280 9860 9440 9018 36.25 84.26
20.0 13116 12280 11446 10610 9776 63.75 166.98
30.0 15565 14300 13030 11760 10490 92.50 253.74
0.025 M NaMBS
1.60 10150 9805 9460 9115 8775 31.00 68.77
2.00 10850 10385 9920 9455 8990 39.00 92.85
2.50 11857 11220 10583 9945 9310 50.50 127.45
3.40 13480 12526 11573 10620 9667 71.25 190.54
4.00 14825 13605 12386 11166 9950 88.75 243.82
5.15 16020 14655 13290 11925 10560 98.75 272.86
7.64 18310 16695 15080 13460 11847 116.25 323.03
10.0 19796 18123 16450 14780 13105 121.25 334.61

straight line givesAH”, and thenAS” is determined CONCLUSIONS
to be AH” — AG™)/T.
The activation energyAG* of viscous flow in (1) The second critical micelle concentration was

aqueous-salt CTAB solutions at-3°C, calculated determined at 3&G0°C in micellar aqueous solu-
by Eq. (1) using the experimental valueswpfandp, tions of cetyltrimethylammonium bromide in the pres-
and alsoAH™ and AS™, are given in Table 3. The re- ence of sodium bromide and methylbenzenesulfo-
sults show thatAG™ decreases with increasing tem-nate.

perature at constant CTAB concentration; the enthalpy %Y Th o £y f fthe i
and entropy of activation are practically independent (2) The activation energy of viscous flow of the in-
of temperature. At constant temperatureG”, AH”, vestigated _aqueous solutions was estimated. The high
and AS* grow with increasing CTAB concentration. POSIive AS™ compensates for the high enthalpy of
At constant CTAB concentration and constant temactivation AH".

perature,AG”, AH”, and AS” grow with increasing
NaBr concentration. At constant CTAB concentration
and any temperature from the experimental rangg’;,
AH”, andAS” are higher in aqueous NaMBS solutions, The work was financially supported by the Rus-
compared with the values in the presence of NaBisian Foundation for Basic Research (grant no. 00015-
indicating the significance of the counterion nature97 357).
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Abstract—Exchange of lithium, sodium, and potassium cations for hydrogen ions in oxohydroxide matrices
of niobium(V), with alkali metal to niobium ratio of 1, was studied potentiometricaly. The possibility is con-
sidered of predicting the content of various singly charged cations in the case of their simultaneous presence
in a complex hydrated oxide based on niobium(V).

Inorganic materials based on metaniobates of alkali The aim of this study was to analyze processes of
metals possess specific electrical and optical propecompetitive exchange of singly charged cations in
ties, which enables their wide use in various fieldsoxohydroxide matrices of niobium(V).
of technology [1, 2]. However, the presence of impu-
rity phases and deviations from a prescribed composi- EXPERIMENTAL
tion impairs the quality of the produced articles. In
solid phase synthesis of metaniobates of alkali metals The processes of cation exchange were studied in

[2-4], low degree of homogenization gives rise to dif-3q,60us chioride solutions. The electrolyte was chosen
ficulties in obtaining a monophase product. The physy, ey of the fact that chloride ions are characterized
icochemical properties of complex oxides of niobi-p,, 3 \eak tendency toward association with poly-
um and an alkali metal are substantially improved by 2ant metals in the pH range studied-12) [17, 20]
creating alcoholate-based precursors and their su iling out any influence of the anion back’grou’nd.

Eggﬁggﬁ Eyéjrrg)%séz i[ﬁ’a%]eggeﬁlugfr?s ?ér]egl'ghreeait;(?n In studying the exchange of alkali metal cations pres-
ity of the gbtained prodquct depends on the cgmposfm in solution with the solid phase, a difficulty is
; . o . .~ encountered in monitoring the variation of their con-
tion and formation conditions of solid phases containz, otion. The most convenient and appropriate is
ing niobium(V) and an alkali metal an analysis of the exchange of an alkali metal cat-
To develop efficient approaches to manufacturgon for hydrogen ion. Therefore, the study was based
of high-quality materials based on complex oxidespn an analysis of curves of potentiometric titration of
a knowledge is necessary of the formation conditionydrated lithium, sodium, and potassium niobates
and composition of compounds obtained in agueougith a 0.1 M solution of hydrochloric acid at constant

solutions and thermodynamic characteristics of propnic strengthp of a solution containing chloride of
cesses involving these compounds. The behavior ghe respective alkali metal.

oxohydroxide forms of niobium(V) in aqueous elec- _ o _
trolyte solutions is still a matter of discussion. Niobi- ~The starting hydrated amorphous lithium and sodi-
um(V), possessing high ionic potential, exhibits a strong/m nhiobates of composition {NbO, - 3.5H,0 and
tendency toward hydrolysis to give various oxygenNgNb,0,;- 11.4H0, and also water-soluble crystal-
and hydroxide-containing complexes, including poly-line potassium niobate of compositioM¥b0; 4 - 9H,0
nuclear complexes [R0]. The compounds formed were synthesized using freshly precipitated niobium(V)
in the process can act as inorganic ion-exchangerbydroxide. In preparing niobium(V) hydroxide [22],
The authors of [12, 21] pointed to the formation ofin the first stage, ammonium niobate was precipitated
oxide compounds containing niobium(V) and an alkalibby gradually adding a hot acid fluoride solution of
metal in agueous solutions; however, these data giveiobium Cyp = 1.13,C¢- = 7.26 g-ion ) to a con-

no way of making an unambiguous conclusion aboutentrated soﬁution of ammonia, taken in about 130%
processes of solid phase formation. excess with respect to the stoichiometry, to pH > 9
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2 4 6
Ca*/Cxnevy

pH (b)

12 F

8 -

4 F
1 2 3
Crr+/Crb(v)

pH (©)

12 F

8 -

4 F
2 4 6
Ca*/Cxnevy

Fig. 1. PH value vs.Cyy+/Cyp(y) ratio. Initial condltlons;

temperature 2C; (a) LiCl solution CNb(V) =6.2x 102 M,
COH /CNb(V) = 0.96; (b) NaCl SOlUﬂon CNb(V) =

5.6x 102 M, Coy- /CNb(V) = 0.52; (c) KCI solution,

CNb(V) = 4.9x 10_ M COH /CNb(V) = 2.62. lonic
strength, pu: (1) 0.1, @ 0.2, @) 0.4, and 4) 0.8.

with continuous stirring. After filtration, the obtained
precipitate was‘washed to remove fluoride ions by
triple repulpation in a 5% solution of ammonia. In
the second stage, ammonium cations were exchange
for hydrogen ions by adding hydrochloric acid to
pH 4. The absence of ammonium ions was judged
from IR spectra of a sample, taken on a UR-20 spec-
trophotometer. The sample was prepared in the form
of a pellet with KBr. The thus obtained freshly pre-
cipitated niobium(V) hydroxide was repulped in
a 0.5-1.0 M chloride solution of an alkali cation at
pH ~12-13. After that, the solid phase was filtered
off, washed with alcohol, and dried in air.

To prevent the possible hydrolysis, weighed por-
tions of the starting samples were repulped in an al-
kaline solution with a prescribe@qy-/Cypyy ratio
and then titration with HCI solution was carried out.
The pH values were measured to withi®.02 on
an 1-130 ion meter with an ESL-43-07 or ESL-63-07
glass electrode in a thermostated).25°C) cell with
continuous stirring.

Solid phases to be studied were isolated upon re-
pulpation of the starting hydrated lithium, sodium,
or potassium niobates in 6:R.4 M lithium, sodium,
or potassium solutions, respectively, at pH values cor-
responding to the equivalence points found in poten-
tiometric titration. The solutions were prepared from
the above salts of chemically pure or special-purity
grades in distilled water. The obtained suspensions
were kept with stirring for 0.5 h. Further, the forming
precipitates were filtered off with a vacuum filter,
washed with alcohol on the filter, and dried in air.
The content of alkali metal in hydrated and calcined
at 700C niobate samples taken from aqueous sus-
pensions was determined by atomic-emission spectro-
photometry with induction-coupled plasma and gravi-
metrically. The phase composition of compounds
obtained upon thermal treatment was analyzed on
a DRON-2 diffractometer with graphite monochroma-
tor (Cyc radiation, counter velocity 2 deg ).

The total”exchange capacﬂi? of a sample and the con-
tent of alkali metal cationsl’,,, and hydrogen ions,
Iy, in the solid phase were determined by comparing
potentiometric data with the results of chemical and
X-ray phase analyses with an accuracy of 3%.

Figures 1alc present the equilibrium pH values of
the solution in relation to the ratio of concentrations
of the acid introduced in titration and niobium(V).
The first equivalence point &+/Cyyy, ratios of 1,
0.5, and 2.5 (Figs. 1a, 1b, and 1c, respectively) is due
to neutralization of free hydroxide ions solution.
The ratio of the content of alkali metal ions to that of
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(@) (b (©)

1, rel. units

JUJU%UU L | Lﬂ“&u | |

20 40 20 40 20 40
0, deg 0, deg 0, deg

Fig. 2. X-ray diffraction patterns of lithium, sodium, and potassium niobate samples isolated from aqueous suspensions.
(1) Intensity and §) Bragg angle. All the samples except crystallingNKgO; - 9H,0O were calcined at 70C. (a) (1) LigNbO,
and @) KgNbgO;19x 9H,0; (b) (1) LiNbO5 and @) NaNbQ; (c) (1) LiNb3Og, (2) NapNbsOqq, and @) K4NbO, 5.

niobium(V) in the niobate under study corresponds tqTable 1; Fig. 2c)orrelate well with the potentiomet-
the value in the starting sample. Further titration leaddc data and indicate the formation of hydrated com-
to the formation of, first, a hydrated metaniobate ofpounds of composition LiNiDs, NaNb,O;,, and
the alkali metal M with M/Nb(V) = 1 C+/Cypny =3, K4NbsOy, respectively, which are transformed into
1, or 3; Figs. 1a, 1b, or 1c, respectively) and then niniobium(V) hydroxide upon further titration.
obium(V) hydroxide. Chemical and X-ray phase anal-

yses of the solid phases formed confirmed the resulfgable 1. Composition of alkali metal niobates isolated
of potentiometric measurements (Table 1; Figs. 280m aqueous suspensions

and 2b). Composition, wt %, of a sample
Raising the ionic strengthp of the solution Solid _ _
(Figs. lalc), and, correspondingly, making higher  phase air-dry calcined

the concentration of alkali metal ions in it, shifts
the existence range of niobates to lower pH values and M2O | NbOs | H,0 | MO | Nb,Og
may strongly hinder the hydroxide formation. With Li3NbO4 19.6 55.2 26.1 26.9 72.7
the concentration of alkali metal in the solution raiseo|\|aﬁ,\|b4013 193 | 576 | 223 | 253 | 759
substantially Cy,+ > 0.8 g-ion Tl), two titration waves KgNbeO; g 258 | 54.2 197 | 324 | 676

are observed instead of a single wave correspondir]ng03 76| 688 | 237 | 101 | 89.7
to niobium(V) hydroxide formation. The equivalence|\|a,\|bo3 156 | 652 | 196 | 186 | 81.2
point of the first wave indicates the formation of ni- LiNb3Og 3.1 78.4 18.3 34 | 96.8

obates with the following alkali metal ion to niobi- Na,Nb,0;; 8.8 73.6 17.8 10..8 88.7
um(V) ratios: Li:Nb =1:3, Na:Nb =1:2, K:Nb = K ,NbsO,, 165 | 689 | 149 | 195 | 80.8
2: 3. The results of chemical and X-ray phase analyses
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Table 2. logK!, AH?, and AS? values for ion exchange At the same time, the apparent cation exchange

processes constant, found from experimental data, is given by
S T AHO ASO +
Equilibrium | % | log K I mort | 3 mord k-1 K, = ’\,|\|I-| ['Z'H] _
M +
. +
h'g : [L < 28 i'ég —19.5 134 Analysis of the results of potentiometric titration
! 60 | 377 (Figs. 1alc) shows that, despitg = const, Ky has
NaR + H = | 25 | 531 122 142 7 no constant value and its logarithm depends linearly
R + Nat | a0 | 522 ' ' on the degree of exchange of alkali metal cations for
60 | 554 hydrogen ions. Since
KR + H" 2 | 20 | 6.28 17.6 180.1 _ .
HR + K* 30 6.39 log Ky = log Kp - log fy+, (2)
60 | 6.65 the logK,, value must also linearly depend &ip/T°

at constant activity coefficient of the alkali metal in

solution, f,+. The possible reason for such a depen-

Potentiometric studies revealed a rather wide rangg. oo is the gradual change in the activity of cations
of hydrogen ionconcentrations at which there exist hy-in the solid phase from the value corresponding to

dr al';e? fo”?gﬁ olfklitlhiunl, Ispdiutm, f"‘”bq pot\a/ssilf['m ”;eltaé hydrate metaniobate of alkali metal to that charac-
niobates with alkali metal ion to niobium(V) ratio of 1. yoigtic of niobium(V) hydroxide. The true value of

The formation of the disordered structure of the nithe thermodynam_ic constari(g can be determined
obium(V) amorphous matrix via hydrogen bonds givedrom the expression [23]

rise to high mobility of solution ions within the ma- 1

trix and their free access to the solid phase, which log Kg = jlog Kpd(FH/FO).

results in that the process of heterogeneous cation 0

exchange has bulk nature. With account of the linear dependence of Kgon

) . . Ty/T° the logK; value will correspond to log,
The ion exchange of alkali metal cations for hydro-,;" o, substitution, i.e. df, = Iy, Substitution in-

gen ions in hydratedhetaniobate can be represented ag, (2) of the activity coefficient of alkali metal in

MR + H* 2 HR + |\/|+, 1) solution ylelds
i i i iobi log Ky = logK! + _ A2V 3)
where R is the oxohydroxide matrix of niobium(V). 9Ky = 109Ky 1+ aBVp
In the case when two solid phases are formed si- logKy = log[M*] + pH,

multaneously, the constant of ion exchange by scheme
(1) will be only controlled by the ratio of alkali metal where the solution pH corresponds to a value at 50%
ion and hydrogen ion activities in solution. Then, atexchange of alkali metal cations for hydrogen ions in
constant ionic strength of the solution and equilibriumthe oxohydroxide matrix of niobium(V).

conditions, constant pH values would be expected at

different degrees of exchange. Analysis of the ob- Theldepeﬂdepce Of.ldgiﬁ on the di_onic strefngth of
tained experimental data suggests that the cation ef1€ solution is linear in the coordinates of Eg. (3).
n extrapolation of this dependence fo= 0 gave

change by' scheme (1) involves only a single SQhéhe corresponding values of the logarithm of the ther-

matrix of niobium(V) in which alkali metal cations ?Odﬁamc SO”Stam at various temperatures lane
are gradually replaced by hydrogen ions. w (Table 2).

t . .
The content of alkali metal cations (MR) and hy- The K;; values for exchange of alkali metal cations
drogen ions (HR) in the solid phase can be repref-or hydrogen ions in hydrated metaniobates of sodium
sented as a fraction of the total exchange capacity &d potassium grow with increasing temperature,
the metaniobate sample. Sin€g, + Iy, = I'°, then which shifts the existence region of niobium(V) hy-
Ny = Iy/T° andN,, = I,/T°. Then the expression for droxide to higher pH values. In a similar exchange

the cation exchange constant has the form of cations in hydrated lithium metaniobate, tlm%
value decreases with increasing temperature and the
_ Nyay* existence region of niobium(V) hydroxide is shifted
Kp = Ny ag+ to lower pH.
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The thermodynamic exchange constant is detetions of alkali metals into the oxohydroxide matrix of

mined from the solid phase. An important factor in this case is

AG? = —2.3RTlog K/}, (4) the relationship determining the exchange of several
ions. Since the reactions

where AG? is the change in the free Gibbs energy in . .

ion exchange by scheme (1) and in the accompanying MR + H 2 HR + My,

sorption and desorption of the solvent and dissolved

electrolyte.

Substitution ofAG® = AH® - TAS? into expression are characterized by the constants
(4) gives

M,R + H 2 HR + M,

AS?  AHO1 TyM?] Iy[M 3]
|Og Kt = = - A A= (5) K(l) = g and K(z) = u,
p 23R  2.3RT p eraH" p eraH+
An analysis of the dependence of I&Q on 1/T Iy, [M?] K (1)
in the coordinates of Eq. (5) allowed a calculation of K(1-2) = Mo i = _°
changes in the enthalpyyH® and entropyAS?, in P Iy, M3 K@

heterogeneous cation exchange (Table 2). _
corresponds to the constant of ion exchange by

As it can be seen from Table 2, the affinity of the scheme
the alkali metal cation for the oxohydroxide matrix of
niobium(V) grows in order K < Na" < Li"*. Decreas- MR + M) 2 M,R + M.
ing ion radius and increasing size of the hydration
shell favor firmer Capture of cations into the solid In the genera| case of a heterogeneous exchange

phase. The course of the heterogeneous exchange pgpocess involvingn singly charged cations
cess is presumably primarily determined by the dif-

ference between the degrees of hydration of the ex- i—m) IM:]
changing ions in the solid phase and in solution. I' = Kp M7] L,

The parameter characterizing the degree of hydra- L

tion of an alkali metal is the ratio between the radius of¥Vherem# i. With account taken of the fact thg +
the hydrated ionr,, and the crystallographic radiug 12 + -+ + Ty = I}, it can be written
Linear dependences ofH® and AS% on the degree M M+
of hydration of the cation being exchanged were obK(i—l)[ ml T + Myl
tained using the,, andr, values reported in [24, 25]. °  [M{]"' [M{]
The destruction of the hydration shell in the course of _ . _
sorption and the change in the coordination of bonds Therefore, the following expression is valid for
within the solid phase determine tieH® and AS®  calculating the solid phase composition

CH T+ L+ KD r; = 1°

values. The change in entropy is the stronger, the low- r
er the degree of hydration of the exchanged ion. L= = )[M+m]'
1-m,
The results obtained in studying the heterogeneous L+ mZ:_l,KP M1

cation exchange in oxohydroxides matrices of niobi-
um(V) allow a choice of conditions under which hy- wherei is the ion being exchanged amnds the num-
drated compounds are formed with alkali metal catiorber of ions involved in the exchange.

to niobium(V) content ratio of 1 and high degree of

homogenization with respect to singly charged cationsn o;?cu;éthtﬁ eo bég':;ﬂgﬁ:uﬁsegzggr't agfséblﬁtﬁoegi;?g'
The isolation of the solid phase of this composition y Y 9

from aqueous suspensions with subsequent therm? solid phase containing various alkali metals in a pre-

treatment yields monophase metaniobate of alkali me ribed ratio.
al. On the basis of the investigations performed, a meth-
od was developed for synthesizing lithium metanio-

Egaes 0[1‘265t0|2c7t]|0metr|c composition in aqueous solu- (1) The concentration and temperature limits of
' ' existence of hydrated lithium, sodium, and potassium

In synthesizing metaniobate, it is sometimes necmetaniobates were determined. The thermodynamic
essary to introduce simultaneously two or more cateharacteristics of the heterogeneous exchange of al-

CONCLUSIONS
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kali metal cations in these compounds for hydrogen2.
ions were calculated.

(2) Itis established that the affinity of alkali metal 13
cations for the oxohydroxide matrix of niobium(V)
grows in the order K < Na’ < Li" with increasing 14
degree of their hydration.

(3) The possibility of synthesizing monophasel®:
metaniobates of alkali metals of prescribed composi-
tion in aqueous solutions is demonstrated.

(4) A model is proposed for calculating the con-17.
tent of various singly charged cations in their simul-
taneous incorporation into a complex niobium(V)-baseds.
hydrated oxide.

19.
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Abstract—A method was developed for analyzing volatile phehols in gaseous media by means of piezoelec-
tric crystal sensors. The efficiency of the modifiers applied to the piezoelectric-crystal surface to improve
the sensitivity and selectivity of analysis of toxic compounds was assessed. The choice of the conditions under
which phenols are analyzed (nature and flow rate of carrier gas, mass of modifier film) is substantiated.

Monitoring of the atmosphere and air in the work- The analysis was carried out as follows. The gas
ing area of industrial enterprises makes wide useiixture containing a compound to be analyzed was
of sensors of varied nature {3]. The subjects of injected into a flow of dried carrier gas supplied
the most active recent investigations have been maskom a gas cylinder and passed through the detection
change-sensitive sensors with changing frequency okll. The instrument was calibrated using standard
quartz crystal oscillations, operating on surface ogas mixtures prepared by passing carrier gas through
volume acoustic waves [4]. Such sensors are easily @ thermostated diffusion cell containing the compound
incorporated into computer-based data acquisition arl@ be analyzed. The carrier gas flow rate was measured
processing systems; they have low inertia and ar#ith float rotameters. The passed volume of the gas
suitable for remote detection of toxic compoundsWas monitored with a rotary gas meter accurate with-
The selectivity of the sensors is improved by theifn 0.0001
surface modification with sensitive sorbents of varied Tha detection cell can incorporate-1> mass-

nature or specific biopolymers, as well as by incorggngitive AT-cut-off PECSs with a resonance oscilla-

poration_ into neut_ral polymers _of compo_unds capablgq, frequency of 89 MHz, operating on the volume
of reacting selectively with toxicants being analyzedacoystic wave principle. The changes in the oscilla-
Among the most widely distributed organic toxicantsjgp frequency of thePECS arerecorded with a fre-

to be monitored in air are phenol and its derivativesgyency meter or is transmitted with a 12-channel an-
The maximum permissible concentration (MPC) of vol-y0g-digital converter to a Pentium 166 PC.

atile phenols in air in working areas is 5 mghj10]. . _ _
As analytical signal serves the changé in the

The aim of this study was to assess the efficiencyscillation frequency ofPECS during sorption of
of various modifiers for piezoelectric crystal sensorsay compound of interest with modifier films applied
(PECSs) and to develop a method for analyzing volto the sensor surface. Both the mass of the film coat-

atile phenols in air. ings applied and the mass of the compound sorbed by
the PECS surface were determined using the Sauerbrey
EXPERIMENTAL equation [13]

Our studies were carried out on a setup compris- Af = -2.3x 10°fF Am/S
ing [11, 12] (Fig. 1) probe injection1@ and gas Here, Af is the change in the resonance oscillation
mixture preparationl(p) units, detection cel?, quartz- frequency of thePECS owing to film application
crystal oscillation excitation circuiB, gas meter4, (f, — f;) or sorption of the compound being analyzed
and data acquisition and processing uhit (f; — fp, Hz; fy is the resonance (basic) oscillation

1070-4272/01/7402-0199 $25.@02001 MAIK “Nauka/Interperiodica



200 ERMOLAEVA et al.

Using a microsyringe, 0-3.0 pl of the solution of
the modifier with a concentration of 10 mg thiwas
------- . applied to the PECS surface. The solvents were dou-
: ble-distilled water, acetone (pure), ethanol (chemical-
ly pure), and dimethylformamide (chemically pure).
The film was dried in a desiccator to constant weight
at T = 65°C. After sorption of a compound being ana-
lyzed, the film was regenerated by passing pure carrier
gas (argon, extra pure) through the detection cell.

Power pack 3

Manometer Three-

Dryer:-
B O —r

The choice of the PECS modifier was based not
only on the sorption properties of the coating but also
on its elasticity ensuring adequate transfer of the sig-
nal from the piezoelectric crystal sensor. The effi-
Fig. 1. Schematic of the setup for analyzing toxicants ciency of the modifiers was assessed using to the data
in air. obtained: sensitivityA calculated as the ratio between

- the change in the oscillation frequency of tRECS,
4, Hzm” g ; Af, and the concentration of the aromatic compound;
10000 | dynamic sorption capacity (SC), i. e., sensitivity per
unit mass of a modifier film; and the half-sorption and
8 half-desorption timest;,, and t},,, respectively.

6000

The carrier gas flow rate was chosen on the basis
of the rates of external and internal diffusion of vola-
tile phenols to the PECS filnsurface and the sorp-
tion rate, taking into account the fact that at high
rates of the carrier gas the pressure on ReCS in-
creases and, therefore, the experimental error grows.
The only optimal flow rate of the carrier gas was

Veg ¥1075, m? 571 (3.5-4.0)x 10°° m*s™* for virtually all the modifiers

Fig. 2. Sensitivity A of phenol analysis using modified (Fig. 2). The only exception is the MEA-based coat-
PECS as influenced by thearrier gas flow rateVe. ing for which sorption is almost instantaneous, and
Modifier: (1) PMS-100, §) BES, @) TBPE, @) TCEP, the5PE3QSlsenS|t|_V|ty is the greatest atate of 6.5x
(5) PEGP, 6) MEA, (7) PEG-2000, and 8§ PVP. 10™ m”s~. An inert gas as carrier gas improves

the kinetic parameters of analysis (the time of a single
f Measurement decreases by 15 min relative to that in
previous analyses in air [15, 16]).

2000

frequency of thePECS, MHz; Am is the mass o
the coating applied or the sorbate in the film, g; &d
is the PECSsurface area, cfn The sensitivity of analyzing phenols in air, using
sensors with coatings of varied nature, depends on
the film modifier mass affecting the concentration of
active functional groups on its surface. Therefore,
he optimal mass of the film is estimated ag]: 4.5

or low-molecular-weight MEA; 1013 for linear poly-

The PECS were modified with low- and high-mo-
lecular-weight compounds (analytically pure) which
can be conventionallglassified into three groups [14]:
(i) nonpolar saturated compounds (polymethylsiloxan

liquid PMS-100, polymethylphenylsiloxane PMPS); ) _ i 00
(ii) polar compounds with locally concentrated neg-merS PMS-100, TCEP, PEG-2000, PEF-3000, P-400;

ative chargesy bonds, and lone electron pairs at Nand 1720 for high-molecular-weight polymers PEGP,

. VP, and PPE. Alecrease in the modifier film mass
and O atoms [1,2,3-ris(2-cyanoethoxy)propane TCEIA’;) 3 ug and below impairs the film surface, which
polyvinylpyrrolidone PVP, polyethylene glycol phthal- b iallv d h . q d
ate PEGP, polyethylene glycol adipate P-400, bis(2§bu_l_stan]:uahy ecrelzase? the selnzltlvny and reproduc-
ethylhexyl) sebacate BE@gntaerythritol tetrabenzoate ' ity of the results of phenol determination.
TBPE, polyphenyl ether PPE]; and (iii) polar com- The analytical response of PECS is governed both
pounds with surface-localized positive and negativdy the structure of a compound analyzed and the na-
charges (polyethylene glycols PEG-2000, PEG-300Gure of modifier (Table 1). With increasing number

monoethanolamine MEA; polyvinyl alcohol PVA). of active functional groups in the phenol molecule,

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001
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Table 1. Efficiency of determining phenol and vanillin using PECS

. A, SsC, s tis
Modifier Af, Hz Hz m3 g_l Hz m3 g_l Mg_l in Arna, ng
Phenol
PMS-100 130 140 39 0.45 1.50 0.15
PEG-2000 3840 4030 408 0.02 0.45 4.26
PEG-3000 3900 2400 235 0.17 0.23 4.50
P-400 1600 1080 114 0.20 0.25 1.77
TBPE 2780 2100 184 0.07 0.10 3.09
PEGP 7320 6900 535 2.50 1.70 8.13
PVP 5900 7800 650 0.30 1.25 6.75
MEA 2980 1840 441 0.40 0.75 3.42
BES 3080 3120 135 0.03 0.32 3.53
PPE 1400 3080 263 0.83 2.00 1.59
PMPS 1330 1500 111 1.67 4.50 1.52
PVA 2200 3540 170 1.48 3.08 2.24
Vanillin
PVP 500 18980 2116 0.94 2.05 0.52
MEA 300 1500 514 2.28 3.12 0.35
PEG-2000 190 4900 572 0.45 0.98 0.22
both the sensitivity of analysi& and the sorption The kinetics of sorption of phenol on modifier

desorption time grow. The sensitivity of determiningfilms obtained by solvent evaporation were studied
all the phenols studied is at a maximum for PECSuy IR spectroscopy [the spectra were recorded on an
modified with polyols and polylactams. The sensi-

tivity A increases in the series of polyols as follows: ! @) (b)

P-400 < PEG-3000 < PVA < PEG-2000 < PEGP. For
coatings with high sensitivity, the sorptiethesorption
time is typically greater. The exception are substrates
based on polyethylene glycols, capable of efficient
rapid sorption and desorption of phenols. High sorp-
tion activity of the films based on PEG-2000 (com-
pared to PEG-3000) can be accounted for by the in-
crease in the flexibility of the polymer chain because
of the smaller number of functional groups.

The sorptiondesorption kinetic parameters are de-
termined by the nature and amount of the functional
groups in the polymer molecule. For example, hy-
droxy groups in the PVA molecule, bound by intra-
molecular hydrogen bonds, sterically hinder sorp-
tion of phenol and prolong the sorptiestesorption
cycle, and bulky aromatic radicals in the PEGP mol-
ecule substantially retard sorption of phenols owing to
the shielding of the ester oxygen atoms. The set of
sorption and kinetic characteristics is optimal for PVP-
based coatings which exhibit the maximal sensitivity , , , ,
and rate of sorption and desorption of phenols. The »509 2250 2000 1300 1150 1000
efficiency of the PVP-based coatings is due not only v, cm’! v, cm’!
to the active centers present in its molecule but also Fig. 3. IR spectra of TCEP-based modifiers with sorbed
to 'tS_ arrangement favormg, ,phen9| sorption. Piezo- phenol in the region of the stretching vibrations of (a) ni-
electric crystal sensors modified with PVP and PEGP tjie and (b) ether groupsl) Transmission andvj wave
can be recommended for monitoring of phenol in air number. Film: () before phenol sorption and{7) after
at the working areas, in particular, for automated mon- exposure to phenol vapor for 1, 2, 3, 5, 7, and 10 min,
itoring. respectively.

5

—
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Table 2. Sorption-desorption efficiency of phenol on films modified with chemical reagents

ERMOLAEVA et al.

Modifi t % Af, H A arz L
odifier, wt % . Hz ~
Hz m® gt min Am,, ug

TCEP + 4-AP, 2 4140 3750 0.07 0.33 4.60
TCEP + Feq-GHZO, 2 3300 4300 0.08 1.08 3.90
PVP + 4-AP:

2 18200 22160 0.53 2.00 20.16

5 48360 70900 0.83 — 53.69
10 53600 63060 0.92 — 61.59
PVP + AP, 2 6650 8070 0.05 — 7.39
PEG-2000 + 4-AP:

2 18300 15550 0.08 25 21.02

5 21670 18850 0.50 — 24 .90
PEG-3000 + 4-AP, 5 11750 7140 0.03 0.58 13.49

IKS-40 spectrophotometer (Calf€ell) after exposing all the reactive functional groups of the modifiers

the coatings to phenol vapor for3, 5, 7, and 10 min. participate in hydrogen bonding during phenol sorp-
A comparison of the IR spectra showed that the sukiion. The order in which functional groups interact

stances being analyzed are sorbed by the TCEP-baseith phenol depends not only on the reactivity of

film via hydrogen bonding with nitrile (Fig. 3a) and the complexing atoms, but also on the easiness of
ether (Fig. 3b) groups of the modifier access to a group of interest.

To increase the sensitivity, tHeECS supports were
modified with chemical reagents that reacted quan-
titatively and selectively with phenols: 4-aminoanti-
pyrine (4-AP), Fe(d . 6H,0 [15], and amidopyrine

The interaction is intensified on increasing the ex{AP) (Table 2_). The r_naximal growth of_the sensit_iv-
posure time: the bands corresponding to the stretclify observed in sorption of phenol by films contain-
ing vibrations of the nitrile (2252 cﬁ% and ether ing up to 5wt % 4-AP is accounted for by the forma-
(1179 cm') groups grow in intensity and broaden.tion of strong complexes between the reagent and
Sorption of phenols by the support based on p-4o0phenol. Further increase of the 4-AP concentration
decreases the sorption activity of the modifier owing
to the growth of the film weight and mutual shielding
of the functional group. Phenol desorption by the car-
rier gas is hindered as well, afECS regeneration
initially involves interaction with only carbonyl oxy- requires that heated air should be used or the mod-
gen atom (already after 3-min exposure) and theified sensor kept in a thermostat at°65 With pi-
with the carbonyl (1609 crt) and ester (1160 ci)  ezoelectric crystal sensors coated with impregnated
oxygen atoms. This is accompanied by broadening gfolymers (PEG-2000 with 4-AP, 5 wt % PVP with
the bands of the stretching vibrations of the functionali-AP, 5 wt %) it is possible to determine phenol in
groups and their shift to lower frequencies. Thusair of the working area in amounts of 0.3 afd8

/O-CHz~CH,—C=N
CHs—CHy—C~O-CHy—CHy—C=N.
\O-CHy—CHp—C=N

J J
[~OC,H4~O0—-C~CoH4~Cn

b

0 of ®) 0
T . -
21200 ¢ o0 o
E | £ _6400 g —2500
Eﬁ —2400 E Eﬁ ~5000
= 23600 o T -12800R [\ N3 ~

*ls L L L L _7500
20 40 160 180 15 45 75 33 77

T, min T, min T, min

Fig. 4. Reproducibility of the response of PECS in repeated sorptiesorption cycles with phenols on modifier films.
(A) Sensitivity and €) time. Film: (a) PEG, (b) PEG + 4-AP (5 wt %), and (c) PEGHgures at curvesorrespond to the sorp-
tion-desorption cycle no.
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Table 3. Selectivity coefficients in determining organic compounds, using PECS modified with (1) TCEP and (2) PVP

The selectivity coefficientk,g
Com-
pound phenol o-Cresol p-Cresol vanillin TCP
B
1 2 1 2 1 2 1 2 1 2

Phenol 0.3 2.0 1.2 25 8.3 2.2 99.0 0.8
o-Cresol 3.2 0.5 3.8 1.3 26.7 1.2 3195 0.4
p-Cresol 1.0 0.4 0.3 0.8 7.0 1.0 84.5 0.3
Vanillin 0.1 0.5 0.04 1.0 0.2 1.0 12.0 0.4
TCP 0.01 1.3 0.003 2.3 0.02 3.0 0.1 2.7 |

*

Kag = AMa Cg/(AmgCp), whereAm, and Amg are the masses of the compounds sorbed@qand Cg are their concentrations.

MPC, respectively. However, inexhaustive desorptiomn polyvinylpyrrolidone and 4-AP (5 wt% solu-
(<90 %) reduces the service life 8 ECS and makes tion in acetone) suitable for detecting phenols in
necessary additional calibration at regular interval®.40 m m°_ concentration (carrier-gas flow rate
(Fig. 4). 3.7x10° m3s™). Each analytical run, including

PECS regeneration, is complete within-16 min.

When PECS is used in serial analysis, stable anal-rhe procedure based on the useRECS, proposed
ytical response is important. After the first sorption ; X

; . . in this work, compares favorably with the standard
desorption cycle for phenol, all the coatings S'[“d'eégls-chromatographic method [19] in simplicity, eco-
exhibit hysteresis depending on the nature and magg mic efficiency, and promptness. It can be used for
of the modifier film (Fig. 4). This is due to the struc- getermining phenols in remote or autonomous, includ-
tural changes in the film during its formation, as welling automated, regimes, which is of special impor-

as to the partial irreversibility of the sorption processiance for the environmental monitoring.
Repeatedly used PECSs modified with individual poly-

mers (Figs. 4a, 4b) exhibit stable analytical signal CONCLUSIONS
(more than 10 sorptiemesorption cycles for one film).
The hysteresis is the most pronoun(_:ed_ for fllmS based (]_) The conditions for determining phen0|s using
on polyethylene glycol phthalate with its rigid poly- piezoelectric crystal sensors modified with macromo-
mer chain. lecular compounds of different nature were elucidated.
Piezoelectric crystal sensors modified with both! "€ optimal experimental conditions are the carrier-
individual polymers (PVP, PEG-2000, PEGP) anddas flow rate of (3.54.0)x 10° m* s™ and the mod-
films containing specific reagents are characterized bifé" film mass of 1613 pg.
low selectivity and are primarily intended for group (2) The efficiency of the modifiers was estimated
analysis of volatile phenols in the presence of nonby the piezoelectric-crystal microweighing. The most
polar substances (benzene, naphthalene, etc.). Coefficient coatings for piezoelectric crystal sensors em-
parison of the selectivity coefficients in determiningployed for analyzing phenol in air are those based on
individual phenols in gas mixtures (Table 3) suggestpolyols and polylactams. The kinetics of phenol sorp-
suitability of TCEP-based coatings for determiningtion on various modifiers was studied by IR spec-
chlorophenols (2,4,6-trichlorophenol, TCP) and ariroscopy.

omatic aldehydes in the presence of phenol and its 3y A hrocedure was developed for determining vol-
alkyl derivatives, and phenol in the presence of certaigo phenols by means of a modified piezoelestriys-

ortho isomers. The gas mixturé COMPONeNts Cany| sensor for which the detection limit is 0.40 mg*m
be separately analyzed using multisensor systems

comprising a group of sensors arranged in the detec- REFERENCES

tion cell. This approach was described in detail for

a set of nonspecific sensors employed in water mon-; - 75010y, Yu.A.,zh. Anal. Khim, 1990, vol. 45, no. 7,
itoring [18]. pp. 12551258,

We developed a procedure for determining volatile 2. Myasoedov, B.F. and Davydov, A.\Zh. Anal. Khim,
phenols in air, using PECS modified with a film based 1990, vol. 45, no. 7, pp. 1259378.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001



204

10.

11.

12.

ERMOLAEVA et al.

Clements, Jet al., Sens. Actuators,,B998, vol. 47,
pp. 3742.

. Guilbault, G.G. and Jordan, J.MAnal. Chem. 1988,

vol. 19, no. 1, pp. 228.

Ermolaeva, T.Net al, in Ekologiya Tsentral’'nocher-
nozemnoi oblasti Rossiiskoi FederatgjiEcological

State of the Central-Chernozem Region of the Russiam4.

Federation), Lipetsk: LEGI, 1998, no. 1, pp.-16.
Zhang, Set al., Talanta 1998, vol. 45, pp. 727733.
Chao, Y.-C. and Shih, J.-SAnal. Chim. Acta 1998,
vol. 374, pp. 3946.

McCallum, J.J.,Analyst 1989, vol. 114, no. 10,
pp. 11731189.

Si, H.-S.et al.,, Anal. Chim. Acta1999, vol. 390,
pp. 93-100.

Predel’no-dopustimye kontsentratsii vrednykh ve-
shchestv v vozdukhe i voddMaximal Permissible

Concentrations of Harmful Substances in Air andi1s.

Water), Leningrad: Khimiya, 1975.

Korenman, Ya.l.,, Bel'skikh, N.V., and Kuchmen- 19.

ko, T.A., Zh. Prikl. Khim, 1997, vol. 70, no. 4,
pp. 626-629.

Alekhina, T.L.,et al., Ekologiya Tsentral’'nogo Cher-

13.

15.

16.

17.

nozem'ya Rossiiskoi FederatgjEcological State of
the Central-Chernozem Region of the Russian Federa-
tion), Coll. of Works, Lipetsk: LEGI, 1998,
pp. 156-155.

Sauerbrey, G.Z. Phys, 1959, vol. 155, no. 2,
pp. 205-222.

Kiselev, A.V.,Mezhmolekulyarnye vzaimodeistviya v
adsorbtsii i khromatografii (Intermolecular Interac-
tions in Adsorption and Chromatography), Moscow:
Vysshaya Shkola, 1986.

Korenman, Ya.let al., Zh. Anal. Khim.1997,vol. 52,
no. 3, pp. 313318.

Ermolaeva, T.Net al., lzv. Vyssh. Uchebn. Zaved.,
Khim. Khim. Tekhno].1999, vol. 42, no. 2, pp. 2Q4.

Moskvin, L.N. and Tsaritsyna, L.GMetody razde-
leniya i kontsentrirovaniya(Methods of Separation
and Concentration), Leningrad: Khimiya, 1991.

Vlasov, Yu.G.Zh. Prikl. Khim, 1998, vol. 71, no. 9,
pp. 14831486.

Metodicheskie ukazaniya na opredelenie vrednykh
veshchestv v vozdukh@ethodical Guidelines for
Determining Harmful Substances in Air), Minzdrav
SSSR, 1989, issue 24.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001



Russian Journal of Applied Chemistrol. 74, No. 2,2001, pp. 205208. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 2001,
pp. 202-205.
Original Russian Text Copyrigh® 2001 by Bagreev, Broshnik, Strelko, Tarasenko.

SORPTION
AND ION-EXCHANGE PROCESSES

Effect of Chemical Modification of Walnut Shell
on the Yield and Pore Structure of Activated Carbon

A. A. Bagreev, A. P. Broshnik, V. V. Strelko, and Yu. A. Tarasenko
Institute of Sorption and Endoecology, National Academy of Sciences of Ukraine, Kiev, Ukraine
Received July 5, 1999; in final form, September 2000

Abstract—The effect of walnut shell treatment with solutions of inorganic salts prior to carbonization on
the yield and properties of the obtained activated carbon was studied. The possibility of controlling the pore
structure of the products in thermal treatment is demonstrated.

Recently, interest has again aroused in carbon sothe carbonization product should have some initial
bents prepared from fruit kernels and shells of variousnicroporosity [9]. Secondly, WSs containing poorly
nuts [15]. This is due to their having much lower structured components (lignin, hemicellulose, pectin,
cost, compared with the traditional precursors (synand proteins), and also mineral impurities, are car-
thetic polymers and coals) used to produce activateldonized to give a large amount of an amorphous
carbons (ACs). However, a search for ways to incoke residue impeding the evolution of pyrolysis
crease the yield of the resulting product and to imgases. As a result, the formingmperfect carbon
prove the structural-sorption characteristics of ACskeleton is contaminated with an amorphous coke
prepared from fruit-kernel raw materials and, in partesidue.

ticular, walnut shells (WS) is still urgent [6]. Mineral impurities present in the initial WSs affect

It has been noted [10] that, to improve ACs prop- adversely the AC quality [9]. Mainly represented by
erties, make higher the yield, and obtain a more dezarbonates, chlorides, sulfates, and nitrates of alkali
veloped pore structure, the initial cellulose materialeand alkaline-earth metals, the impurities, on the one
are treated with solutions of inorganic salts, whichhand, make lower the onset temperature of carboniza
play the role of fire retardants and catalysts for cartion, and, on the other, facilitate degradation of poly-
bonization and dehydration, ensuring a high yield ofmeric chains in cellulose, being catalysts for carbon
the products. oxidation.

The character of WS dehydration in carbonization At the same time, preliminary treatment of cellulose
strongly affects all stages of ACs preparation. Fomaterials with phosphate-containing solutions in-
example, intensifying the dehydration makes highecreases the yield of raw carbon [7, 10]. In this case,
the ACs yield and hinders formation of resinous subthree-substituted esters may be formed, along with
stances produced in cellulose degradation reactiomse- and two-substituted esters, owing to the cross-
competing with dehydration [7]. The choice of ap-linking of cellulose fragments [13]. Undoubtedly, the
propriate additives and dehydration conditions limit-cross-linked fragments in the modified cellulose ma-
ing the side processes resulting in carbon loss iterial subjected to pyrolysis strongly affect the struc-
an important problem in AC preparation. For exampleture and properties of raw carbon and ACs produced
the conventional thermal treatment of WSs (carbonizarom this material.
tion with subsequent activation) fails to yield high-

quality AC for some reasons [11, 12]. The presence in cellulose-containing materials of

phosphate groups, efficient catalysts of both intra- and
Firstly, precursor is a macroporous material (thentermolecular dehydration, accelerates these processes
volume of macropores in the carbonization product isnd makes slower the rate of the competing depoly-
about 95% of the total pore volume. At the same timemerization reaction [7], which affects the yield and
to prepare highly porous ACs, it is necessary thaproperties of carbonized residues. This concept sub-
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Table 1. Effect of chemical modification of WSs on  The mass chang¥ (%) and yieldR (%) of sam-

properties of carbonization product and ACs ples after each stage of thermal treatment, as well as
the sorption volume of the porag (cm® g™) with re-
Carbonization Activation spect to benzene, were estimated. The pore structure
Modifier parame%ers1 of the materialdhe micropore \éolulme
Wt % ’ yield pore yield pore Vi (cm’g™); voIl_Jme of sorblng pore¥, (cm g ),
o | Vvolume, % volume, found from the isotherm of nitrogen adsorption at
cm® gt cm3 gt P/P, = 0.95; and the specific surfacarea Syer
(m?g™Y), measured in different stages of thermo-
Initial WS 27.9 0.05 517 0.23 lysis—were determined from sorption isotherms of
H;PO, 32.3 0.12 24.3 0.33 carbon dioxide and nitrogen af© and-196°C, re-
(NH,)3PG,, 5| 32.3 0.12 221 0.45 spectively. The obtained isotherms were processed
(NH,),HPOy: using modern methods of the adsorption theory
5 34.2 0.16 22.2 0.41 [14, 15].
15 35.6 0.13 20.1 0.44 . .
NH4H,PO,: As noted in [16], the type and amount of intro-
5 33.4 0.08 22 4 0.39 duced salt affect the thermal degradation of cellulose.
15 31.2 0.11 18.4 0.43 The amount of salt required for WS modification
NagB,0; + 34.9 0.1 26.7 0.33 is considerably lower than that commonly used for
(NH,),HPO; chemical activation [9]. This enables estimation of
the true contribution of the salt additive and makes
15 41.7 0.14 255 0.34 unnecessary washing of the final product.
Na,B,07 + 34.9 0.11 26.7 0.33 The influence exerted by the nature of anion, salt
H3BOs, 5 concentration, and degree of exchange of the protons
NH,CI 34.5 0.06 23.4 0.43 of phosphoric acid for ammonium ions on the yield
(NH,),S0, 33.4 0.03 2r.7 0.24 and pore volume of ACs was studied. The results ob-

tained are listed in Table 1. It can be seen that mod-
ification strongly affects the properties of the carbon-
) ) o ization products and AC. In particular, the AC yield
stantiates the necessity for preliminary treatment ofycreases from 5.2% (unmodified WS) to 187.7%
cellulose raw materials (i.e., for WS modification). (modified samples). The activated carbons prepared

In this connection, the aim of this study was toffom preliminarily modified WS possess higher pore

analyze how impregnation (modification) of the initial VOlume than those prepe_lged from unmodified WS
WS with solutions of inorganic salts affects the yield(0-23 and 0.240.45 cnf g™, respectively).

and pore structure of carbonized products and activated An estimate of the influence exerted by the amount
carbons. of introduced salt (for the example of ammonium
hydro- and dihydrophosphates) showed that AC sam-
EXPERIMENTAL ples prepared from WS with 5% of salts have the
_ highest yield (22.2%) and the largest pore volume
As raw material served WSs. The method of sheltvS ~ 0.39-0.45 cntg?l). For AC samples syn-
preparation was described in [6]. The initial WS wasthesized from WS with 15% ammonium phosphate,
impregnated with concentrated solutions of inorganighe vyield is 1820% and the pore volume, about
salts (chlorides, phosphates, sulfates, borates, or mig-44 cn? g—l_ It should be noted that the optimal
tures of these) so that the modifier content in the santoncentration of ammonium orthophosphate in WS is
ples was 515 wt % (in terms of dry residue). After 594 Further increase in the amount of salt does not
being separated from the solution, the nutshell wagirtually affect the AC vyield and pore volume.

dried at 116C. . . .
It was found with various ammonium salts (chlo-
The modified WS was subjected to thermolysis inride, sulfate, and phosphate) that the highest yield
argon at 808C for 1 h on an installation described in (27.7%) is observed for an AC sample prepared from
[6]. To obtain AC samples with combustion loss fromWS modified with ammonium sulfate, and the largest
6 to 50%, the thermolysis products were activateghore volume (0.45 cfg™), for that prepared from
with steam at 75T for varied time. WS preliminarily impregnated with ammonium ortho-

Note: The AC parameters correspond to 90 min of activation
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Table 2. Yield and parameters of pore structure of the carbonization products and ACs

Parameter Carbonization produgt ~ AC Parameter Carbonization produgt ~ AC
R % 35.6 20.1 Vqi (COy), cnP gt 0.26 0.27
V,, e gt 0.12 0.44 || V; (Ny), cmg? 0.03 0.47
Vi (Ny), cnmg? 0.03 0.42 | Sger (Ny), m?g? 50 850

phosphate. The yield and the pore volume for an AChas a considerable volume of narrow micropores
sample prepared from WS impregnated with arlnmovmi (COy).

nium chloride solution are 23.4% and 0.43 .
° oy The adsorption of nitrogen on AC prepared from

The influence exerted by the degree of proton exwsS pretreated with phosphates is 15 times that for
change in HPQ, for ammonium ions was analyzed the product of carbonization (curv in the figure).
for samples modified with 5% solutions of (NJ4PO,;,  As in the case of the carbonization products, these
(NH,),HPQ,, (NHy)H,PQ,, and HPO, to reveal samples are characterized by low slope of the iso-
the following tendency: the highest yield (24.3%)therms, which is typical of microporosity. The fact
is observed for an AC sample based on phosphorigat the volumeV, of sorption pores and that of mi-
acid-impregnated WS and the largest pore volumeroporesV,, (N,) (Table 2) coincide also confirms

(0.45 cni g™*) for that prepared from WS impregnatedthe absence of mesoporosity in the prepared ACs.
with ammonium orthophosphate.
) . . Activation of a carbonized sample prepared from
Borax taken alone and that with addition of boric\ys treated with ammonium hydrophosphate to 44%
acid or ammgnlu_m hydrophosphate give AC samplegompystion loss (Table 2) leads to larger micropore
in 25.5-26.7% yield. For these AC samples, as well,olyme determined from nitrogen sorption, whereas
as for the AC samples synthesized from WS modifieGhe pore volume found from Cosorption does not

with ammonium phosphate, the highest yield correyiryally change. This suggests the formation of

sponds to 5 wt % modifier. The pore volume in theqqarse micropores, which is confirmed by changes in

At():s tprg%%redﬁfrgp WS impregnated with borates ighe gpecific surface area and pore volume (Table 2).
about ©.55 cmg . As a result of activationSsz; increases 17-fold and

The treatment of WS with ammonium chloride, Vs grows from 0.12 to 0.44 chg™.
ammonium phosphate, boric acid, or its salts leads

to a substantially larger pore volume in carbonizeoll n aThEJn?’ %mggt?og”o}hv?/ssslttﬁgO}Llitlvhe:s'y iec? fg dpirsel‘laT_-
and activated materials, with the AC yield increasin fy Impreg ’ 9 y

%Sured by borates and ammonium sulfate, and the larg-
nearly 2-fold. .

est pore volume, by phosphates and ammonium chlo-

Data on the formation and development of the porgide. Modification of WS with phosphates allows pre-
structure in carbonized products and ACs were obparation of ACs with developed pore structure and
tained from the results of an adsorption experiment.
The figure shows, as an example, the nitrogen ad- 4 4
. . . , mmol g

sorption isotherms taken on carbonized samples and 15 2
ACs prepared from WS containing 5 wt % ammonium
hydrophosphate. The estimated yieRg%) and cal- 10
culated pore structure parameters are listed in Table 2.
For the carbonization product obtained from WS
treated with ammonium hydrophosphate, the adsorp-
tion isotherm shows low slope and small adsorption 0.2 0.6 1
of nitrogen over a wide range of pressures (cutve P/Py
In the flgur_e). This mdlca.tes that only a mlcrOporOSIt[y Isotherms of nitrogen adsorption on thermolysis products
IS present in the carbonized sample (Table 2), W_h|Ch prepared from WS modified with ammonium hydrophos-
is confirmed by the fact that the volume of sorbing phate. ) Adsorption and RI/Py) relative pressure.
poresV, and that of micropored/,,; (N,) coincide. (1) Carbonization product and2 AC with a 44% com-
As seen from the data on GQorption, this sample  bustion loss.

5
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makes it possible to control the pore structure of
the thermolysis products (i.e., to synthesize micro-
porous sorbents). 7.

CONCLUSION
8.
Madification of walnut shell with inorganic salts
prior to carbonization raises the yield of activated
carbon and allows control of its structural-sorption
characteristics. The activated carbons obtained in thi<.
process have reasonable operation characteristics.
10.
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Abstract—The results obtained in a study of the electrochemical separation of multicomponent tin-based
alloys in salt melts are presented. The influence exerted by electrolysis conditions on the discharge at the aux-
iliary electrode of a number of metals accompanying lead and tin was determined.

Manufacture and purification of non-ferrous metalsThe experiments were done at current loads of 50 to

from polymetallic raw materials yield a great amount200 A. The developed electrolyzer design allows work
of polymetallic alloys [1, 2]. The qualitative and in two modes: with and without auxiliary electrode

guantitative compositions of such alloys vary widely,mounted between the anode and cathode. Figure 1

depending both on the composition of starting rawshows an electrolyzer variant with an auxiliary elec-
materials and on the method of their processing. Fdarode. A vessell of arbitrary shape, made of an elec-
example, purification of tin by vacuum refining yields trically conducting material and lined with graphite

alloys of the following compagon (wt %): tin 30-40, from inside, serves as cathode and receiver of metal
bismuth up to 10, antimony up to-6, copper up to deposited onto the cathode. Inside, this vessel contains

3-5, silver up to 0.20.2, arsenic up to 0-3.5, iron a vessel2 for anodic metal. The base of the anodic
up to 0.10.3, and lead the rest. The known methodvessel2 is made of a porous dielectric material
for separation of such alloys into components ardhe porosity of this material is chosen so as to rule

rather labor-consuming, involve large amounts of reeut mechanical seepage of the anodic metal. Common-

circulated products, and are characterized by low re-
covery of the metals [2]. Silver and gold, accompany-
ing non-ferrous metals, are, as a rule, distributed
among the processing products and lost with them. It
has been shown [2] that electrolysis in salt solu-
tions, ensuring concentration of noble metals at the
cathode, is an efficient method for processing alloys
of this kind. A considerable progress in separation
of multicomponent alloys by electrolysis in melts
can be made with an auxiliary electrode hindering
transfer of metals with more positive electrode po-
tential from anode to cathode, thus favoring a higher
degree of separation into components. This com-
munication presents the results obtained in studying
the electrochemical separation of tin-based multicom-
ponent alloys in high-temperature electrochemical re-
actors of various kinds, including those with a porous
electrode.

EXPERIMENTAL
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Fig. 1. Schematic of an electrochemical reactor for separa-
tion of tin-containing multicomponent alloysl)(vessel for
electrolyte and cathodic metaR)(vessel for anodic metal,

A schematic of the electrochemical reactor for sep- (3) porous diaphragm,4j electric heaters, 5 external

aration of multicomponent alloys is shown in Fig. 1.

casing with heat insulation, and)( auxiliary electrode.
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Table 1. Half-wave potentialE of the cathodic reduction of non-ferrous metal ions in zinc chlefidsed salt melts
at 450C

RT/nF, V RT/nF, V
mn* E, V Mn* E, V

experiment calculation experiment calculation

31.5 mol % ZnC}-68.5 mol % KCI 46.0 mol % ZnC}-19.5 mol % NaCl-34.5 mol % KCI
PRt 1.15 0.035 0.031 PRt 1.52 0.029 0.031
Sré* - - 0.031 Sré* 1.48 0.030 0.031
Cuw?* 1.08 0.030 0.031 Cuw?* 1.32 0.034 0.031
Ag* 0.94 0.060 0.062 Ag* 1.23 0.052 0.062
St 0.81 - 0.021 Sp* 1.20 0.019 0.021
Bi3* 0.77 0.019 0.021 Bi3* 1.03 0.022 0.021

ly, heat-resistant silica fabrics of various brands ara chlorine reference electrode in molten zinc chloride
used as porous diaphragm. Owing to the surface tefvased electrolyte mixtures.

sion forces, the molten metal is contained within : .
the anodic vessel and comes into contact with molten Currentvoltage measurements were carried out in
electrolyte through the pores. On passing a direct cuRotentiodynamic mode on glassivs carbon electrodes
rent, the metal dissolves at the anode and, after beirfR} Potential sweep rate of 2 mV's It can be seen

transferred through the electrolyte layer, is depositef0m the presented data that, in the mixtures under
onto the cathode. study, lead and tin have more negative potentials rel-

| | | d salt mi b tive to such metals as copper, silver, antimony, and
As mo Eﬁn .g ectzr_o yte hTer.‘ée S%It ”."ftures a_ste ismuth. Consequently, a ledih alloy must be de-
on zinc chionde. 2Iinc chioridé and mMIXUres on ISy ,qjteq at the cathode in electrochemical separation of

g:ﬁf Tor::e(::u%;vz Ig\lfxsltlrggllt\i/rf p%?rlwttm;n dag?lg C\?Wrgﬁ!t% in-based polymetallic alloys in the molten mixtures of
: y gp the indicated composition, with metals having more

the interval 2368-550°C. Zinc has more negative po'aoositive potential-antimony, bismuth, silver, and

ntial mpared with many non-ferr metals, an .
tential, compared with many non-ferrous metals, a g_opper—concentrated at the anode. The discharge

therefore, its compounds may be present in the elec="""=" ; .
trolyte mixture, taking no part in the mass exchangéon'zat'on potentials of metals have different values

between the electrodes. In molten state, zinc chloridh® Mixtures of different compositions. In the ternary
forms associates of the typeZn-Cl-),, decomposing Mixture, they are shifted to a more negative range.
in the presence of weakly polarizing cations of alkaliThe order of ion discharge at the cathode is preserved,
metals. The decomposition to give [Znf anions is but the difference between the reduction potentials
the stronger, the larger the cation of an alkali metapf some metals, e.g., lead and copper, lead and silver,
[7]. These anions can coordinate in the outer sphere{C., increases. This is apparently due to the nature
cations of many non-ferrous metals, thus exerting inof interaction between these ions and electrolyte com-
fluence on their discharge potential, and stabilize components, which is poorly understood. It follows from
pounds with lower oxidation level. In addition, it hasthe obtained data (Table 1) that, in mixtures ensuring
been established [8] that the electrical conductivity ofa greater difference between the dischaigeization
mixtures based on zinc chloride also depends on theotentials of lead and tin ions and those of accompa-
cation composition. Mixtures of this kind tend to nying metal ions with more positive potential (cop-
segregate, with salts of heavy metals (e.g., lead) ager, silver, antimony, bismuth), these latter must pass
cumulated in the lower layers of the melt [9]. Thus,into the salt phase in lesser amount. This must be
by controlling the composition of the electrolyte mix- promoted, to a certain extent, by the reducing action

tures based on zinc chloride, one can change in a dgf |ead and tin on cations of the above metals that
sirable direction the degree of metal separation, rehave passed into the salt phase

sistance of the electrolysis bath, and, consequently,

the specific power consumption. oM™ + nPP(SIP) - P (S + 2MO, (1)
Table 1 lists the potentials of cathodic reduction

half-waves for some non-ferrous metals relative tavhere M™* = Ag*, Sb*, Bi**, and C@&".
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Table 2. Amount of accompanying elements passing into the salt phase in anodic dissolution of a multicomponent
alloy containing (wt %): Pb 35.8, Ag 16.8, Cu 1.20, Bi 0.24, Sn 22.5, and Zn the rest

Electrolysis Concentration of metals Electrolysis Concentration of metals
conditions Melt- in the salt phase, wt% conditions Melt- in the salt phase, wt%
elec- elec-
ix1073, trolyte : ix1073, trolyte .
A m-2 Q, Ah Cu Ag Bi A m-2 Q, Ah Cu Adg Bi
10.0 18 Binary | 0.0017 | 0.0026 | 0.0038| 8.0 35 Binary | 0.179 | 0.035 | 0.0060
18 |Ternary| 0.0012| 0.0020 | 0.0033 35 |Ternary| 0.151 | 0.026 | 0.0052

The investigations performed confirm this conclu-into the anode chamber. The quantity of electricity
sion. Indeed, a lower degree of dissolution of electropassed through the electrolyzer was 17 050 A h, and
positive components is observed in anodic polarizathe total amount of alloy charged into the anode
tion of polymetallic alloys in a ternary electrolyte chamber, 53 kg. After passing 15225 A h of elec-
(Table 2). tricity, the addition of the alloy into the anode cham-
This fact is very important in those cases Whenber was terminated and additional amounts of lead
the purified metal or alloy is obtained at the cathodeanOI tin were recovered at the cathode. As a result,

an alloy of the following composition was obtained at

In this connection, a three-component mixture of zinc o :
sodium, and potassium chlorides, containing Ieaaqen?)rt]occijeete(gte:o/l())' Pb 1.4, Sn 6.2, Bi 65.7, Sb 24.2,

chloride for ensuring mass exchange between the eledt
trodes, was used as molten electrolyte. In order to A typical dependence of the comjitag@n at theelec-
achieve more complete recovery of lead and tin byrodes on the quantity of passed electricity is pres-
shifting the potential of the anodic alloy to moreented in Fig. 3. The dashed line denotes the instant
negative values, no tin chloride was introduced intovhen additional charging of the starting alloy into
the mixture. Owing to the close values of the electrod¢he anode chamber was terminated. In the initial stage
potentials of lead and tin, this component inevitablyof electrolysis, dissolution of metals having the most
appears in the electrolyte on passing direct current. Inegative electrode potentials (In, Pb, Sn) was ob-
the course of electrolysis, a certain component ratiserved. This is indicated by the manner in which
is attained in the electrolyte, reflecting the mass exthe content of lead and tin in alloys at the electrodes
change between the electrodes with account of changelsanges. With recovery of lead from the anodic alloy,
in the alloy composition at the anode. The change in

the concentrations of lead and tin chlorides in the Cj, wt%

course of electrolysis is presented in Fig. 2. 20

It can be seen from Fig. 2 that tin chloride is ac-
cumulated in the course of electrolysis. In the course
of lead and tin recovery from the anodic alloy, the con-
centration of lead chloride in the electrolyte decreases. °
It was noticed that the concentration of zinc chloride 10 F
changes somewhat only in the initial stage of elec-
trolysis and remains virtually unchanged afterwards.

An alloy containing (wt%): Pb 39.6, Sn 50.1, i 2 °
Bi 7.5, Sb 2.2, Ag 0.12, and In 0.073 was subjected
to electrochemical separation. The amount of metal
charged into the anode chamber was 14.2 kg, and 3 16
the electrolyte mass, 71 kg. The electrolysis was con- 0x107 Ah
ducted at 40@ 10°C, current of 50 A (current den- ’
sity of 0.125 Acni?), and average voltage drop of Fig. 2. ConcentrationC; of (1) lead and ) tin in elec-
2.5 V. As the anodic alloy gradually dissolved, its trolyte vs. the quantityQ of passed electricityl = 60 A,
additional amounts (3 kg per 24 h) were introduced j = 1500 Am?, T = 40C°C.
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Fig. 3. (a) Anodic and (b) cathodic compositio; vs.
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Fig. 4. Alloy compositionC; at the auxiliary electrode vs.

the total voltage drofJ across the electrolyze® = 10 A h,
T = 400°C. (1) Lead, @) antimony, @) silver, @) bismuth,
and 6) copper.

in the given case), the content of both lead and tin
in the anodic alloy starts to decrease, this occurring
faster after the charging of additional amounts of the
starting alloy is terminated. After passing 9350 Ah
of electricity, the concentration of |nd|um in the anod-
ic alloy was not higher than 5107°%; further, vir-
tually no indium was detected. Since the starting melt
contained no tin ions, mainly lead was deposited at
the cathode in the initial stage of electrolysis, and
lead-tin alloy, in later stages, with accumulation of
tin in the electrolyte. The concentration of S|Iver in
the cathodic alloy was not higher thanx8.073%,
and that of Bi, 2x 102% during the entire course of
electrolysis.

Generalization of the results of electrochemical
separation of leadin alloys of varied composition
demonstrates that at 95% recovery of Pb and Sn at the
cathode, th@nodic alloy contains 9385% of the initial
amount of Ag, 9899% of Bi, and 9396% of Sb.

If the anodic dissolution of the obtained alloy, en-
riched with Ag, Sb, and Bi, is continued, the concen-
tration of Pb in it can be reduced to 0.04%, and that of
Sn, to 0.01%. In doing so, the concentration of Ag
decreases from 1.3 to 0.2% and an antimdmgmuth
alloy containing up to 70% Bi remains at the anode.

In order to diminish the transfer of metals with
more positive potential (Ag, Bi, Sb) from the anode to
the cathode, electrolysis was studied in reactors with
a porous auxiliary electrode made of graphitized car-
bon and placed between the anode and cathode.

It has been found [5, 6] that such an electrode
hinders transfer of metals with more positive potential
from the anode to the cathode. For example, the con-
centration of Ag in the cathodic metal was<3.0%
without the auxiliary electrode, whereas the use of
a porous auxiliary electrode made it possible to reduce
this concentration to % 10°% under the same elec-
trolysis conditions. The concentratlon of Sb and Bi
decreased from 2 103% to 1x 103%. The condi-
tions of metal discharge on a porous auxiliary elec-
trode of this kind were analyzed in detail in [5, 6].
It was shown that the discharge of metal ions at
the porous electrode depends on the voltage drop
across the electrolyzer, being only observed in those
cases when the voltage drop across the porous elec-
trode is greater than, or equal to, the decomposition
voltage of a metal salt in a given molten electrolyte.
In this connection, it is of practical interest to study
how the composition of the alloy deposited at the aux-

the concentration of tin in it grows. The alloy ac-iliary electrode depends on the total voltage drop
quires a more positive potential, which favors simul-across the electrolyzer. It follows from the data in
taneous dissolution of lead and tin. Beginning in thifig. 4 that the at small voltage drops and, conse-
instant of time (after passing 4000 A h of electricityquently, at low electrode current densities the alloy
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deposited at the auxiliary electrode contains a greatemn electrolysis scheme is proposed with a porous aux-
amount of metals with more positive potential (cop-iliary electrode made of graphitized carbon. The effect
per, bismuth, antimony, silver) and a lesser amounf electrolysis conditions on the recovery efficiency

of lead. The main component of the alloy is tin.of metals accompanying lead and tin at the auxiliary

The observed dependence is in qualitative agre&/€Ctrode was determined.
ment with the conclusions of [5, 6] and also with the
general pattern of the cathodic deposition of impurity REFERENCES
metals in refining of non-ferrous metals in salt melts
[10], according to which their conterd; in the ca-
thodic alloy is proportional to the electrode current
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Abstract—The kinetics of electrodepition of nickel-chromium alloys from chromium(lll) sulfate electrolytes
containing succinic and malonic acids was studied. The effect exerted by the electrolysis mode and the pH of
the electrolyte on the composition and quality of the obtained coatings was investigated. The possibility of
obtaining protective and decorative nickelhromium coatings containing 285% chromium is established.

In electroplating, chromium is deposited from chro- It was shown in [9, 11] that GCS forms polynu-
mic acid electrolytes [3]. However, this technique clear anion complexes in moderately diluted and con-
of obtaining chromium coatings has a number of eseentrated solutions. In these complexe$*Gons are
sential drawbacks: very high toxicity of electrolytes,bound by hydroxo or oxo bridging groups and by
low cathode current efficiency by chromium (gE sof; ions. The number of ligands in the complexes
10-15%), low electrochemical equivalent, and lowdepends on the GCS concentration and the solution
throwing power [4]. To improve the process of chro-pH. The violet modification is converted to GCS
mium plating, modified electrolytes have been create@dn sufficiently fast heating (within several minutes),
on the basis of chromium(VIl), and also new electroand the reverse transition is very slow (virtually
lytes containing chromium(lll) have been developethceurring within a year) and involves transformation
[5-7]. Chromium(lil)-based electrolytes are promis-of bridging hydroxo groups into water molecules,
ing: they are harmless, their electrochemical equivalernd oxo groups into OHions. This is accompanied

is twice that in chromic acid solutions, and the currenky 5 gradual shift of the absorption peaks to shorter
efficiency by chromium is greater (up to 40%) [8]-wave-lengths.

However, these electrolytes have not found wide ap-

plication to the present day, which is in the first place Chromium is known to bélifficultly deposited from
associated with their instability caused by strong tenviolet solutions [4] and deposited with very low cur-
dency of chromium toward complexation. The com-rent efficiency (Cl, 5-7%) from GCS solutions.
position of chromium(lll) complexes depends on aThe best results (with G& of up to 40%) have been
number of factors: chromium(lll) concentration, tem-achieved in chromium plating from solutions obtained
perature, nature of ligands, pH, etc. [9]. For exampleby “aging’ of GCS (keeping at 2625°C for 20-

on being dissolved in water, violet chromium(lll) sul- 25 days). The thus obtained chromium(lll) sulfate was
fate forms hexaaqua cations [Cl;((lal)e,]3+ [10] which  named “modified” GCS [4]. Unlike the violet and
are hydrolyzed to give [Cr(OH)(;§6])25]2+ in concen- green solutions, modified GCS is rather stable: it re-
trated solutions and [Cr(Ok(H,0),]" in dilute solu- tains its composition for éong time (within 6 months),
tions [11]. The hydrolysis is accelerated on heatingas indicated by spectral measurements. The absorption
and the solution becomes blue-green at48C, and peaks §, = 415 andi, = 582 nm) occupy an inter-
green [green chromium(lll) sulfate, GCS] at-8°C  mediate position between the peaks for the violet so-
[8]. The conversion of violet chromium(lll) sulfate to Jution and GCS [12].

GCS is accompanied by a shift of the peaks in their _ _ )

absorption spectra fromh; = 407 andi, = 570 nmto ~ However, chromium plating from solutions of mod-
Ay = 424-425 andi, = 590-592 nm, respectively ified GCS has an essential drawback: CHecreases
(A, and %, are the wavelengths of the absorptionwith increasing electrolysis duratiot, and cathode
peaks), which confirms the occurrence of complexaeurrent densityD.. It was found by thermography [13]
tion [12]. that the electrolyte temperature in the near-cathode lay-
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er increases to 5C€ and more, as. andD, increase. and dicarboxylic acids into a nickel(ll) sulfate solution
This is accompanied by fast conversion of modifieds accompanied by complexation, which is confirmed
GCS to GCS, which does not allow thick chromiumby absorption spectra [20]. For example, the complex
coatings (more than 40 microns) to be obtained. [NiH,Cit]" is formed with citric acid. It has been

The use of pulsed current makes it possible to slofPund that the stability of the forming complexes with
down the formation of GCS and to increase the thick-rgftgf‘;t g)I ?z_llgagd 8qe(>:ri/|as|‘23§ in the order: “Taxt
ness of chromium coatings to 50m [14]. : u u ar .

Recently, new electrolytes based on chromium(lll) These results are in agreement with published data

salts have been developed, allowing the thicknes[ﬁz]' For example, in the series of acidgWal-H,Cit—

; ; ; ; Tart the least stable complex is formed with malonic
of chromium coatings to be considerably increased'2 5 : :
(to 300 um) and yielding hard chromium coatings acid K; = 7.3x 107), and the most stable, with tartaric
[15]. However, despite this apparent progress, ne

cid K; = 3.8x10°°). The same buffer additives have
chromium plating electrolytes have not found wideP€€n recommended for deposition of i alloys.
application.

For example, to obtain mirror-bright NCr coatings
) ) _up to 3um thick with chromium content of 1016%,

In some cases, coatings with alloys of chromiumyminoacetic acid is introduced into the sulfate elec-
and iron-group metals, e.g., nickel, can serve as an &kolyte [19].
ternative to the coatings obtained from chromium(lil)
compounds [16, 17]. Solutions for depositing-idir
alloy coatings are prepared from nickel plating elec
trolytes by addition of chromium(lll) salts [3]. It is
impossible to obtain NiCr coatings using an electro-
lyte with chromic acid.

A preliminary study has shown that nickehro-
Mmium coatings can be obtained from sulfate electro-
lytes (based on modified GCS) containing both suc-
cinic [23] and malonic acids as buffer and complexing
additives. In the present study, we continued investiga-
tion of the electrodeposition of NCr alloys from

Nickel plating electrolytes are stable, and nickel isgyfate electrolytes containing succinic and malonic
deposited with high current efficiency. Acid electro- 5cids.

lytes for nickel plating have found the widest applica-
tion. The deposition from these electrolytes involves EXPERIMENTAL

two conjugated processes at the cathode: discharge of

nickel(ll) and discharge dfiydrogen ions. Thelecrease For the electrodeposition of NCr alloys we pre-

in the concentration of the latter in the course of elecpared a solution containing a brightener and nickel and
trolysis results in a higher pH in the near-cathode layechromium sulfates (modified GCS) (M): NiSQ 7H,0
(pHy and leads to the formation of nickel hydroxide 1.0, Cy(SO,); 0.5; butyne-1,4-diol 1.5 mrt. From
and its basic compounds, which, being incorporatethis solution we obtained electrolytes containing suc-
into the cathode precipitate, make higher the defeainic and malonic acids (M): electrolyte |, 8uc 0.5,
tiveness of its crystallinstructure. To stabilize the pH electrolyte I HMal 0.1, and electrolyte Il KMal 0.5.
and obtain coatings with improved physicochemicaFor comparative studies we prepared electrolyte 1V for
properties, buffer components are introduced int@hromium plating (0.5 M modified GCS and 0.2 M
nickel plating electrolytes, boric acid being the mostmonoethanolamine) and electrolyte V for nickel Plat-
widely used additive [318]. However, it only exerts a ing (1.5 M NiSQ, 30 g rt H;BO5, and 1.5 mit
buffer effect in a narrow pH range {8). The acid can- butyne-1,4-diol).

not be used as a buffer component in the electrolytes
for deposition of Ni-Cr alloys, since chromium hy-
droxide is formed at much lower pH than nickel hy-
droxide (the solubilityproducts SR;opy, and SR on),
are 3.2x 10° and 6.3x 103}, respectively). More
effective buffer components for plating of both nickel
and Ni-Cr alloys are aminoacetic acid [19] and oxo-
and dicarboxylic acids: tartaric fart, citric HyCit,

The current efficiency by the alloy (Cff was de-
termined gravimetrically using a copper coulometer,
with accounttaken of the alloy compaosition. The nick-
el content of the alloy was determined spectrophotom-
etrically with dimethylglyoxime, and that of chromi-
um, by the persulfate-silver method. The cathodic po-
larization was studied potentiodynamically (4 mW)s
: o . on a P-5827 M potentiostat with a KSP self-recording
malonic HMal, succinic BSuc, glutaric HGIut, etc.  yqtentiometer. All the potentials are given relative
[18, 20, 21]. to a silver chloride electrode which served as a ref-
Agqua complexes [Ni(HO)g]SO,, i.e. outer-orbital erence; platinum was used as an auxiliary electrode.
4sp’d? octahedral ions, are formed in aqueous soluPartial polarization curves were obtained by decompo-
tions of nickel(Il) sulfate [9]. The introduction of oxo- sition of the overall experimental curves on the basis
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Do Adm tion of chromium(lll) hydroxide becomes possible at
2°’ 3 4 I 2 pHs 2.9, a value that can besached during the elec-
> trolysis [24].

With pH increasing from 1 to 1.5, the polarization
curve shifts to the negative region, e.g., by 0.15 V
at D, = 15 Adni? (Fig. 1, curve2), which is ac-

15 la companied by a decrease in the rate of hydrogen for-
mation (Table 1). In the process, Ggrows from 20
- to 36%. The rate of nickel formation increases in-
b significantly (by a factor o~~1.2). Mention should be
st made of a decrease in the rate of the formation of
g Ie Cr(ll) ions. For example, ab, = 25 A dnT? the par-
- tial current density of chromium(ll) ion formations

08 0 TE v decreases from 6.57 to 5.73 A dmSimultaneously,
) ' o the partial current density of chromium formation in-
Fig. 1. Cathodic polarization curves obtained in deposition ~reases from 1.05 to 2.91 Adﬁn i.e., almost by

of nickel-chromium alloys from electrolytes witHL(2) suc- ; ; : _
cinic and @, 4) malonic acids at 5. D, Current density a factor of three, and the alloy is enriched with chro

and E potential; the same for Fig. 2. pH1,(3, 4) 1.0, mium (from 32 to 51%).

g)arlldf 'Pgbn'i\gflp(jgﬂ;z{}gﬁt'ggrvg)bf:g)ﬂ gr'zli, l(\|4i)°, o> It follows from these data that chromium(ll) ions
¢ formation. are formed at stronger polarization than chromium
ions. It may be assumed that the procesS*Gr
of data on the current efficiencies by hydrogen, nickel3e — Cr° is more probable, compared with ¢r—
and chromium. The quality of the cathode deposit€r** — Cr°. A similar conclusion was made in [25].
was judged from the outward appearance of the coaStudies of the mechanism of chromium deposition from
ings; their reflectivity was studied with an FM-58 P ammonium chromic alum have shown that the joint
photometer, and the morphology, with an MIM-7 reduction of C¥* and C#* ions to the metal is only
microscope. possible when the fraction of €rions in solution is
no less than 50% of the total chromium (lll) concen-
tration in the electrolyte, which is impossible under
the actual electrolysis conditions.

Analysis of the partial polarization curves derived
from the overall curve of NiCr alloy deposition from
electrolyte | with succinic acid (Fig. 1) shows that
chromium(lll) is reduced to chromium(INEQ z+c2- = When pH exceeds 1.5, the rate of chromium depo-
~0.41 V) simultaneously with the formation of hydro- Sition and CE, decrease, the quality of the coatings
gen €%0 = 0 V), nickel €20 = -0.25 V), and 1S impaired, the coatings become dull, and burning
chromium E%5+c0 = ~0.71 V). The rate of the last 2PPears along the cathode contour.
process (curvelb) exceeds that of nickel deposition  With D, increasing to above 20 A dif the rate
(curvelc). One of the reasons why nickel formation isof chromium formation decreases (Table 1) and the al-
hindered is the adsorption of colloid surface-activdoy is enriched with nickel. Making the electrolysis
Cr(OH); on active sites of the cathode. The forma-duration longer has a similar effect. For example,

Table 1. Partial current densities of hydrogen, chromium(ll), nickel, and chromium formatioi at 50°C

I2 it Ini i
D, |
A dSr? Adm?, at electrolyte pH

1.0 1.5 1.0 15 1.0 15 1.0 1.5
5 3.12 3.03 1.23 0.97 0.61 0.66 0.04 0.34
10 6.15 5.12 2.25 2.04 1.32 1.62 0.28 1.22
15 8.44 6.64 3.56 2.92 2.04 2.63 0.96 2.81
20 11.86 9.13 4.69 4.43 2.43 3.31 1.02 3.13
25 14.67 12.21 6.57 573 2.71 4.15 1.05 291
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with 1, increasing from 20 to 30 min, the content
of chromium in the alloy decreases by approximately De, Adm™
20%. The hindrance to chromium deposition is due to 20F
a rise in pH with increasingz,, and it becomes more
pronounced with growingD.. With increasing pH

not only chromium(lll) hydroxide is formed, but also

the ionic compasion of the electrolyte changes, which

is accompanied by an increase in the concentration of 12
green chromium(lll) complexes whose reduction pro-

ceeds at higher cathode polarization [8].

It is evident from Fig. 1 that the overall polariza-
tion curves of NiCr alloy deposition from electro- 4
lytes with malonic acid lie at more positive potentials
(Fig. 1, curves3 and 4) than those for an electrolyte !
with succinic acid (curved and2). This is apparently 0.4 . 12 E, V
due to the lower stability of nickel complexes with
H,Mal. Fig. 2. Cathodic polarization curves of deposition of

Comparison of-i curves for electrolytes Il and III f:i’url;) :ligkef';o(% iglfgg"é‘g‘é{?&lﬁ‘i 3\/ it?’h') ”iaclk‘(*g gh'r\z)'
shows that the alloy is deposited with greater polariza- at 25C gH. (1-3) 1.0 and 1,_33/,) 15 M '
tion from the electrolyte with higher jMal concen- B ' o
ation involving not only nickel, but also chromium. 4 D, =15 A dni? the shift of the potential in electro-

The overall polarization curve of joint deposi- Iyte IV is 0.18 V (curve2), and that in electrolyte V,
tion of nickel and chromium at room temperature lie.12 V (curve 1).
between the curves of chromium deposition from elec- C ; ; :

. . " omparison of curves (Fig. 2) and4 (Fig. 1)

trolyte IV (Fig. 2, curve2) and nickel deposition from s that, with temperature increasing from 25 to

electrolyte V (Fig. 2, curvel). 50°C, the polarization of alloy deposition decreases,

The pH of electrolyte noticeably affects the posi-which is obviously due to an increase in the overvolt-
tion of the overallE-D curves. It is seen from Fig. 2 age of hydrogen evolution and higher solubility of
that the polarization curves are shifted to the negativehromium(lll) hydroxide.

Table 2. Nickel contentCy; of the alloy, CE, thicknesss, and outward appearance of coatings deposited from sulfate
electrolytes with HMal at T=50°C, 1, = 20 min

H Dc' CEal CNi 3, H Dc' CEal CNi 3,
P A dm2 % pum P A dm2 % pum
Electrolyte I Electrolyte Il
0.7 5 5.1 60.1 1.2 (L) 0.7 5 1.2 44.8 0.2 (L)
10 10.2 63.0 4.5 (L) 10 2.6 46.3 1.2 (L)
20 13.7 68.2 11.3 (SL) 20 35 50.5 3.1 (L)
30 15.6 72.3 12.1 (D) 30 4.3 60.2 5.2 (SL)
1.0 5 6.4 61.2 1.5 (SL) 1.0 5 1.5 49.1 0.5 (L)
10 13.7 63.8 5.6 (D) 10 3.0 52.8 25 (L)
20 21.1 69.9 17.2 (D) 20 3.9 56.4 3.3 (SL)
30 22.3 73.1 25.5 (D) 30 4.6 58.1 5.8 (SL)
1.5 5 14.1 66.5 2.9 (SL) 1.5 5 3.1 50.3 0.6 (L)
10 16.7 72.2 6.8 (D) 10 6.3 54.4 2.8 (SL)
20 21.7 76.4 17.7 (D) 20 7.4 58.1 8.1 (D)
30 9.8 60.2 14.2 (D)

Note: L lustrous, SL semilustrous, D dull.
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The effect of the electrolysis modes on the nickel
content of an alloy, CE, and thickness and quality

of coatings is illustrated in Table 2. It is evident that10.

CE, does not exceed 22% at the maximum thickness

of 25 um, and the deposited coatings are dull. Mirror-11.

bright coatings have a thickness of @ um. With in-
creasingD,, the current efficiency by the alloy grows

for both the electrolytes, Cfbeing higher in all elec- 12.

trolysis modes for the electrolyte with lower,Mal
concentration. Electrolyte Il has a widBx, range for
obtaining bright coatings, but in this case the deposit
has smaller thickness.

CONCLUSIONS

15.

(1) It was found that joint electrodeposition of

chromium and nickel is possible from electrolytesie.

containing nickel and chromium sulfates [modified
green chromium(lll) sulfate] and succinic or malonic
acid as buffer and complexing additives.

(2) Analysis of the partial curves shows that chro-
mium(ll) ions are formed in electrolysis; however, they
do not exert any significant influence on the formation
of metallic chromium, the process Cr+ 3e — Cr°
being, therefore, more probable.

(3) Sulfate electrolytes with succinic and malonic
acids were developed for depositing protective and
decorative nickelchromium alloy coatings (20
55% Cr) atD, 5-20 A dni?, T = 50°C, and pH 11.5;
the current efficiency by the alloy is 235%.
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Abstract—Oxidation of phenylhydrazine by atmospheric oxygen in aqueous solution, its catalytic breakdown

in the presence of Aktilen A carbon fiber, and electrochemical decomposition on a polarized carbon fiber were
studied. Formation of various organic products of phenylhydrazine breakdown, remaining in solution after
oxidation with air and catalytic decomposition on a carbon fiber, was studied by spectroscopy and chroma-
tography. Feasibility of electrochemical decomposition on a carbon fiber for wastewater treatment to remove
hydrazine derivatives was examined.

Hydrazine derivatives are a class of organic comtrodes in the range of potentials extending up to
pounds widely used in various industries and inthe potential of oxygen evolution from water.

pharmacology. Hydrazines being highly toxic, various |t should be noted that data on electrochemical de-
methods are used to remove hydrazine derivativesomposition of hydrazine and its organic derivatives
from wastewater. These methods are predominantlyn unmodified fibrous carbon electrodes are almost
based on decomposition of the hydrazine group bjacking. As found in [9], electrolytic oxidation of

various oxidants, such as chlorine, ozone, and oxphenylhydrazine on the surface of unmodified pyro-
ygen [1]. graphite yields benzene, nitrogen, and a number of

complex organic compounds. Since carbon materials

At present, a process for oxidative decomposition,re gyjitable for hydrazine oxidation, investigating the
of hydrazines on the electrode surface is being devegiectrochemical oxidation of more complex hydrazine

oped. However, the data on this process are scarce aggrivatives on a carbon fiber for their removal from
mainly concern the mechanism of oxidation of hy-wastewater is of practical importance.

drazine and its low-molecular-weight derivatives on Published data [10, 11] indicate that hydrazines are

? chafrged s?rface. Da'L[t.a r?nd elgctroghe_mltt:_al OX'deb'nstable in aqueous solutions; they are oxidized by
lon o complex aromalic hydrazin€ dernvalives ar€ymaspheric oxygen and decompose in the presence of
lacking. various catalysts. Hence, electrochemical oxidation of
In most works, the electrodes are built of varioushydrazine derivatives in real wastewater on fibrous
carbon materials, especially carbon fibers with excelc@rbon électrodes will be accompanied by the above

lent kinetic properties in sorption and electrochemPrOC€sSSes.

ical processes, ensured by the mobility of fibrils in In this study, we analyzed the interaction of phen-
the fiber structure [2, 3]. These fibrous carbon maylhydrazine with the surface of a carbon electrode
terials are used as matrices for preparing modifiegharged from an external electric current source and
electrodes catalytically active with respect to hy_t_he feasibility of electrochemical decomposition on
drazine decomposition. Their surface is modifiedfibrous carbon electrodes for wastewater treatment to
with noble metals [47] or metal complexes [8]. In all "€Move phenylhydrazine.

the cases, the_ electrolysis of hydrazine soluti_on at con- EXPERIMENTAL

trolled oxidation potential causes electrolytic oxida-

tion of hydrazine to nitrogen. As shown in the above |In this study, we used Aktilen A brand carbon fiber
papers, no electrolytic oxidation of hydrazine is ob-with specific surface are§;; 1000 nf g* and average
served in the case of unmodified fibrous carbon eleggore radiusr,, 2.5 nm.

1070-4272/01/7402-0219 $25.@02001 MAIK “Nauka/Interperiodica
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the elution rate was 0.6 ml mih A UV detector was
used; the analysis time was 1 h.

As seen from published data, the decomposition of
hydrazine on the surface of a charged fibrous carbon
electrode proceeds simultaneously with the oxidation
of hydrazines by atmospheric oxygen and their cat-
alytic oxidation on the fibrous carbon surface. Thus,
to assess the feasibility of using carbon fibers as elec-
trodes for electrolytic oxidation of phenylhydrazine it
iS necessary to elucidate the role of the above pro-
cesses in the phenylhydrazine decomposition.

It is known that the oxidation of hydrazine deriv-
3 atives involves formation of a diimide intermediate
[14, 15]. The typical reaction is as follows:

180 260 340 A, nm o]
Fig. 1. UV spectra of a phenylhydrazine solutiord) {nitial, @NH_NHZ - @N=NH +HO. (1)
(2) after contact with atmospheric oxygen, ang) @fter
contact with carbon fiber.)) Wavelength; the s%me for This phenyldiimide can participate in several re-
t':h'g- Sgh ghfirr‘y"?iy‘iraz'”fﬁ concentratioly 7x 107 M; actions yielding various oxidation products, such as
gs. &% benzene and nitrogen (main products) and hydrazoben-
zene, azobenzene, etc. [16]. Moreover, it was found

. . that phenyldiimide radical participates in the radical
Phenylnydrazine was prepared. from Crystalllm:{jimerization yielding dimell by the following reac-

phenylhydrazine hydrochloride [12]. Phenylhydrazine. .
hydrochloride (200 g) was treated with a 30% solutiorf®" [9: 171

of sodium hydroxide (100 ml), and phenylhydrazine "|'
was extracted with two 50-ml portions of benzene. @—N—N—Ij
The benzene extract was dried over potassium hy- z@N—NHZ — | (2
droxide and the solvent was removed on a rotary evap- N—N—H

orator. Phenylhydrazine was purified by distillation ||_|

in a vacuum,; fraction with bp 12€/12 mm Hg was I

collected. To elucidate the contribution of each reaction pro-

The supporting electrolyte was a 0.1 N solution ofc€€ding in phenylhydrazine solutions, we studied
chemically pure grade N8O,; the initial solutions of freshly prepared model solutions and phenylhydrazine

phenylhydrazine (0.2 M) were prepared in this elecSolutions after their contact with air for-5 days.
trolyte solution. After contact with air, the model solution acquired

an intense yellow-brown color, and a crystalline
The electrochemical tests were carried out usingrown precipitate was formed and accumulated . This
a P-5827-M potentiostat and a three-electrode cell witis probably due to the formation of producby reac-
cathode and anode volumes separated by an MB-2 lion (2).
polar membrane. The experimental procedure is pres-

ented elsewhere [13]. The resultingsolution was filtered, and a significant

decrease in the phenylhydrazine concentration was
The spectral characteristics of the products ofound. The UV spectra (Fig. 1) show that the intensity
phenylhydrazine decomposition were registered oof the peak afh 272 nm, typical of phenylhydrazine,
a Hitachi-220A spectrophotometer with the supportingignificantly decreases for solution brought in contact
electrolyte as reference. A chromatographic analysiwith air as compared with the freshly prepared solu-
of the products was performed on a Shimadzu LC 9Aion. This result is confirmed by a chromatographic
chromatograph equipped with a 25@.6-mm Zorbax analysis of phenylhydrazine solutions, indicating that
C18 column (ODS). Gradient elution was carried outhe concentration of phenylhydrazine in solution sig-
with the concentration of isopropanol in the eluenmificantly decreases after its contact with air; moreover,
varied between 0 and 100% in a single separation rudditional peaks are observed in the chromatogram
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(Fig. 2). One of these peaks was assigned to benzene,

which was confirmed by the chromatogram of a ref-

erence benzene sample registered under the same con-

ditions. Two other peaks belong to unidentified com-

pounds. The decrease in the concentration of phenyl-
hydrazine, evaluated from the peak areas, is 70%.

The main pathway of phenylhydrazine consumption

during contact of its solutions with air is probably
precipitation of compound. 1

Our data show that, after the oxidation of solu-
tions with initial phenylhydrazine concentration of 2 -A/\/\_A_\
300 mg %, the residual content of phenylhydrazine in 3
solution is as high as 36 mg'| which significantly 4 _A._/‘/kL'A—"

exceeds the maximal permissible concentration (MPC), SR
0.01 mg Tt~ 20 30 40 f, min

Thus, oxidation of phenylhydrazine solutions by Fig. 2. Chromatograms of phenylhydrazine solution:
air is characterized by insufficient conversion of (1) initial, (2) after contact with atmospheric oxygen for
phenylhydrazine, formation of significant amounts of 5 days, and after contact with carbon fiber f8) 6 h and
compound!, and intense coloring of the solution. (4) 5 days. ) Time; the same for Figs.-3.

Decomposition of hydrazine and its derivatives in 30+, min
the presence of catalysts proceeds more readily as E V]
compared with oxidation by air [18]. Published data
show that hydrazine decomposes faster in the presence
of such catalytically active materials dsmetals [19],
modified carbons [20, 21], and carbon fibers [22]. We
studied the decomposition of phenylhydrazine in the
presence of Aktilen A carbon fiber. The decrease in —200 &%,
the concentration of phenylhydrazine is predominantly
observed during its sorption on the fiber surface
(Fig. 1). It should be noted that this process is ac- 300
companied by significant gas evolution associated
with partial degradation of phenylhydrazine on the Fig. 3. Shift of the potential of Aktilen A fiber from
fiber, which is catalytically active in the phenyl- the initial valge upon addlt!on of phenylhydr_azme to 0.1 N
hydrazine oxidation. The gas evolution observed is N5 SO'K;"?”'P 1P°t§”“a" Pze”y'h;'draz'”e concentra-
probably due to catalytic decomposition of phenyl- tion Co (MM): (D) 1. (2) 5. and &) 7.
hydrazine, which, by analogy with the case of hydra-
zine [18], can be described by the following equations: Our experimental data suggest that the decomposi-
tion of phenylhydrazine in solution in the presence
2Ph-NHNH, + [O] — 2Ph-NH, + N, + H,0, (3) of carbon fiber yields predominantly nitrogen and
organic oxidation products, which are retained in solu-
PR=NHNH, + [O] - CeHg + Ny + H0. (4)  4ion and on the fiber surface. Thus, the catalytic de-

The chromatographic data (Fig. 2) show that, aﬁeFon;posmon of }:hglnylfhydram?e otn thte c?rbor: tflber
5-h contact with carbon fiber, the decrease in the pheé,fF:Jr ace 1S unsuitab’e for wastewater treatment o re-
ylhydrazine concentration in solutions, calculated.. e : :
from the areas of the chromatographic peaks, reach%sﬁn ?ifm%henylhydrazme is rather high, it takes too
70%. The decrease in the phenylhydrazine concentra- 9 '
tion after solution contact with carbon fiber for 4 days During our experiments on catalytic oxidation of
reaches 90%. All the chromatograms exhibit peaks bgghenylhydrazine on a fibrous carbon electrode with
longing to various oxidatioproducts. The main oxida- controlled potential, we found that the stationary elec-
tion product is benzene. It should be noted that thé&rode potential strongly shifts toward the cathodic
content of these products in solution remains almosegion upon addition of phenylhydrazine to the solu-

constant even after 4-day contact with carbon fibertion (Fig. 3).

ove phenylhydrazine. Although the catalytic conver-
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25 50 75 ¢, min

Fig. 4. Anodic currentl on (1, 2) platinum gauze electrode
and @-5) Aktilen A fibrous carbon electrode inl} 0.1 N
Na,SO, solution and 2-5) phenylhydrazine solutions.
PotentialE (V): (1, 2, 4 +0.25, @) +0.15, and §) +0.40.

20 30 40 ¢, min

Fig. 5. Chromatograms of phenylhydrazine solutions:

(1) initial and (-4) that after contact with Aktilen A car-
bon fiber at various polarization potentials. PotenEalV):
(2) +0.15, @) +0.40, and 4) +0.60.

250
Fig. 6. UV spectra of {) initial phenylhydrazine solution

and @-4) that after its contact with Aktilen A carbon fiber.
Potential E (V): (2) +0.15, @) +0.25, and 4) +0.40.

To study the effect of the carbon fiber potential on
the oxidation efficiency, we measured the depen-
dences of the current of anodic oxidation of phen-
ylhydrazine carbon fiber surface at potentials of
+0.15, +0.25, +0.40 (Fig. 4, curv&s5), and +0.60 V.

All the curves have the same shape. Upon addition
of phenylhydrazine the current first sharply increases
and then decreases, which suggests intensive oxida-
tion of phenylhydrazine on the charged fiber surface
in the initial period. Then the oxidation current
gradually decreases, which is due to the decrease in
the phenylhydrazine concentration in solution, and
reaches a certain constant value corresponding to the
current of the Faraday reaction on the carbon fiber
surface in the electrolyte solution in the absence of
phenylhydrazine. This indicates that the decomposi-
tion of phenylhydrazine is practically complete at all
the potentials studied.

With increasing potential of the carbon electrode,
the initial current jump increases, i.e., the reaction
rate depends on the polarization potential: the higher
the polarization potential, the shorter the time in which
the Faraday reaction current is attained.

It should be noted that the contribution from elec-
trochemical decomposition of phenylhydrazine on
the platinum current lead is insignificant. The currents
of phenylhydrazine oxidation on the platinum elec-
trode (Fig. 4, curve?) are significantly smaller than
the total reaction current and thus the entire effect
of electrocatalytic oxidation is due to the carbon fiber
activity [23].

A chromatographic analysis of phenylhydrazine so-
lutions brought in contact with polarized carbon fiber
(Fig. 5) showed that the composition and content of
the products of electrochemical oxidation of phen-
ylhydrazine correlate with the electrode potential. As
seen from the chromatogram of the phenylhydrazine
solution after contact with the fibrous electrode at
E +0.15 V, nearly 1% of phenylhydrazine is retained
in solution along with various oxidation products
(peaksa—c, peak b is assigned to benzene). Some
of the oxidation products are colored, probably of
aromatic nature, with a system of conjugated bonds
requiring additional identification. The presence of
the colored compound is manifested in the UV spectra
of solutions as the band at 328 nm (Fig. 6).

At increased polarization potential of the carbon
electrode, removal of the oxidation products from
the solution is almost complete. The phenylhydrazine
solutions obtained after oxidation @& +0.40 and
+0.60 V are colorless; the oxidation of phenylhydra-
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zine at these potentials is accompanied by vigorouss.
gas evolution. The chromatograms of the resulting
solutions are similar and contain peaks belonging
to traces of organic compounds. Thus, the electro-5.
chemical decomposition of phenylhydrazine is almost
complete even at +0.40 V. Our experimental resultsg
suggest that the unmodified carbon fiber is also active
in electrochemical oxidation of phenylhydrazine and
provides its almost complete decomposition and re-

moval from solution. 8

Thus, the electrochemical decomposition of phenyl-
hydrazine involves two simultaneous processes: Ox-
idation of phenylhydrazine on the catalytic centers g,
of carbon fibers and electrochemical oxidation in
contact with the charged fiber surface. This sugqg
gests that the electrochemical decomposition of phen-
ylhydrazine on the carbon fiber is an electrocatalytic; ,
process.

However, it should be noted that in some papers

low activity of carbon fibers in the oxidation of hy- 12.

drazine derivatives was observed, and it was recom-

mended to modify the electrode surface to improve 3.

the oxidation efficiency [20623].
CONCLUSIONS

(1) Even unmodified carbon fiber exhibits high ;5
electrocatalytic activity in electrochemical oxidation
of phenylhydrazine and ensures its almost completh
decomposition and removal from solution.

(2) The method of electrochemical decomposition 7.

can be recommended for wastewater treatment to re-

move phenylhydrazine deause the oxidatioproceeds 1g.

at low potentials and no additional contaminants are
formed; as a result, phenylhydrazine is decomposeft
into environmentally safe products.
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Abstract—The possibility of using a two-layer coating consisting of a tin sublayer and a lead layer for
protection of copper current leads of negative electrodes in lead batteries was studied. The processes occur-
ring on reflowing of the tin coating were investigated. The dependence of the protective characteristics of
the tin coating on the heat treatment mode was shown to have extrema.

High per-unit-weight electrical characteristics and It is evident that there is no safe concentration of
improved current distribution being of special im-copper in solution, and, therefore, we can consider
portance for high-power lead-acid batteries, the cutenly its critical or practically insignificant level. It
ting-through current leads of their negative electrodegvas shown in [4] that gas evolution is considerably
are made of copper [B]. enhanced at copper concentrations of aboutx4.8

-3
The use of copper current leads is due to the IoweiOA moldni™. Therefore, copper current leads should

Iy : . . . e protected with a coating from coming in contact
specific density of copper and its higher eIeCmcalwith the electrolyte. The working conditions (strongly

conductivity, compared with that of lead, and also to orrosive medium and cathodic-anodic polarization)

the fact that copper has sufficient mechanical strengt ; , ,
and is easily processed. ?ﬂnpose very stringent requirements on the quality and

stability of such a coating.

However, copper current leads can partially dis- At present, electrodes with copper current lead

solve in sulfuric acid solutions, which is accompanied . : s
ot ’ orotected by a galvanic lead coating are used in high-
by oxygen depolarization. The subsequent eIectroDOWeIr lead-acid batteries {3]. The passivation of

ition of r onto th rf in the neg- X . X X X
g*ﬁsg&g?ect?oggpegsgltéo ;[nesﬂ?g;eg:f ggg Ie\soleutigﬁead makes it stable in solutions of sulfuric acid, and,

and self-discharge, lower capacity of the negativ hus, continuous lead coatings are expected to have

electrode, and lower efficiency of the charging igh protective characteristics. However, under con-
current. ' ditions of cathodic-anodic polarization, typical of

the operation of lead batteries, the surface of a lead
From the thermodynamic point of view, almost anycoating is gradually loosened through RH PbSQ
quantity of copper ions in solution is sufficient for transitions associated with considerable changes in the
copper deposition onto lead surface. The minimunyolume and morphology of the electrode material,
equilibrium concentration of CQPEef in solutiag,>+,  giving rise to pores in the originally almost pore-free
at which this process begins, is"#mol dn® as de- coatings. Simultaneously, the adhesion of the coating
termined from the equation may deteriorate. This results in stronger self-dis-
a2 = expF(Ep, — EQ)/RTI. (1) charge and gas evolution because of the lower over-

_ _ . voltage of hydrogen evolution on copper, compared
Here n is the number of electrons involved in \iih that on lead.

the reaction,F is the Faraday numbeR is the gas

constant, T is temperatureEp, is the potential of The protective properties of the lead coating can be
the lead electrode, anElgu is the standard potential improved by depositing a sublayer [3, 5]. In the pres-
of copper. ent study, we analyzed the possibility of using a tin
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PROTECTIVE PROPERTIES OF LEAD COATING WITH TIN SUBLAYER 225

sublayer deposited from a chloride-fluoride electro- Thus, with the duration of reflowing increasing to
lyte [6]. 30 s, on the one hand, the porosity of a tin coating
becomes lower and, on the other, its corrosion is ac-

tLhed rgicr()lstrtjcture_ of electroplztexd coatings Wal%elerated. The dependence of the protective charac-
studied by €lectron microscopy and A-ray microanalie istics of a tin coating on the duration of heat treat-

ysis on a JEOL JSM-840A scanning electron microy,eny shows an extremum, which points to the occur-

scope (Japan). When compiling X-ray images, we usefénce of at least two : :
. . processes oppositely affecting
a LINK ANALYTICAL AN10/85S energy-dispersion yne corrosion resistance of a tin layer on copper. In

analyzer (UK). As samples were used 5-mm plates e apnsence of reflowing, tin has a certain through
cut from middle parts of larger copper laminas with

. | . orosity, which ensures a contact of copper with solu-
electrolytic coatings. Micrographs were taken atﬁ y bp

e on. Therefore a coppetin contact corrosion pair
the same magnjfication of 2000. The mapped surfaCgiges in which tin is the anode, and copper, the cath-
area was 5 10° um?

ode. Since a high hydrogen overvoltage is character-
The corrosion resistance of the coatings was studiggtic of tin, its corrosion takes place mainly with ox-
in a sulfuric acid solution with density of 1.100 g én ygen depolarization and depends on the rate of oxygen
The corrosion resistance was judged from the outwargupply to the tin surface.
appearance of the coatings and from changes in their The rate of tin corrosion in a 0.1 N solution of sul-
weight upon testing. After the tests, we determineqyyic acid in the presence and absence of oxygen is
the porosity of the coatings, and also the strength odng and 100150 g m? day?, respectively [6]. Tak-
coating adhesion to the copper base, by the methggy into account the known fact that tin corrosion
of marking a grid of scratches. The content of coppepccyrs with oxygen depolarization, we can approx-
and tin in sulfuric acid solutions was determined bymately calculate the corrosion rale,, in battery acid
the atomic absorption method. (density 1.280 g cn). The weight of tin dissolved

As shown by a microstructural study, electroplated’ @ time t is given by
tin coatings have a coarsely crystalline structure and _
are porous at layer thickness less thanu®% That is Mgn = KjgnSt. (2)
why we made an attempt to improve the protective

properties of porous coatings by their reflowing.  Here K is the electrochemical equivalery, is
the current density of tin dissolution, ai&is the sur-

To study the dependence of the structure of eledace area of the electrode.
troplated coatings on the reflowing duration, we used
samples in the form of 10575x 0.2 mm copper
laminas with tin layer Sum thick. The samples were

Under steady-state conditions

placed in a muffle furnace heated to 280and kept Isn = loy (3)
at this temperature for 5, 10, 20, 30, 45, and 60 s. jo, = 4FDg Co 57 (4)

A microstructural study demonstrated that a tin coat-
ing, subjected to reflowing for 10 s is uneven. With  Here j, is the current density of oxygen reduc-
increasing duration of reflowing, the surface relief istion, D and Co. are the diffusion coefficient and
smoothed out. Apparently, in the beginning of heatthe conentration of dissolved oxygen, respectively,
ing, a thin layer of tin covers copper at the bottom ofand § is the diffusion layer width. Then

through pores. On further heating, the thickness of

the layer decreases with simultaneous relief leveling, Mg, = Kjo.St = 4KFDq Co Std7Y, (5)

to the point of formation of a mirror-like surface. For 2 2 2
example, a tin coating subjected to reflowing for 30 s
is a finegrained deposit.

Veor = Mgp/St = 4KFDg Co 570 (6)

Substitution of K = 2.1 gAih? F
Corrosion tests performed for three days demon96500 C mot!, Do = 2.5x 10° cnfc?, C,
strated that the tin coating is completely absent 06.5x10" molcnt®, °s = 102 cm, S = 10' ¢,
a sample not subjected to heat treatment. A sampknd< = 24 h [7] givesV,,, equal to 327 g nf day ™.
heat-treated for 10 s retained a tin layer without vis-The corrosion rate must be much lower under real
ible imperfections. After 20 s of heat treatment, the tinconditions, when 2Qum of lead, strongly hindering
layer on the sample was lost to a considerable extenixygen transfer, is deposited onto the tin sublayer.
especially in those parts where tin had brigiht. Tin  However, under the conditions when tin is in contact
heat-treated for 45 s was almost completely dissolvedvith a more noble metal (copper), which in addition
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acteristic of electroplated tinwithout acicular crys-
tals (Fig. 1a). An X-ray analysis demonstrated the
absence of copper on the surface. A coating subjected
to reflowing for 30 s (Fig. 1b) has a structure of tin
whose spherical crystals are pierced by acicular crys-
tals of intermetallic compounds. An X-ray analysis
demonstrated the presence of copper over the entire
field under study. It is the presence of intermetallic
compounds on the surface of such a coating that is
responsible for its low corrosion resistance. The whole
Fig. 1. Microstructure of surface layers of tin-plated sam- Set of our experimental data confirms once more that
ples subjected to reflowing for varied time. Reflowing the absence of copper in the surface layers of a non-
duration (s): (a) 10 and (b) 30. porous coating is the condition for the high corrosion

.. resistance of a tin coating on copper.
has hydrogen overvoltage much lower than that in tin,

the mechanism of tin depolarization changes and It follows from the aforesaid that an increase in
the rate of its corrosion increases. This increase is alde duration of reflowing of a tin sublayer may impair
promoted by loosening of the lead layer in charging its protective characteristics, and, therefore, the choice
discharge cycling of the battery. Thus, the absence ¢ the duration of reflowing of the tin sublayer is one
pores in the tin coating is a necessary condition fopf key factors in preparing a two-layer coating.
achieving its high protective properties. Therefore, g g4y the possibility of using a tin coating as
reflowing of the tin sublayer is a necessary stage. a sublayer in lead-plating of copper current leads, we
However, the reflowing of tin involves processes atstudied the corrosion resistance of the two-layer coat-
the tin-copper interface, which strongly affect theing. The copper bases protected by a two-layer coating
protective characteristics of the tin coating. The dis{a tin sublayer and a lead layer) were subjected to cor-
tribution of copper and tin in the protective coatingsrosion tests in sulfuric acid (density 1.100 g¢n
on copper bases was determined by X-ray microanafer 8 months. Samples with lead coating were used as
ysis. An analysis of such a distribution for auB- reference. The results of the corrosion tests are pres-
thick tin layer subjected to reflowing at 28D for ented in the table.
10 s revealed the existence of a -B3-um-thick
coppettin transition layer on the copper side. A low-
melting n-phase (CySr) is formed at the tincopper

It may be safely suggested on the basis of these
data that the processes occurring in a two-layer coat-

interface in the initial stage of tin reflowing as a re-Ng With tin sublayer, placed in a sulfuric acid solu-
sult of copper dissolution in liquid tin. With increas- tion: have the following mechanism. A coating with-
ing duration of reflowing, the thickness of the layer ofOUt tin sublayer (sample no. 1) had good adhesion to
intermetallic compounds grows noticeably. Raising!€ COPPer base after 5 months of tests, but the content
the reflowing temperature also favors an increase ifif COPPer in solution was 145 mg'| which points to
the thickness of this layer. Thus, the interaction of@ther poor protective characteristics of the coating.
copper with molten tin results in the formation andThe accumulation of copper in solution results from
growth of a |ayer of intermetallic Compoundsl Th|sthe fact that the surface of lead is covered with a sul-
complicated process includes a reaction between cofate layer precluding contact deposition of copper
per and tin and the subsequent propagation of acicul&iom the solution.
crystalsf ?‘; |ntt¢rrr1letalllc I‘EompO‘;”dsda‘f[Lostst;he _tr]['Ck' The lead coating on a sublayer of tin not subjected
ness of the tin layer. It was found that the Inter-, reflowing (sample no. 2), flaked away from the
metallic compounds grow at a maximum rate withinggnner pase after 5 months of tests. In this case,
g}ecférst e?r Sa%];lr?{rlwovglrggéwae 'S”tgfrTheéag;ﬁ%?gnnd; rdhe content of copper in solution was 45 my Which
with rlggpect to tin, and ther)éfore their emergence o oints to better p&otepﬂvehpropert_les of_t\lfqvo-lay_er cogt-
» and, ' . ' Othg as compared with the coating without tin sub-
the surface of the tin coating accelerates tin corrosmqayer. However, the decrease in the content of copper

The microstructure of tin-plated samples subjectedn solution was accompanied by high content of tin
to reflowing in various modes is shown in Fig. 1.(1286 mg tY). The initial weight of the tin sublayer
The structure of a coating subjected to reflowing inand the concentration of tin in solution were used to
the optimum regime (10 s) has an appearance chatetermine that approximately 780% of the tin sub-
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Results of corrosion tests of copper bases protected by two-layer coatings with tin sublayers

Content in solution, mgt

S
=i .
* Outward appearance of a coating .
lé. TS after 5 months copper tin
3 in 5 months| in 8 months| in 5 months|in 8 months
Pb coating
1 - Coating uniform, without visible traces of 145 283 0 0

copper. Adhesion to base firm
Sn-Pb coating

2 - Coating dark. Copper base visible to unaided 45 209 1286 1986
eye. Strong flaking of the coating, adhesion
to base poor

3 10 Minor flaking, adhesion to base 5.6 24.8 <3 60.3
satisfactory
4 20 | Coating dark and scaly. Separate copper 6.5 39.8 1156 1272

points visible. Strong flaking of the coating,
adhesion to base unsatisfactory

* 1 is the duration of reflowing.

layer was dissolved in 5 months. Thus, on the on@olarization resulting from the high overvoltage of
hand, tin protects copper from dissolution by the prohydrogen evolution on tin under the conditions when
tection mechanism and, on the other, the high dissoluhe oxygen flow toward the tin surface is hindered by
tion rate of tin not subjected to reflowing results inthe lead layer. If a continuous layer of tin is disrupted
the loss of the coating adhesion to the base, witkither through the appearance of through pores (tin not
the resulting strong flaking, higher contact resistancesubjected to reflowing) or because of the emergence
and uncovering of the copper base. An X-ray micro-of intermetallic compounds on its outer surface (on
analysis of the copper base surface under a flakeekceeding the permissible reflowing time), the mech-
away lead coating and of the surface of this coatingnism of tin depolarization will change. Since copper
from the copper base side for sample no. 2 demorand the intermetallic compounds have low overvoltage
strated that, without reflowing, tin was almost com-of hydrogen evolution, the oxidation of tin will occur
pletely dissolved at the coppein interface, as in- with hydrogen depolarization, with the rate of hydro-
dicated by the absence of tin on the copper basgen flow not limited by the layer of lead sulfate. All
surface. At the same time, the inner surface of théhese factors will make higher the corrosion rate of
flaked-off lead coating consists of tin. These datahe tin sublayer.

indicate that in the case in question the corrosion

f the tuorayer coating is sccomparied by a local, 1% 5% 9800 1eposied o 2 Sebver of
(crevice) dissolution of the tin sublayer from the cop- | ) flowi g 5 ph'b' q 9 ot
per side. This mechanism of tin dissolution is re-P'€ NO. 4, reflowing time 20 s) exhibited unsatisfac-

: . .~ tory adhesion to the base and strong flaking. The con-
sponsible for the loss of adhesion of the protectiv , . . , ,
layer to the copper base. ‘%ent of copper in sulfuric acid solution after five

months was 6.5 mg?, and that of tin, 1156 mg},

The lead coating deposited onto a sublayer of tinvhich corresponds to dissolution of 68)% of the tin
subjected to the optimal reflowing (sample no. 3, resublayer. The aforesaid suggests that the increase in
flowing time 10 s) exhibited good adhesion to thethe reflowing time, resulting in disruption of a con-
base. After five months, the copper content in solutiortinuous tin sublayer through emergence of interme-
was 5.6 mgT, and that of tin, less than 3 mgtl All  tallic compounds on the surface, makes higher the rate
these facts point to a rather high corrosion resistanaaf its dissolution and, hence, leads to loss of adhesion
of tin subjected to the optimal reflowing. In this case,of the protective coating to the copper base. An X-ray
the corrosion of tin is accompanied by oxygen demicroanalysis demonstrated that the surface of the cop-
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per base under the flaked-off coating contains@®b results in a considerable dissolution of the sublayer
copper, and the inner side of the flaked-off coatingand loss of adhesion of the main lead layer to the cop-

consists of tin. The coatings with tin sublayer subjer base.

jected to reflowing for 30, 45, and 60 s had similar
characteristics. The data of corrosion tests performed
during the subsequent three months confirmed this

mechanism of the behavior of a two-layer coatingl.

with tin sublayer in sulfuric acid solutions.

Thus, our data demonstrate the exceptional imé-
portance of observing the regime of tin sublayer re3.

flowing.

4,

CONCLUSIONS

(1) A tin coating on a copper base, deposited from
a chloride-fluoride electrolyte, is porous and shows
rather poor anticorrosive characteristics. The fact that
these characteristic are impaired in comparison with
the corrosion rate of a compact tin is due to the ac-

celerating effect of a Cu/4$0,/Sn contact pair, in 5.

which copper is cathode, on the corrosion rate.

(2) The range of heat treatment duration providing6'

high-quality coatings was established. It was shown

that making the reflowing longer results in a decreasé-

in the corrosion resistance of a tin coating.

(3) Non-observance of the optimum regime of sub-
layer reflowing in fabricating a two-layer coating

REFERENCES

Bagshaw, N.E., Batteries on Ships Chichester:
Studies Press, a Division of Wiley, 1982.

Goodman, S.Batteries Int, 1992, no. 11, p. 105.

Kiessling, R.,J. Power Sour¢.1987, vol. 19, nos.-3,
pp. 147150.

Chunts, N.l., Rusin, A.l.,, and Simonova, M.\Issle-
dovaniya v oblasti tekhnologii proizvodstva khimiches-
kikh istochnikov toka: Sbornik nauchnykh trudov Na-
uchno-issledovatel’skogo Akkumulyatornogo Instituta
(Studies of the Technology of Production of Chemical
Power Cells: Coll. of Sci. Works of the Research Bat-
tery |Institute), Leningrad: Energoatomizdat, 1986,
pp. 22-27.

Lushina, M.V. and Kolikova, G.A.Zh. Prikl. Khim,
1994, vol. 67, no. 2, pp. 29@99.

Corrosion Shreir, L.L., Ed., 2nd Ed., LondorNew-
nes-Butterworths, 1976.

Dasoyan, M.A. and Aguf, .LA.Osnovy rascheta, kon-
struirovaniya i tekhnologii proizvodstva svintsovykh
akkumulyatoro\Principles of Calculation, Design, and
Technology of Lead Battery Production), Leningrad:
Energiya, 1978.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001



Russian Journal of Applied Chemistrol. 74, No. 2,2001, pp. 229234. Translated from Zhurnal Prikladnoi Khimii, Vol. 74, No. 2001,
pp. 226-231.
Original Russian Text Copyrigh©® 2001 by Zakharchenko.

CATALYSIS
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Abstract—The catalytic properties of the F®8,-Li,O system in ammonia oxidation were studied in the high-
temperature region. The influence of the phase composition of the system on the physicochemical and catalytic
properties of the catalysts were revealed. The catalytic properties of lithium ferrite, which is the most active
and selective component of the Ji-Li,O system, were studied. The mechanism of lithium ferrite deac-
tivation at 1273 K is considered.

Catalytic oxidation of ammonia to nitrogen(ll) catalytic properties of the systems is of practical and
oxide is the basic reaction for industrial production oftheoretical interest for the development of scientif-
nitric acid [1]. Owing to the high cost, deficiency, andically substantiated methods for creating catalysts
irrecoverable loss of industrial catalysts (platinumwith prescribed properties.
rhodium, and palladium alloys) in technological pro-
cesses, a search for new efficient non-platinum ca}-O
alysts (NPC) is urgent. Iron(lll) oxide is a promising
support for NPC, used industrially as a component i
the second stage of a combined system for ammon
oxidation [1, 2]. To preserve the high activity and
selectivity with respect to nitrogen(ll) oxide and to en-
hance the thermal and chemical resistance of iron(lll) The catalyst was prepared by thermal decomposi-
oxide, various modifying additives are used, and metaion in air of ferric nitrate hydrate Fe(Ng, - 9H,0
oxides in particular [16]. The available data on cat- and lithium nitrate hydrate Li(NQ - 3H,O (both
alysts for ammonia oxidation are empirical, becausanalytically pure) mixed in a calculated ratio [7].
the modern theory of catalysis allows no unambiguougn X-ray phase analysis was performed on a URS-50I
prediction of a set of properties for catalysts withdiffractometer in Fg -radiation. The phase composi-
various compositions, preparation procedures, andbn of the FgO;-Li ,O catalytic system is presented
chemical prehistories. Accumulation of data on theén Table 1.

Lithium oxide (Li,O) is used as modifying additive

iron oxide-containing catalysts, but the system
r%:(.3,203—Li20 has not been studied in a wide composi-
Ition range [1, 3, 56]. The present work is concerned
With the catalytic and physicochemical properties of
the FgO5-Li,O system in ammonia oxidation.

Table 1. Phase composition of the f@;-Li,O catalytic system

Properties of system components
Cli,or Wt % Phase composition
crystal structure unit cell parametera, nm
0 a-Fe,03 Trigonal o-Al,05 0.5430
0-3.5 a-Fe,0z+a-Lig sF6, 0, - -
3.6 a-Lig gFe 504 Cubic MgAl,O, 0.8330
3.7-15.7 a-Lig sF& 04+ a-LiFeO, - -
15.8 a-LiFeO, Cubic NaCl 0.4156
15.9-48.2 a-LiFeO, +LigFeQ, - -
48.3 LisFeQ, Rhombic N3O 0.9218
48.4-99.9 LisFeQ, +Li,O - -
100.0 Li,O Cubic antifluorite Cak 0.4628
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230 ZAKHARCHENKO

Table 2. Properties of the F©,-Li,O catalytic system

Cli,o | Sp Svor % X x 1073, Y, Ci,o | Sp Svor % X x 1073, Y,
wt% | m*g?t |(1=6.77x102s)[m3h I m2| rel% || wt% | m®g? |(x=6.77x102s)|m*h i m?| rel.%
0 5.9 94.7 6.50 0.30 300 | 22 24.3 2.42 1.33
20 | 6.4 95.0 7.05 0.26 350 | 1.9 19.1 2.09 1.41
30| 68 95.3 7.49 0.24 400 | 17 15.5 1.87 1.48
3.6 7.1 95.5 7.82 0.21 45.0 1.6 12.2 1.76 1.50
40 | 6.9 92.9 7.60 0.23 483 | 15 11.2 1.65 1.53
50| 66 855 r2r | 025\ 500 | 1.4 9.2 154 | 155
60 | 63 78.6 6.94 027 1 530 | 13 6.8 1.43 158
80| 57 70.2 6.28 0.40 50 | 1o ee 12 Lea
100 | 5.0 62.9 5.50 0.55 co0 | 16 g 110 171
130 | 4.2 55.7 4.63 0.75 : : : : :
150 | 3.6 52.0 3.97 0.91 650 | 0.9 2.6 0.99 1.73
158 | 35 51.0 3.86 0.93 700 | 038 1.9 0.88 1.78
180 | 3.1 42.1 3.42 1.02 80.0 | 06 1.1 0.67 1.87
200 | 2.9 37.7 3.19 1.10 90.0 | 05 0.7 0.55 1.92
250 | 25 30.2 2.75 1.22 | 1000 | 0.4 0.4 0.44 1.97

Note: X is the limiting AAM load, Y is ammonia breakthrough under the critical process conditions, Syl is selectivity
by NO.

The specific surface areg,, of the catalysts was gas mixture for NH, O,, N,, NO, and NO before and
measured by low-temperature adsorption of nitrogeafter catalyst introduction, as in [9]. The sensitivity
and calculated by the BET equation (Table 2). of analysis was (in 10 vol %): 3.0 for NH;, 3.5 for

The catalyst selectivity by NO was determinedNO’ and 5.0 for @ N, and NO.

on a ﬂZOW-':'hI’Ol.Jgh installation with a quartz reactor The ||m|t|ng AAM load was determined by a pro-
2= 10“ m in diameter [8]. The catalyst bed{32) < cedure [3] consisting in that the catalyst is loaded to
10 m in height was composed of (23) x 10°-m 3 critical state (dying), with the heat balance of a cat-

granules; the ammonia concentration in the ammeniagyst disturbed when the reaction passes from the dif-
air mixture (AAM) was about 10 vol %; the time fysion to the kinetic region.

of contact was 6.7% 10?2 s, and the optimal pres-
sure, according to previously obtained data [4], was The results obtained in studying the catalytic prop-
0.101 MPa. The test temperature corresponded ®rties of the FgO5,-Li,O system are presented in
the maximum selectivity of a single-component ironthe Fig. 1 and Table 2.

oxide catalyst (1053 K) [7]. The compositions of

the products of ammonia oxidation and thermal de, ©Only two nitrogen qompounds,zl\?nd NO, were
composition of nitrogen(ll) oxide on the catalystsfound among the reaction products of ammonia oxida-

were determined by chromatographic analysis of thon on the catalysts studied; under conditions far
rom critical no ammonia“breakthrough occurred.

Thus, the overall conversion of the initial substance

100 is 100% and the only variable parameter of the cat-
alytic process is the ratio between nitrogen(ll) oxide
B 60 and molecular nitrogen, i.e., the selectivity by NO
g (or by nitrogen). Thermal dissociation of NO may
o2 diminish the observed selectivity by nitrogen(ll) oxide:
20
2NO = N, + O, 1)
Fe,O3 40 80 LiyO
wt %

Experimental data on the degree of thermal dis-
Fig. 1. Catalyst selectivitySyg vs. composition of the sociation of nitrogen(ll) oxide on the catalysts of
Fe,05-Li,O system. the system studied are presented in Table 3.
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At the testing temperature and the optimal time offable 3. Degree of NO decomposition on §@;-Li,O
contact (6.7% 1072 s), nitrogen(ll) oxide undergoes catalysts at 1053 K [Gas mixture composition (vol %):
thermal dissociation in trace amountsfDiand a mix- 9.5 NO, 71.3 N, 4.6 O,, and 14.6 HO (vapor) ¢ =
ture of LisFeQ, with Li,0) to 1.2% (on Lj sFe, 0,). 6.77x 1072)]

The thermal dissociation of NO on lithium oxide does

*

not virtually occur. At higher reagent flow velocities, Cli,o Wt% Phase composition v, %
i.e., with the time of contact decreasing to x.203 s
(critical conditions of catalyst dying), no thermal dis- 0 a-Fe,0g 1.0
sociation of nitrogen(ll) oxide occurs, which is con- 2.0 a-Fe,05+a-Lij 5Fe, 504 1.1
sistent with data on other NPC catalysts for ammonia 3.6 a-Lig gFe, 504 1.2
oxidation [1, 10]. 10.0 a-Lig 5Fe, s0, +o-LiFeO, 0.7
At lithium oxide concentrations of up to 3.6%, ég'g OL-LiF(:I(SIIieSZFeO 8';’
iron(lll) oxide with a structure ofa-Fe,0; hematite 183 Li 2Feo5 4 01
(reflections with interplanar spacings of 0.3680, 70.0 Li FeEb +Ifi o <01
0.2690, 0.2510, 0.2204, 0.1844, 0.1693, 0.1482, 100.0 5 Li4O 2 «<0 1"
and 0.1452 nm) coexists with lithium ferrite ' 2 '

a-Lij sFe, O, (main reflections with interplanar spac-
ings of 0.589, 0.478, 0.374, 0.340, 0.2946, 0.2769
0.2514, 0.2084, 0.1703, 0.1605, 0.1474, 0.1273,
0.1204, and 0.1115 nm) as a binary mixture. At , i _
the stoichiometric ratio LO : Fe,O;=1:5 (3.6 wt% he a-LiFeO,-LisFeQ, system drastically decreases
Li,O) lithium ferrite is formed with a structure of the selectivity of catalysts by NO.

the Fé'[Lij €O, inverted spinel, The specific At jithium oxide concentrations exceeding 48.3%,
surface area ofithium ferrite (7.1 n_?flg ) slightly | j_Feq, coexists with the phase of lithium oxide as
exceeds that of iron(lll) oxide (5.9fw™). The selec- 5 “mixture of two compounds. The selectivity and
tivity of lithium ferrite by nitrogen(ll) oxide is 95.5, the specific surface area dithium oxide (0.4% and
i.e., exceeds the similar characteristic forFe,O; ¢ 4 n? g are lower than those of LFeQ, and all
(94.7%). When the concentration of lithium ferrite, gther system components. Raising the lithium oxide
possessing the higher selectivity and specific surfacgyncentration in the LFeQ,Li,O system leads to
area, is raised, the selectivity of catalysts of they monotonic decrease in the selectivity of catalysts by
o-F&,05-a-Lig 5F6, 0, system grows. nitrogen(ll) oxide. Thus, the selectivity of the system
In the lithium oxide concentration range 315.7%, depends on its composition, in particular, on the ratio
the ferrite phasea-Li,sFe, 0, coexists with the Of phases in the two-component catalyst.
a-modification of lithium metaferritex-LiFeO, (main In the FgO,Li,O catalytic system, the only
reflections with interplanar spacings of 0.239, 0-2073component of practical interest is lithium ferrite
0.1467, 0.1252, 0.1200, 0.1089, 0.0925, 0.084%, | Fe, .0, the most active and selective com-
0.0640, and 0.0657 nm) as a binary mixture. The s&sound surpassing evem-Fe,0, in its character-
lectivity and the specific surface arealdhium meta- jstics, The other system components are low-active

ferrite (51.0% and 3.5 fig™) are considerably lower (4-LiFeO, and LiFeQ,) or virtually inactive (LO).
than the similar characteristics for-LigsFe, O,

The increase in the concentration of the low-active The high-temperature oxidation of ammonia on cat-
phase of lithium metaferrite in the-Li,sFe, O, alysts occurs by two parallel reactions [1, 11]:
a-LiFeO, system leads to an abrupt monotonic de-

crease in the selectivity of catalysts by nitrogen(ll) 4NH; + 50, = 4NO + 6H0, )
oxide.

Degree of NO decomposition.
Virtually absent.

_ o _ 4ANH; + 30, = 2N, + 6H,0. (3)
X-ray phase analysis shows that, at lithium oxide
concentrations of 15:948.2%, lithium metaferrite The redox mechanism of the reactions [11] is re-
a-LiFeO, coexists with the LiFeQ, phase as a binary sponsible for the correlation between the selectivity
mixture. LigFeQ, ranks far belowa-LiFeO,, and and strength of binding of chemisorbed oxygen to the
especially a-Lij Fe, 0,4, In selectivity and specific catalysts [12]. The measure of the strength of oxygen
surface area(11.2% and 1.5 tmg™Y). Raising the binding to the catalyst is the heat of its chemisorption
concentration of the low-active §feQ, phase in [11, 12]. For catalysts of certain nature (metals and

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 2 2001



232 ZHAKHARCHENKO

the catalysts, the ammonia breakthrough decreases,

B é which is consistent with the higher activity of such
S catalysts. The ammonia breakthrough is the highest
& for lithium oxide (1.97%) and the lowest for lithium
. . . ° 3 ferrite (0.21%). In this respecty-Fe,O; is close to
80 160 lithium ferrite (0.30%), their specific surface areas
£ h differing insignificantly.
Fig. 2. Selectivity Syo of lithium ferrite vs. operation The kinetic characteristics of the reaction on lithi-
time t. The linear velocity of AAM flow is 0.8 m<s! um ferrite, which is the most active and selective
(operation conditions). Temperature (KYL) 1073, @) 1173, component of the F2€)3—Li20 system, were deter-

and @) 1273. mined using theburning’ and “dying” temperatures

_ _ , of a lithium ferrite pellet, i.e., the temperatures at
metal oxides) there exists an optimal energy of 0XYine critical points. The reaction rate was calculated

gen binding to the compound surface, ensuring thgy the method in which the temperature limits of
maximum selectivity by nitrogen(ll) oxide [+14].  he external diffusion region were determined using
The deviation of the binding energy from the optimalihe “dying” of a catalyst pellet on lowering the
value impairs the NO selectivity and improves the seaaM temperature [16]. The temperature of the cat-
lectivity by N,. The binding energies of the sur- glyst surface was measured with a TPP-2 thermo-
face oxygen to the individual components of the catgouple inserted into the pellet from the side of AAM
alytic system in the oxidized state were determinegiow. A layer of lithium ferrite granules (2.63.0) x
from the temperature dependence of the pressure @52 m in size was placed between the pellet and
oxygen in thermodynamic equilibrium with the sur-the reactor walls to eliminate the heat loss. The ki-
face oxygen of the compounds [15] (kJ mMol0,): netic parameters of the process were calculated by
a-F6,0; 143.5,a-Liy Fe, 50, 138.2,0-LiFe0, 179.8, the Buben equation [17] solved for two reaction
LisFeQ, 224.3, and LjO 242.5. rates at a constant oxygen concentration. The equation

For hematite and lithium ferrite, the energies ofhas the form

oxygen binding to the surface are close and the selec- al a ay _
tivities differ only slightly. The energy of oxygen a+ a)[l *m- 1)5} - 5(1 - B) =0 @
binding to the surface odi-LiFeO,, and especially to _ _ _
the LicFeQ, and Li,O surfaces, much exceeds that for @ = T/To = 1. b = QBCo/(aTg), & = RT,/E,
a-Fe,05 and lithium ferrite. The product of stronger ) ] .
ammonia oxidation (i.., nitrogen(ll) oxide) is formed Wherem is the reaction order by ammonia, is the
with breaking of a greater number of oxygeatalyst cat_alyst surface temperature at the critical point (K),
bonds, compared with molecular nitrogen. This meango IS the AAM temperatureC, is the ammonia con-
that the selectivity by NO decreases with increasingentration in the flowe andp are the mass- and heat-
binding energy of adsorbed oxygen [11, 13, 14], an l_ransfer coefflu_entsQ is the heat effect of the reac-
it is this phenomenon that is observed foiLiFe0,,  toN. and E is its activation energy.
LisFeQ,, and LLO. The coefficientsa. and p were calculated from
The limiting ammonia load grows with increasing (e known equations [18].
specific surface area of the catalyst: it is the highest The kinetic parameters of ammonia oxidation on
for lithium ferrite [7.82x 10° m® NH, h;l m-] a?d tge lithium ferrite are as follows: temperature of catalyst
lowest for lithium oxide (0.44 10° m® NH; h™* m™] “purning; 527 K; ammonia concentration in AAM,
(Table 2). The limiting load for iron(lll) oxide (6.58 10 vol %; activation energy of the reaction,
10° m® NH;h™ m™] is slightly lower than that for 9.54 kJ mot! NH,; reaction order by ammonia, 0.19;

lithium ferrite. This parameter depends on the rate odnd catalyst selectivity by NO (at 1053 K), 95.5%.

the chemical reaction on the surface, which is, in turn, A studv of the d q  catalvst selectivit
determined by the chemical composition of the cat- ~* StUdy Of thé depenaence or catalyst selectivity on

alyst. Under the critical process conditions € operation time confirmed the high stability of lithium
1.2x 10 s), no decomposition of nitrogen(ll) oxide ferrite at 10731173 K (Fig. 2).

by pathway (1) is observed, but part of unreacted The selectivity of lithium ferrite at 1073 and
ammonia is found after the catalyst (breakthroughl173 K decreases by 0.4 and 0.7%, respectively, after
(Table 2). With increasing specific surface area ofl60 h of operation. The iron(lll) oxide selectivity at
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1073 K decreases by 3.5% after the same period dfable 4. Changes in selected structural and catalytic
time [7]. With the process temperature raised tgoroperties of lithium ferritex-Lig sFe, O, during operation
1273 K, lithium ferrite undergoes deactivation underat 1273 K

the influence of the elevated temperature and the re=

action medium: the catalyst selectivity after 160 h of s Root-mean-square Limiting load by
operation decreases by 3.5%. To elucidate the dead: h | >7,| granule size, |ammonia, Ax107
tivation mechanism, the chemical and phase composi- | 9 nm mS ht m2
tion of the catalyst were studied along with its struc-

ture. X-ray diffraction patterns of the surface layer of 4 | 6.8 200 7.49

a catalyst that operated at 1273 K contain lithium fer- 40 | 6.6 207 7.27

rite reflections and reflections with interplanar spac- 60 | 6.4 218 7.05

ings of 0.485, 0.297, 0.253, 0.242, 0.2101, 0.1712, 80 | 538 240 6.39
0.1614, and 0.1485 nm, characteristic of magnetitel00 | 4.9 265 5.40
Fe;0, [19]. This conclusion is confirmed by IR spec- 140 | 3.3 308 3.63

tral data. The IR spectra of the surface layer of a cat-160 | 2.7 340 2.97

alyst after operation contain the magnetite absorptiony
peaks at 407, 427, 480, 557, 673, and 980'cj20].

Magnetite suppresses the catalyst selectivity, i.e., it iglyst dying) the activity of lithium ferrite decreases
the low-active phase [7] (the magnetite selectivity agnd the limiting load falls from 7.4910° to
1073 K is 7%). The intensity of the phase transforma 97 16> m® NH; h™* m?) as a result of recrystal-
tions occurring in the catalyst grows with increasingjization and a decrease in the specific surface area of
reaction temperature, as shown by X-ray diffractionyg catalyst.

analysis and IR spectroscopy. The increase in the con-

centration of the low-active phase with growing tem- Thus, a set of chemical and phase transformations
perature results in a more abrupt decrease in the caif the catalyst, yielding low-active and low-selective
alyst selectivity. In addition, the catalyst operated acomponents (F©, and a-LiFeO,) with rearranged
1273 K contains a new, relatively low-active phase structure is the reason for lithium ferrite deactivation.
a-modification of lithium metaferritex-LiFeO,. The In the temperature range 1078173 K, lithium ferrite
selectivity ofa-LiFeO, at 1053 K is 51%. The appear- is a highly selective and stable catalyst for ammonia
ance of the new, low-active phases of magnetite anoxidation.

a-LiFeO, at elevated temperatures is associated with

the redox mechanism of ammonia oxidation [1, 5, 11] CONCLUSIONS

and is in good agreement with the results of thermo- _ ] ]

dynamic calculations [21]. According to these data (1) The catalytic properties of the §@,Ai,0 sys-
the high probability of lithium ferrite transformation tem in ammonia oxidation were studied in the com-
at T > 1273 K Py, = 0.021 MPa, air) by the reaction ponent concentration range-000 wt %.

6LigsFe, 0, = 3LIFEO, + 4Fa0, + O, (5) (2) The catalytic properties of the individual com-

s ponents ¢-Fe,O;, Li,O, a-LipsFe, 0, o-LiFeO,,

results in the formation of new phases, found in exand LigFeQ,) of the system were determined.
perimental studies. Similar transformations during

heat treatment of lithium ferrite were observed in [22].. (3) The influence of the phase composition of

_ _ the system on the physicochemical and catalytic prop-
Under the influence of high temperature, the caterties of the catalysts, including the activity and se-
alyst recrystallizes, with the specific surface aredectivity by nitrogen(ll) oxide, was revealed. The ac-
decreasing (Table 4). After 160 h of operation thejvity and the selectivity of the system depends on
size of lithium ferrite gl’anu|es increases from 200 tOComposition and, in particular’ on the ratio of the
340 nm. The reaction conditions being far from crit-3mount ofa-Fe,0; phase to that of the-Li, JFe, O,
ical, i.e., the reaction being limited by ammonia dif-phase of a two-component catalyst. The same is true

fusion toward the catalyst surface, the specific surgy, the Lj Fe, 0, and a-LiFeO,, a-LiFeO, and
face area does not exert decisive influence on the SBi.FeQ, ;h% Li,:eql and Li,O phases. 2

lectivity of lithium ferrite [1, 3, 6]. This means that

the drop in selectivity at 1273 K is mainly due to (4) The process parameters were determined on
phase and chemical transformations of the catalysthe ferrite catalyst, which is the most active and selec-
Under the critical conditions of the reaction (cat-tive component of the B®;-Li,O system.
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(5) A set of chemical and phase transformations of.0.

the Liy sFe, sO, catalyst, resulting in the formation of

low-active and low-selective components {6¢ and  11.

a-LiFeO,) with rearranged structure, is responsible for
the deactivation of lithium ferrite at 1273 K.

(6) The obtained data on the catalytic propertie
of the FgO5-Li,O system can be used in developing
highly efficient modified catalysts for ammonia ox-
idation.
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Abstract—The acid and catalytic properties of high-silica zeolites of ZSM-5 type, modified with alkaline-
earth metal cations in pyrolysis of straight-run naphtha, were studied.

Until recently, lower G-C, olefins, which are cations ™) in HSZ was 1 wt % in terms of metal.
important raw materials for petroleum chemical pro-The catalytic properties of zeolite-containing catalysts
cesses, have been prepared predominantly by pyrolysigeere studied on a flow-type setup in the 5000°C
of various hydrocarbons at high temperatures {800range under atmospheric pressure at space velocity
850°C). Further intensification of the process by im-of 3 h™. The reagents and pyrolysis products were
proving the design of tubular furnace pyrocoils oranalyzed by gas chromatography [10]. As initial hy-
using more rigorous conditions is largely hindered bydrocarbon raw material served straight-run naphtha
the chemical features of the process and technologicéburgut Gas Processing Plant) of the following com-
factors. Therefore, pyrolysis of hydrocarbons in theposition, wt%: 56.89 paraffinic, 32.76 naphthenic,
presence of catalysts {@&], allowing preparation of and 8.54 aromatic hydrocarbons.
lower olefins at lower temperatures and with higher

selectivity, is rather promising. The acid properties of catalysts were studied by

thermal desorption of ammonia. A catalyst sample
Although numerous oxide catalysts for pyrolysis of(0.7 g) was placed in a quartz reactor, the reactor was

hydrocarbons are known, search for highly efficientpurged with helium (130 cfmin™) at 600C for

systems for preparing £C, olefins is still urgent. 2 h and then cooled to 100, and the sample was

: : : . saturated with ammonia. The thermal desorption of
Extensive studies of thermal pyrolysis and pyrolysis mmonia was carried out on heating at a rate of

in the presence of oxide catalysts have shown th )

these processes are largely similar. It has been fou deg min” to 65GC [11].
that the catalyst does not affect the pathway of hy- The curve of thermal desorption from HSZ-30 ex-
drocarbon pyrolysis, which predominantly proceedsibits two forms of ammonia desorption: low-tem-
by the heterogeneousomogeneous radical-chain perature form | with a peak af,,, 203°C, typical
mechanism, and only makes higher the concentratigoredominantly of Lewis acid centers, namely, co-
of free radicals in the system [4]. However, only fewordination-unsaturated aluminum cations in H-HSZ-5,
reports are known of the use of zeolite catalysts foand high-temperature form II witf,,, 400°C cor-
hydrocarbon pyrolysis [7, 8]. In this work, we studiedresponding to stronger Brgnsted centers, namely, hy-
the acid and catalytic properties of high-silica zeolitesirogen ions of the bridging hydroxy groups in HSZ
(HSZs) of ZSM-5 type, modified with alkaline-earth (Fig. 1, curve 1).

metal (AEM) cations in pyrolysis of straight-run

naphtha. Incorporation of AEM cations into HSZ affects

the strength and concentration of the acid centers in
The initial HSZs with silicate modulus of 30 were zeolite-containing catalysts. Modification of H-HSZ-
prepared by hydrothermal synthesis from alkalin€80 with strontium and barium cations shifts their low-
aluminosilicates [9]. The zeolites were impregnatedemperature forms | to higher temperaturés; .,
with AEM cations using appropriate metal nitrate so-213 and 212C, respectively (Fig. 1, curved, 5).
lutions, and the resulting catalysts were dried at 11&t the same time, modification of HSZ-30 with
and calcined at 60C for 8 h. The content of AEM any AEM cation strongly shiftsT ., of the high-

max
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I, mV in the modified zeolite catalysts is EB5 times
120 F greater than the concentration of the Brgnsted acid
centers, except in Ba-HSZ having close concentrations
of the Lewis and Brgnsted acid centers: 296 and
229 umol g}, respectively. The common feature of
all the zeolite-containing catalysts is that the ad-
dition of the AEM cations affects predominantly the
strongly acidic Brgnsted centers and causes their
weakening, which is especially typical of Mg- and
Ba-HSZs.

80

40

: . . A study of the pyrolysis of straight-run naphtha,
200 400 600 7.°C using zeolite catalysts modified with AEM cations,
Fig. 1. Thermal desorption of ammonia from the HSZ sur- f€vealed a correlation between their acid and catalytic
face as influenced by temperaturel) (Intensity and properties. In the 56@B50°C range, the conversion
(T) temperature. Catalystsi)(HSZ, ) Mg-HSZ, (3) Ca- of straight-run naphtha on HSZ-30 reaches-&B%,
HSZ, @) Sr-HSZ, and %) Ba-HSZ; the same for Fig. 2.  which is three times the thermabrversion ofnaphtha

on quartz powder in the same temperature range. With
: .the temperature increasing from 500 to 850 the
temperature form i to lower temperatures, ie., It electivity of formation of G-C, olefins increases to

strongly decreases the acidity of the correspondin§
. . ~ Become 27% (11.95 and 10.52% ethylene and propyl-
centers. The greatest shift i, of the high-tempera ene, respectively), whereas the relative yield of aro-

ture form Il to lower temperatures (335 and 360 . , N
is observed for HSZ modified with magnesium andmatIC hydrocarbons is 39.58% at 68D

barium, respectively (Fig. 1, curvésand5). Modifi- Maodification of HSZs with AEM cations lowers
cation of HSZ-30 with magnesium and barium cationghe total yield of pyrolysis products, with the rel-
significantly decreases their total acidity to 610 andative yield of lower olefins increasing to 54.06%
525 umol g%, respectively (Table 1) with respect to (Table 2, Fig. 2). With the temperature increasing
unmodified H-HSZ-30 (754umol g3). It should be from 550 to 700C, the conversion and yield of,CC,
noted that the concentration of the Lewis acid centeralkenes grow for all the samples in question. The ef-

Table 1. Acid properties of HSZs modified with AEM cations

Thaxe °C Concentration of acid centergymol gt

Sample

form | form I form | form I total
HSZ 203 400 477 276 753
Mg-HSZ 189 375 415 196 611
Ca-HSZ 169 370 668 230 898
Sr-HSZ 213 355 528 252 780
Ba-HSZ 212 350 296 229 525

Table 2. Composition of the products of straight-run naphtha pyrolysis in the presence of HSZs modified with various
AEM cations

. Yield based on initial naphtha Content, %
Sample | T, °C Con\ézrsmn,
gas | alkenes G-C, | arenes| alkenes in the gas phagearenes in catalyzate
HSZ 700 88 58.49 26.01 35.81 44.46 86.29
Mg-HSZ | 700 81 66.61 44.08 19.39 66.17 58.07
750 89 70.4 45.81 24.41 65.06 92.59
Ca-HSz 700 83 61.27 40.26 28.15 65.7 72.68
Sr-HSZ 700 77 59.86 40.41 21.50 67.5 53.31
Ba-HSZ 700 83 67.41 48.74 21.87 72.32 67.11
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Fig. 2. Yield S of (a) C,-C, alkenes and (b) arenes in conversion of straight-run naphthp. Témperature.

fect of modification on the product composition islower C,C, olefins in pyrolysis of straight-run naph-

the most pronounced at lower temperatures of straightha. High-silica zeolites modified with magnesium
run naphtha pyrolysis. Addition of Mg, Ca, and Baand barium cations exhibit the highest selectivity with
to the zeolite increases the gas liberation from 58.Bespect to lower olefins in conversion of straightrun
(H-HSZ) to 67.4% (Ba-HSZ), with the content of al- naphtha, which correlates with their acid properties.

kenes simultaneously increasing from 44.5 to 72.3%.
Addition of 1% strontium(ll) to H-HSZ decreases

the conversion of straight-run naphtha from 88 to
77 wt %. As compared with the initial H-HSZ, the gas

evolution on the Sr-HSZ sample remains almost the
same, whereas the content of alkenes in the gas phage
increases from 44.5 to 67.5%. 3

Modification of HSZs with AEM cations by im-
pregnation with solutions of the respective metal
nitrates with subsequent calcination at 800Jeads to
absorption and deposition of AEM cations in the HSZ
pores and channels, decreasing the effective channel
diameter, changing the diffusion and absorption char-
acteristics, and lowering the activity and acidity of
modified zeolite catalysts [12]. Modification of zeo-
lites with AEM cations decreases not only the amount
of the strongly acidic Brgnsted centers (Table 1), but
also the ratio between the Lewis and Brgnsted acid
centers, which affects the activity and selectivity of
the catalysts. Dehydroxylation of the surface of zeo-
lite-containing catalysts in the course of high-tem- g
peratures catalytic pyrolysis makes higher the conpg
centration of the Lewis acid centers and*Atations
that escaped from the zeolite skeleton to form acid
base pairs AlIO", which can activate hydrogen and
saturated hydrocarbons yielding hydrocarbon radicals
(the stage of heterogeneous generation of hydrocar-
bon radical). Then, during pyrolysis the hydrocarborfll'
radical weakly bound to the surface passes into th
bulk and the reaction proceeds in the homogeneo
phase by the radical-chain mechanism [13, 14].

4,

7.

13.
CONCLUSION

Modification of ZSM-5 high-silica zeolite with 14,
alkaline-earth metal cations increases the yield of

8. Mamedov,
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CATALYSIS

Catalytic Activity of Homogeneous Mixtures of Metal Chelates
of Polyfluorinated (-Keto Esters with Tertiary Amines
in Urethane Formation

M. S. Fedoseev and T. S. Vshivkova
Institute of Technical Chemistry, Ural Division, Russian Academy of Sciences, Perm, Russia
Received August 1, 2000

Abstract—A series of Cu(ll), Co(ll), Mn(ll), Fe(lll), and La(lll) chelates with unsymmetrical fluorinated
B-keto esters, taken separately and in mixtures with tertiary amines, were tested as catalysts in urethane
formation and in synthesis of network elastomers.

Homogeneous catalysis in the liquid phase is widetems for RIM formulations. However, fluorinated cop-
ly used to effect oligomerization and dimerization ofper chelates are less catalytically active than the ex-
olefins, polymerization of acrylates ardoximes, and isting catalysts [2], and the required curing rate can-
oxidation, hydroxylation, and hydrogenation of olig- not be ensured without adding cocatalysts with a syn-
omers. As for synthesis of polyurethanes, data on heergistic effect. As such cocatalysts we chose tertiary
mogeneous catalysis of this process are much less exmines whose synergistic effect on the catalysts is
tensive as compared, e.g., with those for synthesis afell known [3].
olefin oligomers. At the same time, significant rise in
the industrial production of polyurethane materials bX/vit
reactive injection molding (RIM) is impossible with-
out using homogeneous catalytic systems. The proce
is based on the pseudo-prepolymer principle of formu-
lating monomeroligomer compositions to provide re-  Lapromol-294, a product of reaction of methyloxi-
liable compatibility of the reactants with active cata-rane with ethylenediamine, has terminal functional
lysts and fast curing of the mixture after molding. hydroxy groups and is a reactive component of poly-

The following catalysts are used in RIM processesl.Jrethane compounds (chain-lengthening agent).

dibutyltin dilaurate, 1-methyl-3,5-diethylphenyl-2,4-

Here we report on a study of homogeneous catalysis
h mixtures of Cu(ll), Co(ll), Mn(ll), Fe(lll), and
%ﬁ(lll) chelates of fluorinated3-keto esters with an
gomeric tertiary amine, Lapromol-294.

and 2,6-diamines, 2,3-dimethyl-3,4,5,6-tetrahydropy- (|:H3 (|:H3
rimidine, and their molecular complexes [1]. HO—HC—HZC\N CHo_CH N/CHZ—CH—OH
Studies of the newest RIM formulations show that HO-HC-H.,C~ 2 = 2 \CHZ—(le—OH

the catalysts employed, such as dibutyltin dilaurate éH CH

and tertiary amines, facilitate thermal oxidative de- 3 3
gradation of the polymer [1]. Therefore, search for The rate constants of the reaction of phenyl iso-
new catalytic systems free of these drawbacks is agyanate withn-butanol in cyclohexanone at 40 in
urgent problem. the presence of metal chelates of fluorinafedeto

Previous studies of polyfluorinated coppédike- esters (0.05 M) of the general formula

tonates have shown [2] that these compounds not only R _A_R'

exhibit catalytic activity but also improve the struc- o) ('3

tural organization of elastomers owing to dorex- "M%

ceptor interaction with the polymer matrix. As a re- n=2-3

sult, the properties of the materials become stablg.g jisteq in Table 1. It is seen that all the chelates

upon aging. tested are homogeneous catalysts of urethane forma-

It is interesting to use this valuable property oftion. Their catalytic activity increases in the order
fluorinated chelates in development of catalytic sysCo < Cu < La < Mn < Fe.
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As seen from Table 2, addition of Lapromol-294Table 1. Calculated and experimental rate constants of
produces a pronounced synergistic effect. To undethe reaction of phenyl isocyanate witkbutanol at 48C in
stand its mechanism, special studies are requirethe presence of fluorinated chelates (homogeneous liquid,
The significant acceleration of urethane formation iR = C4Ho)

probably due to the formation of molecular complexes . T 1
of the fluorinated chelates with Lapromol-294: Che- Kx 10, I'mol™ s
HCF» HCF, Ir?(t)e R M : exper- calcu-
/ o. O \ ' iment lation
S < D
N o o 1| ocHy | cu | 2| 72 6.8
OCHg H.CO 2 | OCHs | Cu | 2 7.0 7.0
| S 3 | OCH; | Fe 3 12 -
| | 4 | OCHs | Mn | 2 | 10 -
G GHs 5 | OCH. | co | 2 6.5 _
HO-HC-H,C _CHpCH-OH 6 OC,H5 La 3 8.0 -
SN-CH-CHp -N
HO-H (|:—H 2C77 N CH>-CH-OH
I \ | I
| CHj \ CH; | Table 2. Synergistic catalysis of the reaction of phenyl
| \ | isocyanate with n-butanol in cyclohexanone at 40
: \ ' catalyst concentration 0.5 mol %
OCHs A H,CO (cataly )

o > Mutual K x 1074,
<\\ o o 5 Catalyst solubility | molL st
The interaction of the fluorinated chelates withLapromol-294 | Complete in mixed 4.0

Lapromol is manifested in the IR spectra as changes in formulation

the carbonyl absorption bands at 1640 and 1610t cmLapromol-294 +

and as a shift of the band of the Lapromol hydroxy;he'a"e'1 Comol 6

groups at 3300 cfl because of the formation of a ng' 3 omplete o5

hydrogen bond with the oxygen atom of the alkoxy no. 4 p 75

group in the coordinate@-keto ester anion. no. 5 " 56
Then we examined the influence of the homogene- no. 6 ! 72

ous catalysts studied in the model reaction on the pro-

cessing and physicomechanical properties of castable _ _
network polyurethanes. Table 3. Technological properties of polyurethane elas-

tomers
The network polyurethanes were prepared and

tested as described in [2]. Additionally, 20 wt % La- t . Tensile strength
promol-294 was added. The processing and physico- at 25C, MPa
mechanical properties of the stocks and catalytically Catalyst _
cured elastomers are listed in Table 3. _ after afttefl ggggg
min .

It is seen that the examined catalyst mixtures sub- curing fo? 10 days
stantially accelerate the polyurethane formation, which
allows them to be recommended for production of - 45 | 600 4.5 3.4
polyurethane articles by the RIM process. It should.apromol-294 | 20 60 45 42
also be noted that the polyurethanes exhibit highlChelate:
stable properties in thermal aging. no. 3 15 | 10 48 45

no. 4 10 5 46 44

Thus, Cu(ll), Fe(lll), Mn(ll), Co(ll), and La(lll) no. 5 12 7 50 46
chelates with florinate3-keto esters are homogene- no. 6 17 14 44 42
ous catalysts of urethane formation; their catalytic no. 7 15 | 12 42 42

action is considerably enhanced in the presence ef
the synergistic additive Lapromol-294. Note: ¢) Working life at 23C and ¢) curing time at 66C.
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ENVIRONMENTAL PROBLEMS
OF CHEMISTRY AND TECHNOLOGY

Measurement of the Solubility of Volatile Substances
by Vapor-Phase Gas-Chromatographic Analysis

A. G. Vitenberg
Research Institute of Chemistry, St. Petersburg State University, St. Petersburg, Russia
Received January 27, 2000

Abstract—A new procedure is proposed for vapor-phase gas-chromatographic determination of the solubility
of partly soluble volatile compounds in liquids. The method is based on successive pneumatic sampling to
take small and equal portions of the equilibrium gas from the gas-liquid system containing an excess of
the volatile component forming the second liquid phase. The gas-chromatographic determination of this
component in the samples of the equilibrium gas makes it possible to find the slope of the isotherm describing
the distribution of the substance between the liquid and gas phases near the saturation point, estimate the
nonlinear portion of the isotherm, and calculate the substance content in the saturated solution.

Data on the solubility of volatile substances thatof the system is characterized by the practically con-
are partly soluble and extremely poorly soluble instant concentration of the volatile component in the
agueous media are required to control the content afas phase over the solution, independent of its amount
toxic impurities in industrial waste and in natural andin the liquid.
drinking water. The shape of the distribution isotherm
and, in particular, the interval of linearity and devia-
tion from it in the region close to saturation are of
interest for studying the thermodynamic properties o
solutions and gas-liquid equilibrium in binary and
more complex systems.

The content of the volatile substance in #aurated
homogeneous solution is measured after thorough sep-
f';\ration of two liquid phases. Fairly complex proce-
dures using various devices are required for this pur-
pose [2]. Their main drawback is the difficulty and
sometimes impossibility of preparing and sampling
In the reference literature, data on the solubility ofa saturated homogeneous solution because of the for-
volatile compounds are scarce [1]. This is caused, omation of a supersaturated solution or an emulsion
the one hand, by the reduced demand for such datand evaporation of volatile components: it is very
and, on the other, by the lack of reliable methods fodifficult to attain saturation of both phases without
determining the solubility of volatile substances withphase separation.
an error of 0.1 wt% and less. At the same time, the
development of sanitary-chemical and environmenta&f
monitoring requires reliable information on the con-
tent of volatile noxious impurities in dilute aqueous
solutions at a level of I8% and less, e.g., traces of
aromatic and halogen-containing hydrocarbons i
natural, drinking, and tap wateA priori calculation
allows only approximate estimation of the content o
volatile organic substances in saturated solutions.

Substantial progress in determining the solubility
volatile substances in liquids is associated with
the use of vapor-phase gas-chromatographic analysis
(VPA) [3, 4]. This method includes measuring the con-
ent of volatile substances in the condensed phase by
'ﬁjas chromatography of the equilibrium gas phase. In
fthis method, not a solution being studied but the va-
por phase equilibrated with this solution at given tem-
perature is introduced into the gas-chromatographic

Traditional methods for determining the solubility column. The vapor-phase analysis procedure is best
of partly or poorly soluble substances usually includeadapted to analysis of a volatile component of a con-
measuring the maximal solubility of a volatile sub-densed matrix. One of the first publications on quan-
stance in a homogeneous solution; the excess solultitative VPA is devoted to determining the solubility
substance gives a second liquid phase. Such a staie hydrocarbons in water [5].
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C'[ﬂaX Clr:nax

mo/V1,

Fig. 1. Solubility of volatile substances in liquids, meas-
ured by VPA of a series of solutions with substance con-
centrations close to the saturation limi€4) Concentration

of volatile substance in the equilibrium gasny{V, ) sub-
stance concentration in the liquid phasé) (Region of
unsaturated homogeneous solutions a@ddrégion of phase
separation of the liquid solution.

The use of VPA in measuring the solubility of vol-

VITENBERG

K = CL/CG’ (4)
equal to the ratio of the equilibrium weight concen-
trations of the substance in the liqui€ () and gas
(Ce) phases, is practically independent xf

In real solutions, at concentrations of volatile sub-
stances exceeding 0.1 wt %, the activity coefficient
is usually a function of the mole fraction of the sub-
stance in the solution, i.ey; = f(x), and the system
is characterized by a nonlinear distribution isotherm,
with K depending onx;.

In the region of liquid phase separation, the partial
pressure of thdth component is independent of its
amount in the system. In this case, the distribution
isotherm is a straight line parallel to the concentra-
tion axis.

Based on such relations, the vapor-phase method
for determining the solubility of the volatile sub-
stances was proposed as far back as the early 1980s
[6]. The method involved preparation of a series of
agueous solutions with varied, and close to the satura-
tion limit, concentrations of the components to be de-

atile substances in liquids is based on the pattertermined. The distribution isother@g = f(C_ ) was

of distribution of the solution components betweerderived from the data on the content of the component
the condensed and gas phases. The concentration daidied in the gas phase. The maximal solubility of
pendence of the partial pressure of the volatile comthe substance in the solution was determined by linear
ponents of the liquid phase is described by the activitgxtrapolation of the sloping and horizontal sections of

coefficients.

In dilute solutions with concentrations of volatile
substances less than 0.01 wt %, the activity coe
ficient v is practically constant [4, 6] and coin-
cides with the activity coefficient for infinitely dilute
solution:

vio = limy;.
X =0

1)
In this case, Henry's law is fulfilled

)

According to this law the partial pressuf® of

the isotherm, as shown in Fig. 1. The abscissa of the
intersection point of these straight lines was taken as

ft_he maximal solubility of the substance. The method

was tested by determining the solubility of chlorinated
aromatic and saturated hydrocarbons in water.

Along with evident advantages, this method has
a major constraint consisting in that it assumes a line-
ar isotherm within the entire range of concentrations
of unsaturated solutions up to the solubility limit. In
other words, the method is based on the assumption
that the activity coefficient is constant in the entire
range of homogeneous solutions. When deviations of
the isotherm from the linearity become substantial,
the differences between the actugf1™*) and apparent

the ith component over the solution is the product ofextrapolated ¢, ™®) values (Fig. 1) may exceed the

its mole fractionx; in the solution and Henry’s con-

stantH; related to the saturated vapor pressure of this

componentP? by

H = POy". ©)

permissible value.

Another disadvantage of the above method is that it
is labor-consuming, since it is necessary to prepare
a great number of solution samples with the concen-
trations of volatiles less than 0.00.1 wt %.

At y; = v = const the system is characterized by We can avoid these difficulties by successively tak-

a linear isotherm of distribution of thith component

ing small and equal portions of the equilibrium gas

between the liquid and gas phases. In such casdspm the gasliquid system containing an excess of

the numerical value of the distribution coefficient

the volatile substance (i.e., in the case when a second
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liquid phase exists). In the VPA method with pneu- B I
matic sample dosing into a chromatograph [7, 8], it is
possible to take from the vessel containing the mass
mg of a volatile substance strictly specified mass frac-
tions

T 1

mi/mg = (p' — p)/p’ (5)

(mé is the weight of the substance sampled from the

gas phase) and to vary them in a wide range by chang-

ing the pressures in the thermostated vessel with the

solution studiedp’, and in the chromatograph evapo- | | ‘
rator, p.

Repeated vapor-phase dosing of the samples into ¢
the Chromatograph W|th_a strictly fixed pressure jump Fig. 2. Successive dosing of the equilibrium vapor
from p' to p gives a series of chromatograms shown into a chromatograph from a liquidas system with phase
schematically in Fig. 2. Theange of the phase separa- separation of the liquid phaseB)( detector signal and
tion of the liquid (even if it is not found visually) is  (C) successive dosing of the liquid phaic,e) Region of
characterized by chromatograms with constant height phase separation of the liquid phaskl," /A% = const;
and area of peaks (Secndr) and. hence, constant z) lnonlinear portion of the distribution isotherm,
. : ! . n+1;An . ; ; istribti
weight of the substance taken. As the volatile sub- Ag Ag < L@t (Il) Ihear portion of the distrioution
stance is removed from the heterogeneous system, its'psgetlk‘?"rﬂ';‘’Cthomatg-)g‘ran'1 E)Ar%i)nalriirgb; eE‘;CLOT‘;tt‘i’gfm .
amount de.creases until the S.econd liquid _phase d.l.sap'is the amplitude of the detector signal or the peak height in
pears, or, in other words, until the nonvariant equilib- o chromato
. : . . gram.
rium transforms into a monovariant one. This instant

corresponds to the last chromatogram with the maxof partly or poorly soluble volatile liquids with

imal peak height. Further vapor sampling decreasape distribution coefficient not exceeding several tens.
the concentration of the volatile substance in the solu-

tion, and the chromatograms of the equal portions of The thus obtained data can be used to calculate
the equilibrium gas have the form of a series of peakie substance solubility. One of the possible, and
W|th decreasing he|ght (Sectlonsand”l ) The range the Slmp|eSt Ca|Cu|atI0n procedures IS as fOIIOWS In
of the constant ratios of peak heights (or areas) i€ case of a known saturated vapor presstyef
the chromatograms of successive portions of the gdfe pure substance whose solubility is measured its
phase (Secnor"l) Corresponds to the linear part of concentration in the S:’_:l'[urated SOIU“G{? can be cal-
the distribution isotherm or to the region of infinite culated by the equation
dilution, in which the distribution coefficienK is o mo—mg—mS
practically independent of the solute concentration. C = —v
The range of the nonlinear isotherm (sectibn is L

characterized by variable, and lower than unity, rati(?/vhere m, is the mass of the substance introduced
of masses of the substance sampled from the systetfiy the system before samplingy, is the calcu-

It should be noted that, in accordance with the fealdtéd mass of the substance in the gas phase over
tures of VPA with pneumatic sampling [7, 8], the ratiothe saturated solution, amty is found from VPA as

8)

of the gas V) to liquid (V) phase volumes the mass of the substance forming the second liquid
phase and removed from the system in the first por-
r = Vg/VL (6) tion of the distribution isotherm (Fig. 2).

in the vessel is the fundamental parameter determining M is calculated with regard to the saturated vapor
the conditions of the experiment. The conditions forpressure of the volatile substance at the experiment
the use of the method with tolerable error can be extemperature by the formula following from the fun-

pressed by the inequality damental gas equation of state:
K<r < (plp). 7 POo,V
r < (p/p) 7 my = gﬁe' , ©)

These simple criteria allow, within the scope of
the above method, determination of the boundaries afhere R is the universal gas constari¥ is the mo-
each portion of the distribution isotherm in the casdecular mass of the volatile substance whose solubility
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Then
My — Mg{1 —n[(p' - p)/p']}
Ve
The condition for attaining the maximal accuracy
of measurements is
(Mg +mg) >> mg (14)
The inequality

cl = (13)

p-p _ AC]
< —
c’
which rel%tes the analysis conditions to the relative
Fig. 3. Scheme of a device for pneumatic dosing of vapor error of CI.— measure_ments, .Can Serve as th.e C”te.non
phase samples into the chromatograpty glass vessel: ~ Of the fulfillment of inequality (14). In practice, this
(2) elastic rubber plug;3) screw chuck sealing and themo- ~ condition is attained when no more than53sam-
statically controlling the glass vessel)(rubber gasket; plings are performed on the horizontal portion of
(5) steel needle with a side outle®)(two-positioned six- the distribution isotherm. In this case, the error of
way gas cock; {) standard manometer8) evaporator of substance solubility measurement is determined by

the gas chromatograph; ané) (chromatographic column.  the procedure and the accuracy of introducing the mass

() Producing elevated pressure in the vessel with a sample m, and may be no worse than several percents.
and (l) dosing the gas phase into the chromatograph.

(15)

EXPERIMENTAL
is measured, andx, is the coefficient reflecting
the solubility of water in the organic phase. Measurements were performed on a Tsvet-500M
chromatograph with a flame-ionization detector and
When this solubility can be neglected,, = 1. In a 200x 0.4-cm glass column packed with 10%
other casesq,, can be calculated by the formula OV-101 as a stationary phase on Chromosorb W-AW
(0.16-0.2 mm). The temperatures of the column, evap-
P AG orator, and detector were 60, 120, and AB0re-
Sw = p0 T AQ (10) spectively. The carrier gas flow rate in the chroma-
! G tographic column was 20 ml iy the detector signal

from the saturated vapor pressure over pure (dry) ovas recorded by a T2-4620 recording potentiometer

ganic substancd?io, which is determined as the peak and processed using Multikhrom package for Windows

. B.1. IBM-486).
areaAl in the chromatogram and that over the water- 38 ( 86)

saturated organic phas;, also found as the peak  The equilibrium gas phase was dosed into the chro-

areaAy in the chromatogram obtained under standar@hatographic column pneumatically by a special attach-
conditions. ment for vapor-phase dosing of samples [8] heated

_ to 15CC (Fig. 3). This attachment is installed on
The mass of the second organic phase can be cahe evaporator of a standard chromatograph and pro-
culated as the sum of masses of the volatile substanagdes introduction of a known volume (6-8.0 ml) of
m, sampled in each of dosings into the chromato- a gas phase from a vessel (in which the equilibrium
graph in the first portion of the distribution isotherm:is reached) into a chromatographic column through
) a short (57 cm) hot line.

mg = ;mg (11) Aqueous solutions with a given microcontent of
benzene, toluene, chlorobenzene, chlorodibromome-
Sincem'/m. is the fraction of the substance sam-thane, dichlorobromomethane, 1,1-dichloroethane, and

pled from the gas phase in each dosing of the saf.2-dichloropropane were prepared using precisely
urated vapor into the chromatograph, we can write, if/¢ighed samples of the respective chemically pure

accordance with Eq. (5) grade substances under conditions excluding their
S loss.
mg = mén = my P _'pn_ (12) The analysis procedure was as follows. Into a 15-ml
p standard vessel for medical preparations-‘genicil-
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lin”) was introduced -3 ml of water preliminarily Table 1. Area of benzene peak on chromatograms in
checked for the absence of volatile organic substancesiccessive sampling of the equilibrium vapor from
The vessel was plugged with elastic rubber phgnd  the three-phase system aqueous solution of benzene
hermetically sealed in a screw chugkTo avoid sorp- benzeneargon

tion, the surface of the rubber stopper was protected

with a Teflon film or aluminum foil. Then, 210 pI ~ Chroma{ Peak area AL Number of phases in
(accurate sample) of aromatic or halogenated hydrocatogram | Ag, —— | the system and region of
bon were introduced into the vessel with preliminarily no. n | pvs? AG | the distribution isotherm
calibrated Hamilton glass microsyringe by puncturing

the rubber plug with the syringe needle. The vessel 1 9078 | 0.999 | Three-phase system with
with the water sample was kept at 20, 25, and@0 2 9073 | 0.999 |liquid phase separation;
for 15 min with intermittent agitation of the liquid to 3 9069 | 0.998 |horizontal portion of
reach the equilibrium. The sample temperature was 4 9053 | 1.001 |the isotherm

controlled by water flow through screw chuck nipples 2 9065 | 0.999

3 from a liquid thermostat. Then, the vessel with the  © 9053 | 0.999

sample in the temperature-controlled screw chuck was 9040 | 0.998

punctured with the needl®& of a batcher through 8 9019 | 0.983

the elastic rubber plug to a length of ) mm so that 9 8866 0.975 | Two-phase system with
the needle end was in the gas phase. At this time, the 10 8644 0.965 | homogeneous liquid;
cock 6 should be in positiorh, when the pressung in 11 8342 0.955 | nonlinear portion of

the vessel exceeds the pressprén the chromato- 12 7963 0.943 | the isotherm

graphic column. In this case, the standard manometer 13 7506 0.947 | Two-phase system;

7 shows the pressure of the carrier gas in the chro- 14 7111 0.947 |linear portion of
matograph evaporat®: By reversing the cock in posi- 15 6737 0.946 | the isotherm

tion I, the gas space of the vesdek connected with 16 6373 0.945

the chromatograph evaporat8r In this position, the 17 6023 0.945

sample of the equilibrium gas passes in pulsed mode 18 5691 0.944

into the chromatographic column owing to the pres- 19 5375 0.949

sure difference. At this time, manometéishows the 20 5101 0.947

pressureg' in the auxiliary line. After a chromatogram 21 4833

was recorded, the stopcoékwas returned to position
I. The repeated dosing of the equilibrium gas into
the chromatographic column was performed by rever
ing the cocké to positionll. The pneumatic dosing of

ﬁiirtually unity. This isotherm portion is completed by

: -1
the gas into the chromatograph and the methods peak with the area of 9048/ s . Then, the system

o ) , . comes two-phase (the liquid becomes homogeneous),
me dgl:;rt:;atl[\ée \7/apé)]r phase analysis were descrlbeaoﬁd the portion of a nonlinear isotherm starts, which

is completed with the 12th chromatogram with peak
The possibility of measuring the solubility of vol- area of 79631V s, giving way to the linear portion
atile substances in liquids by theave-described meth- of the distribution isotherm. It should be noted that
od was checked with aqueous solutions of the simpleshe upper limit of concentrations bounding the linear
aromatic and halogenated hydrocarbons. The choice pbrtion of the isotherm is only 15% less than the con-
these compounds was governed by the availability ofentration of the maximal benzene solubility in water.
reliable reference data on their solubility in water and

ﬁ‘:ﬁﬁ m’ g;?gﬁg;]gh(l‘géf‘;'gg(yg”d low VPA detection benzene, 1,1-dichloroethane, and 1,2-dichloropropane
' allowed calculation of the solubility of these com-
The measurement procedure is illustrated by an e)ppounds in water. Data of Tables 2 and 3 show that
ample of repeated pneumatic sampling of the equilibeur method provides acceptable accuracy in measur-
rium gas from a vessel with saturated agueous soling the solubility of such volatile substances. Devia-
tion of benzene with a minor~L mg) excess of pure tions from the reference data obtained by traditional
benzene forming the second liquid phase. Data imethods [6, 9] do not exceed 10% and are within the
Table 1 shows that the first eight chromatograms reerror limits for the methods compared. However, dif-
flect the phase separation portion of the distributiorferences between the results of the vapor phase ex-
isotherm, the ratio of the peak areA%”/Ag being trapolation method [6] and our vapor-phase analysis

Similar series of chromatograms for toluene, chloro-
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Table 2. Solubility of aromatic hydrocarbons in water

- * -1
Sub- T Solubility, gl Deviation
o _ 0,
stance C a b (b-a)/b, %
Benzeng 20 1.75 1.65+0.09 6.0
25 1.80 1.77+0.09 1.7
30 1.95 1.98+0.11 15
Toluene| 20 0.45 0.42+0.03 7.1
25 0.50 0.55+0.025 9.0
30 0.57 0.63+0.03 9.5

* Solubility: (a) data of [2] and §) measured by VPA method.

Table 3. Solubility of halogenated hydrocarbons in water
at 30C

Solubility,” g I* Deviation

Sub- reference data |experimenta] £ |

stance > 2

| |

a b c NN
CDBM - 1.05+£0.04 | 1.35+0.06 | — | 22.2
DCBM - 3.03+0.15 | 3.65+0.14 | - | 16.9
1,1-DCE| 5.00| 4.83+0.18 | 5.50+0.32 | 9.1 | 12.2
1,2-DCP| 2.70| 2.42+0.25 | 2.95+0.12 | 8.5| 18.0
CB 0.49| 0.47+£0.03 | 0.52+0.03 | 5.8| 9.6

* (CDBM) chlorodibromomethane, (DCBM) dichlorobromo-

methane, (1,1-DCE) 1,1-dichloroethane, (1,2-DCP) 1,2-di-

chloropropane, and (CB) chlorobenzene.

Solubility: (a) traditional methods [6, 9],kb) vapor-phase
extrapolation [3]; ¢) measured by VPA with repeated sam-
pling of vapor from the same vessel.

*%

with manifold sampling of the equilibrium vapor from

ERG

with the above-noted features of the extrapolation cal-
culation of the maximal solubility of volatile sub-
stances in liquids, which can give underestimated
results.

CONCLUSION

The method was developed for determining the sol-
ubility of volatile substances, based on the principles
and technique of vapor-phase gas-chromatographic
analysis with repeated pneumatic sampling of the equi-
librium vapor from the system and its dosing into
a chromatographic column. Within the 01D g I*
concentration range, the error of this method does not
exceed 10%.
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Abstract—The diffusion, osmotic, and electroosmotic permeabilities of MGA-100 @fM-K mem-

branes in aniline- and morpholine-containing aqueous solutions were studied in the concentration range
0.4-12.5 kg nT® at 20-45°C. The behavior of the permeabilities with solution concentration and tempera-
ture is analyzed and accounted for.

In [1-3] were presented results obtained in studythe action of hydrostatic pressure and temperature
ing by the methods of reverse osmosis and electrestresses.
osmofiltration the purification of wastewater produced

at plants manufacturing chemicals-additives for poly- m elgbsrgjndey'iggﬁ;gz gé(ﬁ[ézﬂsg;gﬁbggrr]réel?bigltgh_the

meric materials. As objects of study served aniline- ther way. A membrane under study is placed on

. o . 0
and morpholine-containing kinds of wastewater (both. " . L . i
model and real) and polymeric reverse-osmosis ment: P'€Ce of Whatman paper, in its turn laid on the po

branes MGA-100 and OPM-K. It was shown that 6
the baromembrane methods are promising for waste- \®®
water purification.

The present communication reports the results ob- 2 17 3

tained in studying the diffusion, osmotic, and elec- " \E
troosmotic permeabilities to aniline and morpholine of {
reverse-osmosis membranes MGA-100 and OPM-K. r'“"'—""'

These data are necessary for analyzing transport
phenomena and performing engineering calculations
of membrane processes 4.

EXPERIMENTAL /QD
12

A schematic of the experimental setup for studying
the diffusion, osmotic, and electroosmotic permeabili-
ties is presented in the figure.

~
T,

M~

The setup comprises a thermostated tdll, mea-
suring capillaryl, vessels for the startind2(3) and

spent 4, 5) solutions, and a dc power sourde 4 \/5
The main unit of the setup is thell cell. It con- 1

sists of two chambers,and|l, separated by a mem- @

brane 7 under study. Is A

In analyzing the diffusion and osmotic permeabili-
ties, a membra_ne is pressed betV\_/een gﬂ_dmade Schematic of the experimental setup. For explanations see
of acrylic resin in order to prevent its bending under the text.
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rous electrode (cathodé&p. The membrane, Whatman C,VoX

paper, and the porous electrode are pressed between Pg = €, - &) @)
the acrylic resin grids. In addition, one more porous

electrode (anodelll is placed in chambet. p = __AVX @)

0s '
The solution in chamber is stirred by means of (© - &S 3

its continuous circulation effected by a centrifugalWhereV, andV, are volumes of chambetsandll (m°);
pump12, and that in chambet, by a magnetic stirrer C, and C, are the concentrations of'dlffu_sate in, re-
13. The necessary solution temperature in the cefipectively, chamber$ and Il at the final instant of
chambers is maintained by heat-exchanggdsin tme (kg m’); AV is the amount of solvent transferred
the cell chambers, through which water from thermo-acrossréhe membrane nSis the membrane surface
stat 15 is circulated. The temperature in chambers &éa (M); X is the membrane thickness (m); ands

and Il is monitored with Chromel-Copel thermo- th€ experiment duration (s).
couples 16 connected to a potentiomet@r Constant The electroosmotic permeability was determined as
temperature within the chambers is maintained auollows. The cell was assembled and preliminary
tomatically. The volume of the cell chambers isoperations were performed: the chambers were filled
0.6x10° m®, and the working area of the membraneswith working solution and the solution allowed to stay
2.275x 103 m2. Chambers! and Il are made of until a steady state was attained, chambeend II
acrylic resin. were washed with distilled water and again filled with

e , - the working solution, and a necessary temperature re-
. The diffusion and osmotic permeabilities were studyime was estallished. After that, first a trial and then
ied as follows. Preliminarily, a membrane to be studihe main experiments were carried out. For this pur-
ied was inspected and placed in a vessel with regulagsse 5 voltage was applied to the electrodes and a nec-
ly renewed distilled water for 24 h and then used tGssary current density was set. In view of the intensive
assemble a measuring cell (figure). Chambervas solvent transfer, the duration of the preliminary and
filled with a solution of certain concentration, and main experiments was 30 min. The amount of solvent
chamberll, with distilled water. To attain steady dif- (water) that passed across the membrane and the in-
fusion and osmotic flows, the solutions were kept intensity of its electroosmotic transfer into chamtbier
the chambers for a long time (313 h) and then dis- were determined from the increase in volune/,
charged. After that the cell chambers were washeph the measuring capillaryi.

with distilled water for 15 min. Then the chambers . . -
were filled as in the preceding experiment: chambe mél’ 2?1 ;a_lle)ctvrv%ossrgglt&Igggmgabltlrl]tg ]%?%ﬁdlc;emeos
[, with a solution of the same concentration, and cham* y
ber Il, with distilled water. The content of the cham- p_ - AV 3)
bers was sampled through spent-solution veséalsd €0s  Sit

5 and replenished through the starting-solution chamyhere i is the current density (A m).

bers2 and 3. Further, an experiment was performed

: e - Tables 1 and 2 give the coefficients of diffusion
t%)hgege;g:};éﬁ 035;15[182 a\tlcgso%mﬁtlc permeabllltlesand osmotic permeabilities of MGA-100 and OPM-K

membranes in relation to the concentrations and tem-
The amount of water that passed across the memperatures of aqueous aniline and morpholine solutions.
brane and the intensity of its osmotic transfer intdt follows from the presented data that the diffusion
chamberl were determined from the decrease in vol{permeability to aniline changes with its concentration
ume in the measuring capillad. The amount of sol- in solution in opposite directions for the MGA100 and
ute that passed across the membrane in the directié?PM-K membranes: for the former, the diffusion per-
opposite to that of the osmotic transport as a result oheability first grows with increasing concentration,
diffusion was determined after an experiment wapasses through a maximum, and then starts to fall,
complete and the solutions were discharged into spemthereas for the latter it first falls, passes through
solution vesselst and 5. The content of solutes in @ minimum, and then starts to grow.
the samples was determined by photocolorimetry for The dependences of the permeability on the mor-
aniline and by titrimetry for morpholine. pholine concentration in solution are more complex,
The coefficients of diffusionP, (m2 S—l) and os- but also antibate for the MG